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Preface

All India Manufacturing Technology, Design and Research (AIMTDR) Conference
is considered globally as one of the most prestigious conferences held once in two
years. It was started in 1967 at national level at Jadavpur University, Kolkata, India,
and achieved the international status in the year 2006. It was organized by various
prestigious institutions such as Jadavpur University, IIT Bombay, IIT Madras,
CMTI Bangalore, PSG Tech, IIT Kanpur, CMERI, IIT Delhi, NIT Warangal, IIT
Kharagpur, BITS Ranchi, VIT Vellore, IIT Roorkee, Andhra University, IIT
Guwahati and College of Engineering Pune.

The recent edition of the AIMTDR Conference, 7th International and 28th All
India Manufacturing Technology, Design and Research (AIMTDR) Conference
2018, was jointly organized by the Departments of Manufacturing Engineering,
Mechanical Engineering and Production Technology during 13–15 December
2018, at College of Engineering, Guindy, Anna University, Chennai, India, with the
theme ‘Make in India – Global Vision’. A major focus was given on recent
developments and innovations in the field of manufacturing technology and design
through keynote lectures. About 550 participants registered for the conference.
During the conference, researchers from academia and industries presented their
findings and exchanged ideas related to manufacturing technology and design.

Of the 750 papers received initially, 330 papers were finally selected after rigorous
review process for publication in the Springer Proceedings. Selected papers from
the conference are being published by Springer in the series Lecture Notes on
Multidisciplinary Industrial Engineering in five volumes, namelyVolume 1—Additive
Manufacturing and Joining, Volume 2—Forming, Machining and Automation,
Volume 3—UnconventionalMachining and Composites,Volume 4—Micro andNano
Manufacturing and Surface Engineering and Volume 5—Simulation and Product
Design and Development.

Chennai, India M. S. Shunmugam
May 2018 M. Kanthababu
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Part I
Unconventional Machining



Chapter 1
Powder Mixed Near Dry Electric
Discharge Machining Parameter
Optimization for Tool Wear Rate

Sanjay Sundriyal, Ravinder Singh Walia and Vipin

Abstract The powder mixed near dry electric discharge machining (PMND-EDM)
is an advanced process for machining very hard and complex geometries. PMND-
EDM is an eco-friendly process, which uses minute amount of metalworking fluids
(MWF) with metallic powders for machining purposes. In this study, an approach
has been made to reduce tool wear rate (TWR) by optimizing process parameters
using Taguchi optimization technique. Taguchi (L9) array has been used for four
parameters and three levels. Parameters selected for the study were tool diameter,
flow rate, metallic powder concentration, and pressure of dielectric mist. It has been
validated by the experiments and analysis that PMND-EDM has led to considerable
reduction in TWR. The effect of influencing input parameters was analyzed and it
was revealed that tool dimensions played a major role in effecting TWR. Second,
powder concentration was effective in reducing TWR followed by flow rate while
pressure of mist was least significant parameter.

Keywords Powder mixed near dry EDM · Tool wear rate · Taguchi · ANOVA ·
Residual stress

1.1 Introduction

Near dry machining (NDM) is done with a very small quantity of liquid droplets
or in a form of mist, which is almost equal to dry situation of machining. It was
beneficial in terms of reducing cost of machining. Metalworking fluids (MWFs) or
lubricants needed were very minute amount of quantity, therefore, it led to reduction
in cost of production. Near dry machining was first explored in 1989 [1]. NDM can
be performed in electric discharge machining, which eventually led to new method
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of machining known as near dry EDM. This method of machining eliminated prob-
lems like improper flushing and debris attachment. At the same time, this technology
also led to the reduction of harmful gases that are evolved while machining which
made it an eco-friendly process. There are several advantages of NDM such as easy
control of liquid concentration with air and other gases, which could be tailored to
give required quality of dielectric medium in EDM process according to the user
need in order to achieve required output in machining such as low tool wear rate
(TWR) and production-related benefits [2]. NDM led to increase in tool life as com-
pared to shorter tool life in dry machining or machining with dielectric in complete
gaseous formwithout liquid aerosols [3]. New trending method of machining known
as powder mixed near dry EDM (PMND-EDM) came into existence after further
research in ND-EDM [4]. Near dry machining was proved advantageous in terms of
good characteristics of product developed such as high quality of machined product,
which was quite economically produced. At the same time, it led to reduction in
harmful fumes evolved while machining.

1.2 Indigenous Developed Setup for Powder Mixed Near
Dry EDM

The setup was built indigenously in Delhi Technological University, Delhi at preci-
sion manufacturing lab. The setup comprises of control panel for control of mist flow
rate and its pressure. A separate dielectric tankwasmadewhere liquid dielectric is fed
along with metallic powder and other stabilizing agents such as glycerol in appropri-
ate proportion. This mixture of dielectric is converted into a form of high-pressure
mist with the help of pressurized compressed air generated from air compressor.
Figure 1.1 represents the complete setup along with EDMmachine (Sparkonix India
limited). Specially designed tools of copper material were fabricated and designed
in precision engineering lab, DTU. Figure 1.2a shows internal design features of tool
while Fig. 1.2b shows external features of different tools developed for experimen-
tation. Table 1.1 shows the different dimensions of tools.

1.3 Working Principle of PMND-EDM

The working principle of machining in PMND-EDM is quite similar to EDM. In
PMND-EDM the machining takes due to high electrothermal energy of sparking at
the interelectrode gap (IEG) tool. This sparking is responsible for erosion of material
from theworkpiece aswell as thewear of the electrode. InPMND-EDM, thedielectric
kerosene oil has been replaced by themist of kerosene oil along withmetallic powder
to enhance the machining rate and reduce the tool wear. The dielectric mist is fed
through the hollow copper electrode under high pressure. The erosion process starts
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Fig. 1.1 Developed experimental setup for PMND-EDM

as themist comes out from the sparking end. The presence ofmetallic powder forms a
bridge of chain of conductive metallic powder particles, which increases the thermal
conductivity and thus also reduces the insulation effect which eventually results in
more energized plasma of arc at the IEG as shown in Fig. 1.3. This reduced electrical
density enhances the gap size or the IEG, which results in larger and more uniformly
distributed plasma for machining.

1.4 Process Parameters Selection and Experimentation

1.4.1 Selection of Workpiece and Tool

En-31 material was used as the workpiece due to its favorable properties like good
thermal conductivity, hardness, tensile strength, and melting point with excellent
machinability properties. Copper electrode was chosen as tool for the machining
purpose.
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Fig. 1.2 a Design and top view of tool developed for powder mixed NDEDM. b Hollow copper
electrode of different dimensions

Table 1.1 Dimensions of
tools developed for
experimentation

Tool type Dimensions of tool

Inner dia (Ø) mm Outer dia (Ø) mm

Tool 1 2 3

Tool 2 3 4

Tool 3 4 5

1.4.2 Response Characteristic (Tool Wear Rate)

Tool wear rate signifies the amount of material removed from the tool duringmachin-
ing.

Tool wear rate was calculated from the formula:

TWR = (Ti − Tf)/Tm

where

Ti Weight of tool before machining
Tf Weight of tool after machining
Tm Time taken for machining
TWR mg/min.
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Fig. 1.3 Working principle and erosion process in PMND-EDM

Table 1.2 Operating
conditions in PMND-EDM
[5, 6, 12]

Process parameters Values

Powder concentration (g/l) 2, 5, 8

Dielectric pressure (MPa) 0.4, 0.5, 0.6

Mist flow rate (ml/min) 5, 10, 15

Electrode polarity Positive

Duty factor 0.86

Dielectric fluid Kerosene (LL21)

Stabilizing agent Glycerol

Grain size of metallic powder (μm) 2.5

Electronic balance of least count 0.001 g was used to measure weight of the tool
(Asia Techno weigh India).

The process parameters were constant in nature. The values of the constant param-
eters for experimentation are shown in Table 1.2.

1.4.3 Scheme of Experiments

Design of experiments was performed to study the effect of input parameters on out
response such as tool wear rate (TWR). Taguchi orthogonal array of L9 was used
with three levels and four parameters as per the data shown in Table 1.3.
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Table 1.3 Process parameters and their values at different levels [5, 6]

Symbol Process parameters Unit Level 1 Level 2 Level 3

A Tool dia mm 2 3 4

B Flow rate ml/min 5 10 15

C Powder conc g/l 2 5 8

D Pressure MPa 0.4 0.5 0.6

Values of other constant parameters: Machining time 10 min; Ton 500 μs; Toff 75 μs; Discharge
current 12 A; Tool electrode Copper; Workpiece EN-31

Table 1.4 Experimental results for TWR as per L9 orthogonal array

Exp. No Parameter trial condition TWR S/N (db)

A B C D R1 R2 R3

1 2 5 2 4 1.65 1.45 1.81 −4.31

2 2 10 5 5 1.70 1.42 1.39 −3.57

3 2 15 8 6 1.50 1.78 1.60 −4.24

4 3 5 5 6 1.37 1.23 1.11 −1.87

5 3 10 8 4 0.41 0.55 0.78 4.44

6 3 15 2 5 0.91 0.85 0.90 1.04

7 4 5 8 5 0.77 0.65 0.98 1.81

8 4 10 2 6 0.55 0.75 0.61 3.84

9 4 15 5 4 1.4 1.55 1.58 −3.59

Total 10.26 10.23 10.76

Overall mean TWR (T ) =
1.15 mg/min

As per design of experiments, the experiments were conducted successfully for
three runs. The results of TWR at different levels are shown in Table 1.4. The exper-
iments were performed in three runs under the same condition of parameter trial
condition.

1.5 Results and Discussion

1.5.1 Effect of Machining Parameters on TWR

Powder concentration is a significant factor affecting TWR [5]. At low concentration,
the heat dissipation is not proper due to small discharge gap and leads to increase in
toolwear butwith increasing of powder concentration, discharge gap is enlarged. This
resulted in improvement of cooling in discharge gap, as a result, TWR is decreased
as shown in Fig. 1.4c.
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Fig. 1.4 Effect of different
dimension of tools, flow rate,
powder concentration, and
pressure on TWR

Wear

The TWR decreases with increase in dimensions of tool diameter because the
flushing takes place more efficiently which provides better cooling condition at the
tooltip, which brings down the temperature at the sparking ends of the hollow tool
electrodes. However with further increase in tool diameters, there is no significant
effect on TWR as seen in Fig. 1.4a. TWR first decreases at low flow rate due to
poor heat dissipation [6] and this resulted in some part of molten eroded material
forming a solidified layer at the tooltip, which reduces the wear at the tool end
but further increases in flow rate facilitates material removal of the tool electrode
because simultaneously more material is also gets eroded from the workpiece which
consumes the tooltips rapidly due to bettermachining efficiency as shown inFig. 1.4b.
The powder concentration effects theTWR in a certainmanner. Initiallywith increase
of powder concentration, the TWR increases but afterward with further increase in
powder concentration the TWR starts decreasing as shown in Fig. 1.4c. The reason
is that powder concentration influences the heat received by the tool and adhesion of
molten material on the face of the tool [6]. Due to this phenomenon, molten materials
solidification takes place in discharge gap. As a result, materials that can adhere onto
the surface of tool electrode are reduced, and thereforeTWRis increased.On the other
hand with further increase of metallic powder concentration, heat at discharge gap
gets increased which forms adhesive layer over the tool end which reduces TWR.
Powder concentration was significant factor affecting TWR. TWR increases with
lower range of powder concentration but then decreases [5]. Parametric optimization
of TWR was studied with different combinations of tool electrode composition such
as half of the chemical composition of tool was made up of conductive material
such as copper and another half of the tool composition is made up of conductive
abrasive [7]. It was revealed with the study that the with abrasives the TWR tends
to decrease as compared to simple conductive tool without any conductive abrasive
particles embedded in the tool. By addition of graphite powder the discharge gap was
increased and stablemachiningwas initiatedwith reduced gap voltagewhich reduced
the TWR [7]. The wear of sparking end of the tool electrode tip after machining can
be seen in Fig. 1.5.

TWR shows the decreasing trend when the air pressure changes from 0.4 to
0.5 Mpa as shown in Fig. 1.4d. With increase of air pressure, there were more
molecules at the IEG which enhances discharging. The discharge gap got enlarged
due to this phenomenon which led to improved deionization effect. Effects of abnor-
mal short circuit and arc discharge were reduced, which eventually led to better
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Fig. 1.5 Wear of tool
electrodes tip after
PMND-EDM process
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heat dissipation and reduced heat transfer at the tool. All these factors contributed
to reduction in TWR till 0.5 Mpa. But with further increase of pressure, the gap
voltage increases due to which the plasma generated is not uniformly distributed and
improper erosion takes place which led to increase in TWR [8].
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1.5.2 Taguchi Analysis

Therewere two types of data available as per analysis such as raw data and S/N data at
three levels L1, L2, andL3. The average%valuewas calculated for TWRfor different
parameters.After thatmain effects%ofTWRwere calculated by expression (L2–L1)
and (L3–L2). Finally, the difference between L2, L1 and L3, L2 was calculated as
shown in Table 1.5. Analysis of variance was done for TWR S/N ratio on the results
obtained at 95% confidence level. Table 1.6 shows the pooled ANOVA raw data for
TWR analysis at 95% confidence level and critical F-ratio of 3.55. Pooled ANOVA
raw data (S/N) ratio for TWR at 95% confidence level and critical F-ratio of 19
is shown in Table 1.7. The predicted values of TWR and experimental values at
confidence of intervals of confirmation of experiment and confidence of population
at 95% confidence level is shown in Table 1.8. The most optimum level of different
input process parameter were A2, B2, C3, and D2. Among the process parameters,
nonlinear behavior can be studied only if there are more than two levels of the
parameters. Therefore, each parameter was analyzed at three levels [9–12].

1.5.3 Estimation of Optimum Performance Characteristics
(TWR)

The optimum value of TWRwas predicted at the selected levels of significant param-
eters A2, B2, C3, and D2 as per Table 1.7. The estimated mean of the response
characteristic (TWR) can be determined [13, 14] as

TWR = A2 + B2 + C3 + D2 − 3T (1.1)

where T (overall mean of TWR) = 1.15 mg/min (Table 1.4), A2 (Average TWR at
the second level of tool diameter) = 0.90 mg/min, B2 (Average TWR at the second
level of flow rate) = 0.90 mg/min, C3 (Average TWR at the third level of powder
concentration)= 1.00mg/min, andD2 (AverageTWRat the second level of pressure)
= 1.06 mg/min.

Upon substituting the above values in Eq. (1.1),

TWR = 0.90 + 0.90 + 1.00 + 1.06 − 3 × 1.15 = 0.41mg/min.

The 95% confidence interval of conformation experiments (CICE) and confidence
interval of population (CIPOP) was calculated by using the following equations:

CICE =
√
Fα(1, fe)Ve

[
1

neff
+ 1

R

]
= ±0.21, (1.2)
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Table 1.6 Pooled ANOVA raw data for TWR

Source SS DOF V F-ratio SS′ P%

Tool Dia 2.54 2 1.27 49.84 2.50 541.25

Flow rate 0.91 2 0.45 17.83 0.86 17.80

Powder conc 0.91 2 0.45 17.99 0.87 17.99

Pressure * * * – * *

Error 0.51 20 0.02 – 0.63 12.94

Total 4.88 26 – – 4.88 100

*Significant at 95% confidence level, F critical = 3.55 (Tabular value), SS-Sum of squares, DOF-
Degree of freedom, V-variance, SS’ Pure sum of squares

Table 1.7 Pooled ANOVA raw data (S/N) for TWR

Source SS DOF V F-ratio SS′ P%

Tool Dia 50.24 2 25.12 39.88 48.98 48.92

Flow rate 24.54 2 12.27 19.48 23.28 23.25

Powder conc 24.08 2 12.04 19.12 22.82 22.79

Pressure * * * – * *

Error 1.25 2 0.62 – 5.03 5.03

Total 100.13 8 – – 100.13 100

*Significant at 95% confidence level, F critical = 19 (Tabular value), SS-Sum of squares, DOF-
Degree of freedom, V-variance, SS′ Pure sum of squares

Table 1.8 Predicted optimal values, confidence intervals, and results of confirmation experiments

Response
characteristic

Optimal process
parameters

Predicted
optimal value

Confidence
intervals 95%

Actual value
(Avg of
confirmation
Exp)

TWR A2 B2 C3 D2 0.41 mg/min CICE 0.20 <
TWR < 0.62
CIPOP 0.26 <
TWR < 0.56

0.43 mg/min

CIPOP =
√
Fα(1, fe)Ve

neff
= ±0.15 (1.3)

where, Fα (1, fe) = the F-ratio at the confidence level of (1 − α) against DOF 1.

neff = N

1 + [
DOF associated in the estimate of mean response

] = 3

N (total number of experiments) = 27;
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Treatment = 9, repetition = 3;
R = sample size for confirmation experiments = 3.
Ve (error variance) = 0.02 (Table 1.7), fe (error DOF) = 18 (Table 1.7).
F = 3.5546 (tabulated F value).

So, CICE = ±0.21, CIPOP = ±0.15.
The predicted optimal range of confidence interval of conformation experiments

(CICE) is:

Mean TWR − CICE < TWR (mg/min) < mean TWR + CICE
i.e., 0.20 mg/min < TWR (mg/min) < 0.62.

The predicted optimal range of confidence interval of population (CIPOP) is:

Mean TWR − CIPOP < MR (mg/min) < mean TWR + CIPOP
i.e., 0.26 mg/min < TWR (mg/min) < 0.56 mg/min.

Thus, it is proven by the range that the predicted value of TWR lies in the optimum
range.

1.5.4 Confirmation of Tests

Confirmation tests were performed in three runs in order to bring out the validation
between predicted and experimental results. The experimentswere performed atmost
optimum levels of different input process parameters. It was revealed by experiments
that the predicted values were within ±5% error range as shown in Table 1.9. The
residual stress analysis was done on μX-360 pulsetec machine under experimental
conditions. Residual stress analysis of the most optimum tool was done and the
variation of the residual stresses was analyzed as shown in Fig. 1.6. Tensile residual
stress of 293 MPa was found at the sparking end of the 3 mm dimensional diameter
tool. The residual stresses generated in the tool in PMND-EDM were found to be
considerably lower as compared to high residual stresses (425.43 MPa) generated in
the tool by conventional EDM. The residual stress induced in the products machined

Table 1.9 Confirmation experiments at optimum levels

Test for response
(TWR)

Optimal process
parameters

Values of parameters Avg value of TWR
in three runs
(mg/min)

1 2 3

0.40 0.42 0.47

A 3

B 10

C 8 Overall TWR

D 0.5 0.43
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Fig. 1.6 Residual stress
analysis of the tool

Fig. 1.7 Comparison of
residual stress between EDM
and PMND-EDM
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by PMND-EDM decreased by 45.20% as compared to NDEDM process as shown
in Fig. 1.7. The reason attributed to this fact is that better flushing condition resulted
in an increase in heat dissipation at the discharge machining gap due to which lower
compressive residual stresses were generated.

The experiments conducted at optimum levels of four parameters gave TWR
of 0.43 mg/min. The three sets of experiments were conducted under optimized
conditions as shown in Table 1.9.

1.6 Conclusions

The optimization of TWRwas successfully conducted by experimentation and analy-
sis using Taguchi methodology and ANOVA technique. The PMND-EDM improved
the efficiency of electrical discharging machining. It was concluded from the results
that the TWR can be significantly reduced by optimizing the parameters in PMND-
EDM and also thereby reducing the cost of machining thus making PMND-EDM
an efficient and environmentally friendly method of machining. It was concluded
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by ANOVA analysis that tool diameter played the most important role in reducing
TWR. Second, powder concentrationwas significant parameter followed by flow rate
in effecting TWR. Pressure of mist was found to be insignificant or least effecting
parameter in reducing TWR.
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Chapter 2
Comparative Study of Dielectric
and Debris Flow in Micro-Electrical
Discharge Milling Process Using
Cylindrical and Slotted Tools

S. A. Mullya and G. Karthikeyan

Abstract Micro-Electrical Discharge Milling (µED-milling) is a commonly used
process to machine intricate micro-channels (µchannels) with high aspect ratio. It
can cut blind slots with a simple cylindrical tool, which is difficult using wire EDM.
The flushing of machining by-products is the major concern in the process as the
interelectrode gap (IEG) is of few microns. Different techniques have been explored
by the researchers to enhance debris flushing from the gap. The rotation of the
tool electrode is the major driving force for the removal of debris from the gap.
In this paper, the flow simulation of dielectric and debris in the IEG are studied
using computational fluid dynamics (CFD). Comparative study of the cylindrical
and slotted tool is presented with contour plots. The slotted tool is found better as
compared to the cylindrical tool as the accretion of particles is very less in case of
the slotted tool.

Keywords Micro-electrical discharge milling · Interelectrode gap · Dielectric ·
Debris · Computational fluid dynamics

2.1 Introduction

The electrical discharge machining (EDM) is a popular technique for machining
intricate and precise geometry. It can cut high aspect ratio slot and a hole in themicro-
domain. The probability of the occurrence of spark is more where the interelectrode
gap (IEG) is minimum. However, this small IEG creates a problem in the machining
performance. The by-products of the EDM process pollute the IEG and must be
effectively removed from the IEG. The effective flushing of debris from the IEG
avoids secondary discharge and improves themachining efficiency.Thehigh-velocity
dielectric fluid is injected through a nozzle for flushing the debris from the gap.Many
researchers have proposed different flushing methods to improve flushing efficiency.
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[2] [3] [4] [5] [6] [7] [8] [9]

Fig. 2.1 Various shapes of tools [2–9]

The rotation of the tool and high electrode jump are an effective method of debris
flushing from the gap. The simple cylindrical tool is modified by the slotted tool to
enhance flushing and improve Material Removal Rate (MRR).

The various shapes of tools used by the different researcher for various machining
process are given in Fig. 2.1. Kunieda et al. (1988) proposed horizontal EDM and
rotary horizontal EDM. The buoyancy of bubbles is responsible for flushing of debris
from the gap. Rotation of the tool and workpiece improves machining accuracy and
performance [1]. Nastasi et al. (2014) utilized slotted tools for electrical discharge
drilling (EDD) of high aspect ratio holes and observed a 300% increase in MRR
as compared to cylindrical tools [2]. Puthumana et al. (2011) used electrodes with
peripheral slots to improve MRR, reduce tool wear rate (TWR) and radius over-
cut (ROC) by dry EDM in gas [3]. Li et al. (2012) proposed a new tool containing
bunched hollow electrode to improve flushing efficiency. The dielectric fluid velocity
increased tenfold reducing the debris in the gap and also observed uniform distri-
bution of debris particles [4]. Pei et al. (2017) used tubular tools in ED-milling and
observed that the machining error is controlled within 2% and surface fluctuation is
less than 4 µm, improving the accuracy and the efficiency of the process [5]. Flaño
et al. (2018) studied the effect of size and position of the holes on the lateral surfaces of
the electrode to machine high aspect ratio slots using EDM. It reduced the machining
time considerably and improved machining stability [6]. Yang et al. (2009) investi-
gated the machining characteristics of micro-holes using a semicylindrical tool with
and without ultrasonic vibrations in micro-electrochemical machining (ECM). The
semicylindrical tool provided more flow space for the electrolyte which resulted in
76 µm hole at a depth of 300 µm on stainless steel. With ultrasonic vibrations,
machining is more effective with a reduction in machining time [7]. Kumar et al.
(2018) studied response characteristics of micro-EDD of holes by using slotted tools
with inclined micro slots. The need for flushing is eliminated and the slotted tool
acts as a self-flushing electrode which further eliminates the occurrence of arcing
and shortcircuiting. The slotted electrode improved MRR, TWR, taper angle, corner
radius and aspect ratio at tool speed of 1000 rpm [8]. Hsue et al. (2016) proposed a
hybrid synchronized process for precision drilling and polishing using micro-EDM
grinding process (micro-EDMG). The helical micro-tool improved penetration and
surface quality of the machined micro-hole. The Ra value achieved is 0.107 µm and
the difference between the entrance and exit diameters of the through micro-hole is
5 µm with a depth of 300 µm [9].
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Fig. 2.2 2D CFD model showing cylindrical and slotted tool with discrete meshing

The objective of this paper is to study the effect of slotted tools and compare it
with the cylindrical tool used in the µED-milling process. The Computational Fluid
Dynamics (CFD) technique is used to study the flow simulation of dielectric fluid
and debris in the gap. The effect of IEG, inlet nozzle velocity, the dimension of
µchannel and tool speed on the velocity of the dielectric fluid in the gap is studied
and presented. The accretion rate of the debris on the work surface is calculated. The
results are compared with the cylindrical tools and the contour plots are plotted.

2.2 CFD Model

In the µED-milling process, the rotating tool electrode travels in a longitudinal
direction to cut the µchannel along a predefined path. The width of the µchannel cut
depends on tool diameter and gap length. The 2D simulation model representing the
µchannel, the cylindrical and slotted tool is as shown in Fig. 2.2. The tool (ø 500µm)
rotates and travels in a straight path from right to left while cutting a µchannel. The
IEG of 50 µm is kept constant between the tool and the workpiece. The µchannel
width (600 µm) is kept constant and different shapes of the tool are studied. Eight
slots of depth 25 µm are equally spaced along the periphery of the slotted tool. The
dielectric for flushing the debris enters through the inlet and the used dielectric flows
through the outlet. The wall which is not present in the actual EDM process is used
to distinguish between inlet and outlet flow in simulation. The IEG is divided equally
into three parts I, II, and III for injecting the particles. The position I represent near
to workpiece, position II at the center and position III represent near to tool as shown
in Fig. 2.2.

2.3 Boundary Conditions

In the µED-milling process, tool and workpiece are submerged under dielectric
fluid and the additional dielectric fluid is supplied through the nozzle for flushing
the by-products of machining. The fluid domain represents µchannel cut and is
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finely meshed to study the flow behavior. The solid domain represents the slotted
tool electrode which is coarsely meshed to reduce the element count and also, no
behavioral changes occur in the solid domain. The angular rotational speed of the
tool is provided using moving reference frame. The dielectric fluid used is kerosene.
The velocity inlet and pressure outlet conditions are given for dielectric fluid flow.
TheDiscrete PhaseModeling (DPM) is used to study the trajectory of a particle in the
gap. The commercial ANSYS Fluent software is used to perform CFD simulations.
InANSYSFluent, DPM follows the Euler–Lagrangemodel. The primary phase is the
fluid phase which is treated as a continuum by solving the Navier–Stokes equations,
while the carrier phase is the secondary phase which is solved by tracking a large
number of particles through the calculated flowfield. In the present study, the primary
phase is kerosene and the carrier phase are the spherical steel particles of diameter
4, 8, and 12 µm. The spherical steel particles represent debris in the actual EDM
process. The carrier (dispersed) phase can exchange momentum, mass, and energy
with the fluid phase. The DPM is used when the volume of the dispersed phase is
less than 12% of the primary phase. The particles are injected from three positions
(I, II and III) as given in Fig. 2.2 and the trajectory of the particles are studied.

2.4 Results and Discussion

2.4.1 Dielectric Fluid Flow

2.4.1.1 Effect of Interelectrode Gap (IEG)

In theµED-milling process, the size of the IEG formed depends on the input machin-
ing parameters. Due to this, the IEG of less than 50 µm is formed between the two
electrodes. The kerosene as a dielectric is supplied with a velocity of 0.01 cm/s
through the inlet cross section. The effect of IEG size on the velocity of dielectric in
the gap is studied for various tool speed. The tool speeds of 100, 500, and 800 rpm
are considered for simulation. The gap size considered for simulation are 30, 40, and
50µm. Figure 2.3 shows the average velocity of dielectric fluid using cylindrical and
slotted tool for different tool speed and IEG size. It is observed that, the increase in
gap size decreases the dielectric velocity in the gap for cylindrical as well as a slotted
tool. The average dielectric velocity is maximum near the tool surface and it reduces
toward the work surface where it is minimum. This implies if the gap is small and the
debris is near the tool, the flushing is effective. As compared to the cylindrical tool,
the average velocity of dielectric using slotted tool is less for different tool speeds.
This is due to the local turbulence created in the gap due to slots on the tool. The
average velocity of dielectric increases with tool speed as expected.
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Fig. 2.3 Effect of gap size on the average dielectric velocity at IEG for tool speed of 100, 500 and
800 rpm using the cylindrical and slotted tool

2.4.1.2 Effect of Inlet Nozzle Velocity

The high-velocity dielectric supplied through nozzle refers to the inlet nozzle veloc-
ity. This is required to maintain the dielectric level in the tank, recirculation of fresh
dielectric and for debris flushing. In the simulation, nozzle velocity is applied at the
inlet cross section and its value is varied from 0.001 to 50 cm/s. It is observed that
for lower inlet velocities between 0.001 and 10 cm/s, the average dielectric velocity
in the IEG is constant. But at higher inlet velocity of 50 cm/s, there is a drop in the
average dielectric velocity at IEG as shown in Fig. 2.4. This is due to the variation
in flow pattern due to slots on the tool. In case of a cylindrical tool, initially the
average velocity is constant but there is an increase in the average dielectric velocity
at 50 cm/s due to the nozzling effect. Figure 2.5 shows the velocity vector in the
µchannel. The dielectric flow direction and the vortex formed at the back of the tool
is clearly observed. With the rise in inlet nozzle velocity, the vortex with smaller size
is observed. The large variation of pressure is observed at the gap inlet and gap outlet
in case of the cylindrical tool. The pressure difference is observed on the two edges
of the slot in case of slotted tool as shown in Fig. 2.6.
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(b) 500 rpm (c) 800 rpm(a) 100 rpm

Fig. 2.4 Effect of inlet nozzle velocity on the average dielectric velocity at IEG for different tool
speed using the slotted tool

Fig. 2.5 Velocity vector
(cm/s) contour plots

Tool 
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Fig. 2.6 Pressure (Pa)
contour plots gap inlet

gap outlet
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Fig. 2.7 Average dielectric velocity at IEG using cylindrical and slotted tools for different tool
diameter and speed

2.4.1.3 Effect of Tool and µchannel Size

The effect of tool size and µchannel width on the dielectric velocity is studied. The
IEG is kept constant with 50 µm. The diameter of tool considered are 300, 400,
and 500 µm with the corresponding µchannel width of 400, 500, and 600 µm with
constant IEG of 50 µm. This condition can prevail while machining various slot
size with the same energy conditions. The comparative study of average dielectric
velocity using cylindrical and slotted tools for various size are shown in Fig. 2.7. It
is observed that the average dielectric velocity increases with tool diameter due to
the higher centrifugal force exerted by the tool. With the higher tool speed, average
dielectric velocity increases as expected. In this case also, the average dielectric
velocity for slotted tools is less as compared to cylindrical tools for different tool
rotation speed.

2.4.2 Debris Particle

The spherical particles are injected from the position I, II and III as discussed earlier.
The particles get dragged from this position due to rotating dielectric around the tool.
The velocity contours of the dielectric in the slot is shown in Fig. 2.8. The trajectory
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Fig. 2.8 Velocity contours of dielectric in the slot and particles trapped in the slot and the vortex

shows multiple rotations of the particles around the tool and finally accretion on the
work surface. The accretion is the accumulation of the particles on the work surface
and it is calculated at the wall surface. The accretion rate is calculated as material
addition per unit time and area. The accretion rate is given by

Raccretion =
Nparticles∑

p=1

ṁ

A f ace
(2.1)

where Aface is the cell face area at the wall (mm2) and ṁ is the mass flow rate of
debris particles (gm/s) [10].

The debris particles trapped in the slot and the vortex is clearly observed in
Fig. 2.8. The tool rotation is in a counterclockwise direction and hence the accretion
of particles is observed at the gap inlet on one side of theµchannel. It is observed that
there is a drop-in accretion of particles with the higher tool speed. Also, the accretion
is minimumwhen the particle is initially near to tool. The accretion of particles using
slotted tools for different tool speeds is shown in Fig. 2.9 and the comparative study
with the cylindrical tool is shown in Fig. 2.10. It is observed that the accretion values
using slotted tools are very less as compared to cylindrical tools. The slotted tools
are effective in flushing the debris particles as it captures the particles in the slot.

Fig. 2.9 Accretion of
particles on the work surface
using slotted tools
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Fig. 2.10 Comparative
study of accretion of
particles on the work surface
using the cylindrical and
slotted tool

2.5 Conclusions

The CFD is a useful technique to study the dielectric and debris flow at the IEG of
few microns. It is rather complicated to develop experimental setup to study flow
simulation due to the small size of the gap and short duration discharge. In the present
study, the average dielectric velocity in the IEG is found for different input variables
such as tool speed, inlet nozzle velocity, gap size, and dimension of µchannel using
cylindrical and slotted tools. It is found that the average dielectric velocity in the IEG
is maximum for cylindrical tools as compared to slotted tools for all the cases. The
velocity of the dielectric is the major force to drag the debris from the gap. However,
in the case of slotted tools, the accretion of debris particles on the workpiece is found
to be very less as compared to cylindrical tools. This may be due to stirring action
of slotted tools in the gap which creates local turbulence and is responsible for the
exclusion of debris particles from the IEG. The slots on the tool collect the debris
and remove it from the IEG.
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Chapter 3
Parametric Investigation
into Electrochemical Micromachining
for Generation of Different
Micro-surface Textures

S. Kunar , S. Mahata and B. Bhattacharyya

Abstract To fabricate various micro-surface textures at short time and low cost for
modern industrial applications, a novel and substitute method of maskless electro-
chemical micromachining (EMM) is exploited due to its multiple advantages such
as higher machining rate, better surface quality, reusability of a single patterned
tool, irrespective to material hardness, no thermal effect, and burr-free surface. One
textured tool containing different masked micro-patterns of SU-8 2150 and PMMA
masks can fabricate many different textured surfaces with higher machining effi-
ciency. The indigenously developed EMM setup having maskless electrode fixtures,
EMM cell, electrolyte guiding scheme, and power supply connections can produce
high-quality micro-patterned workpieces. The research study investigates the influ-
ence of process variables including electrolyte flow rate and interelectrode gap (IEG)
on depth and overcut of different textured surfaces produced by this technique. Vari-
ous types of textured patterns containing different sizes ofmicro-circular patterns and
varactor micro-patterns are successfully fabricated using NaCl+NaNO3 electrolyte.
An analysis has been carried out to acquire the appropriate process variables with
goodmachined characteristics of variousmicro-patterns using differentmicrographs.

Keywords Maskless EMM · Array of circular impressions · Varactor
micro-pattern · Reusable textured tool · Overcut

3.1 Introduction

Textured surfaces play a significant role for performing various functions to differ-
ent product surfaces. Micro-surface texturing method is used to modify the surface
morphologies for achieving identical distributed depressions or asperities with con-
trolled shape and size.Micro-surface textures perform the significant functions in the
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advancement of many engineering fields such as aviation, optics, information tech-
nology, electronics, and biomimetics [1]. For the enhancement of different microma-
chining technologies in the area of surface texture, the textured micro-patterns have
played many vital functions economically in many micro-engineering applications
such as sensors, electronics, micro-reactors, computer, biomedical, chemical micro-
electromechanical systems. Many advanced micro-fabrication techniques carry out
different machining activities such as fabrication of array of micro-dimples, grooves,
micro-squares for extraordinary applications of electronic and computer industries.

To fabricate an array of micro-circular impressions, through-mask electrochemi-
cal micromachining (TMEMM) method is used and the influence of pulsed parame-
ters on dimple characteristics is explored [2]. Micro-dimple arrays are fabricated by
TMEMMmethod using low aspect ratio masks and the effect of process parameters
on undercut, depth, etch factor, and surface roughness is studied during generation
of array of circular impressions [3]. TMEMM process shows the machinability and
applicability of the process for producing micro-dimples with controlled geometry
on the planar and nonplanar surfaces. The effect of mask thickness, clamp force,
and duty ratio is investigated on dimple diameter and dimple depth during fab-
rication of micro-dimple arrays [4]. Through-mask EMM is time consuming and
expensive process for generation of dimple arrays due to individual masking of each
workpiece before machining. Sandwich-like EMM is applied to generate deeper
micro-dimples with proper geometrical shape using smaller porous metal cathode
in enclosed electrochemical reaction unit [5]. Sometimes, accumulated sludges in
the micromachining zone may deteriorate the shape and size of machined samples
in enclosed electrochemical reaction unit. Varactor micro-patterns are generated by
maskless EMMmethod, which is used in radio frequency communication including
voltage-controlled oscillators and filters, microwave applications, etc. [6]. Electro-
chemical etchingmethod is utilized to fabricate linear and square profiles using 0.1M
CuSO4 solution. The linear profiles have featurewidth of 76µmand depth of 1.5µm.
The square profiles have side length of 120 µm and etch depth of 1.5 µm [7]. The
depth of etched pattern is very low. To generate array of circular impressions mask-
less EMM is employed using different types of electrolytes and the influence of
flow rate, IEG, electrolyte concentration and machining time on depth and overcut
is examined [8].

Many micro-fabrication techniques are applied to fabricate various micro-surface
textures namely, lithography technology, LBM, mechanical machining, chemical
etching, EDM, through-mask EMM, etc. However, most of the methods are not suit-
able to accomplish the requirements of modern industries for fabrication of econom-
ical micro-surface textures. These processes are expansive due to post-machined
cleaning cost and lower productivity. So, maskless EMM is an important substi-
tute technique for generating different microstructures due to its several advantages
including higher machining efficiency, bright surface finish, reusability of a single
patterned tool, no heat affected zone, burr free surface and no tool wear.

A novel and alternative concept of maskless EMM has been used to generate dif-
ferent types of micro–patterns, i.e., various sizes micro-circular patterns and varactor
micro-patterns with good surface quality. One textured tool using different masks
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can producemore than 24 textured samples with controlled geometry. The developed
setup consisting of EMM cell and other accessories can generate good textured sam-
ples using constricted electrolyte guiding scheme. This process is applied to explore
the effect of EMM variables such as flow rate and IEG on depth and overcut during
the generation of different textured samples. An attempt has been made to acquire
the suitable parameter setting for better textured characteristics of different textured
micro-patterns.

3.2 Experimental Procedure

The indigenously developed maskless EMM system is used to fabricate different
micro-surface textured patterns on SS-304 as shown in Fig. 3.1. The well planned
experimental setup consists of different subsystems such asmaskless electrochemical
micromachining cell, job and tool fixtures, power supply connections, and electrolyte
supply system for carrying out the experiments to generate different textured samples.
Perspex material is used to fabricate EMM cell with electrode fixtures to avoid
corrosion from environment. The outlet and inlet ports of the developed cell are
fabricated bySS-304material to protect fromoxidation.Corrosion-free stainless steel
gear pump is used to deliver the electrolyte uniformly in the micromachining zone at
desired pressure. The important feature of electrolyte system is constricted vertical
cross-flow electrolyte system, in which the flowing electrolyte passes parallel to two
electrodes perpendicularly from downward to upward directions. Vertical cross-flow

Fig. 3.1 Maskless EMM setup
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electrolyte system always generates additional back pressure during machining time,
which is more appropriate for circulation of clean electrolyte in the micromachining
zone. This flow maintains the better surface quality of the textured surfaces than
other flow modes. The pulsed DC power supply is used to provide the pulse current
to the electrodes at constant voltage mode using square waveform.

The textured patterned tools having diameters of 200, 400, and 600 µm are fab-
ricated by UV lithography process on stainless steel wafer bonding with reusable
SU-8 2150 mask having thickness 230 µm. The micro-fabricated varactor patterned
tool is fabricated by deep X-ray lithography process on brass wafer using reusable
PMMA (Polymethyl methacrylate) mask having thickness 250 µm. After preparing
these samples, a small copper rod is attached with wafers using adhesive silver paste
and then precision micrometer is connected with copper rod for interelectrode gap
settings. Extra area of tool is insulated with enamel to protect from current density
distribution.

The major EMM process variables are selected on the basis of extensive trial
experiments to evaluate the outcomes of EMM parameters on the desired machined
characteristics. Final experiments are conducted by changing one factor at a timewith
other fixed parameter setting based on good experimental results. Influences of flow
rate and IEGare investigatedonmeanmachiningdepth andmeanmachining accuracy
of different micro-patterned samples. The ranges of IEG and electrolyte flow rate are
50–200 µm and 3.35–6.35 m3/h, respectively. Other constant parameter settings are
current cut off of 2A, duty ratio of 30%, voltage of 10 V, electrolyte concentration
of NaNO3 (0.26M)+NaCl (0.18M), pulse frequency of 25 kHz, texturing time of
3 min, and flow pressure of 0.1 kg/cm2. Combined electrolyte of NaNO3+NaCl
is preferred for controlled machining because NaCl has higher machining rate for
higher metallic ions and NaNO3 has lower overcut for lower metallic ions. The
repetition of each experiment is five and mean result of each machined response
is calculated. The standard deviations of machining performances are computed
to decide the superiority of different textured surfaces. The machined responses
of different micro-patterns are deliberated with 3D Non-Contact Profilometer and
Optical Microscope (Leica EZ4D, Germany).

3.3 Results and Discussion

Effects of significant process variables such as IEG and flow rate on performance
criteria including overcut and depth of different micro-patterns are investigated in
the form of graphs.
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3.3.1 Influences of EMM Parameters

Effect of IEG is investigated on overcut and machining depth of different textured
patterns with constant flow rate of 6.35 m3/h. Figure 3.2 shows that the machining
accuracy of circular and varactormicro-patterns deteriorateswith the increase in IEG.
The fabricated circular and varactormicro-patterns are almost uniform in geometrical
shape and size in lower IEG because the distribution of machining current is more
uniform for controlled current flux distribution in lower IEG. The overcut of different
micro-textured patterns is higher because of non-uniform stray current distribution
across the periphery of micro-patterns in higher IEG. The electrolysis products and
gas bubbles accumulate below interelectrode gap of 50µm results inmicro-sparking.
Lower standard deviations in overcut of differentmicro-patterns are observed at lower
interelectrode gap due to controlled etching. For bettermachining accuracy and lower
standard deviation, lower IEG is recommended. The micro-patterns do not generate
properly for electrolyte boiling and accumulation of sludges below IEG of 50 µm
and the generated micro-patterns are irregular in shape and size for uncontrolled
stray current distribution beyond the limit of IEG of 200 µm.

Experimentation is performed to examine the effect of IEG on textured depth as
shown in Fig. 3.3. In higher IEG, the textured depth of micro-patterns decreases

Fig. 3.2 Influence of IEG on overcut
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Fig. 3.3 Influence of IEG on machining depth

because uncontrolled machining occurs throughout the machining zone for non-
uniform current flux distribution. In lower IEG, the machining depth of micro-
patterns is almost controlled because higher anodic dissolution takes place for homo-
geneous current distribution. Lower standard deviations inmachining depth of differ-
ent micro-patterns are observed at lower interelectrode gap due to higher machining
localization. Machining with lower IEG is recommended for controlled depth and
lower standard deviations to acquire precise micro-patterns. The micro-patterns are
not generated properly due to the accrual of reactive products below interelectrode
gap of 50 µm. The generated micro-patterns are improper and distribution of depth
is non-uniform for higher stray current effect above IEG of 200 µm.

The textured patterns are generated to study the influence of flow rate on overcut
and depth keeping constant IEG of 50 µm. Figure 3.4 represents that the overcut
of different circular and varactor micro-patterns decreases with increasing flow rate
because the controlled machining takes place due to lower stray current effect at
higher electrolyte flow rate for faster eradication of sludges from the micromachin-
ing zone. The overcut is uncontrolled throughout the micro-patterns at lower flow
rate because lower flow rate performs uncontrolled machining localization all over
the machining zone for improper removal of electrolysis products. The standard
deviations in overcut of different micro-patterns are lower at higher electrolyte flow
rate due to controlled etching. Higher flow rate is suggested for higher machining
accuracy and lower standard deviations. The textured patterns of different micro-
patterns are not formed appropriately due to the storage of sludges below flow rate
of 3.35 m3/h. Above flow rate of 6.35 m3/h, the textured patterns are fabricated with
irregular geometrical shape for higher stray current effect.
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Fig. 3.4 Effect of flow rate on overcut

Influences of flow rate on textured depth of different micro-patterns are shown in
Fig. 3.5. The textured depth of differentmicro-patterns increaseswith increasing flow
rate because controlled anodic dissolution occurs at higher flow rate for faster removal
of sludges. In lower flow rate, the depth is lower for all textured patterns because
uncontrolled anodic dissolution occurs for storage of electrolysis products. Lower
standard deviations in machining depth are observed at lower electrolyte flow rate
due to uniform etching. For better shape of micro-patterns, machining with higher
flow rate is suggested for lower standard deviations and controlled depth. Below
electrolyte flow rate of 3.35 m3/h, the micro-patterns are not formed accurately due
to lower machining localization. Above electrolyte flow rate of 6.35 m3/h, the micro-
patterns deteriorate the proper geometrical shape for uncontrolled machining.

3.3.2 Analysis of Micrographs

All texturing experiments have been conducted by different micro-circular patterned
tools using SU-8 2150 mask and varactor micro-patterned tool using PMMA mask
by maskless EMM method. All masked patterned tools do not distort during textur-
ing operation and these are used for fabrication of textured samples more than 24
times. These textured patterned tools are reused many times due to higher strength,
faster drying capacity, higher adhesiveness, etc. During experimentation, all masked
patterned tools are observed very carefully that very little distortion takes place in
the masked tools after generation of many samples. This type of deformation has
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Fig. 3.5 Effect of flow rate on machining depth

been ignored during fabrication of textured samples and does not affect the textured
samples during fabrication. All masked patterned tools have more effectiveness for
the production of different textured samples with higher machining accuracy. These
results recommend that these masks can generate multiple good micro-circular pat-
terns and varactor micro-patterns without deformation of photoresist.

The optical image of fabricated array of micro-circular impressions is shown in
Fig. 3.6 and machined by SU-8 2150 masked patterned tool having average diameter
of 200 µm at a particular machining conditions such as electrolyte flow rate of

Fig. 3.6 Regular
micro-circular pattern
generated by 200 µm tool
diameter
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Fig. 3.7 3D view and depth profile of a micro-circular impression generated by 200 µm tool
diameter

6.35 m3/h, pulse frequency of 25 kHz, voltage of 10 V, duty ratio of 30%, machining
time of 3 min, IEG of 50 µm, and electrolyte of NaNO3 (0.26M)+NaCl (0.18M).
The generated array ofmicro-circular impressions has good geometrical shape due to
uniform etching throughout the machining area for regular current distribution. The
material removal is quite uniform from the margin of array of circular impressions.
The distribution of machining depth is almost uniform across the machining zone
due to controlled machining. The average radial overcut and average depth of micro-
circular pattern are 23.26 µm and 21.5 µm, respectively.

3D view of a micro-circular impression with the height difference of 24.1 µm is
shown in Fig. 3.7 and it is fabricated by SU-8 2150 masked tool having a diameter
of 200 µm.

The fabricated array of micro-circular impressions is shown in Fig. 3.8 and it is
machined by SU-8 2150 masked patterned tool having average diameter of 400 µm
at a parametric combination, i.e., electrolyte of NaNO3 (0.26M)+NaCl (0.18M),
duty ratio of 30%, texturing time of 3 min, IEG of 50 µm, flow rate of 6.35 m3/h,

Fig. 3.8 Regular
micro-circular pattern
machined by 400 µm tool
diameter
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Fig. 3.9 3D view and depth profile of a micro-circular impression machined by 400 µm tool
diameter

pulse frequency of 25 kHz, and voltage of 10 V. The geometrical shape of array
of micro-circular impressions is almost regular all over the machining area due to
controlled dissolution. The distribution of patterned depth is also uniform due to
controlled anodic dissolution. Very little distortion of patterned tool may not affect
the shape of generated textured patterns. The average radial overcut and average
depth of micro-circular pattern are 19.26 µm and 23.3 µm, respectively.

Figure 3.9 shows 3D view of a circular impression with depth profile having a
depth of 18.3 µm, which is machined by SU-8 2150 masked tool having diameter of
400 µm.

The optical microscopic image of array of micro-circular impressions is shown in
Fig. 3.10 and produced by SU-8 2150 masked patterned tool having average diame-
ter of 600 µm at a specified parametric setting, namely, pulse frequency of 25 kHz,
voltage of 10 V, duty ratio of 30%, texturing time of 3 min, IEG of 50 µm, elec-
trolyte of NaNO3 (0.26M)+NaCl (0.18M), and flow rate of 6.35 m3/h. The fabricated

Fig. 3.10 Regular array of
micro-circular
impressions fabricated by
600 µm tool diameter
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micro-circular pattern has proper geometrical shape due to controlled machining.
The machining depth is also more or less identical owing to controlled machin-
ing throughout the texturing area. The average radial overcut and average depth of
micro-circular pattern are 22.26 µm and 27.3 µm, respectively.

Figure 3.11 shows a 3D view of a circular impression with depth profile having
a depth of 25.3 µm. It is generated by SU-8 2150 masked tool having diameter of
600 µm.

The optical image of varactor micro-pattern is shown in Fig. 3.12 and produced
at a particular machining combination namely, electrolyte of NaNO3 (0.26M)+NaCl
(0.18M), texturing time of 3 min, pulse frequency of 25 kHz, IEG of 50 µm, duty
ratio of 30%, flow rate of 6.35 m3/h and voltage of 10 V using PMMA mask. The

Fig. 3.11 3D view and details of depth of a micro-circular impression fabricated by 600 µm tool
diameter

Fig. 3.12 Regular varactor
micro-pattern
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Fig. 3.13 3D view and details of depth of a segment of varactor micro-pattern

fabricated complexmicro–pattern, i.e., varactormicro-pattern has proper geometrical
shape due to controlled machining. The distribution of machining depth is almost
homogeneous due to higher machining localization for controlled current density
distribution. The average radial overcut and average depth of varactor micro-pattern
are 31.26 µm and 26.3 µm, respectively.

Figure 3.13 shows a 3D view of the segment of varactor micro-pattern with depth
profile having a depth of 36.1 µm. It is produced by PMMA masked patterned tool
having varactor shape.

3.4 Conclusions

Generation of micro-surface texture by maskless EMM method is one of the key
micro-features inmicro-products for various applications. The quality of various tex-
tured patterns influence product functionalization and service life of micro-products.
The following conclusions can be drawn as follows:

(i) Various micro-surface textures are produced by a novel and alternative textur-
ing method of maskless EMM economically. The developed maskless EMM
cell with other precisioned accessories is utilized for generation of better tex-
turing samples with regular shape and size using constricted vertical cross flow
electrolyte system.

(ii) One single-masked patterned tool can produce more than 24 textured samples
using SU-8 2150 and PMMA masks for various micro-circular patterns and
varactor micro-patterns respectively.

(iii) For controlled depth, highermachining accuracy and lower standard deviations,
lower IEG and higher flow rate are suggested.

(iv) From the investigation of various micro-patterns, it can be concluded that the
parametric setting, i.e., electrolyte of NaCl (0.18M)+NaNO3 (0.26M), voltage
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of 10 V, duty ratio of 30%, machining time of 3 min, IEG of 50µm, electrolyte
flow rate of 6.35 m3/h, and pulse frequency of 25 kHz generates many high-
quality textured micro-patterns.

Maskless EMM is very needful for choosing the significant EMM process param-
eters for fabricating different micro-textured patterns of various shapes and sizes
for advanced applications. For better micro-texturing patterns, the design of proper
textured tools and machining on curved surfaces need to be improved further.
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Chapter 4
Investigations into Wire Electrochemical
Machining of Stainless Steel 304

Vyom Sharma , V. K. Jain and J. Ramkumar

Abstract Wire Electrochemical Micromachining (Wire-ECMM) is now under
investigation by researchers around the globe due to the agility it offers to manufac-
turers over other advanced machining processes. A key application of this process is
in cutting different shapes out of parent workpiece material of variable or uniform
thickness bymoving the tool along a predetermined path. The key features associated
of a cut cavity (kerf) in Wire-ECMM are the fillet radius (FR) along the thickness
of workpiece material, corner radius (CR) at curves and width of the kerf (S). In the
presentwork, the dependency of these characteristic features is examined on different
process parameters like applied potential(V), electrolyte concentration (C) and tool
feed rate (f). Based on the results, optimum values of these parameters are identified
and features like circle, triangle and square spiral are machined on Stainless steel
304.

Keywords Fillet radius · Corner radius · Side gap · Kerf width

4.1 Introduction

Wire electrochemicalmachining (Wire-ECMM)has gained significant attention from
the researchers around the world in the recent past. One of the primary reasons for the
growing popularity of this machining process is its cost-effectiveness. When com-
pared to its counterpart in thermal-based machining process which is wire electric
discharge machining (Wire-EDM), the setup cost and running cost are significantly
low and material removal rate is relatively very high. In the domain of microma-
chining, Wire-ECMM has a clear advantage as there is a limitation to the minimum
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diameter of tool (wire) that can be used in Wire-EDM because in the latter case, the
wire is constantly worn out as machining progresses while in the earlier case theoret-
ically wire life is infinite. However, when the parameter of evaluation is machining
precision, these two processes are not at par. Wire-ECMM has a clear superiority
over Wire-EDM in terms of material removal rate but machining precision in for-
mer case has a big scope for improvement. In case of electrochemical dissolution,
various inherent phenomena occurring at anode and cathode make the process of
predicting final anode profile very complex. There is generation of gas bubbles as
a product of electrolysis along with the sludge in the electrolyte which fills the gap
between the two electrodes. It is primarily due to this reason that the electrolyte can
no longer be modelled as a single-phase medium. At high values of circuit current,
the temperature rises of electrolyte predominantly due to Joule’s heating which alters
its conductivity along the electrolyte flow direction in the interelectrode gap (IEG).
Quick and effective replenishment of electrolyte in the gap has become a key area of
research in the Wire-ECMM. Different researchers have adopted their unique ways
to overcome this problem. Zeng et al. [1] presented the expression for the distribution
of electrolyte flow velocity in the IEG. The electrolyte flow velocity was observed
to increase with increasing wire travelling velocity. By employing a unidirectional
travelling wire, the slit width was reported to increase with increasing travel velocity
of wire along the thickness of workpiece. This is explained based on the fact that
the electrolysis fraction decreases with increasing travelling velocity and the con-
ductivity of electrolyte in IEG increases resulting in increased material removal rate
(MRR). He et al. [2] simulated electrolyte flow velocity in the IEG in (Wire-ECMM)
when the tool is imparted axial vibrations. Highest electrolyte velocity was shown to
exist in the region near the tool and minimum velocity in the region near workpiece.
As the amplitude of vibration increased, the slit width reduced up to a certain level.
However, the electrolyte conductivity was assumed to depend upon the tempera-
ture and hydrogen bubbles only. It added for the inaccuracy because electrolyte is
3-phase mixture rather than only 2-phase mixture. Jain and Chouksey [3] developed
a mathematical model for calculating the electrolyte electrical conductivity, consid-
ering it a three-phase mixture and also validated the model by carrying out extensive
experimental investigations. The primary reason for the occurrence of fillet along
the thickness of workpiece material in Wire-ECMM is the higher current density at
sharp corners leading to an increase in material dissolution rate at sharp edges and
also due to the effect of stray current attack. Both these factors result in the formation
of the fillets at the corners. This also causes the top surface of workpiece material to
dissolve at higher rate leading to a variation in the kerf width at the top and bottom
workpiece surfaces.

Figure 4.1 shows a schematic diagram of Wire-ECMM with fillet radius along
the thickness of workpiece. This fillet is a characteristic feature of a kerf machined
using Wire-ECMM and one of the ways to control it is by reducing the effect of
stray current. In order to put a check on this effect either wire can be insulated
leaving open only a small part of it for machining or by carefully controlling different
process parameters namely, potential, electrolyte concentration and tool feed rate so
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Fig. 4.1 Schematic diagram showing fillet radius formation at the top surface of the workpiece and
the presence of stray current

as to localize dissolution in the close vicinity of wire. Figure 4.2 shows a schematic
diagram of a slit machined using Wire-ECMM along with corner radius and width
of a kerf. Frontal and side IEGs are also indicated in the figure.

For applications in micromachining, kerf width should be very close to the diam-
eter of the tool and hence the side IEG should be minimum. Different researchers
around the globe have adopted different methods to minimize the side IEG in order
to keep the kerf width to its minimum. He et al. [4] attempted to improve accu-
racy in Wire-ECMM of titanium alloy by keeping the wire stationary and flushing
the electrolyte axially to the tool. Axial electrolyte flushing aided with the force of
gravity helps in effective removal of electrolysis products from the machining gap
and improves current efficiency. Besides imparting motion to the wire, researchers
have also investigated the effectiveness of shaped tools in quick replenishment of
fresh electrolyte in the IEG. Fang et al. [5] demonstrated the use of helical electrode

Fig. 4.2 Diagram of a slit machined using Wire-ECMM along with corner radius
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rotating about its axis in place of wire for achieving higher MRR and slit width uni-
formity in the depth direction. Helical electrodes when rotated impart axial velocity
to electrolyte which drags it upwards. Zou et al. [6] demonstrated that pulsed current
can be generated in the IEG by using a constant DC power supply with a ribbed
wire tool. Particle tracing simulations carried out in the investigation suggests that a
ribbed wire removes sludge generated during electrolysis more efficiently. Both the
pulsating effect of current and effective sludge removal contribute to higher degree
of dissolution localization inWire-ECMM. Xu et al. [7] used etched wire to enhance
mass transport in the IEG. It was claimed that a high surface hydrophilia (hydrophilic
in nature) creates thicker boundary layer and makes electrolyte more viscous in this
region. This assists in better mass transport in interelectrode gap. Fang et al. [8] pre-
sented a study on the use of a ribbed wire in place of a conventional smooth tool and
high amplitude vibrations. As explained in their work, the fraction of by-products is
very small to affect the electrolyte conductivity and hence, the focus is on removal
of hydrogen bubbles from the IEG. Vibrating the ribbed wire at large amplitudes
intensifies the bubble removal process in upwards and downwards direction. In the
present work, the dependency of kerf width, fillet radius and corner radius on process
parameters namely applied potential, electrolyte concentration and tool feed rate are
experimentally examined on stainless steel 304 workpiece. No literature could be
found which studies the effect of above process parameters on the fillet radius and
corner radius in Wire-ECMM.

4.2 Experimental Setup

The workpiece holder and electrolyte basin are mounted on X-Y drive of the stage,
which is interfaced with computer using a microcontroller. Regulated DC power
supply with voltage rating from 0 to 32 V and minimum resolution for current as
0.01 A is used. Electrolyte is delivered from the flexible delivery tube connected to a
pressurized electrolyte tank with pressure controller. Wire is held tight in a C-clamp
and is locked to X-axis of the stage. Workpiece is imparted a tilt with the help of
a servo motor of rating 12 V and 0.6 A. Shaft made of brass is attached with the
motor shaft with the help of a flexible coupling and it is supported by two bearings
to restrict its lateral movement. This is to ensure proper centering of the shaft. The
schematic diagram of the setup is shown in Fig. 4.3.

4.3 Design of Experiments

Experiments are designed to investigate the effect of each of the process parameter
namely, applied potential (V), electrolyte concentration (C), and tool feed rate (f) on
different responses namely, fillet radius (FR), corner radius (CR) and kerf width (S)
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Fig. 4.3 Schematic diagram of experimental setup

Table 4.1 Range of input process parameters

S. No. Input parameter Unit Range

1. Potential V 5–9.5

2. Electrolyte concentration (NaNO3) mol/L 0.2–0.5

3. Tool feed rate μm/s 2–5

by keeping other factors constant and varying one parameter at a time. Copper wire
of diameter 30μm is used in all experiments. The range of different input parameters
is listed in Table 4.1 and they are obtained by conducting pilot experiments.

4.4 Results and Discussions

Effect of different input parameters on various responses is evaluated by varying
only one of the factors at a time and keeping other parameters constant. Fillet radius,
corner radius and kerf width are measured using Nikon Eclipse LV100 Industrial
Optical Microscope.

4.4.1 Effect of Process Parameters on Fillet Radius (FR)

Figure 4.4a shows the optical images of fillet radii obtained at variable potentials
and fixed values of tool feed rate and electrolyte concentration. Figure 4.4b shows
the dependency of fillet radius on tool feed rate. As the tool feed rate is increased
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Fig. 4.4 a Variation of fillet radius with applied potential (A) 5 V (B) 6 V (C) 7 V (D) 8 V 4. b Vari-
ation of fillet radius with tool feed rate. c Variation of fillet radius with electrolyte concentration.
d Variation of fillet radius with applied potential

from 2 to 5 μm/s, the fillet radius is observed to decrease. This is primarily due
to the fact that less time is available for dissolution at any point on sharp edges
of kerf and hence less material is dissolved when the tool feed rate is increased.
Figure 4.4c shows the dependency of fillet radius on electrolyte concentration. As
the electrolyte concentration increases from 0.2 to 0.5 mol/L, the number of charge
carriers in the solution increases and it decreases the resistance of IEG. This results
in an increase in MRR. Thus, with an increase in electrolyte concentration, fillet
radius also tends to increase. Figure 4.4d shows the variation of fillet radius with
applied potential. Fillet radius is observed to increase significantly with increasing
potential. As the applied potential increases from 5 to 8 V, fillet radius increases from
16.15 to 149.15 μm. This trend is primarily due to increase in current flowing in the
circuit with increase in applied potential and leading to increase in rate of material
dissolution. Although not much significant, but with the increase in applied potential,
the temperature of electrolyte also rises due to Joule heating leading to increase in
electrolyte conductivity which further aids in increase in rate of material dissolution
and leading to rapid dissolution of sharp edges.
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4.4.2 Effect of Process Parameters on Corner Radius (CR)

Figure 4.5a shows variation of corner radius with tool feed rate. The primary reason
for the occurrence of this radius is the increase in current density at sharp vertex.
As the tool feed rate increases from 2 to 5 μm/s, the corner radius decreases from
149.18 to 104.74 μm. Even though the rate of material removal is locally increased
due to increase in current density, the amount of material dissolved at slower feed
rates is higher than that at higher feed rates. This leads to decrease in corner radius
with increase in tool feed rate. Figure 4.5b shows the variation of corner radius
with electrolyte concentration. As the electrolyte concentration increases from 0.2
to 0.5 mol/L, the corner radius increases almost linearly from 98.29 to 164.95 μm.
Increased concentration increases overall current flowing in the circuit hence leading
to increase in current density at all points on workpiece. Higher current density
corresponds to higher MRR and hence, corner radius also increases. Figure 4.5c
shows the variation of corner radius with applied potential. As the applied potential
increases from 6.5 to 9.5 V in steps of 1 V, the corner radius increases from 77.09 to
159.44 μm. Experiments are conducted at tool feed rate of 4 μm/s and electrolyte
concentration of 0.32mol/L. Similar to increase in electrolyte concentration, increase
in applied potential also increases the amount of current flowing in the circuit leading
to an increase in material dissolution rate. This causes the corner radius to increase
with increase in applied potential. The trend is non-linear with piecewise linearity
between two consecutive points of observation. Figure 4.5d shows an optical image
of corner radius measured for different values of applied potentials.

4.4.3 Effect of Process Parameters on Kerf Width (S)

Figure 4.6a shows the variation of kerf width with tool feed rate. As the kerf width
is equal to wire diameter added with twice the side IEG (y), the increase in (y) will
lead to increase in overall kerf width. For equilibrium machining conditions when
the current flowing in the circuit is constant, the expression for interelectrode gap (y)
can be written as [9]

y = yo +
(

η(E − �E)J

Fρa
− f

)
�t (1)

where, yo is the initial interelectrode gap, f is the tool feed rate, E is the applied
potential in volts,�E is overpotential of the circuit, J is the current density on anode
surface, Δt is the small time interval over which current density J is assumed to
remain constant, ρa is density of anode (workpiece) material, η is current efficiency
of the system and F is faradays constant and its value is 96,500 coulombs. From
Eq. (1), it can be seen that with increase in tool feed rate (f), side interelectrode
gap and hence the overall kerf width decreases. Figure 4.6b shows the variation
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Fig. 4.5 a Variation of corner radius with tool feed rate. bVariation of corner radius with electrolyte
concentration. c Variation of corner radius with applied potential. d Variation of corner radius with
applied potential. e Variation of corner radius with tool feed rate (A) 2 μm/s (B) 3 μm/s (C) 4 μm/s
(D)5 μm/s
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Fig. 4.6 a Variation of kerf width with tool feed rate. b Variation of kerf width with electrolyte
concentration. c Variation of kerf width with applied potential. d Optical image of slits machined
at (A) 4 V (B) 4.5 V (C) 5 V

of kerf width with electrolyte concentration. As the concentration increases, the
conductivity (k) of electrolyte also increases due to increase in number of charge
carriers in the solution and interelectrode gap also increases. This is because of
increase in volumetric material dissolution rate due to increase in current flowing
in the electrochemical cell at a fixed value of applied potential. Figure 4.6c shows
the variation of kerf width with applied potential. Increasing the value of applied
potential increases the value of side interelectrode gap, as can be seen from Eq. (1).
This is mainly caused due to increase in the value of current flowing in the circuit
when the electrolyte resistance is kept constant and potential difference between the
two electrodes is increased. This, in turn, leads to increment in material dissolution
rate and increase in kerf width is observed.
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Figure 4.6d shows optical images of slits machined at electrolyte concentration
of 0.2 mol/L, tool feed rate of 5 μm/s and applied potential of (A) 4 V with a kerf
width of 58.91 μm (B) 4.5 V with a kerf width of 65.41 μm and (C) 5 V with a kerf
width of 83.72 μm on stainless steel 304 workpiece of uniform thickness 100 μm.

4.5 Generation of Different Features on Stainless Steel 304

Based on the results obtained in Sect. 4.4, it is evident that small fillet radius can
be achieved by keeping the values of applied potential and electrolyte concentration
at a lower level and the value of tool feed rate at a higher level, although there is a
limit to maximum feed rate that can be achieved (for stable machining condition) at
a given value of applied potential and electrolyte concentration. For achieving lower
value of corner radius, values of applied potential and electrolyte concentration must
be kept at a lower level and value of tool feed rate at a higher level. The same stands
true for obtaining lower value of kerf width. For stable machining, optimum values
of process parameters are selected to generate different features on stainless steel
304 workpiece of uniform thickness 100 μm. Figure 4.7a shows an optical image
of a circle with diameter 2 mm machined at applied potential of 6 V, electrolyte
concentration of 0.3 mol/L and tool feed rate of 4 μm/s. Radius of positive part is
915.96 μm and that of negative part is 1059.63 μm. The value of constant current
was 0.02 A. Figure 4.7b, c shows an optical image of a right triangle with hypotenuse
of 4 mm and a square spiral machined at similar values of process parameters as used
for feature shown in Fig. 4.7a.

4.6 Conclusions

Based on experimental findings reported in Sect. 4.4, the following conclusions can
be drawn: Minimum fillet radius of 16.15 μm was achieved at applied potential of
5 V, tool feed rate of 4 μm/s and electrolyte concentration of 0.45 mol/L. Minimum
corner radius of 77.09μmwas achieved at applied potential of 6.5 V, tool feed rate of
4μm/s and electrolyte concentrationof 0.32mol/L.Minimumkerfwidth of 91.47μm
was achieved at tool feed rate of 2 μm/s and electrolyte concentration of 0.2 mol/L
non-passivating electrolyte of NaNO3 was used for all the experiments. Different fea-
tures were machined on stainless steel 304 workpiece of uniform thickness 100 μm
in order to demonstrate the capabilities of this process in various operations like gen-
eration of micro-channels for micro mixtures, micro-cantilever sensing instruments
and trepanning of large size cores out of parent workpiece material.
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Circle cut-out

(a)

(b) (c)

Fig. 4.7 a Optical image of circle machined at applied potential of 6 V, tool feed rate of 4 μm/s
and electrolyte concentration of 0.3 mol/L. b Optical image of a right-angled triangle and. c Square
helix machined at 6 V
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Chapter 5
Nanofinishing of External Cylindrical
Surface of C60 Steel Using Rotating
Core-Based Magnetorheological
Finishing Process

Manpreet Singh , Ashpreet Singh and Anant Kumar Singh

Abstract A rotating core-based magnetorheological finishing process has been
developed for nanofinishing of external cylindrical surfaces. Shaft made of steel
grade C60 is taken as workpiece, which finds its application in manufacturing of
various automotive products such as crankshafts, rocker arm shafts, and steering tie
rods. The present work involved the parametric studying the developed magnetorhe-
ological finishing process. To plan and examine the effect of process parameters,
namely, current, tool core’s rotation, workpiece rotation and abrasives concentration
on the percentage change in surface roughness, the response surface methodology
has been employed. Examination of the experimental data depicted that the large
contribution to response variable is made by the current and tool speed, which is fol-
lowed by the rotational speed of cylindrical workpiece and abrasives concentration.
The initial surface roughness value of 320 nm reduced to a final value of 52 nm in
finishing time of 90 min with optimized parameters.

Keywords Cylindrical external surfaces ·Magnetorheological finishing ·
Response surface methodology · Surface roughness

5.1 Introduction

Surface finish is one of the vital characteristics in research areas and requirement in
industries especially medical, aerospace and automobile sectors [1]. High-strength
applications such as in automobile sector, the improved quality of the product is
desired to enhance the wear characteristics and service life of the product [2]. The
higher quality of the surface is essential to attain the desired performance of functions
such as fatigue life. Higher fatigue life is required for the various power transmitting
shafts such as crankshaft. [3]. Traditional methods of finishing result in the involve-
ment of large magnitude of cutting forces which is a cause for not attaining better
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surface finish. To get over these restrictions, several advanced fine finishing methods
have been developed [4]. Out of the available fine finishing processes, magnetorhe-
ological polishing (MRP) fluid utilized in magnetic field-assisted processes. These
processes not only provide low magnitude cutting forces but also permit to regulate
them. Moreover, the MRP fluid has got rheological properties, which is attracting
the various field of finishing applications including complex intricate surfaces [5–7].
Singh et al. developed an improved ball end magnetorheological finishing (BEMRF)
process with a central rotating core and a cooling jacket in which stationary electro-
magnetic coil wrapped with copper coils is provided which is supplied with cooling
medium from a low-temperature bath [8]. In the present modified finishing process,
both workpiece and the electromagnetic core tool with flat tool tip are made to rotate
with their axis of rotation perpendicular to each other as shown in Fig. 5.1. The elec-
tromagnetic tool comprises of a central rotating solid core which rotate with respect
to the stationary electromagnet with copper coil windings.

The d.c. current is supplied to the stationary the electromagnet coil to generate the
magnetic field at the tip of tool core. The MR polishing (MRP) fluid consists of non-
magnetic abrasives and magnetic carbonyl iron particles (CIPs) in base fluid. Carrier
fluid is a combination of heavy paraffin oil, various surfactants and additives. The
top view of the experimental setup is depicted in Fig. 5.1 As observed from Fig. 5.1,
the cylindrical workpiece is supported in between shaft bearing seats fitted with ball
bearing to provide the relative rotation. A rotating core-based electromagnetic tool
with flat tip is lied on horizontal z-slide. Three different programmable servo motors
are used in the complete setup. Twomotors provide rotating motion to the cylindrical
workpiece and the tool, and the third one provides reciprocating motion to the tool
for the feeding proposes. A belt pulley drive system transmits rotational motion to
the workpiece from servo motor. The whole set up is placed on the non-magnetic

Fig. 5.1 Top view of the rotating solid core-based magnetorheological nanofinishing experimental
setup for finishing of external cylindrical surfaces
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breadboard. The mechanism of the material removal is shown in Fig. 5.2a–c. The
stiffened fluid sticks on the rotating tip and approach, the roughness peaks of the
cylindrical rotating workpiece surface as shown in Fig. 5.2a. In Fig. 5.2b the active
abrasives shear off the roughness peaks from the initial workpiece surface in the first
finishing cycle. After the first finishing cycle, the sharp ended peaks of surface get
shear off by the active abrasives as shown Fig. 5.2b.

To further remove the roughness peaks, cutting edge of the active abrasives erodes
out and get the fine finished surface of C60 steel cylindrical workpiece. In the last
finishing cycle as shown in Fig. 5.2c, the surface gets smoothed by removing out
the very small-sized chips. The spectroscopy tests revealed the resemblance of the
given shaft’s material with a steel of grade C60 and its corresponding chemical
composition is given in Table 5.1. So, shafts of grade C60 material with external
diameter of 22mmhave been taken as workpiece as shown in Fig. 5.2. Since there are
various applications of theC60 steel grade such as in hydraulic cylinders, crankshafts,
steering rack bar, rocker arm shaft, rack pinion power steering tie rods and various die
punches , so C60 steel material has been chosen for experimentation. The purpose
of this paper is to examine the individual effect and interaction effect of process
parameters with the surface roughness and optimize the process parameters to get
the significant finishing result.

5.2 Design of Experiment

The cylindrical shafts workpiece made of steel with grade C60 and having an exter-
nal diameter of 22 mm as shown in Fig. 5.3. Table 5.2 represents the absolute values
of the controllable independent process variables and their selected levels for exper-
imentation. Table 5.3 represents the experimental conditions.

Experiments were performed on the setup based on the magnetorheological fin-
ishing process utilizing solid rotating tool core as depicted in Fig. 5.1. The initial
surface roughness Ra lied in the range of 320–410 nmwhich was obtained after plain
cylindrical grinding. A constant feed rate of 30 cm/min is provided.

Response surface methodology (RSM) is a mathematical tool, which is used for
modelling and optimizing the engineering problems. Design of experiments (DOE)
is an important aspect of RSM. To know the interaction between the different inde-
pendent controllable variables, a second-order model is employed which can be best
constructed by the central composite design (CCD) methodology. To know the indi-
vidual and the combined impact of the independent controllable parameters on the
response, ‘F’ test from the analysis of variance (ANOVA) has been performed. In the
present work, the MR polishing fluid constitutes 60% of the carrier fluid (paraffin
oil 80% and AP3 grease 20% by weight), 20% of the abrasive particles of 600 mesh
size and 20% of the carbonyl iron particles (CIPs) of 400 mesh size by volume.
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Fig. 5.2 Mechanism of the
material removal during
rotating core-based
magnetorheological
nanofinishing process for
finishing of external
cylindrical surfaces
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Table 5.1 Chemical composition of C60 steel

Elements C Si Mn P S Cr Mo Ni Fe

mass% 0.5 0.3 0.8 0.02 0.03 0.1 0.01 0.03 Balance

Fig. 5.3 Cylindrical
grounded shafts of C60 steel
having external diameter of
22 mm

Table 5.2 Independent controllable variables and their corresponding coded levels

S. No. Parameter Unit Levels

−2 −1 0 1 2

1 Current (I) A 1.5 2 2.5 3 3.5

2 Tool rotation (T) rpm 1200 1450 1700 1950 2200

3 Workpiece rotation (W) rpm 60 80 100 120 140

4 Abrasive concentration (Z) % 10 15 20 25 30

Table 5.3 Experimental
conditions

Parameters Conditions

Finishing cycle time 30 min

Abrasives silicon carbide (SiC) powder 600 mesh

Constant feed rate to workpiece for to
and fro motion

30 mm/min

Workpiece material C60 (ferromagnetic)

CIP powder 400 Mesh
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5.2.1 Response Surface Regression Analysis

The initial (Rai) and after finishing surface roughness (Raf) values and the percent-
age reduction in roughness value (%�Ra) as a response parameter. The percentage
reduction in Ra values acting as response can be calculated by using Eq. (5.1).

�Ra(%) = [(Rai − Raf)/Rai]× 100 (5.1)

Highest order polynomial was selected till the model was not aliased from the
calculation of sequential model sum of square. The highest F-value and the least p-
value signify the addition of quadratic terms to two-factor interaction which suggests
its suitability. Table 5.4 reported the ANOVA analysis for the model containing all
the terms and their interactions such as I, T, W, Z, IT, IW, IZ, TW, TZ, WZ, I2, T2,
W2 and Z2. The F-value of model lies at 55.04 which indicate the significance of
the model. Values of ‘Prob > F’ or p-value greater than 0.05 shows that the model
terms are insignificant and the rest are significant terms. Terms such as I, T, W, Z,
IW, IZ, TZ, I2 and Z2 have p-value less than 0.05 which acknowledges these terms as
significant. Insignificant terms are neglected to make the model more efficient. There
are five insignificant terms which are T2, W2, IT, TW and WZ. Table 5.4 showed
the ANOVA analysis after eliminating the insignificant terms. The other ANOVA
parameter R-squared is a measure of the amount of reduction in the variability of the
response variable from the fitted regression line. Thus, it is preferred to observe other
parameters like adjusted R-squared, predicted R-squared values which are 0.94 and
0.90. According to the regression analysis performed, the final equation in coded

Table 5.4 ANOVA for percentage change in Ra after dropping the insignificant terms

Source SS DF MS F-value p-value % contribution

Model 2659 9 295 55.0 <0.0001

I 988.1 1 988 184.0 <0.0001 38.67

T 580.1 1 580 108.0 <0.0001 22.70

W 240.6 1 240 44.8 <0.0001 9.42

Z 50.0 1 50 9.3 0.0063 1.96

I2 110.1 1 110 20.5 0.0002 4.31

Z2 307.0 1 307 57.1 <0.0001 12.01

IW 182.2 1 182 33.9 <0.0001 7.13

IZ 64.0 1 64.0 11.9 0.0025 2.50

TZ 25.0 1 25.0 4.6 0.0433 0.97

Residual 107.3 20 5.3

Lack of Fit 99.3 15 6.6 4.1 0.0623

Pure Error 8.00 5 1.6

Cor Total 2766 29
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factors is given as in Eq. (5.2).

%�Ra = 76.5+ 6.42A+ 4.92B− 3.17C− 1.63D+ 3.3AC

+ 2.0AD− 1.25BD− 1.96A2 − 4.33D2 (5.2)

The final equation in terms of actual factors is given as

%�Ra = 48.1+ 3.76I+ 0.015T− 0.29W+ 1.49Z+ 0.08IW

+ 0.2IA− 0.0002TZ− 1.95I2 − 0.04Z2 (5.3)

Table 5.4 reported the contributions in percentage made by the significant pro-
cess parameters on the response variable. Current was making largest contribution
to the process performance which was followed by tool rotational speed, workpiece
rotational speed and abrasives concentration. This confirmed the dominance of nor-
mal force acted due to the supplied current over the tangential force due to the tool
rotation. Also, the significant contribution made by the tool rotation acknowledged
its importance which is being used in the present process.

5.3 Results and Discussion

Based on the regression analysis as obtained fromEq. (5.3), the responsewith respect
to the effect of current, tool rotation, workpiece rotation and abrasives concentration
on the response variable have been examined. The effects of current are found to
be maximum speed which is followed by tool rotational speed, workpiece rotational
speed and abrasives concentration. The independent controllable variable effects and
their various interactions are found to be significant inANOVAanalysis and therefore
discussed below.

5.3.1 Effect of Current

The effect of current on percentage reduction in Ra value at different tool core
rotational speeds with workpiece rotation at 100 rpm and abrasives concentration at
20% is shown in Fig. 5.4. Increase in the value of current result in the increasing value
of the response variable (%�Ra). As the value of supplied d.c. current is increased,
the strength of the magnetic flux density also increased. This result in firmly holding
of the active abrasives by the carbonyl iron particle (CIPs) chains and thereby results
in an enhanced finishing performance.
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Fig. 5.4 Effect of current on
percentage reduction in
surface roughness value
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Fig. 5.5 Effect of tool
rotation on percentage
reduction in surface
roughness value
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5.3.2 Effect of Rotational Speed of Tool Core

The effect of rotational speed of tool core on percentage decrement in surface rough-
ness at different workpiece rotational speeds with current of 2.5 A and abrasives
concentration at 20% is shown in Fig. 5.5. It can be easily depicted from Fig. 5.4 that
at higher tool core rotational speed, higher percentage decrease in surface roughness
was observed. Due to the magnetic flux density present at the tool core tip, the car-
bonyl iron particles (CIPs) chains stick to it, resulting in the rotation of chains along
with the tool core. Hence, increase in rotational speed increases the speed of the
abrasives. It can be easily depicted from Fig. 5.5 that at higher tool core rotational
speed, higher percentage change in roughness was observed. High tool core rotation
results in higher relative movement of the active abrasives on the surface of the work-
piece which results in drastic increase of the material removal rate. Also, because of
the tool rotation tangential force into action which contributes to the resultant force
responsible for the overall finishing action.

5.3.3 Effect of Workpiece Rotational Speed

The effect of cylindrical workpiece rotational speed on percentage decrement in
surface roughness at different abrasives concentrations with current at 2.5 A and tool
core’s rotational speed at 1700 rpm is shown in Fig. 5.6. There is decreased trend of
percentage reduction in surface roughness with increasing workpiece rotation. This
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Fig. 5.6 Effect of workpiece rotation on percentage reduction in surface roughness value

trend can be understood by realizing the force representation as shown in Fig. 5.7a,
b. As shown in Fig. 5.7a, two vertical forces are involved in the process namely
F1 and F2 neglecting other horizontal forces.F1 is the tangential force acted on the
cylindrical workpiece by the abrasive particle due to tool rotation whereas F2 is the
tangential force acted on the abrasive particle by the cylindrical workpiece due to
its rotation. Since the tool is rotating at a constant speed of 1700 rpm, therefore
the magnitude of tangential force F1 remains constant. Suppose, the workpiece is
rotating at slow speed, i.e. at 60 rpm, the magnitude of F2 becomes lesser than F1.
Thus, F1 dominates F2 resulting in the removal of roughness peaks in the form
of micro-chips. Now as the workpiece rotational speed starts increasing and so the
magnitude of F2 increases. After some time, a workpiece rotational value can be
reached where the magnitude of F2 completely dominates magnitude of F1. Thus,
abrasive particle does not possess enough force to shear off the roughness peaks and
it is dispersed away from the CIPs chains as shown in Fig. 5.7b. Therefore, at higher
workpiece rotational speeds, the reduction in surface roughness value Ra is lesser as
compared to lower workpiece rotational speeds.

Fig. 5.7 Force representation; a at lowworkpiece rotational speed (F1>F2) and b at highworkpiece
rotational speed (F1 < F2)
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Fig. 5.8 Effect of abrasives
concentration on percentage
reduction in surface
roughness value
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5.3.4 Effect of Abrasives Concentration

The effect of abrasives concentration on percentage decrement in surface roughness
at different rotational speeds of cylindrical workpiece with current at 2.5 A and tool
rotation at 1700 rpm is shown in Fig. 5.8. Abrasives concentration is of high impor-
tance as the abrasives are the sole medium of chipping off the material from the
surface of the workpiece. As depicted in the graph, the value of response param-
eter, i.e. percentage decrement in surface roughness increases up to an abrasive’s
concentration of 20%. However, the value of the response variable decreases with
further rises in abrasive particles concentration. The material removal rate depends
on the forces involved. Furthermore, the magnitude of these forces depends on the
bonding strength of CIPs. At high concentration, these particles begin to break the
chain structure which ultimately results in decrease in stiffness ofMR polishing fluid
under shearing action.

This results in decreasing the magnitude of the forces involved and so the mate-
rial removal rate. However, at low concentration, there is less number of particles
available to get trapped in the same CIPs chain structure. This results in increasing
the magnitude of the forces involved and so the material removal rate. It is seen that
the optimum concentration of abrasive particles is in between 18% to 20% for 20%
CIPs concentration.

5.3.5 Effect of Interaction of Current and Workpiece Rotation

The effect of interaction of current and workpiece rotation on percentage change in
Ra value at tool rotational speed of 1700 rpm and 20% abrasives concentration is
shown in Fig. 5.9. In this graph, it can be clearly observed that there are two groups
of distinct curves one is increasing and others are decreasing. Increasing curves com-
prised of three workpiece rotational speeds namely 60, 80 and 100 rpm indicate that
percentage decrement in surface roughness Ra value increased on increasing current.
Although these three curves meet at the highest value of percentage decrement in
Ra value at 3.5 A current but overall curve corresponding to workpiece rotational
speed of 60 rpm, i.e. lowest value show high values of percentage reduction in surface
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Fig. 5.9 Effect of
interaction of current and
workpiece rotation on
percentage reduction in
surface roughness value
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roughness in comparison with other increasing curves. Decreasing curves comprised
of high workpiece rotational speeds of 120 and 140 rpm indicate that with increase
in current value, the response parameter (%�Ra) decreases. Moreover, with com-
parison to increasing curves, these curves are showing much less value of response
parameter. Therefore, in the end, it is concluded that the workpiece with low rota-
tional speed shows high value of percentage decrement in surface roughness value
Ra with increase in magnitude of current.

5.3.6 Effect of Interaction of Current and Abrasives
Concentration

The effect of interaction of current and abrasives concentration on percentage change
in Ra value at tool core rotational speed of 1700 rpm and workpiece rotation of
100 rpm is shown in Fig. 5.10. In this graph, it can be clearly observed that on an
individual curve high current value results in higher percentage reduction inRa value.
Moreover, on comparing these curves, the curve corresponding to 20%abrasives con-
centration show the highest value of response parameter (%�Ra) followed by the
curves corresponding to 15% abrasives concentration and 25% abrasives concentra-
tion. The difference of the response variable value on 20% abrasives concentration
curve at 3.5 A current is small as compared to its neighbour curves corresponding
to abrasives concentrations of 15 and 25%. Moreover, the curves corresponding to
the abrasives concentrations of 10 and 30% show a large difference with abrasives

Fig. 5.10 Effect of
interaction of current and
abrasives concentration on
percentage reduction in
surface roughness value
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Fig. 5.11 Surface roughness profile from Mitutoyo surf test SJ-400 a before finishing and b after
90 min of finishing at optimum parameters

concentration curve of 20%. Therefore, in the end, it is concluded that abrasives
concentration in the range of 15–25% result in the high value of response variable
parameter (%�Ra). The surface roughness profiles of initial and final after finishing
with the optimized parameters are shown in Fig. 5.11. The scanning electron micro-
scope (SEM) photographs at 250× optical zoom of the initial surface and the final
surface donewith optimized parameters are shown in Fig. 5.12. This clearly indicates
the better features of theMRfinished surface in comparison with the initial surface of
the workpiece. The initial ground surface show scratch marks on the external surface
because of external cylindrical grinding which are removed later on using the present
magnetorheological finishing process, which is helpful for industrial applications.

5.3.7 Confirmation Experiments for Validation of the Model

Using the optimizing tool of the Software Design expert 6.0, it was found that the
best process parameters are current of 3.5 A, 2200 rpm of tool rotation, 60 rpm of
workpiece rotation and 20% of abrasives concentration. The final surface roughness
value Ra obtained after performing the finishing at these values of the parameters
was 52 nm in 90 min finishing time while the initial value of Ra was 320 nm. Thus,
the percentage decrement in surface roughness was found as 83.75%. The predicted
value of percentage decrement in surface roughness (%�Ra) can be calculated by
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Fig. 5.12 SEM images of
the external cylindrical
workpiece at 250×
magnification a initial
ground surface and b after
finishing for 90 min with
optimized parameters

Table 5.5 Comparison between the experimental and theoretical %�Ra with the optimized param-
eters for finishing

S.No Optimized process
parameters

Experimental
%�Ra

Predicted %�Ra Error (%)

I T W Z

1 3.5 2200 60 20 83.75 88.91 6.16

putting the value of optimized parameters in Eq. (5.3). The theoretical value of%�Ra
was found as 88.91% using Eq. (5.3). The comparison between the experimentally
obtainedRa value and theoretical Ra value is reported in Table 5.5, which showed that
the error between the experimental and theoretical values are in a good agreement,
i.e. within 6.16%.

5.4 Conclusions

An experimental evaluation through statistical design has been carried out to deter-
mine at the effect of various parameters for nanofinishing of the C60 grade shaft by
present MR finishing process. It was found that the percentage decrement in surface
roughness value (%�Ra) increased with increase in current (I) and tool rotational
speed (T). However, it decreased with increase in workpiece rotational speed (W).
The %�Ra increase with rise in abrasives concentration (Z) up to a limit of 20%
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but after that, it starts decreasing with further rise in abrasives concentration. The
largest contribution was observed by the current (38.67%) and the tool rotational
speed (22.7%) which was followed by workpiece rotational speed (9.42%) and abra-
sives concentration (1.96%). Hence, the percentage reduction in surface roughness
mainly dependent on the current and tool rotational speed for nanofinishing of C60
grade steel in the present MR finishing process. The least surface finish Ra value was
obtained as 52 nm from the initial Ra value of 350 nm in 90 min of finishing time at
the optimized finishing conditions of I = 3.5 A, T = 2200 rpm, W = 60 rpm and Z
= 20%.
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Chapter 6
Effect of Laser Parameters
on Laser-Induced Plasma-Assisted
Ablation (LIPAA) of Glass

Upasana Sarma and Shrikrishna N. Joshi

Abstract Laser-Induced Plasma-Assisted Ablation (LIPAA) is an advanced
machining process, in which, the laser beam passes through the substrate and irradi-
ates the target metal placed behind the transparent material. The laser fluence is set
above the ablation threshold of the target metal and below the ablation threshold of
the transparentmaterial. As the laser beam reaches the targetmetal, plasma-generated
flies towards the substrate at a high speed of approximately 104 m/s resulting in both
target and glass substrate removal. In the present work, a systematic experimental
study has been carried out to study of the effects of laser parameters (scanning speed,
laser peak power and pulse duration) on crater width of glass. Glass material was
successfully processed using Nd:YAG laser. Microscopic studies have been carried
out to understand the mechanism of ablation. Results provide useful guidelines to
create features on transparent material.

Keywords LIPAA · Ablation threshold · Crater width · Transparent materials ·
Glass

6.1 Introduction

The glass is one of the most trending materials in scientific and industrial applica-
tions such as optics, photonics, microelectronics, display industries due to its high
transparency over a wide range of wavelength. Also, glass has a very good resis-
tance to chemical reactions, high thermal stability, and high hardness. Due to these
qualities, it has become one of the most widely used materials today. In spite of its
excellent properties, its brittleness and hardness make it difficult to machine. Pre-
cision and crack free machining of glass is a challenging task. Lasers are widely
used in machining of brittle and hard materials. However, lasers are not suitable for
processing of transparent materials such as glass, as no laser beam is absorbed for
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any thermal action to take place. Literature reports various processing techniques
to fabricate different structures in transparent materials viz. photolithography [1],
chemical etching [2], abrasive jet machining [3]. They are capable of processing
the glass material, however, they have limited applicability as the photolithography
requires high vacuum condition. Chemical etching may cause hazardous problem as
etching material contains atoms of lead or sodium and thus results in production of
non-volatile halogen compounds. Abrasive jet machining [3] results in rough sur-
face and limited to larger components. Ultrasonic machining requires complex setup.
However, laser has been found as a promising tool if it is applied with proper setting
of laser parameters such as wavelength, laser power. It is known that laser beammust
be highly absorbed to achieve ablation. For high absorption, short wavelength in the
visible ultra-violet (VUV) region (high energy photons) and short pulse width in
the sub-picosecond range were first attempted, but such laser faced difficulties due
to its high capital cost, small beam diameter which results in low material removal
rate and slow scanning process [4]. For research and other applications, the develop-
ment of a new fabrication technique of glass was desired and hence, in 1998 a group
of Japanese scientists invented laser-induced plasma-assisted mechanism, which can
be used to process transparent materials.

Laser-Induced Plasma-Assisted Ablation (LIPAA) [5] is a high potential ablation
scheme for transparent, hard and brittle material. In this process, the glass and metal
sheet are placed one above the other and the plasma is formed with assistance from
the metal ablation when the laser transmitted through the glass irradiates the metal. It
is used to get colour printing characters, surface metallization of electrodes and even
images on the glass substrate. However, the mechanism varies slightly depending
upon the distance between the target metal and the glass substrate. Further improve-
ment of the process can bewitnessed using confined ablation conditions. This plasma
ablates the transparent material on its rear side. It is characterized by high etching
rate and no incubation effects are found. In this work, an experimental study has been
carried out to apply LIPAA methodology to ablate the glass substrate. Moreover, a
systematic parametric study has also been carried out. These are presented in the
next sections.

6.2 Experimental

6.2.1 Experimental Setup

In the present study, a conventionalNd:YAGpulsedmillisecond laser (Model: 500W
pulsed Nd: YAG CNC Laser, Make: Suresh Indu Lasers Pvt. Ltd) having a wave-
length of 1064 nm is used. The frequency was set at a fixed value of 20 Hz with
varying laser peak power, scanning speed and pulse duration. The laser workstation
consists of the beam bending, expanding, collimating and focusing optical units and
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Fig. 6.1 Schematic diagram of the experimental setup

a computer-controlled x-y position stage. Figure 6.1 shows the schematic diagram
of the experimental setup used for the study of LIPAA process.

In this technique, the transparent material and the metal target sheet are arranged
one above the other with the glass slide above the metal sheet on a CNC table con-
nected to a CNC controller. The profile to be cut or scanned, its dimensions and
the direction of motion is given through the RD-Works software and controlled by
the CNC controller. The transparent material is chosen such that it is transparent
to wavelength of the homogenized laser beam. The laser beam passes through the
substrate and irradiates the target metal placed behind the glass substrate. The laser
fluence for this method is set above the ablation threshold of the target metal and
below the ablation threshold of the transparent material. When the peak power den-
sity exceeds the ionization threshold potential of the metal surface, the generation
of free electrons at the focal spot through ionization takes place in the focal region,
leading to the formation of dense and optically opaque plasma. The plasma gener-
ated flies towards the substrate at a high speed (of the order of 104 m/s) [6]. The
plasma generated further absorbs the energy of the incoming laser pulses through the
laser–plasma interaction process [7]. Thus, there is a strong interaction among the
laser beam, plasma and the transparent material, which results in increased fluence.
This causes heating, melting, vaporization of the transparent material. The heating
of the surface and eventually conduction into the material results in the generation
of temperature distribution. Also when the incident fluence is very high, it results
in phase transformation (melting and vaporization), which serves as the material
removal mechanisms.

6.2.2 Materials

In the present a transparent material, glass slide of dimension 75× 26× 1.4 mm has
been used. Microscopic glass slides are generally of soda–lime glass or borosilicate
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glass. In this work soda–lime glass was used as work material. Its chemical composi-
tion is 73 wt% SiO2+16 wt%Na2O+9 wt%CaOwith certain additives likeMgO and
Al2O3 and its maximum transmission is in the range of wavelength 500–2500 nm
approximately.

The targetmetal chosenwas a sheet of aluminiumof thickness 1mm.An important
property of aluminium is that it is a good reflector of both visible light and radiated
heat. Taking into consideration this property, aluminium was chosen as the metal
target forwell-defined ablation to takeplace at the rear side of the transparentmaterial.

6.3 Results and Discussion

Using the conventional millisecond Nd: YAG laser system, ablation on the rear
side of glass has been carried out by the LIPAA technique. The experiments were
carried out at fixed repetition rate of 20 Hz and with no gap between the glass and
the aluminium sheet. Vertical lines were traced on both the glass and the aluminium
sheet by varying the current in the range of 50–80 A, speed in the range of 2–20mm/s
and pulse duration from 0.5 to 4 ms.

Ablation on both the aluminium sheet and the glass substrate were achieved by
this technique. Figure 6.2 shows the ablated aluminium sheet and glass substrate.

Ablation takes place due to the phase change of the material. Phase change of
the glass material takes place due to thermal effects of the plasma. The molten glass
material is removed by the plasma-induced shock wave whereas some molten metals
redeposits on the crater resulting in a recast layer. Figure 6.3 shows the optical
microscope image of the crater with the recast layer formed on the surface of the
crater giving it a glassy appearance.

Fig. 6.2 Ablated glass substrate and aluminium sheet
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Fig. 6.3 Optical microscope
image of a crater with recast
layer (Current: 80 A,
Scanning speed: 20 mm/s,
Pulse Duration: 2 ms)

Fig. 6.4 Ridge formation on
the ablated crater

Major Diameter

Minor DiameterRidge

It is the recast layer that results in a doughnut-shaped ridge formation around the
crater. A schematic of the ridge formation is shown in Fig. 6.4. As observed in optical
microscope, the major and the minor diameters are measured and for further analysis
of the crater width, the average of the major and minor diameters is considered.

Mathematically,

Crater Width, Davg = Major Diameter +Minor Diameter

2
(6.1)

6.3.1 Effect of Laser Parameters on Ablated Crater Width
by LIPAA

Laser Scanning Speed. As depicted in Fig. 6.5, it can be observed that the crater
width decreases with the increase in scanning speed and also decreases with the
decrease in current. However, at 15 mm/s instead of decrease in crater width with the
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Fig. 6.5 Effect of scanning speed on average crater width

increase in scanning speed, an increase in the width is seen and further increasing
the scanning speed, crater width again decreases.

The reason for such variation may be stated as, with the slowing down of the
scanning speed the laser irradiation per unit area increases and hence, more energy
per unit area by the laser-induced plasma. It can also be stated that with the slowing
down of the scanning speed, the laser-induced plasma interacts with the glass for
longer duration which results in more material removal and greater Heat-Affected
Zone (HAZ). Further, at a high speed, the successive laser pulse moves far away from
the former laser pulse and hence, there is no interaction between the HAZ of the two
consecutive laser pulses. Therefore, increase in scanning speed results in reduced
crater width. However, the reason for increase in crater width at 15 mm/s scanning
speed may be stated that the deposition of the metal particles on the rear side of the
glass by the former laser pulses plasma get accumulated which acts as the site for
higher absorption of the plasma.

Figure 6.6 shows the optical microscope images of the rear surface of the LIPAA
processed glass material taking aluminium as the metal target at two different scan-
ning speeds 10 and 5 mm/s.

Laser Peak Power. It has been observed in Fig. 6.7 that with the increase in
current corresponding to a laser peak power there is an increase in the average ablation
depth. The reason for such variation may be that as the pump current increases it
induces higher population inversion, which gives greater stimulated emission and
hence increase in output power.

The relation between current change and power change is linear and is given by

P = ηV I (6.2)
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Fig. 6.6 Optical microscope images of the rear surface of the LIPAA-processed glass material
with 0 µm distance between the glass and the aluminium sheet, 70 A current and (a) 10 mm/s (b)
5 mm/s scanning speed

Fig. 6.7 Effect of laser peak
power on average crater
width

where

P Pulse power
n Radiation efficiency
I Current input.

Hence with the increase in current, laser peak power is increased andmore plasma
is generated as the laser irradiates with the metal behind the glass. The generated
plasma has a greater thermal effect on the glass material and more material removal
resulting in wider crater width. However, the ablation geometry not only depends
on the current but also on the metal used. Figure 6.8 shows the optical microscope
images of the rear surface of the LIPAA processed glass material taking aluminium
as the metal target at various laser peak power levels.
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(a) 1920 W (b) 1690 W

Fig. 6.8 Optical microscope images of the rear surface of the LIPAA-processed glass material with
0µm distance between the glass and the aluminium sheet, 15 mm/s scanning speed and laser power
of (a) 1920 W (b) 1690 W

Pulse Duration. As observed in Fig. 6.9, the average crater width increases with
the increase in pulse duration. Also with the increase in current an increase in the
width is seen. But at a higher value of current, i.e. 70 and 80 A, the glass parts-off
into two pieces on reaching a pulse duration value greater than 2 ms.When low pulse
duration is used deeper holes are produced whereas for high pulse duration wider
holes are ablated.

The reason may be such that, when the laser irradiates the metal sheet, it absorbs
the heat energy, melts, gets vaporized and plasma is generated. Longer pulse duration
interacts with the metal for a longer period of time and hence expanded plasma is
generated with high initial velocity. Thus, it has a greater and longer thermal effect
on the glass material which, in turn, gets melted and vaporized resulting in a wider
ablation. Also, higher the pulse duration, higher is the pulse energy. This is also a
reason for increase in width with the increase in pulse duration. It is given by the
relation

Fig. 6.9 Effect of pulse
duration on average crater
width
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(a) Pulse duration of 4 ms (b) Pulse duration of 4 ms

Fig. 6.10 Optical microscope images of the rear surface of the LIPAA-processed glass material
with 0 µm distance between the glass and the aluminium sheet, at 70 A current and pulse duration
of (a) 4 ms (b) 2 ms

τ = 0.88
E

P
(6.3)

where

τ pulse duration
E pulse energy
P peak pulse power.

Figure 6.10 shows the opticalmicroscope images of the rear surface of the LIPAA-
processed glass material taking aluminium as the metal target at different pulse
duration.

6.4 Conclusions

In this study, laser-induced plasma-assisted ablation (LIPAA) on glass material with
aluminium as the metal target was performed using a conventional millisecond Nd:
YAG laser having a wavelength of 1064 nm. In the scope of present process condi-
tions, from the experimental investigations and microscopic studies, the following
conclusions can be drawn.

• When the scanning speed of the laser increases, the average crater width decreases.
The average crater width at the same scanning speed was higher for a higher value
of current. At higher scanning speed, LIPAAdoes not produce continuous channel.
Therefore, higher scanning speed are usually not recommended for the fabrication
of channels in practice.

• The increase in the current value results in increase in the crater width. Also, at a
constant current value, when the scanning speed decreases the width reduces.

• With the increase in the pulse duration, it has been observed that the crater width
increases. Also, at a constant pulse duration, higher the current applied higher is
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the crater width. However, at the current values of 70 and 80 A, the glass parts-
off into two pieces at pulse duration greater than 2 ms. It is due to the longer
interaction of the laser pulse with the metal which results in the generation of
expanded plasma with high initial velocity. Also higher the pulse duration, higher
is the pulse energy. This is also one of the reasons for increase in width with the
increase in pulse duration.
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Chapter 7
An Experimental Study
of Electrochemical Spark Drilling
(ECSD)

Arvind Kumar Yadav and S. K. S. Yadav

Abstract Electrochemical sparkmachining (ECSM) is an emerging hybridmachin-
ing process, which is used in the current scenario to machine non-conductive
advanced engineering materials which is difficult to machine by conventional
machining processes aswell as by advancedmachining processes due to restriction on
electrical conductivity. Electrochemical Spark drilling has combined effect of elec-
tric discharge machining (EDM) and electrochemical machining (ECM). Basically
electrochemical spark drilling is an appropriate machining process for making holes
in non-conductive materials with significant improvement in final machining and
productivity as compared to the electro discharge machining and electrochemical
machining processes. In ECSM process, individual limitations of both machining
processes are restricted while improving their individual advantages. The present
work focuses experimental study of Electrochemical spark drilling process. This
paper also depicts mechanism of ECSM process during machining of small holes.

Keywords Electrochemical spark drilling · Electrochemical machining · Electro
discharge machining

7.1 Introduction

In modern era, the non-conductive materials like glass, quartz, ceramics materials
have been rapidly used in wide application in mechanical system, medical, semi-
conductor industry and optical. The electrochemical discharge machining is hybrid
machining process used tomachine electrically conductive and non-conductivemate-
rials. It comprises of thermal energy-based two advance machining processes, that is
EDM and ECM. In Electrochemical discharge drilling the material removal involves
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melting, vaporization and chemical etching simultaneously. Due to the combined
effect of both machining ECM and EDM, the Electrochemical spark drilling suc-
cessfully overcomes the drawback of the constituting processes (EDM AND ECM)
as essential need of the electrically conductive materials for machining. In ECSM
the material removal is much higher (approx 5–50 times) as compared to ECMAND
EDM, respectively, at same machining conditions. Skrabalak and Stwora [1] used
in their experiment, a batch electrode consist of nine square working tips of size
2×2 mm. These electrodes are capable of flowing electrolyte through the inside of
tooltip. The experiments were conducted on ECM, EDM and ECDM machining.
Coteata et al. [2] used in their experiments a rotating tool and passivating electrolyte
in electrochemical discharge drilling process. The drilling tool and passivating elec-
trolyte has significant results on machining. Peng and Liao [3] used a travelling wire
in their Electrochemical discharge machining. Jiang et al. [4] has experimented on
glass in electrochemical machining. In experimental study, glass used as working
material and micro-drilling has done in electrochemical machining. Kulkarni et al.
[5] havemachined on copper workpiece with graphite anode and copper wire as cath-
ode. In their experiment transient and synchronised measurements were performed
successfully. It concluded from experiments that discharge temperature increases due
to attaching of electrons, generated during the electrochemical discharge machining
process. Zhong et al. [6] experimented on nickel-based single crystal superalloys
with tube electrode. The process called as Tube electrode high-speed electrochemi-
cal discharge drilling (TSECDD). In their experiments, they compare the machining
with electro discharge machining and concluded that surface quality is better and
eliminates the recast layer as compared to EDM. BinduMadhavi et al. [7] had exper-
imented on Borosilicate and Soda–lime glass. The response parameters were taken a
material removal rate, tool wear rate and radial over cut. The tungsten carbide alloy
of dia 0.3 mm is taken as tool and tungsten copper alloy as counter tool material.
The Design of Experiments used to conduct the experiments. Paul and Koral [8]
conduct experiment and made a thermal model for determining the material removal
rate (MRR) with direct current DC and pulse in ECDM process. They concluded
that pulse DC is better than DC at higher Hajian et al. [9] present a thermal model
on the finite element method (FEM) to predict the machining depth in ECD milling.
In the model, the input parameters of FEM calculated on voltage, electrolyte con-
centrations. The mathematical model validated after conducting same experiments
conditions. The final results concluded that good agreement finds between FEM
models and Experiment in between range of 600–850 °C. Paul and Kurian [10] had
experimented and concluded that temperature of electrolyte has major role in MRR
and heat-affected zone (HAZ). In their experiment, they used NaoH as a electrolyte
and heated it at different temperature. It was found that at higher temperature, spark
reduces but causes an increase inHAZ.The experimental result shows thatmachining
rate improves with gradual increase in temperature. Kang and Tang [11] have investi-
gated those current waveforms for the machining of both coating and the machining
of superalloys. It showed that only the electrochemical discharge exits during the
machining of coating. Mehrabi et al. [12] concluded that in deep holes electrolyte
circulation has important role. In this work they had used hollow electrodes with high
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pressure. An injection system provided for flow of electrolyte. Results showed that
at different level of pressure and different dia electrode which used in machining,
improved material removal rate (MRR) and drilling speed. This research work con-
cluded the electrochemical discharge microscale drilling had improved with using
electrode with hole inside it.

7.2 Working Principle of ECDM

The Electrochemical discharge machining is a combination of Electric discharge
machining (EDM) and Electrochemical machining (ECM). It is Hybrid machining
process for mainly conducting and non-conductingmaterials both. In ECDMprocess
the material removal takes place through melting or vaporization by electric sparks
and chemical etching action. First, a DC current is applied between both electrodes
(i.e. tool electrode and counter electrode). The tool electrode is smaller in size as
compare to counter electrode. Tool electrode is dipped into some millimetres depth
into electrolyte solution. These two electrodes are separated few centimeres distance
into electrolyte solution. After applying DC current, electrolysis starts and formation
of hydrogen bubbles consequently seen near the tool electrode and near the counter
tool electrode oxygen gas bubbles evolve. On increasing the voltage the gas bubbles
near the tool electrode start increasing.Gasfilm shied is created near the tool electrode
which acts like dielectric medium.When a potential difference becomes high beyond
certain limit, a spark is produced between the tool electrode and workpiece. Due to
this spark machining takes place in the form of melting the workpiece, vaporization
takes place. Further some chemical etching action also involves in the machining of
workpiece. The schematic diagram of ECDM is shown in Fig. 7.1.

Fig. 7.1 Schematic diagram of working of ECDM process
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7.3 Experimental Setup

An ECSM drilling facility is composed of following main elements

i. Positioning system XY axis as per the requirement of machining shape.
ii. For drilling action, the motion of Z-axis is given by Stepper motor Nema 23.
iii. Power supply of DC voltage is given to tool electrode. The primary tool is given

as negative and counter tool electrode has given positive terminal.
iv. Electrodes used formachining. The primary tool electrode used formachining is

HSS tool and copper as counter electrode. The workpiece used for experiment is
soda–lime glass which has 25 mm× 25 mmwith 6 mm thickness. The chemical
composition of soda–lime glass is given below in Table 7.1.

v. Electrolyte used for machining is NaOH. The ECS cell is filled with electrolyte.
The electrolyte level is maintained at 1 mm above the flat surface of the work-
piece.

vi. An exhaust system is used to remove fumes after generating electrolysis.

At the cathode, sparking occurs at supply voltage of 50 V and above. During
Experiment, it is observed thatworkpiece sample started cracking above 70V applied
voltage.Hence, theExperimental range decided for supply is 50–70V.Theworkpiece
immersed in electrolyte solution and tool electrode dipped into this solution at few
mm. Experiments are conducted with Voltage, Duty cycle and rpm as the control
variables. High-speed steel electrode of �2 mm is used as tool and copper electrode
of φ9 mm is used as auxiliary electrode. Figure 7.2, shows the photograph of the
experimental setup. The depth of anode (auxiliary electrode) inside the electrolyte is
also maintained at fixed position. Figures 7.3 and 7.4 shows the machined workpiece
(Fig. 7.5 and Tables 7.2, 7.3).

The experiment resulted in total of 27 experiments, which are performed at
50–70 V supply voltage, 0.5–0.7 duty cycle and 500–800 rpm of rotational speed of
cathode tool as the values for the control variables. The machining time 20 min and
DC current 1.5 A has kept constant throughout the experiments. The one response
measured is material removal rate (MRR) (Table 7.4).

7.4 Results and Discussion

The experiments have been done on Soda–lime glass using ECDMmachine to inves-
tigate the influence of the most influential process parameters such as voltage, Duty
cycle and tool Rpm on the material removal rate (MRR). The DC current 1.5 A has

Table 7.1 Chemical composition of workpiece (Soda–Lime Glass)

Element SiO2 Na2O CaO Al2O3 K2O Fe2O3 SO3

wt% 74 13 10.5 1.3 0.3 0.04 0.2
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Fig. 7.2 Photograph of experimental setup

Fig. 7.3 Machined glass
workpieces

Fig. 7.4 Single machined
workpiece
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Fig. 7.5 a HSS tool before machining, b tool after machining of hole, c auxiliary copper tool
electrode

Table 7.2 Machining
conditions for analysis

Machining condition Specification

Tool electrode material HSS

Auxiliary electrode materials Copper

Level of electrolyte 1 mm above the workpiece

Workpiece material Soda–lime glass

Machining time 20 min

Applied voltage 50–70 V

Duty cycle 0.5–0.7

RPM 500–1100 rpm

Table 7.3 Process parameter and their levels

Sr. No Machining parameters Level 1 Level 2 Level 3

1 Applied voltage (V) 50 60 70

2 Duty cycle 0.5 0.6 0.7

3 RPM 500 800 1100
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Table 7.4 Experimental data

Sr. No. Voltage (V) Duty cycle RPM MRR (mg/min)

1 70 0.7 800 5.00

2 50 0.5 1100 3.60

3 70 0.5 1100 5.60

4 50 0.6 500 1.35

5 60 0.6 500 1.25

6 70 0.5 500 2.20

7 60 0.5 800 1.25

8 60 0.7 500 4.50

9 70 0.7 500 7.50

10 70 0.7 1100 8.20

11 50 0.7 500 0.40

12 70 0.6 500 2.10

13 60 0.6 800 0.80

14 70 0.6 800 1.95

15 50 0.6 800 4.55

16 50 0.5 800 0.75

17 60 0.7 1100 2.35

18 50 0.6 1100 7.50

19 70 0.6 1100 2.50

20. 50 0.7 800 0.60

21. 70 0.5 800 0.80

22. 60 0.5 1100 0.45

23. 60 0.5 500 0.95

24. 60 0.7 800 1.80

25. 50 0.5 500 1.10

26. 50 0.7 1100 2.65

27. 60 0.6 1100 1.50

been kept constant throughout the experiment. The following given graph has shown
the effect of input parameters on MRR.

7.4.1 Effect of Voltage on MRR

This is due to at higher voltage, stronger spark is generated so melting starts earlier,
Hence, as the voltage increases thematerial removal rate is increaseddue to increasing
spark energy. When the voltage increases, the potential difference increases, causing
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Fig. 7.6 a Effect of voltage
on MRR. b Effect of voltage
on MRR

(a). Effect of voltage on MRR

(b). Effect of voltage on MRR

a passivation effect on the surface of the workpiece, thereby more material removal
takes place leading to weak surface finish.

From Fig. 7.6a, b, it is observed that on increasing voltage from 50 to 70 V the
MRR increases from 2.65 to 8.20 mg/min at constant 0.7 duty cycle and 1100 rpm.
At the second stage when duty cycle 0.5 and 500 rpm constant, the MRR increases
from 1.10 to 5.60 mg/min.

7.4.2 Effect of Duty Cycle on MRR

The duty cycle affected the material removal rate. On higher voltage and tool rpm the
MRR increases. It is observed that from Fig. 7.7a, b, Duty cycle increases from 0.5
to 0.7 the MRR increases from 2.20 to 7.50 mg/min at constant 70 V and 500 rpm.
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Fig. 7.7 a Effect of duty
cycle on MRR. b Effect of
duty cycle on MRR

(a). Effect of Duty Cycle on MRR

(b). Effect of Duty Cycle on MRR

7.4.3 Effect of Tool Rpm on MRR

From Fig. 7.8a, b, it is observed that on increasing the tool Rpm theMaterial removal
rate increases. The above graph shows the effect of toolRpmonMRROnmaxvoltage
70 and 1100 Rpm the max MRR we get. On the DC 0.6 and 1100 tool rpm the max
MRR is 7.50 mg/min. Above graph show interrelation of trends like MRR, voltage,
Duty cycle, tool rpm gap. There is an increased trend in MRR observe at a voltage
of 70 V and 1100 rpm while above the 70 V the glass has a breakdown.

7.5 Conclusions

Experimental work is performed for material removal in drilled holes by ECDM
process. The preliminary experiments were performed on Soda–lime glass as work
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Fig. 7.8 a Effect of RPM on
MRR. b Effect of RPM on
MRR

(a). Effect of RPM on MRR

(b). Effect of RPM on MRR

material using NaOH as electrolyte, for only one response variables such as MRR.
Three process parameters were selected such as applied voltage, Duty cycle, and tool
Rpm from the Final experiments, it is concluded that:

i. Applied voltage is found to be the most influential parameter for MRR. The
MRR value increases from 50 to 70 V from 2.65 to 8.20 mg/min at constant 0.7
duty cycle and 1100 rpm.

ii. Tool Rpm is a secondary fact of concern affecting the material removal rate.
At higher Rpm 1100 the material removal rate is increased from 1.35 to
7.50 mg/min.

iii. Duty cycle also affected the material removal rate. As increasing the duty cycle,
the MRR also increases. On Duty cycle increases from 0.5 to 0.7, the MRR
increases from 2.20 to 7.50 mg/min at constant 70 V and 500 rpm.
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Chapter 8
Development and Experimental Study
of Ultrasonic Assisted Electrical
Discharge Machining Process

Shubham Srivastava , Pravendra Kumar and S. K. S. Yadav

Abstract In the modern era, the prime focus of researchers and industries is to
develop new machining technologies and to improve the performance of existing
machining processes.Ultrasonic-assistedElectricalDischargeMachining (UAEDM)
is a hybrid machining process in which ultrasonic vibrations imparted either to tool
electrode or workpiece improve the material removal mechanism by effective flush-
ing of debris particles from machining area. In this paper, an attempt has been made
to combine the Electrical Discharge Machining (EDM) with ultrasonic machining.
In order to do so, a setup for imparting ultrasonic vibration to workpiece is developed
and experiments have been performed to study the effect of EDM input parameters
and ultrasonic vibrations on process performance of EDM. Copper is selected as
tool material and Titanium grade 5 alloy (Ti6Al4V) is selected as workpiece mate-
rial. From experimental analysis, it has been observed that low-frequency ultrasonic
vibrations supplied to workpiece material improve the material removal rate (MRR)
of Electrical Discharge Machining (EDM) process in considerable amount.

Keywords HMPs · UAEDM · Transducer ·MRR

8.1 Introduction

Titanium is an exceptionally important advanced engineering material in modern
manufacturing industries. It is utilized by worldwide industries due to its high
strength, durability, lightweight and several other distinct properties. Machining of
titanium and its alloys is very difficult due to their advanced mechanical and ther-
mal properties such as hardness, toughness, high melting point. Electrical Discharge
Machining (EDM) is one of the most successful advanced machining processes for
machining engineering materials having extremely enhanced properties regardless
of their hardness and toughness. The only limitation of EDM process is that it can
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machine electrically conductive materials only. Both the tool electrode and work-
piece should be electrically conductive. In EDM process, the material is removed by
recurring electrical sparks occurring between tool electrode andworkpiece immersed
in a dielectric. A very narrow gap (less than 0.5 mm) is maintained between tool elec-
trode and workpiece by means of servomechanism. When a series of voltage pulses
20–12VDC is applied to tool andworkpiece it causes electrical breakdown of dielec-
tric in a channel of about 10 µm radius. The breakdown of dielectric causes flow
of electrons, emitted from cathode and electrons present in the gap, towards anode.
These electrons strike with neutral atoms of dielectric, resulting in generation of
positive ions and more stray electrons. The positive ions travel towards the cathode
and the electrons move towards anode. As soon as the electrons and the positive ions
reach the anode and cathode respectively, their kinetic energy is liberated in the form
of heat. Extremely high temperature (around 10,000 °C) is attained by spark for a
very short time period generally a fraction of a second (0.1–2000 µs). Such high
temperature of spark is more than sufficient for melting of workpiece as well as tool
material. The spark also causes evaporation of the dielectric, as a result of which the
pressure of plasma channel increases rapidly of the order of about 200 atm. Such a
huge pressure discontinues the evaporation of the superheated metal. As soon as the
pulse ends, sudden pressure drop takes place and the superheated molten metal evap-
orates explosively. This is phenomenon behind removal of material from workpiece
as well as tool electrode. Due to pressure difference, fresh dielectric fluid flows in,
carries away the debris and act as a cooling medium for workpiece and tool both.
The un-flushed molten metal re-solidifies on workpiece and tool surface and referred
to as recast layer. The flushed molten metal solidifies into minute spheres distributed
in the dielectric liquid along with tool material debris [1].

8.2 Ultrasonic-Assisted Electrical Discharge Machining
(UAEDM) Process

Ultrasonic-assisted Electrical Discharge Machining (UAEDM) process is a hybrid
machining process developed by combining ultrasonic vibrations to EDM process.
Hybrid Machining Processes (HMPs) are defined as enhanced material removal pro-
cesses inwhich two ormoremachining processes are successfully combined together
to improve machining effect. When all the constituent processes directly take part
in material removal then it is termed as cooperative hybrid machining processes. On
the other end, when one of the machining processes is directly involved in material
removal and the others assist in main process by improving the machining condi-
tions, it is referred to as collaborative hybrid machining process [2]. Ultrasonic-
assisted electrical discharge machining process comes under the category of collab-
orative HMPs as the ultrasonic vibrations help in effective flushing of debris particles
frommachining area. Thoe et al. have studied ultrasonic-assisted electrical discharge
machining of ceramic coated nickel alloy using tungsten wire, silver steel, stainless
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steel, mild steel and copper rod. They have observed that UAEDM resulted in an
increased MRR, a more stable discharge and a lower incidence of arcing. The use
of appropriate tool material was critical for effective UAEDM operation [3]. Ghor-
eishi et al. have done comparative experimental study of machining characteristics in
vibratory, rotary and vibro-rotary electro discharge machining. They found that the
effect of high-frequency vibration onMRR is more worthy especially in the finishing
regime as compared to low-frequency vibrations. The vibro-rotary EDM resulted in
increased MRR, TWR and Ra. Thus for optimum parameter setting, a compromise
should bemade betweenRa andMRRor TWR. They have also observed that in semi-
finishing regime, Vibro-rotary EDM increases MRR by up to 35% as compared to
vibratory EDMand up to 100%as compared to rotary EDM[4]. Zhenglong et al. have
performed ultrasonic-assisted micro-electric discharge machining to deep and small
hole on titanium alloy. From experimental study, they have observed that ultrasonic
vibrations-assisted EDM can easily make holes of less than 0.2 mm diameter and an
aspect ratio of more than 15. By using a rotating single notch microelectrode to EDM
a small and deep hole enlarged the space throughwhich the debris flows and therefore
increased machining efficiency with minimized taper [5]. Shabgard et al. have stud-
ied the effect of ultrasonic vibration of workpiece in electrical discharge machining
of AISIH13 tool steel. They found that the MRR of UAEDMwas three times higher
than the EDM for small pulse durations and low currents. The surface roughness
(Ra) value of UAEDM was found slightly higher than EDM [6]. Andreas Schubert
et al. made an investigation on enhancing micro-EDM using ultrasonic vibration and
approaches for machining of non-conducting ceramics. In their study they applied
ultrasonic vibrations directly to workpiece and indirectly to dielectric and the effects
were observed in the process. They found that using ultrasonically-assisted micro-
EDM, the machining process speed was raised by up to 40%. This hybrid process
was able to bore less than 90 µm diameter holes with aspect ratio >40 in metallic
materials and an aspect ratio >5 for nonconductive ceramic materials which make it
possible to manufacture complex shapes in micro parts with high accuracy [7]. Lin
et al. investigated machining characteristics of hybrid EDM with ultrasonic vibra-
tion and assisted magnetic force. In their study they integrated the EDM process
with ultrasonic vibration and magnetic force. They have observed that the process
resulted in improved MRRwith a finer surface integrity. MRR increased as the pulse
current was increased but after a peak value there was a reduction in MRR. Greater
TWR was observed with increased peak current and pulse duration. Also positive
polarity machining, i.e. tool being positive, resulted in an increased TWR as com-
pared to negative polarity machining. Initially Ra was increased with peak current
as pulse duration increased but after a peak value of pulse duration Ra decreased
afterwards. Higher Ra was observed with positive polarity machining as compared
to negative polarity machining [8]. Lin et al. [8] studied ultrasonic vibration-assisted
electro dischargemachining of Nitinol using Tungsten tool. The ultrasonic vibration-
assistedmicro-EDM (UV-MEDM) performance was compared with themicro-EDM
(MEDM)without ultrasonic vibrations. They found that a greater ultrasonic vibration
amplitude results in a higher efficiency and smaller electrode wear. A higher applied
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voltage leads to higher efficiency as well as larger electrode wear. There are two pos-
sible configurations of ultrasonic-assisted EDM process on the basis of ultrasonic
vibrations supplied. In UAEDM, ultrasonic vibrations can be applied either to tool
electrode or to workpiece material. The present work deals with ultrasonic vibrations
imparted to workpiece material.

8.3 Development of Experimental Setup for UAEDM

The major requirement of ultrasonic-assisted EDM is the selection of appropriate
ultrasonic transducer. As in present work, ultrasonic vibrations are given to work-
piece therefore during the selection of suitable ultrasonic transducer, it is taken into
consideration that it can transmit ultrasonic vibrations while being submerged inside
the dielectric of EDM. For this purpose, a sandwich-type piezoelectric ultrasonic
transducer having 22 kHz resonant frequency is selected, as shown in Fig. 8.1. We
know that the range of human hearing is 20–20,000 Hz. Sound waves having fre-
quency greater than 20 kHz are referred to as ultrasonic waves which are beyond
human hearing. In order to obtain maximum amplification and good efficiency, the
transducer must be designed to operate at resonance frequency.

The ultrasonic transducer is mounted on EDM worktable with the help of an iron
clamp in such a way that the transducer remains in vertical position and produce
longitudinal vibrations perpendicular to the worktable of EDM. The iron clamp is

Fig. 8.1 Piezoelectric
ultrasonic transducer
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Fig. 8.2 Photograph of
UADEM setup

rigidly fixed to T-slots of EDM worktable by means of two M8 T-bolts so that there
is no transverse vibration during operation of ultrasonic transducer. At the top of the
ultrasonic transducer, an acrylic sheet of 100 × 100 × 6 mm is mounted on which
workpiece is placed with the help of small hand vice. The acrylic sheet is selected
so that the electric supply of EDM and ultrasonic transducer remain neutral to each
other. The photograph of ultrasonic-assisted EDM setup is shown in Fig. 8.2.

8.4 Experimental Details

The experiments were carried out on SPARKONIX make Z-axis numerically con-
trolled Electrical Discharge Machine available at Advance Manufacturing Lab in
Mechanical Engineering Department of HBTU Kanpur, as shown in Fig. 8.3.

8.4.1 Selection of Workpiece and Tool Material

The uses for titanium in industry are growing faster than ever before as more and
more engineers are discovering it can reduce lifecycle costs across a broad range
of equipment and processes. Titanium has an exceptionally high strength to weight
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Fig. 8.3 Z-axis numerical
control EDM
(SPARKONIX)

ratio. About half as much titanium is required to do the same job, based on strength.
Titanium forms a very tenacious surface oxide layer, which is an outstanding cor-
rosion inhibitor. In present work, Titanium grade 5 alloy (Ti6Al4V) is selected for
conducting experiments. Titaniumgrade 5 is lightweight, stronger than pure titanium,
heat treatable, corrosion-resistant, easily welded and fabricated. Titanium alloys are
very hard and there melting temperature is too high therefore it is very difficult
to machine titanium alloys with conventional machines. Moreover Titanium alloys
are very much chemical reactive at high machining temperature as a result of which
welding action at tool work interface takes place which results in increased tool wear.
Copper electrode of 6mmdiameter is used to conduct experiments on Titaniumgrade
5 workpieces of 30 × 30 × 5 mm dimension (Figs. 8.4, 8.5).

Fig. 8.4 Machined
workpiece of Ti alloy
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Fig. 8.5 Copper electrode

8.4.2 Selection of Machining Process Parameters

In order to obtain a comparative analysis of EDM and ultrasonic-assisted EDM,
experiments were carried out varying one parameter at a time approach. Four inde-
pendent process parameters namely pulse current (IP), pulse-on-time (TON), pulse-
off-time (TOFF) and ultrasonic power (%) are selected as input parameters for exper-
imental study. During all experiments, voltage is in the range of 200–230 V and it
does not varye due to the machine limitation. The stand-off distance, i.e. distance
between tool and workpiece is maintained constant by servo mechanism and it is
generally less than half a mm (<0.5 mm). Material Removal Rate (MRR) is selected
as output parameter. MRR is calculated by weight loss method. The experiments are
conducted varying one parameter at a time approach. Range of input parameters is
given in Table 8.1 and experimental data observed is shown in Table 8.2.

8.5 Results and Discussion

The effect of input process parameters on material removal rate are discussed below:

Table 8.1 Range of input
parameters

S. No. Parameter Unit Range

1 Pulse current (IP) A 6, 9, 12, 15, 21

2 Pulse-on-time (TON) µs 30, 60, 90, 120, 150

3 Pulse-off-time (TOFF) µs 15, 45, 90, 200, 450

4 Ultrasonic power % 20, 40, 60, 80, 100
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Table 8.2 Experimental data

S. No. Pulse current
IP (A)

Pulse-on-time
TON (µs)

Pulse-off-time
TOFF (µs)

Ultrasonic
power (%)

MRR
(mg/min)

1 6 90 90 60 0.3871

2 9 90 90 60 1.1333

3 12 90 90 60 1.3333

4 15 90 90 60 1.7333

5 21 90 90 60 3.0000

6 12 30 90 60 0.6000

7 12 60 90 60 0.8000

8 12 90 90 60 1.2000

9 12 120 90 60 1.7333

10 12 150 90 60 1.8000

11 12 90 15 60 4.6667

12 12 90 45 60 2.0000

13 12 90 90 60 1.2667

14 12 90 200 60 0.6667

15 12 90 450 60 0.5333

16 12 90 90 20 1.6000

17 12 90 90 40 1.2667

18 12 90 90 60 1.2667

19 12 90 90 80 1.2667

20 12 90 90 100 1.2000

8.5.1 Effect of Pulse Current on MRR

The effect of pulse current on MRR is shown in Fig. 8.6. It is observed that MRR
increases with increase in pulse current. This is due to the reason that with increase
in pulse current more energy is available per unit time for melting and evaporation
of work material thus increasing MRR.

8.5.2 Effect of Pulse-on-Time on MRR

Pulse-on-time (TON) is the time duration during which spark is generated between
tool and workpiece. The effect of pulse-on-time on MRR is shown in Fig. 8.7. It is
observed that MRR increases with increase in pulse-on-time. This is due to the fact
that with increase in pulse-on-time, duration of spark increases which in turn melts
more amount of material and hence results in increased MRR.
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Fig. 8.6 Effect of pulse
current on MRR

Fig. 8.7 Effect of
pulse-on-time on MRR

8.5.3 Effect of Pulse-off-Time on MRR

Pulse-off-time (TOFF) is the time duration between two successive sparks. Pulse-
off-time is a critical factor in EDM. The removed material is flushed away in the
form of debris during this period. But excessive pulse-off-time has adverse effect on
machining performance. The effect of pulse-off-time on MRR is shown in Fig. 8.8.

It is observed thatMRR decreases with increase in pulse-off-time and after 200µs
it became almost constant. This is due to reason that with increase in pulse-off-time,
melted material has sufficient time for re-solidification and form a recast layer and
therefore results in decreased MRR.
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Fig. 8.8 Effect of
pulse-off-time on MRR

8.5.4 Effect of Ultrasonic Power on MRR

In the present work, ultrasonic power is varied from 20 to 100%. The effect of
ultrasonic power on MRR is shown in Fig. 8.9. It is observed that highest MRR
is obtained at low range of ultrasonic power. Further increase in ultrasonic power
leads to almost constant MRR. This is due to the fact that low range of ultrasonic
power is capable of effective flushing of debris from machining area. With increase
in ultrasonic power, high frequency of ultrasonic vibration may not lead effective
flushing and thereby resulted in less MRR compared with low ultrasonic power.

Fig. 8.9 Effect of ultrasonic
power on MRR
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8.6 Conclusions

From the experimental study of ultrasonic-assisted electrical discharge machining
(UAEDM) process following conclusions may be drawn:

• Low-frequency ultrasonic vibrations applied to workpiece have a positive effect
on machining process performance.

• It has been observed that about 33% more MRR is obtained at 20% ultrasonic
power as compared to 100% ultrasonic power. This is due to the fact that at 20%
ultrasonic power, the transducer provides vibration at resonance frequency. At
resonance frequency, maximum amplification is obtained at good efficiency.

• It is observed that MRR increases with an increase in pulse current and pulse-on-
time whereas MRR decreases with increase in pulse-off-time.

References

1. El-Hofy, H.A.G.: Advanced Machining Processes, Non-Traditional and Hybrid Machining Pro-
cesses. Tata McGraw-Hill

2. Rajurkar, K.P., Gu, L.: Recent research and developments in hybrid machining processes. In:
Proceedings of the 3nd International and 23rd AIMTDR Conference, Visakhapatnam, vol. 1,
pp. 39–44 (2010)

3. Thoe, T.B., Aspinwall, D.K., Killey, N.: Combined ultrasonic and electrical dischargemachining
of ceramic coated nickel alloy. J. Mater. Process. Technol. 92–93, 323–328 (1999)

4. Ghoreishi, M., Atkinson, J.: A comparative experimental study of machining characteristics in
vibratory, rotary and vibro-rotary electrodischarge machining. J. Mater. Process. Technol. 120,
374–384 (2002)

5. Wansheng, Z., Zhenlong, W., Shichun, D., Guanxin, C., Hongyu, W.: Ultrasonic and electrical
discharge machining to deep and small hole on titanium alloy. J. Mater. Process. Technol. 120,
101–106 (2002)

6. Shabgard, M.R., Sadizadeh, B., Kakoulvand, H.: The effect of ultrasonic vibration of workpiece
in electrical discharge machining of AISIH13 tool steel. World Acad. Sci. Eng. Tech. 3(4),
323–327 (2009)

7. Schubert, A., Zeidler, H., Hackert, M.O., Schneider, J., Hahn, M.: Enhancing micro-EDM using
ultrasonic vibrations and approaches for machining of non-conductingmaterials. StrojniskiVest-
nic J. Mech. Eng. 59(3), 156–164 (2013)

8. Lin, Y.C., Hung, J.C., Chow, H.M., Wang, A.C., Chen, J.T.: Machining characteristics of a
hybrid process of EDM in gas combined with ultrasonic vibration and AJM. Procedia CIRP, 42,
167–172 (2016)



Chapter 9
Effect of Finishing Time on Surface
Finish of Spur Gears by Abrasive Flow
Finishing (AFF) Process

Anand C. Petare , Neelesh Kumar Jain and I. A. Palani

Abstract Abrasive flow finishing (AFF) is an advanced finishing process for debur-
ring, polishing and radiusing of difficult to reach surfaces and object having complex
geometrical shape. Surface finish and material removal in AFF process are signifi-
cantly affected by the finishing time. This paper reports the effect of finishing time on
surface quality and material removal rate of spur gear made of 20MnCr5. An experi-
mental setup has been designed and developed for AFF of spur gears using hydraulic
power pack unit, medium cylinder and a specially designed fixture for finishing of
gear teeth. The fixture ensures proper holding of workpiece gear and direct abrasive
medium to flow over entire face width of the workpiece gear uniformly. The results
obtained show the highest improvement in surface roughness and material removal
rate at 25 min of finishing time. The scanning electron microscope (SEM) images
and bearing area curve (BAC) shown improvement in the flank surface quality of gear
without any undesirable effect and improved noise and vibration characteristics. All
these results have proven AFF as a viable and productive alternative gear finishing
process.

Keywords Abrasive · AFF · Gear · Gear finishing ·Material removal · Surface
roughness

9.1 Introduction

Spur gear is frequently used to transmit motion and power or to change the direction
of motion between two parallel shafts. The major applications of spur gear are in
automobiles, aerospace, machine tools, wind turbines, marine and defence appli-
cations, construction machinery, toys, office automation equipment and micro and
nanodevices. Annually, billions of gears consumed by industries for various appli-
cations and this demand are continuously growing. Gears are expected to transmit
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high power and torque, low maintenance, long service life, high wear resistance,
smooth meshing with noise and vibration, resist overload and high mechanical effi-
ciency from gears. To meet above expectations required, high-quality surface finish
on flank surface of gear teeth. Various traditional gear finishing processes such as
gear grinding, gear shaving, gear grinding is a well-established finishing process for
finishing case hardened gear having hardness above 40 HRC. It gives burn marks due
to heat generation in between grinding wheel and gear flank surface. It also gener-
ates grinding lays on gear flank surface which deteriorates surface quality and causes
noise and vibration in gear; Gear lapping is used for correcting minor deviations of
tooth profile after heat treatment. It takes long time to finish gears and increasing
lapping cycle may cause decrease in form accuracy. Mating gears are only lapped
and they cannot be interchanged; Gear shaving is applicable for finishing unhardened
gear having hardness up to 40 HRC. It is a costly process in terms of high cost of
shaving cutter. It affects gear transmission efficiency if more material is removed
from pitch surface of gear; Gear honing is used for finishing hardened gear. It is a
slow process having very high wear rate and high cost of honing tools; Gear burnish-
ing is applicable for finishing unhardened gears by using burnishing dies. It is used
to improve gear quality at cold stage. It causes generation of localized stresses and
non-uniformity on gear flank surface [1].

Traditional gear finishing processes are alone not capable to finish gears com-
pletely. Therefore, to overcome their limitations, a requirement of hybrid or advanced
gear finishing process which is economical, easy to operate, sustainable and gener-
alized arisen. Recently, some advanced, hybrid gear finishing process such as elec-
trochemical honing (ECH), pulse electrochemical honing (PECH) and abrasive flow
finishing (AFF) are reported for different types of gear. The following is the summary
of the past work:

• Shaikh et al. [2] used ECH process for finishing of straight bevel gears by using the
concept of twin complementary cathode gears. They reported 58.54% improve-
ment in average surface roughness ‘Ra’ 44.44% improvement inmaximum surface
roughness ‘Rmax’ and improvement in percentage material in bearing area curve
(BAC) after ECH.

• Pathak et al. [3] used the concept of pulse power supply in ECH to vary current
and voltage in the interelectrode gap and named it PECH process. They reported
reduction in average surface roughness ‘Ra’ value from2.84 to 1.03µm,maximum
surface roughness ‘Rmax’ value from 24.59 to 6.06 µm, depth of roughness ‘Rz’
value from 13.51 to 5.42 µm.

• Kenda et al. [5] applied AFF for finishing wire spark erosion machining (WSEM)
manufactured injection moulding die of AISI H11 grade tool steel for the pro-
duction of spur gear. They reported average surface roughness ‘Ra’ value reduced
from 0.68 to 0.07 µm within a finishing time of 2 min with completely removed
cutter marks and improved profile and achieved required fatigue strength.

• Xu et al. [4] finished helical gears by AFF and reduced average surface roughness
‘Ra’ 84% in left flank, 80% right flank and 35% in root surface, respectively.
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• Venkatesh et al. [6, 7] finished straight bevel gear usingAFFandultrasonic-assisted
AFF (UA-AFF). They reported a reduction of 55% in average surface roughness
‘Ra’ by using AFF and 73% reduction by using UA-AFF, respectively.

On conclusion of above literature, survey AFF founds a more suitable process
for gear finishing because it uses an abrasive-laden viscoelastic medium, which
extruded back and forth in the gear teeth gaps with high pressure and acts as a
flexible grinding stone which improves finishing of surface. AFF is nano-finishing
process used for deburring, radiusing, polishing, to finish complicated geometry with
difficult to reach areas and to improve fatigue strength. Application area of AFF are
aerospace components, mould and dies, biomedical implants, automobile, turbines
blades, pump casing, gears and additive manufacturing [8]. Past research work on
gear finishing by AFF is focused on improving the surface finish of helical and
straight bevel gear only. No work was reported on improving surface finish of spur
gear by AFF. Therefore, the present work is focused to (i) explore AFF process for
finishing of spur gears with focus on reduction in surface roughness; (ii) investigate
effect of variation of finishing time on surface roughness and material removal rate
in AFF; and (iii) to optimize value of finishing time which will maximize reduction
in surface roughness and material removal rate.

9.2 Details of Experimentation

9.2.1 Experimental Setup and Fixture

An AFF experimental setup developed for finishing of the spur gear is depicted
in Fig. 9.1. It consists of oppositely positioned two hydraulic cylinders operated
by hydraulic power pack unit. Both hydraulic cylinders are connected with two
medium cylinders, respectively. AFF medium is extruded back and forth in between
the restrictions created at workpiece gear and fixture.

A special fixture of metalon for finishing of spur gear was designed (schematics
is shown in Fig. 9.2). It consists of two cylindrical discs having a concentric pivot to
hold gear and circumferential holes drill at radial location according to pitch circle
diameter of workpiece gear. AFF medium is extruded back and forth through the
drilled holes over the flank surface which causes abrasion and imparts fine finishing.

9.2.2 Gear Materials and Specification

20MnCr5 alloy steel is commercially used as a gear material and is selected for
experimentation having chemical composition (by % Wt.) as 0.8–1.1% Cr; 1–1.3%
Mn; 0.14–0.19% C; 0.035% P and S; 0.15–0.40% and balance Fe. Spur gear teeth
were cut onhobbingmachine.The specifications aremodule: 3mm;outside diameter:
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Fig. 9.1 Photograph of the developed experimental apparatus for finishing the gears by abrasive
flow finishing (AFF) process (Source From [9] Elsevier © 2018, reproduced with permission)

54 mm; pitch circle diameter: 48 mm. number of teeth: 16; pressure angle: 20°; face
width: 10 mm.

9.2.3 Medium Preparation

To prepare medium moulding clay (named as silly putty), abrasive particle (Silicon
carbide, mesh size 100) and silicon oil as a blending agent mixed. A volumetric
concentration of 60%, modelling clay 30%, abrasive particle and 10% silicon oil
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Fig. 9.2 Schematics of the workpiece fixture used for holding a spur gear for its finishing by the
AFF process

prepared based on the medium cylinder volume i.e. 1146 cm3. Viscosity of prepared
medium was checked by the rheometer (MCR-301 from Anton Paar, Germany).

9.2.4 Details of Process Parameters and Responses

AFF process parameters are extrusion pressure, finishing type, abrasive particle con-
centration type and size, type and concentration of blending oil, the viscosity of
finishing medium, workpiece geometry, type and hardness. Finishing time ‘t’ is
selected as variable parameters and extrusion pressure ‘P’, abrasive mesh size ‘Ma’,
viscosity of AFF medium ‘η’ and concentration of abrasive ‘Cav’ were used as
fixed parameters. Change in average surface roughness ‘ΔRa’ and change in maxi-
mum surface roughness ‘ΔRmax’ and material removal rate ‘MRR’ were selected as
response parameters. Values of fixed parameters and levels of variable parameters
are presented in Table 9.1.

Table 9.1 Selected process parameters and values

Input process parameters Levels

Variable parameters 1 2 3 4 5 6 7

Finishing time ‘t’ (min) 10 15 20 25 30 35 40

Fixed parameters: AFF medium viscosity ‘η’ = 135 kPa.s; Concentration of abrasive particles in
the AFF medium ‘Cav’ = 30 vol%; Extrusion pressure ‘P’ = 5 MPa; abrasive mesh size ‘Ma’ =
100 mesh and temperature ‘T ’ = 27 °C
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9.2.5 Measurement of Responses

Average surface roughness ‘Ra’ and maximum surface roughness ‘Rmax’ before fin-
ishing and after finishing of spur gearweremeasured byusing surface roughnessmea-
suring stationLD-130 (MarSurf fromMahrMetrology,Germany). Surface roughness
measured at two places of randomly selected tooth of unfinished spur gear and best-
finished spur gear by AFF. An arithmetic average of measured values was taken to
calculate average value of the change in average surface roughness ‘ΔRa’ using the
following equation.

�Ra = Initial Ra value − Final Ra value (inμm) (1)

Similarly, change in maximum surface roughness ‘�Rmax’ calculated. Material
removed was measured by using weighing balance DS-852 from Essae Teraoka Ltd.,
India) having accuracy 0.01 gm and material removal rate ‘MRR’ were measured by
using the following equation:

MRR = Initial weight − Final weight

Finishing time
(inmg/min) (2)

Scanning electron microscopic (SEM) images of flank surface unfinished spur
gear and best-finished spur gear toothwere taken by using field emission SEM (Supra
55 from Carl Zeiss NTS GmbH, Germany) to see microstructure improvement.

9.3 Results and Discussions

Table 9.2 present values of process parameter and responses obtained for all experi-
ments. It can be seen from these results that at 25 min of finishing time (experiment
no. 4) gives maximum change in average surface roughness ‘ΔRa’ (i.e. 0.215 µm),

Table 9.2 Values of process parameters and responses

Exp. No. Process parameters Responses

Finishing time ‘t’ (min) ΔRa (µm) ΔRmax (µm) MRR (mg/min)

1 10 0.036 0.041 0.00067

2 15 0.101 0.281 0.00099

3 20 0.122 0.397 0.00120

4 25 0.215 0.868 0.00207

5 30 0.211 0.848 0.00234

6 35 0.176 0.745 0.00193

7 40 0.154 0.722 0.00113
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in maximum surface roughness ‘ΔRmax’ (i.e. 0.868µm) and in material removal rate
‘MRR’ (i.e. 0.00207 mg/min).

At finishing time of 10min rate of change of average surface roughness,maximum
surface roughness and material removal rate is less because of the presence of high
surface roughness peaks due to gear cutter marks (see Figs. 9.3, 9.4 and 9.5). At
initial stage, abrasive particle tries to reduce height of higher surface peaks and
attained approximately equal height for next experiment. From 15 to 25 min, change
in average surface roughness, maximum surface roughness andmaterial removal rate
increases rapidly due to the availability of approximately equally heighted surface
roughness peaks. Further, increase of finishing time from 30 to 40 min rate of change
of average surface roughness, maximum surface roughness andmaterial removal rate
decreases because of bluntness of cutting edges of abrasive particles. The continuous
movement of abrasive particle over the flank surface causes blunting of cutting edges

Fig. 9.3 Variation of change
in average surface roughness
‘ΔRa’ with finishing time

Fig. 9.4 Variation of change
in maximum surface
roughness ‘ΔRmax’ with
finishing time
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Fig. 9.5 Variation of change
in material removal rate
‘MRR’ with finishing time

and also mixing of microchips in AFF medium is due to previously finished gears.
Therefore, abrasive particle starts rotating over the flank surface rather than abrasion
and reduces rate of changeof average surface roughness,maximumsurface roughness
and material removal rate. The above result and discussion shows that finishing time
of 25 min yield maximum improvement in average surface roughness, maximum
surface roughness and material removal rate. Microstructure of flank surface of gear
tooth obtained by SEM at unfinished stage and at 25 min of finishing time shown
in Fig. 9.6. In Fig. 9.6, gear cutter marks, cracks, roughness valleys and peaks were
present on gear flank surface. Figure 9.7 shows flank surface finished at 25 min
finishing time, which is completely free from cutter marks, cracks and having smooth
surface. Marks of abrasive particles in the direction of extrusion shows material
removal is due to abrading action with micro-cutting and micro-ploughing.

Fig. 9.6 SEM micrographs
displaying microstructure of
flank surface at unfinished
stage
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Fig. 9.7 SEM micrographs
displaying microstructure of
gear flank surface at 25 min
finishing time by AFF

Fig. 9.8 Bearing area curve
of gear flank surface in
unfinished stage

Fig. 9.9 Bearing area curve
of best-finished gear flank
surface by AFF
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Figures 9.8 and 9.9 showbearing area curve (BAC) of gear flank surface before fin-
ishing and best-finished gear flank surface byAFF. Thematerial ratio ‘Rmr’ improved
from 3.37 to 4.73%, and it results in more contact area and less wear and noise and
vibration in gear.

9.4 Conclusions

This paper reports on the effect of finishing time on improvement of surface quality
of spur gear in AFF. The following inferences conclusions have been drawn based
on result and discussion:

• Finishing time in AFF is very influential parameters it affects surface quality and
material removal rate.

• The changes in average surface roughness, maximum surface roughness andmate-
rial removal rate increases with increase in finishing and it obtained the maximum
value at 25 min. Increasing finishing time beyond 25 min rate of change in aver-
age surface roughness, maximum surface roughness and material removal rate
start decreasing due to wear of abrasive particle.

• SEMmicrograph shows that AFF is capable to remove gear cutter marks, microc-
racks, burrs and to improve the surface quality of gear flank surfacewhich improves
operating performance and service life of gear.

• Improvement in bearing area curves ensure availably of more smooth surface
which will reduce noise and vibration of gear.

• Surface produced by AFF is free from any stress and undesirable effect like grind-
ingburn in gear grinding, localized stress in gear burnishing,morematerial removal
from pitch circle in case of gear shaving and lapping.

• Design of fixture play a very important role in AFF to achieve the desired improve-
ment in surface finish. Reduction in surface roughness can be increased by modi-
fying design of fixture.

• Above work shows that AFF as cost-effective, easy operational and alternative
gear finishing solution.
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Chapter 10
Experimental Study on Improving
Material Removal Rate and Surface
Roughness in Wire-Cut EDM of Low
Conductive Material

Dhiraj Kumar , Sadananda Chakraborty , Anand Ranjan
and Dipankar Bose

Abstract Wire electric discharge machining (WEDM) has become a widely
accepted electrothermal process for electrically conductive materials. Still, it puts
a certain restriction that the limiting criteria of electrical conductivity should be 0.01
S/cm. To overcome this limiting criterion, a copper foil is applied over the work-
piece surface. Due to application of copper foil, voltage drop and energy loss in
workpiece material are reduced. Kerosene is used as dielectric fluid because it is a
combustible hydrocarbon liquid, thereby, formation of continuous cracked carbon
from working oil maintains the required electrical conductivity during machining. It
is experimented that peak current and pulse on time are the most dominant factors
that impact the machining characteristics. The optimum parameter setting obtained
for best MRR and SR in WEDM is VG = 30, TON = 80, TOFF = 5, and IP = 2.84.
The surface texture of the machined sample is studied to estimate the responses.

Keywords WEDM · Chromium carbide · Conductivity · RSM · ANOVA

10.1 Introduction

Wire electrical discharge machining is a nontraditional machining process used for
machining of very hard materials, superalloys and the composite matrix for man-
ufacturing very complex shapes of through cutting profile whose machining is not
possible by the conventional machining process and also other nontraditional pro-
cesses. It is a well-ordered metal removal process and material removal takes place
by mean of an electric spark. One of the requirements of wire electrical discharge
machining process is that the material of workpiece should be electrically conduc-
tive. Moreover, there are some of the low conductive materials such as silicon and
chromium carbide which are hard and brittle in nature, though, it can be machined
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by abrasive wire saw method and plasma arc etching method, but, there are cer-
tain drawbacks as this process takes very time and expansive because of its extreme
hardness. The prior research has shown that EDM can be used to machine low con-
ductive materials if the electrical resistivity is less than 100 � cm. WEDMworks on
the principle of the erosive effect of the electrical discharges between two electrodes,
therefore, it does not depend on the mechanical properties of workpiece material but
rather by thermal characteristics such as thermal conductivity, melting point, and
density [1].

Generally, WEDM is used when cutting technologies such as grinding or turn-
ing fail due to their technological and geometrical restriction. Manish Gangil et al.
introduced the different advanced optimization technique to improve the material
removal rate and surface roughness [2]. Most of the ceramics are nonconductive
material except silicon carbide, boron carbide, titanium carbide which are low con-
ductive in nature. The compositions of the material greatly influence on mechanical
properties and EDM process. An attempt has been made on developing tailored ED
machinable ZTA ceramics and machining through EDM processes for high MRR
and low surface roughness [3].

Ayan Pramanick et al. optimized the process parameters for machining of con-
ductive boron carbide(B4C) [4] and established a mathematical model between input
and out parameter by considering pulse on time, peak current, pulse off time, servo
feed rate, water pressure as machining parameters. There are a different number of
techniques to improve the sparking efficiency including some experimental steps in
WEDM [5].

Jerzy Kozak et al. reported that the machining of low conductive materials is
possible by applying the conductive silver coating over the workpiece surface by
WEDMprocess. It is alsomonitored that the variation in resistance can beminimized
by applying the conductive silver coating and the productivity of the process also
increases [6]. The researchers investigated that the machining of insulating ceramics
is possible by arranging a metal plate or metal mesh on the surface of the ceramic
insulator as an assisting electrode [7]. It is seen that the existence of nickel metal is
very important for initiating discharges. Younghua Zhao et al. compared the effect
of input parameters on machining characteristics of SiC and cold tool steel [8], it
is found that discharge current of cold tool steel is a little larger than that of SiC
due to its lower electrical resistivity. The higher cutting speed is achieved using the
dielectric fluid as deionized water in comparison to EDM oil [9]. Negative polarity
with high ignition voltage and low pulse duration give the best erosion effect on
sic material [10]. In this investigation, a new principal of increasing conductivity of
ceramics has been found due to copper solidification of the machined surface.

Tanveer Saleh et al. studied that the conductivity of silicon is increased by tem-
porarily coating Si with a high conductive material such as gold. Here, it is important
to note that if the thickness of the conductive coating is increased, the resistivity of
the composite will decrease to converge towards that of the conductive coating [11].
Kamlesh Joshi et al. narrated the impact of main process parameters on machining
of Si wafer by wire electrical discharge machining process while minimizing the
kerf loss and maximizing the Slicing rate [12]. K. Mouralova et al. have studied
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the surface morphology and topography by using SEM and surface topography for
evaluating the best quality surface finish with very small kerf width in precision
manufacturing [13].

It can be seen from the literature survey that some experimental investigation has
been done to machine the low conductive materials using a different technique. But
there is a lag in the comparative investigation on improving both material removal
rate and surface roughness simultaneously in low conductive materials by WEDM.
Some researcher has tried to machine the low conductive material by applying the
coating and developed material for successive machining with better dimensional
accuracy. But, it is found out that coating thickness over the workpiece material
is a major problem. Several researchers optimized the performance parameter but
there is gap in optimization of low conductive material. Material removal rate and
surface roughness are taken into consideration in the present investigation so that
performance of machining will get improve. Copper is a highly electrically and
thermal conductivity material that is why it is used for triggering discharges. The
quantitative relationship between input and output parameters can be established by
applying the response surface methodology (RSM).

10.2 Experimental Details

The experimental work is carried out to find the machining capabilities of low con-
ductive materials byWire Electrical Discharge machining process. A series of exper-
iments are conducted in chromium carbide plate (2 mm thick) by using EZEECUT
PLUS CNC WEDM. A hard type brass wire (0.25 mm in diameter) is used as tool
electrode and kerosene is used as a dielectric fluid during the experimentation. The
experimental setup of the WEDM machine tool is shown in Fig. 10.1. It comprises
(a)WEDMCNC typemachine tool, (b) machine control panel, (c) work-path profile,
(d) wire (tool) and workpiece, (e) main work table and wire drive mechanisms.

Chromium carbide is used as work material because of its growing range of
application in the field of automotive uses such as high-performance ceramic brake
discs and an electronic application such as LED and detectors. It is a corrosion-
resistant material, thereby it is used as anti-wear plates. The chemical composition
and basic properties of the chromium carbide are shown in Tables 10.1, 10.2.

The material removal rate has been estimated in mm3/min. and surface roughness
is measured in micrometer with the help of Marsurf PS1 surface roughness tester.
The material removal rate is calculated by the following formula:

MRR = (W1 − W2) ∗ 1000

ρ ∗ t
mm3/min. (10.1)

where W1 and W2 are the mass of workpiece before and after machining in grams,
ρ is the density of material in g/cc and t is the time in a minute.
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Fig. 10.1 Ezeecut plus CNC WEDM

Table 10.1 Chemical composition of chromium carbide

Elements C Mn Si Cr W

Contribution (%) 5 0.5 1 28 2.5

Table 10.2 The properties of chromium carbide

Density Melting point Thermal conductivity Thermal expansion Hardness

6.68 g/cc 1800 °C 189.77 W/mk 10.4 μm/mk 62 HRC

10.2.1 Machining Performance Evaluation

Material removal rate (MRR) and surface roughness (SR) are considered to examine
the machine surface quality in the present study. The SR is measured using ‘MarSurf
PS1 Surface Roughness tester’. The SR of eachmachining sample is measured at five
different locations and the average of them is considered for analysis. The traversing
length of 1.75 mm is chosen due to limitation of specimen size and used to measure
the SR at stylus speed of 0.25 mm/s. Cut off length determines the wavelength at
which a filter becomes effective. The cut off length of 0.25 mm has been selected
corresponding to traversing length to measure the surface roughness value along a
line. The unit of SR is measured in μm.
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Table 10.3 Control factors with their level

Process parameters Symbol Units Level

−1 0 1

Gap voltage Vg V 30 50 70

Pulse on time Ton μs 40 60 80

Pulse off time Toff μs 5 7 9

Peak current Ip A 2 3 4

10.2.2 Data Collection

Box–Behnken technique has been used to design the experiment in the present exper-
imental study. It is used to perform the nonsequential experiments. There is no axial
point in this design, thus, all design point falls within the safe operating zone. The
control factors and their level are given in Table 10.3.

10.2.3 Methodology

In the present work, Response Surface Methodology has been used for modeling
and optimization of response variables which are affected by several input variables.
Moreover, many other methodologies are available but RSM explores the best desir-
able relationship between several explanatory variables and one or more response
variables. Themain characteristics of RSM are to use a sequence of a designed exper-
iment to achieve an optimal response. It examines the importance of parameters by
establishing the relationship between several input and output parameters. The cri-
teria for optimal design experiments are mostly associated with the mathematical
model of the process [14]. These mathematical models are second-order polynomial
in nature as given below:

y = f (x1, x2, x3, . . . xn)± ∈ (10.2)

where ∈ is the response error, a second-order polynomial is given by [12],

f = a0 +
n∑

i−1

ai xi +
n∑

i−1

aii x
2
i +

n∑

i< j

ai j xi x j+ ∈ (10.3)

where aii shows the quadratic effect of xi, ai shows the linear effect of xi, aij denotes
line to line interaction between xi and xj, and xi and xj are the design variables.
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10.3 Results and Discussion

The results obtained through the experiment is tabulated as given in Table 10.4.
The measurement of surface roughness of each machining sample at five different

locations and the average of them has been considered for analysis. For example,
the SR values at five different locations in first experiment are 3.214, 3.452, 3.982,
4.190, and 3.567 μm, respectively. Therefore, average of them is calculated as

SR = 3.214 + 3.452 + 3.982 + 4.190 + 3.567

5
= 3.681

Table 10.4 Experimental results

S. No. VG (V) TON (μs) TOFF (μs) IP (A) MRR (mm3/min) SR (μm)

1 50 40 7 2 1.009 3.681

2 70 60 5 3 1.088 4.033

3 30 60 7 4 2.920 4.053

4 30 60 9 3 1.112 4.126

5 50 40 5 3 2.560 3.873

6 50 80 7 4 2.220 3.134

7 50 80 5 3 2.630 3.208

8 30 60 5 3 3.015 3.270

9 70 40 7 3 1.873 4.084

10 50 60 7 3 1.579 3.884

11 50 60 7 3 1.269 3.894

12 50 80 9 3 1.212 3.858

13 30 40 7 3 1.944 3.656

14 50 80 7 2 1.049 3.846

15 50 60 5 2 1.485 3.390

16 70 60 7 2 1.017 4.355

17 70 60 7 4 1.488 2.923

18 70 80 7 3 1.369 3.254

19 50 60 5 4 2.717 3.551

20 70 60 9 3 1.402 3.295

21 50 60 7 3 1.886 3.854

22 50 60 9 2 0.778 4.096

23 30 80 7 3 1.727 3.818

24 50 60 9 4 1.869 3.004

25 50 40 7 4 3.640 3.347

26 50 40 9 3 2.051 3.452

27 30 60 7 2 1.319 3.152
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10.3.1 Analysis of MRR

ANOVAhas been applied to find the effect of individual parameters onMRR,Minitab
17 statistical software is used to tabulate the above experimental results and the
following results have been obtained with a confidence level of 95%. ANOVA for
MRR has been given in Table 10.5.

The linear terms, interaction terms, and the squared terms have been summarized
in the ANOVA table. The small p-values for the interactions (p = 0.017) and the
squared terms (p = 0.166) show that there is curvature in the response surface. It
can be concluded that small p-values for Vg, Ton, Toff, IP, the interaction of Ton with
itself, the interaction of Vg by Toff, and the interaction of Ton by IP indicates that
these effects are statistically significant. The correlation co-efficient R-square for
MRR has a value of 91.95% which reveals that the modeled equation is accurate.
The surface plot has been plotted to see the effect of Ton and IP on material removal
rate as shown in Fig. 10.2.

The equation generated for MRR is given as in Eq. (10.4)

MRR = 3.52 − 0.0429Vg − 0.012 Ton − 0.996Toff + 2.08 Ip − 0.000167Vg∗
Vg + 0.000773Ton ∗ Ton + 0.0347Toff ∗ Toff + 0.088 Ip ∗ Ip − 0.000179Vg∗

Table 10.5 ANOVA for MRR

Source DF Adj. SS Adj. MS F-value p-value

Model 14 12.66 0.90 9.79 0.000

Linear 4 9.63 2.40 26.05 0.000

Vg 1 1.20 1.20 13.02 0.004

Ton 1 0.68 0.68 7.43 0.018

Toff 1 2.14 2.14 23.18 0.000

Ip 1 5.59 5.59 60.58 0.000

Square 4 0.72 0.18 1.96 0.166

Vg * Vg 1 0.02 0.02 0.26 0.620

Ton * Ton 1 0.51 0.51 5.52 0.037

Toff * Toff 1 0.10 0.10 1.11 0.313

Ip * I;p 1 0.04 0.04 0.44 0.518

2-way interaction 6 2.31 0.38 4.17 0.017

Vg * Ton 1 0.02 0.02 0.22 0.645

Vg * Toff 1 1.22 1.22 13.29 0.003

Vg * Ip 1 0.31 0.31 3.45 0.088

Ton * Toff 1 0.20 0.20 2.23 0.161

Ton * Ip 1 0.53 0.53 5.57 0.033

Toff * Ip 1 0.00 0.01 0.05 0.821
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Fig. 10.2 Surface plot of
MRR vs Ton and IP

Ton + 0.01386Vg ∗ Toff − 0.01413Vg ∗ Ip − 0.00568Ton ∗ Toff − 0.01825Ton∗
Ip − 0.0176Toff ∗ Ip (10.4)

10.3.2 Analysis of SR

ANOVA has been applied to find the effect of individual parameters on SR, Minitab
17 statistical software is used to tabulate the above experimental results and the
following results have been obtained with a confidence level of 95%. ANOVA for
SR has been given in Table 10.6.

The linear terms, interaction terms, and the squared terms have been summarized
in the ANOVA table. The small p-values for the interactions (p = 0.001) show that
there is curvature in the response surface [14]. It can be concluded that the small
p-values for Ton, IP, the interaction of Ton, Toff, and Ip with itself are statistically
significant. The correlation co-efficient R-square for SR has a value of 97.62%,which
reveals that the modeled equation is accurate. The surface plot has been plotted to
see the effect of Ton and IP on SR as shown in Fig. 10.3. The equation generated for
SR is given in Eq. (10.5).

SR = −11.74 + 0.2036Vg + 0.0361Ton + 1.101Toff + 3.976 Ip−
0.000097Vg ∗ Vg − 0.000349Ton ∗ Ton − 0.03664 Toff ∗ Toff − 0.2245 Ip ∗ Ip−
0.00620Vg ∗ Ton − 0.00997Vg ∗ Toff − 0.02916Vg ∗ Ip + 0.00669Ton ∗ Toff−
0.00472 Ton ∗ Ip − 0.1567Toff ∗ Ip (10.5)
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Table 10.6 ANOVA for SR

Source DF Adj. SS Adj. MS F-value P-value

Model 14 3.92 0.28 35.09 0.000

Linear 4 0.62 0.15 19.61 0.000

Vg 1 0.01 0.001 0.18 0.678

Ton 1 0.07 0.07 9.89 0.008

Toff 1 0.02 0.02 2.66 0.129

Ip 1 0.52 0.52 65.71 0.000

Square 4 0.34 0.08 10.66 0.001

Vg * Vg 1 0.04 0.02 1.00 0.337

Ton * Ton 1 0.10 0.10 13.02 0.037

Toff * Toff 1 0.11 0.11 14.34 0.004

Ip * I;p 1 0.26 0.26 33.64 0.003

2-way interaction 6 2.95 0.49 61.70 0.000

Vg * Ton 1 0.24 0.24 30.77 0.000

Vg * Toff 1 0.63 0.63 79.63 0.000

Vg * Ip 1 1.36 1.36 170.26 0.000

Ton * Toff 1 0.28 0.28 35.88 0.000

Ton * Ip 1 0.03 0.03 4.46 0.056

Toff * Ip 1 0.39 0.39 49.18 0.000

Fig. 10.3 Surface plot of SR
versus Ton and IP

10.3.3 Optimization Using Response Surface Methodology

Response optimization is used to recognize the combination of variable setting that
jointly optimizes a single output or a set of responses. This method is useful to see the
effects of multiple variables on the response. It gives individual desirability for each
response. However, these values are combined to evaluate the composite, or overall,
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the desirability of themulti-response system.To obtain an optimal solution composite
desirability should be maximum. The optimal solution is given in Table 10.7.

It is revealed that maximum value of MRR = 3.2178 and a minimum value of SR
= 2.92695 can be obtained at the optimized setting parameter, though, the value of
IP = 2.84 cannot work practically. These are the theoretical assumptions, the close
approximation of IP = 3 can be considered for the experimentation, therefore, some
error has been found out after confirmation experiment.

In Fig. 10.4, the graph is plotted between MRR and IP while keeping the other
parameter constant. It has been monitored that MRR is increasing with an increase
in IP, because peak current increases the available energy in the machining area and
hence more materials are removed by spalling as well as melting and vaporization.

Figure 10.5 shows that surface roughness increases with an increase in value of
peak current while keeping other parameters constant. As peak current increases the
available energy in the machining area, and machining time increases, therefore,
more amount of molten material is deposited on the workpiece.

It is also found thatMRRfirstly decreaseswith an increase inTon and subsequently
increases with a high value of Ton as shown in Fig. 10.6. Initially, machining stops
because of a lack of deposition of carbon, therefore, MRR decreases. But at Ton =

Table 10.7 Optimal Solution

Solution Vg Ton Toff IP SR MRR Composite desirability

1 30 80 5 2.84 2.92 3.21 0.922

Fig. 10.4 MRR versus IP
graph while other parameters
are constant
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Fig. 10.6 MRR versus Ton
graph while other parameters
are constant
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60 μs, pulse on time increases the machining time and more amounts of material are
removed, hence MRR increases.

In Fig. 10.7, it is revealed that surface roughness is continuously increasing with
an increase in Ton. Pulse on time increases the machining time, thereby, more amount
ofmaterialsmelt, hence a greater amount of recast layer formation has been observed.

The surface of the machined sample is examined using a Leica metallurgical
microscope. The microscopic image has been taken at 50× magnification.

It has been observed from the microscopic image (Figs. 10.8 and 10.9) that the
machined surface comprises Recast layer, Spherical modules, and protruding mate-
rial. The sparks produced during the machining process melt the metal’s surface,
which then undergoes quenching. Some molten material is not flushed away by
dielectric fluid and it forms a layer on workpiece surface known as a recast layer [15]
after solidification. Figure 10.8 shows the formation of recast layer is less, thereby,
surface finish is good.

Fig. 10.7 SR versus Ton
graph while other parameters
are constant
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Fig. 10.8 Microscopic
image observed for
minimum SR
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Fig. 10.9 Microscopic
image observed for
maximum MRR

Fig. 10.10 Machined
sample

In Fig. 10.9, recast layer is more because of more machining time and less pulse
off time. Machining time increases the material removal rate and therefore, MRR is
high.

All 27 number of experiments have been conducted as per design of experiment
with random order. The machined sample has been prepared which is shown in
Fig. 10.10.

10.4 Conclusions

An attempt has been made here to optimize the MRR and SR in wire-cut EDM of
low conductive material. This experimental work reveals the following conclusion:

i. It is observed that significant MRR has been improved with the help of copper
foil.

ii. Copper foil can be easily removed from the workpiece after machining without
any damage to the machined surface.
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iii. The optimum parameter setting obtained for best MRR and SR in WEDM of
low conductive material is VG = 30, TON = 80, TOFF = 5, and IP = 2.84848.

iv. Based on ANOVA, peak current and Ton has been found the most dominating
factor among all control parameters.

v. It is revealed that MRR increases with an increase in peak current and SR
increases with increase in peak current.

vi. It is found that MRR and SR both increases with increase in Ton.
vii. From the microscopic image, it is clear that MRR and SR both increases with

increase in recast layer formation.
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Chapter 11
Machining Performance Evaluation of Al
6061 T6 Using Abrasive Water Jet
Process

Pankaj Kr. Shahu and S. R. Maity

Abstract The selection of different machining parameters of AWJM is directly
related to the experience of the operator because it has a versatile operating range.
In this paper, the optimal parameters of AWJM are determined by the grey-fuzzy
logic based optimization technique to enhance the material removal rate and surface
roughness of aluminum alloy Al 6061 T6. This investigation is formulated by using
Taguchi method, the water pressure (WP), abrasive flow rate (AFR) and standoff
distance (SOD) taking into account as the process parameters. The response value
and input parameter for different machining process are determined by the artificial
neural network using forward and reverse modeling technique, respectively. This
modeling technique is very productive to determine the machining response value
simultaneously process parameter setting in minimum time and with less effort oth-
erwise experimentally trial and error method has to be used for determining it.

Keywords AWJM · Grey-fuzzy ·MRR · SR · ANN

11.1 Introduction

Abrasive water jet machining (AWJM) technology is among the quickest developing
nonconventional machining practice. It had received impressive consideration from
the different industries, because of its gainful attributes. This procedure joins the
principles of water and abrasive jet machining [1]. Abrasive water jet machining
exists as a mechanical-type process that set up the intense high pressure and veloc-
ity water with abrasive thoroughly mixed together for machining a large range of
material. The AWJM process has an ability to machine any material being ductile or
brittle with a decrease in machining rate per unit cost.

The use of the abrasive water jet for finishing purposes is based on the principle
of erosion of the material upon which the jet hits [2]. The mixing chamber has the
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purpose of mixing the abrasive particles with high-pressure water jet in which both
serves two purposes. Erosive force on the material is driven by the abrasive material
coming out of the nozzle jet.

Due to the great number of influential parameters involved in the AWJM pro-
cess, and the multitude of machining requirements, optimization of performance is
important. Jai Aultrin and Dev Anand [3] develops a fuzzy logic based modeling
for prediction of two response parameters namely material removal rate and sur-
face roughness for aluminum silicon carbide material cut using AWJM process and
optimization of its rule base and database using a binary-coded genetic algorithm.
Vundavilli et al. [4] focus on eliminating the experimental work so as to predict the
data with at most accuracy that can be used effectively in different industrial work.
Venkata Rao [5] proposed a multi-objective and multi-parameter optimization tech-
nique to optimize the response parameters in abrasive water jet machining process.
Cojbasic and Petkovi [6] adapted the extreme learning machine to predict the surface
roughness of aluminum alloy ENAW 6060 that is cut with the help of abrasive water
jet machine. Aydin et al. [7] develop a model using artificial neural network and
regression analysis to predict the response parameters. The present work involves
the investigation to determine the optimum combination of selected process param-
eters such as abrasive flow rate, water pressure, and standoff distance for achieving
maximum material removal rate (MRR) and minimum surface roughness (SR) with
the help of Taguchi method performing abrasive water jet machining of aluminum
alloy 6061.

Recent research in the field of abrasive water jet machining process shows that the
optimum selection of process parameters is the key area of interest so as to reduce
the production time and accuracy in machining. So such a work was found with grey-
fuzzy relation analysis in AWJM by the previous researchers. A further prediction
of input data for desired output values is done using the reverse mapping in ANN
technique is not done by past researchers.

The objectives of the present research work have been reduced as follows:

(i) To analyze the machining performance based on the material removal rate and
surface roughness as response parameters of abrasive water jet machining on
aluminum alloy with three dominant process parameters, i.e., abrasive flow
rate, water pressure, and standoff distance.

(ii) To determine the optimal condition using multi-performance optimization of
AWJM response with grey-fuzzy relation analysis. Selection of proper process
parameters values is determined using the GFRG to get the desired output
values.

(iii) To study the effects of optimal parametric condition with optical images of
rectangular slot machined by AWJM.

(iv) To develop a relationship between machining performance and process param-
eters and predict the values with reverse and forward mapping using the neural
network in abrasive water jet system carried out using a feed-forward back-
propagation neural network on effective parameters.
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11.2 Experimental Study

In the study, the operating variables and their levels were determined by considering
the related studies in the relevant literature. All other machining parameters were
kept constant during the experiments. In single-pass cutting, a rectangular shaped
cut has been done for both material removal rate and surface finish. The image of
the experimental setup is shown in Fig. 11.1.

11.2.1 Design of Experiment

The experimental work was planned and conducted by using Taguchi method of
robust design. The following three process parameters as listed in Table 11.1 have
been selected. A standard orthogonal array L27 has been selected for three parameters
each at three levels as the total degree of freedom (DOF) is 9. Figure 11.2 depicts
the cut design to be made using the machine setup. Desired dimensions for the
rectangular cut is specified in the CAD file for controlled and accurate machining of
aluminum alloy 6061. Each rectangular slot is of size 10 mm× 40 mmmade parallel
to each other sequentially. One end of the rectangular cut is kept less than 10 mm so
as that the machined material can be taken out for further measurement of response
parameter. A total of 12 rectangular cuts has been made on the 100 mm × 100 mm
specimen.

Fig. 11.1 Experimental
setup of AWJM used

Table 11.1 Selected process
parameters

Process parameters Different levels

1 2 3

Abrasive flow rate 0.44 0.54 0.64

Water pressure 280 300 320

Standoff distance 1 2 3

A = Abrasive flow rate (g/min), B = Water pressure (MPa), C =
Standoff distance (mm)
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Fig. 11.2 CAD model for an
array of rectangular cut

11.3 Results and Discussions

The rectangular slab has been cut in aluminum alloy 6061 in order to study the
machinability characteristics of the material. Figure 11.3 Depict the machining of
rectangular slot of aluminum alloy 6061 T6. The characteristics are evaluated by
measuring MRR and SR for the machined aluminum alloy material. Practically the
cut surfaces are tapered due to the inability of the flow of the abrasive particle which
spreads out when it comes out of the nozzle in between workpiece and nozzle. The
microscopic images of the rectangular slabs have been taken and their surfaces are
observed. In total, 27 numbers of experiments have been performed on aluminum
alloy sheet. In Table 11.2, MRR and SR have been estimated to compare trends with
respect to water pressure (mpa), abrasive flow rate (g/min), and standoff distance
(mm). The rate of machining should be higher and the surface roughness should
be lower for reducing the cost of the product so that it can be used for production

Fig. 11.3 Machining of the
rectangular slot of aluminum
alloy 6061 T6
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Table 11.2 Experimental results

Exp. no. Water pressure
(MPa)

Abrasive flow
rate (g/min)

Standoff distance
(mm)

MRR (g/s) SR (µm)

1 280 0.44 1 47.51 3.21

2 280 0.54 1 48.12 2.55

3 280 0.64 1 49.47 2.37

4 280 0.44 2 44.65 3.12

5 280 0.54 2 46.61 3.07

6 280 0.64 2 50.75 2.70

7 280 0.44 3 47.20 2.85

8 280 0.54 3 47.51 2.63

9 280 0.64 3 49.73 2.55

10 300 0.44 2 49.07 1.89

11 300 0.54 2 52.53 2.07

12 300 0.64 2 55.26 1.58

13 300 0.44 3 46.61 2.26

14 300 0.54 3 50.75 2.11

15 300 0.64 3 52.53 1.70

16 300 0.44 1 47.20 2.59

17 300 0.54 1 49.73 2.45

18 300 0.64 1 53.67 2.15

19 320 0.44 3 58.27 1.72

20 320 0.54 3 60.14 1.62

21 320 0.64 3 62.01 1.56

22 320 0.44 1 57.37 1.79

23 320 0.54 1 61.12 1.80

24 320 0.64 1 63.71 1.60

25 320 0.44 2 58.72 1.89

26 320 0.54 2 60.14 2.06

27 320 0.64 2 61.12 2.04

purpose in the industries. Surface roughness is considered as a response parameter to
investigate the accuracy and precession of the rectangular cuts. These factors should
be as small as possible which will help in achieving perfect rectangular slab.
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11.3.1 Calculation of Grey Relational Coefficient (GRC)

In grey relational analysis, trial results were first normalized and then the grey rela-
tional coefficient (GRC) was calculated from the normalized experimental data to
definite the relationship between the desired and actual experimental records. It is
observed that the experiment number one with process parameters at 280 MPa water
pressure, 0.44 g/min abrasive flow rate and 1 mm standoff distance gives the highest
GRC value for surface roughness. Similarly, process parameters at 320 MPa water
pressure, 0.64 g/min abrasive flow rate and 1 mm standoff distance gives the highest
GRC value for material removal rate.

11.3.2 Grey-Fuzzy Logic System

The grey relation coefficient for two response parameters is considered as two input
variables in the fuzzy logic system. In Fig. 11.4, triangular membership function
is considered taking into consideration the works from past researchers. Range of
linguistic variables are Low [0, 0.25, 0.5], Medium [0.25, 0.5, 0.75], and High [0.5,
0.75, 1].

In grey-fuzzy relational analysis, greater the value of grey-fuzzy relational grade
of the trials confirms that the corresponding experimental solution is the optimum
condition for multi-objective optimization and gives enhanced engineering material
quality [6].

From Table 11.3, it is clear that experiment number 24 with process parameters
as WP = 320 MPa, AFR = 0.64 kg/min, and SOD = 1 mm has the best multiple
performance characteristics among 27 set of trials, because it has the highest grey-
fuzzy relational grade of 0.784. The values of corresponding response parameters to
the highest grey-fuzzy relational grade are MRR = 63.72 kg/min and SR = 1.60 µ

mm.

Fig. 11.4 Linguistic
variables for GRC response
values
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Table 11.3 Grey-fuzzy
relation grade (GFRG) with
rank

Sl no. GFRG Rank

1 0.249 27

2 0.482 20

3 0.501 18

4 0.252 26

5 0.341 25

6 0.486 19

7 0.411 24

8 0.472 21

9 0.504 16

10 0.509 12

11 0.507 13

12 0.557 10

13 0.461 23

14 0.506 14

15 0.543 11

16 0.468 22

17 0.505 15

18 0.502 17

19 0.613 7

20 0.663 4

21 0.763 2

22 0.655 5

23 0.707 3

24 0.784 1

25 0.601 9

26 0.607 8

27 0.634 6

11.3.3 Analysis of MRR and SR with Process Parameters

The variations of the output parameters, i.e., material removal rate and surface rough-
ness have been studied by plotting main effect graphs with respect to abrasive flow
rate, water pressure, and standoff distance.

In Fig. 11.5, MRR has been observed to increase with the increase in water
pressure. It was observed that increase in water pressure increases the MRR because
on increasing the water pressure the kinetic energy of the abrasive particles increases
which improves its MRR capability. When the abrasive flow rate is increased then
MRR increased up to certain value after that it decreases. This happens because
when abrasive flow rate increases beyond a certain value the abrasive particles start
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Fig. 11.5 Variation of MRR
with a water pressure,
b abrasive flow rate,
c standoff distance

Fig. 11.6 Variation of SR
with a water pressure,
b abrasive flow rate,
c standoff distance

colliding among themselves which breaks their sharp cutting edges, consequently,
MRR decreases. But when standoff distance increases then the jet is expanded before
impingement and the diameter of the jet increases which reduces the kinetic energy
density and also decreases the efficiency to hit at the pinpoint of the material which
results in decrease of MRR.

It is also seen in Fig. 11.6 that the value of SR increases with increase in standoff
distance and abrasive flow at different levels because in both the cases kinetic energy
of the abrasive particles decreases because of increase in diameter of the jet and due
to the collision of the particles among themselves, respectively.

11.3.4 Analysis of Variance

Table 11.4 clearly depicts that water pressure has the highest contribution among
the three process parameters with a value of 70.8%. Standoff distance is the least
influential parameter for multi-performance optimization of MRR and SR.
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Table 11.4 Analysis of variance for GFRG

Source DF SS MS F P A

WP 2 0.3082 0.1541 53.74 0.000 70.08

AFR 2 0.0619 0.0309 10.81 0.001 14.09

SOD 2 0.0122 0.0061 2.14 0.144 2.79

Error 20 0.0573 0.0028 13.04

Total 26 0.4398 100.0

A =% Contribution

Table 11.5 depicts the response value of grey-fuzzy relation grade for different
levels of process parameters. Deviation in GFRG value is found to be maximum in
case ofwater pressurewith the variation ofmaximum tominimumvalue of 0.258778.
Least deviation can be seen in the case of abrasive flow rate. The regression equation
for multi-performance optimization GFRG has been stated below:

Regression equation for multi-objective optimization GFRG has been stated
below: GFRG= 0.5290− 0.1181 A(1)− 0.0226 A(2)+ 0.1407 A(3)− 0.0602 B(1)
+ 0.0032 B(2) + 0.0570 B(3) + 0.0102 C(1) − 0.0297 C(2) + 0.0194 C(3)

Table 11.5 Response table for the Grey-fuzzy reasoning grade (GFRG)

Level WP (MPa) AFR (g/min) SOD (mm)

1 0.410889 0.539222 0.408778

2 0.506444 0.499333 0.532222

3 0.669667 0.548444 0.586666

Max – Min 0.258778 0.049111 0.177888

Rank 1 3 2

Table 11.6 Coefficient of regression equation for GFRG

Term B C D E

Constant 0.5290 0.0103 51.33 0

WP

280 −0.1181 0.0146 −8.10 0

300 −0.0226 0.0146 −1.55 0.137

AFR

0.44 −0.0602 0.0146 −4.13 0.001

0.54 0.0032 0.0146 0.22 0.827

SOD

1 0.0102 0.0146 0.70 0.491

2 −0.0297 0.0146 −2.04 0.055
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Table 11.7 Comparison of
results obtained from initial
and optimal machining
condition

Levels Initial machining
parameters level

Optimal
machining
parameters level

WP = 280, AFR
= 0.54, SOD = 1

WP = 320, AFR
= 0.64, SOD = 1

MRR 49.224 64.81

SR 2.65 1.72

GFRG 0.482 0.784

Improvement in
GFRG

0.302

Coefficient of the regression equation for GRFG is mentioned in Table 11.6. It is
clear from the table is that the P-value of water pressure is minimum and is the most
influential process parameter.

Improvement in GFRG value of 0.302 has been stated in Table 11.7 with initial
machining level, i.e., WP = 280 MPa, AFR = 0.54 g/min and SOD = 1 mm and
optimal machining condition, i.e., WP = 320 MPa, AFR = 0.64 g/min and SOD =
1 mm. This enhancement of GFRG value to get the desired output by performing
less number of experiment.

11.3.5 Characteristics of Machined Surface

Leica DM 2500 M trinocular metallurgical microscope is shown in Fig. 11.7, which
is used for the optical micrograph of the rectangular cut and for the measurement of
the output parameters.

Figure 11.8 shows the variation of the surface profile for the optimum set of
process parameters. Abrasive particles can be seen embedded in the material after
the machining process which is due to the high water pressure at 320 MPa and low
standoff distance at 1 mm.

All the three input parameters affect the MRR and SR but water pressure is the
most significant factor for changing the MRR and SR.When all the three parameters
are changed then the effect of process parameters onMRR and SRwould be different
because it will show the combined effect of all parameters and sometimes the effect
of water pressure dominates over other. So, there are deviations in the result of the
experiment which can be seen in Table 11.2.
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Fig. 11.7 Metallurgical
optical microscopes

Fig. 11.8 Optical
microscopic images at WP =
320 MPa, AFR =
0.64 kg/min, and SOD =
1 mm
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11.4 Artificial Neural Network (ANN) Prediction

Selection of the optimal ANN architecture is used for prediction which is usually
decided by hit and trial method, choosing the one which gives the lowest value of
mean square error (MSE). Among several ANNarchitectures tried, it is found that the
3-5-2 architecture provides the minimum MSE value. Further forward and reverse
mapping using ANN tool is observed with five numbers of nodes for 27 sets of the
experiment.

11.4.1 Forward Mapping

Forward mapping deals with predicting the responses/outputs of the AWJM process
for known sets of input conditions. It thus fulfills the end user’s requirements of
achieving the desired responses for varying values of AWJM process parameters. In
forward mapping, the end user may also obtain the uncertain response values for a
new set of AWJM process parameters.

When compression is made between the experimental and ANN-predicted values
of MRR and SR, respectively, for the considered AWJM process, and it is interesting
to observe that for all the two responses, the ANN-predicted responses closely match
with those obtained experimentally. It is also observed that the average prediction
errors for MRR and SR are only 2.45% and 3.24%, respectively, which confirm the
developed ANN model to almost accurately predict the output responses for a given
set of AWJM process parameters.

11.4.2 Reverse Mapping

An ANN model is also established for reverse mapping of the considered AWJM
process based on a 2-5-3 ANN architecture. The reverse model is now specifically
applied for a single input dataset which can be thought of as the requirement of
the end user, and it successfully predicts the necessary AWJM process parameter
settings to achieve those desired response values. For the response values of MRR
= 63 g/min and SR = 1.7 µm, the corresponding AWJM process parameters are to
be set at WP = 320 MPa, AFR = 0.64 kg/min and SOD = 1 mm respectively.

During the comparison of simulated andANN-predictedwater jet pressure values,
ANN-predicted abrasive flow rate values are studied, it is observed that the developed
reverse ANNmodel is quite successful in predicting both water pressure and abrasive
flow rate as process parameters. The developed reverse ANN model is also capable
to successfully predict the standoff distance.
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11.5 Conclusion

The present research work develops optimization system using GRA and fuzzy logic
method for instantaneously optimizingmultiple performance characteristics ofMRR
and SR in AWJM.

Based on the above experimental investigation as well as analysis, the following
conclusions are presented:

• The optimal AWJM parametric combination of WP = 320 MPa, AFR =
0.64 g/min, and SOD = 1 mm has been determined using grey-fuzzy logic with
an aim to achieve minimum AWJM surface roughness and maximum material
removal rate of aluminum alloy 6061.

• Analysis of variance results confirmed that the water pressure is the most signifi-
cant parameter followed by abrasive flow rate, whereas standoff distances do not
significantly affect the multi-performance characteristics of response parameters.

• It is seen that the error in prediction for MRR and SR are only 2.45% and 3.24%
respectively which confirm the accuracy of developed ANN model for predicting
the values of the response parameter of AWJM. Similarly, the errors in prediction
for three process parameters, i.e., WP, AFR, and SOD were found to be 2.92%,
4.04%, and 3.52%, respectively.

• Evaluation ofmachining performance achieved under initial and optimal condition
of machining designates and enhancement of GFRG of 0.302 for predicted values.
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Chapter 12
Formulating Empirical Model of MRR
in Near-Dry EDM

Gurinder Singh Brar , Nimo Singh Khundrakpam
and Dharmpal Deepak

Abstract In this paper, material removal rate (MRR) of near dry EDM which use
two-phase liquid and gas instead of single-phase liquid dielectric medium is inves-
tigated. Experiment is conducted with a Taguchi OA L9 considering three input
parameters viz. discharge current, duty factor and tool rotational speed with three
levels each. The effect of input parameters on MRR is studied. The experimental
results show that discharge current is the most effective input parameters on the
MRR followed by the duty factor. Moreover, discharge current has most percentage
of contribution of 91.51% and duty factor has 10.5% onMRR. The empirical models
ofMRR are formulated from the experimental results. Finally, the empirical models
are examined and validated.

Keywords EDM · Near dry ·MRR · Empirical model

12.1 Introduction

In day today scenario, improvement in the machining process is key research area
in the field of manufacturing. Near-dry EDM is one of most recent research areas
in EDM that use liquid-gas mixture as dielectric medium instead of liquid dielectric
medium. Air and oxygen are commonly used in the ND-EDM. The air is mixed
with the liquid dielectric medium and supplied in between the inter-electrode gap
between the electrode. Due to absence of mechanical cutting force, EDM is used to
cut complex and precise geometric shapes material components, such as heat-treated
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tool steels, composites, super alloys, ceramics, carbides, heat resistant steels etc.Now,
EDM is widely used in aerospace, aeronautics, nuclear industries and die and mould
making industries. EDM has also come into the new fields such as sports, medical
and surgical, instruments, optical, including automotive R&D areas. In spite of its
advantages, EDM has many limitations such as low MRR and surface finish due to
short circuitwith higher toolwear rate and also produced carcinogenic substances due
to burning of dielectric medium [1]. Thus, researcher focused on another dielectric
medium instead of liquid dielectric medium. As compared to conventional EDM,
ND-EDM can improve the MRR at low energy levels [2]. Moreover, ND-EDM has
good surface finish, lower micro-cracks and craters from the wet EDM. Use of tool
rotational attachment in the ND-EDM can improved material removal rate (MRR),
tool wear rate (TWR) [3]. Many researcher have carried out the experiment on the
different two-phase near dry dielectric medium such as kerosene-air [4, 5], deionized
water-air [6] and air-water [7–9]. Moreover, ND-EDM produces negligible toxic
fumes and it also no circuit limit at lower boundary [10]. Therefore, it is essential
to study the effect of input parameters on MRR of ND-EDM and also essential to
formulate acceptable empirical model of MRR. The non-linear regression analysis
based on power function for MRR of ND-EDM is not revealed from the literature
review. Thus, this paper mainly focused on the formulation of empirical models the
MRR of ND-EDM using non-linear regression analysis based on power function and
also based on the power and exponential function.

12.2 Experimental Setup and Methodology

In conventional EDM simply wet EDM, liquid dielectric medium is used for the
machining process. In ND-EDM, liquid dielectric medium is replaced by the two-
phase dielectric medium. In order to fulfil the requirement, a minimum quality lubri-
cation (MQL) system is used to produce and supply the two-phase near dry dielectric
medium at the inter electrode gap between the electrodes. In this experiment, liq-
uid dielectric medium (deionized water) is mixed with compressed air at the MQL
system and then supply the two-phase near dry mist at the inter electrode gap. The
flow of the dielectric medium is synchronized by an MQL flow synchronizer with a
solenoid valve which works on the pulsating AC.

Schematic working diagram of ND-EDM is shown in Fig. 12.1. An electrical
operated solenoid valve is used to control the supply of compressed air to the MQL
device thought the tool electrode. The mild steel EN-8 material (0.4% C, 0.25% Si,
0.8% Mn, 0.05% S and 0.05% P) is used as workpiece and copper as tool electrode
which has 10 mm external diameter with a hole diameter of 2 mm.

Weight loss method is used to measure the MRR and given in Eq. 12.1.

MRR = [�W ]
ρwt

× 1000mm3/min (12.1)
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Fig. 12.1 Schematic working diagram of ND-EDM [11]

Here, ρw is the density of EN-8 workpiece and value is 7.8 g/cm3; �W is the
material remove from workpiece in g; t is the machining time.

ND-EDM exhibits the advantage of good machining stability and smooth surface
finish at low discharge energy [12], thus experiment is focused to machine at low
discharge energy. Thus, essential input parameter is revealed from the pilot test and
literature review. The three input parameters namely discharge current, duty factor
and tool rotational speed are chosen for the experiment. The basic parameters and
input parameters are tabulated in Table 12.1 and Table 12.2 respectively. Taguchi
L9 OA design is used to collect the raw values of MRR. The raw data of MRR
is transferred into S/N ratio for Taguchi study. MRR has ‘larger-the-better, LB’
characteristics, thus corresponding value of S/N ratio is measured by using Eq. 12.2.
Effect of each process parameters on the machining performance is determined on
both raw data and S/N ratios to find the significant process parameters.

Table 12.1 Basic parameters
of the experiment

Process parameter Unit Values

Tool polarity – Negative

Machining time min 20

Tool lifting time s 0.2

Gap voltage V 50

Working pressure bar 5 bar

Table 12.2 ND-EDM
process parameters and levels

Process parameters Units Levels

A: discharge current A 2, 5, 8

B: duty factor – 0.7, 0.8, 0.9

C: tool rotational speed rpm 100, 300, 500
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S/NLB = −10 log10

[
1

n

n∑
n=1

1

y2i

]
(12.2)

12.3 Results and Analysis

Using Taguchi L9 OA table, three runs for each trial is carried out and measured the
MRR. The raw data of MRR is transferred into corresponding S/N ratios considering
‘Higher-the-better’ characteristics. The measured raw data of MRR and correspond-
ing S/N ratios are shown in Table 12.3.

Table 12.3 Raw and SN data of MRR

Trial A B C MRR (mm3/min) Average of MRR S/N ratio of MRR

1 2 3

1 1 1 1 1.38 1.34 1.38 1.367 2.713

2 1 2 2 1.61 1.64 1.24 1.497 3.503

3 1 3 3 1.53 1.56 1.55 1.547 3.788

4 2 1 2 1.96 1.98 1.91 1.950 5.801

5 2 2 3 2.21 2.26 2.23 2.233 6.979

6 2 3 1 2.18 2.17 2.12 2.157 6.676

7 3 1 3 2.21 2.23 2.32 2.253 7.057

8 3 2 1 2.61 2.58 2.77 2.653 8.476

9 3 3 2 2.58 2.57 2.53 2.560 8.165

Fig. 12.2 Mean effect plot
of MRR
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12.3.1 Analysis of MRR

The mean and corresponding mean of S/N ratio of MRR is shown in the Figs. 12.2
and 12.3 respectively. It is observed that increase of discharge current significantly
increased both the mean and mean of S/N ratio of MRR. The discharge energy
increases with the increase of discharge current, similar trend is also found by Pandey
et al. [13]. Thus, the ionization of dielectric medium at inter electrode gap (IEG)
improved that produce more thermal energy that increases melting and evaporation
rate. As a result, MRR increases with the increase of discharge current. Both the
mean and mean of S/N ratio of MRR initially increases then decreases with the
increase of duty factor which has similar trend observed by Pandey et al. [13]. This
is due to increase of duty factor increases the sparking duration thus more thermal
energy is supplied at the IEG caused increase in MRR. However, further increase in
the duty factor reduces the cooling effect and unwanted restriction of spark on the
machined surface occur, thus reduces theMRR.While, increase in the tool rotational
slightly decreases the mean and S/N ratio of mean of MRR due to disturbing of
sparking at localize spot. Analysis of variance (ANOVA) is carried out on the mean
of MRR and results are shown in Table 12.4. The result shows most significant
process parameter is discharge current with highest percentage of contribution (%
CB) of 91.51% followed by duty factor with 7.38% CB. Tool rotational speed has
less percentage of contribution on MRR with a value 0.32%.

Fig. 12.3 Mean effect plot
of S/N ratio of MRR

Table 12.4 ANOVA table for MRR

Source DF Seq SS Adj MS F % CB

A: Ip 2 1.5930 0.7963 116.1 91.51

B: DF 2 0.1285 0.0642 9.37 7.38

C: N 2 0.0055 0.0027 0.41 0.32

Error 2 0.0137 0.0068 0.79

Total 8 1.7407 100
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Formation of empirical model of MRR
The empirical formula of MRR is based on nonlinear regression analysis using
Minitab 16 software. Empirical formula of MRR is formulated with three inde-
pendent variable such as discharge current, duty factor and tool rotational speed.
Two empirical formula for MRR are formulated based on (a) power function and (b)
power and exponential function.

Empirical model of MRR based on power function. Using power function, empir-
ical model of MRR can be formulated as follows:

MRR = CIapDF
bNc (12.3)

Here, Ip, DF and N are the independent variable on dependent variableMRR; C,
a, b and c are the constant to be verified.

In order to simplify in the regression analysis, natural logarithm of Eq. 12.3 is
taken and converted into a linear equation (Eq. 12.4).

lnMRR = lnC + a ln Ip + b lnDF + c lnN (12.4)

Empirical model of MRR based on power and exponential function. Using
power and exponential function, empirical model of MRR can be formulated as
follows:

MRR = CIapDF
bexp

( c

N

)
(12.5)

Here, Ip, DF and N are the independent variable of dependent variable, MRR;
C, a, b and c are the constant to be verified. In order to simplify in the regression
analysis, natural logarithm of Eq. 12.5 is taken and converted to a linear equation
(Eq. 12.6).

lnMRR = lnC + a ln Ip + b lnDF + c

N
(12.6)

Validation of empirical model of MRR. Non-linear regression analysis is per-
formed to formulate empirical model of MRR based on power function and also
based on power and exponential function. Regression coefficient values of the MRR
are evaluated for each model. To perform the non-linear regression analysis based on
power function, the data ofMRR, Ip, DF andN from the Table 12.3 are converted into
ln MRR, ln Ip, ln DF and ln N. Regression coefficient of MRR for power function is
evaluated and tabulated in Table 12.5. From the Table 12.5, the value of S stand for
the residual standard deviation of coefficient is very small, thus have higher accuracy.
Moreover, P value of coefficient shows that constant term, Ip and DF are most near
to zero and have more significant on the model. R2 and R2 (adj) values are found
as 97.51% and 96.02% respectively. It signified the model is within the acceptable
range.
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Table 12.5 Evaluated regression coefficients of MRR based on power function

Term Coefficient S T P

ln C −1.95328 0.699092 −2.794 0.038

ln Ip 0.38137 0.027919 13.6599 0.000

ln DF 0.47818 0.156542 3.0547 0.028

ln N −0.00303 0.023934 −0.1267 0.904

S = 0.0482146, R2 = 97.51%, R2 (adj) = 96.02%

The empirical model ofMRR based on the power function is depicted in Eqs. 12.7
and 12.8.

lnMRR = −1.95328+ 0.38137 ln
(
Ip

) + 0.47818 ln (DF) − 0.00303 ln(N )

(12.7)

MRR = 0.141808I0.381374p DF0.4788183

N 0.00303
(12.8)

To perform the non-linear regression analysis based on power and exponen-
tial function, the data of MRR, Ip, DF and N from the Table 12.3 are converted
into ln MRR, ln Ip, ln DF and (1/N). Regression coefficient of MRR for power and
exponential function is evaluated and tabulated in Table 12.6. It is observed that the
S value of coefficient is also very small and P value of coefficient shows that constant
term, Ip and DF are most near to zero, thus the terms are significant to the model.
R2 and R2 (adj) values are found as 97.52% and 96.02% respectively. It signified the
model is within the acceptable range. Thus, both the empirical model is validated.

The empirical model of MRR based on the power function and exponential func-
tion is depicted in Eqs. 12.9 and 12.10.

lnMRR = −1.98905+ 0.38137 ln
(
Ip

) + 0.47818 ln (DF) +
(
0.10337

N

)
(12.9)

MRR = 0.136825I0.381374p DF0.47818exp

(
0.10337

N

)
(12.10)

Table 12.6 Evaluated regression coefficients of MRR based on power and exponential funcion

Term Coefficient S T P

ln C −1.98905 0.69719 −2.853 0.036

ln Ip 0.38137 0.027898 13.6702 0.000

ln DF 0.47818 0.156425 3.0569 0.028

ln N 0.10337 0.673348 0.1535 0.884

S = 0.0481785, R2 = 97.52%, R2 (adj) = 96.02%
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12.4 Conclusions

MRR of ND-EDM has been discussed with Taguchi L9 OA. The following valuable
outcomes are found from the experimental.

1. Discharge current has highest percentage of contribution of 91.51% followed by
duty factor with 7.38%.

2. Tool rotational speed has less percentage of contribution on MRR with a value
0.32%.

3. The empirical formula ofMRRbase on power function and combination of power
and exponential function has been formulated. Both the empirical models have
less value of the residual standard deviation and within the acceptable range.

Acknowledgements The authors acknowledge IKG Punjab Technical University, Kapurthala and
National Institute of Technology Manipur, for providing the facility to conduct the experiments.
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Chapter 13
A Model for Average Surface Roughness
for Abrasive Waterjet Cut Metal Matrix
Composites

N. R. Prabhu Swamy and S. Srinivas

Abstract Abrasive waterjet is a cool cutting technology with the ability to cut most
of the difficult to cut materials. Average surface roughness value is a measure of
surface finish of a manufactured product. Modeling of the average roughness value
of aluminium–silicon carbide metal matrix composites by dimensional method tech-
nique is carried out for both cutting and deformation mode regions. Abrasive water-
jet cutting experimentation is carried out on trapezoidal-shaped aluminium–metal
matrix composites by varying the process parameters. The model results are in good
relation with the experimental results for the cutting wear region. The deformation
wear results have slightly more percentage of error in comparison with the cutting
wear region. Average surface roughness value is measured along the depth of pene-
tration with noncontact confocal microscope. The average results of the cutting and
deformation wear region are considered for modeling.

Keywords Abrasive waterjet ·Modeling · Cutting wear · Deformation wear

13.1 Introduction

Abrasive water jet (AWJ) is a cool cutting technology to cut difficult to cut materials
such as tool steel, titanium, brass, concrete, rock, glass, polymer matrix compos-
ites, ceramic matrix composites and metal matrix composites (MMCs) [1, 2]. The
advantages of using AWJ cutting includes cutting of complicated shapes, no ther-
mal distortion, narrow kerf width, negligible heat affected zone, and environmental
friendliness [3, 4]. Surfacefinish is an important parameter of anymanufactured prod-
uct. Average surface roughness (Ra) value is one of the measures of surface finish. Ra

of AWJ cut surface is influenced by a number of parameters such as hydraulic, abra-
sive, cutting, and work material properties. In AWJ cutting, the material removal
takes place in two modes namely cutting wear and deformation wear [5–7]. The
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present research work makes an attempt to find the Ra of cutting and deformation
wear mode by noncontact-type surface roughness measurement.

Guo et al. [8], has investigated the surface topography of aluminium samples
cut by AWJ. The cutting wear region is dominated by microstructure roughness
and the deformation wear region is dominated by macrostructure waviness. The
Ra increases with increasing the size of the abrasive particles. In the cutting wear
region, microchipping takes place during cutting, making the cut surface smooth.
Whereas during cutting in the deformation wear region the discontinuously and
three-dimensional cutting takes place. Also, the inclination and oscillation of the jet
contribute to the waviness and rougher Ra value in the region. Chen et al. [9], has
investigated the Ra of ceramic, perspex, aluminium and mild steel plates. A smooth
surface finish was seen at the top of the cut and the rough surface finish with striations
towards the bottomof the cut. The fluctuations of theAWJ, vibration of theworkpiece
and nozzle and oscillations of the jet are also the reasons for the striations formation.
Neusen et al. [10], has investigated the effect of waterjet pressure, traverse speed and
abrasive flow rates on Ra of aluminium–silicon carbide and magnesium–silicon car-
bide MMCs. AWJ cutting experiments are conducted on aluminium reinforced with
7, 11, and 15% SiC particles and magnesium reinforced with 26.5% SiC particles.
Ra measurement is done at depth of 12.7 mm from the top of the cut on the MMC
samples. A low Ra value of 5 µm is seen for cutting with higher waterjet pressure
and higher abrasive flow rates. The Ra has increased with higher jet traverse speed
and low abrasive flow rates. Hashish [11], also carried out research to find the Ra

of aluminium reinforced with 15 and 25% of silicon carbide MMCs. Low traverse
speed and high abrasive flow rates have given better Ra. Hamatani and Ramulu [12],
has carried out an experimental investigation on Ra of AWJ machined Al6061–30%
SiC MMCs. The Ra measurement is carried out at 1, 2.5, and 4 mm along the direc-
tion of the cut. The upper half of the cut had a smooth surface roughness of Ra

value 1.75 µm but the lower half resulted in the rougher surface roughness with
Ra value of 2.4 µm. Shanmughasundaram [13], has investigated the Ra of AWJ cut
aluminium–graphite MMCs produced by squeeze casting. Ra is measured at top,
middle and bottom positions of AWJ cut samples. The regression equation for Ra is
developed and the experimental results are compared with it. The waterjet pressure
has the highest influence on the Ra, followed by traverse speed and standoff distance.
Naresh Babu and Muthukrishnan [14], have conducted experiments of AWJ cutting
on brass-360 of 3 mm thick. The Ra was measured at the top, middle and the bottom
of the cut. A regression model equation for Ra is being developed. The experimental
results and the model results of Ra are compared. The high waterjet pressure and
low abrasive flow rate have given better Ra. Ra is investigated for Titanium 7.0, 13.2,
and 20.32 mm thick AWJ cut samples. Ra is measured at top and bottom of the cut
at distance of 1 mm from the top and bottom edge. The top side Ra ranges from 2
to 5 µm at low cutting speed whereas the bottom side Ra ranges from 3 to 30 µm.
The experiments results of Ra are validated with empirical model equation of Ra

developed from regression analysis. The developed model results match well with
the experimental results [15].Wang [16] has developed a depth of cut model equation
for alumina ceramics using dimensional analysis and the model results are validated
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with the experimental results. Shanmugam et al. [17] has developed amodel equation
for kerf taper angle for alumina ceramics using dimensional analysis and validated
the model results with the experimental results. Xu and Wang [18] has predicted
model equation for depth of cut of alumina ceramics using dimensional analysis and
compared the model and experimental results.

The literature review reveals that the researchhas been carried bymany researchers
in the area ofRa measurements at top,middle, and bottomof the cut ofmanymaterials
such as aluminium, ceramic, mild steel, aluminium and magnesium metal matrix
composites, and many more. However, there is a need to evaluate the Ra along the
DOP to understand process capabilities of AWJ and to measure the Ra by noncontact
surface roughness measurement technique. In view of this, the present research work
is an attempt to find the Ra along the DOP with noncontact confocal microscope.
Hence this research work is carried out to investigate the Ra along the DOP in
aluminium–silicon carbide composites. To access the DOP, it was planned to use 70-
mm-thick trapezoidal MMC blocks. Stir casting method will be used to manufacture
the MMC blocks of different compositions.

13.2 Experimentation

Tomanufacture aluminium6061 and silicon carbide particles (Al6061-SiCp)MMCs,
aluminium6061 (Al6061)was chosen asmatrixmaterial and silicon carbide particles
(SiCp) of #80 mesh size was chosen as reinforcement.

Al6061-SiCp MMCs were produced by stir cast method. Figure 13.1 shows
the geometry of trapezoidal specimens [19, 20]. The specimens were prepared by
adding different weight percentage of SiC particles (5, 10 and 15%) to the Al6061

Fig. 13.1 Geometry of trapezoidal specimens
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matrix material. A custom-made split die of C-40 steel was used for the prepa-
ration of the specimen. The casting of Al6061–5%SiCp, Al6061–10%SiCp and
Al6061–15%SiCp were prepared. Further, these specimens are subjected for AWJ
cutting.

13.2.1 AWJ Cutting

To study the influence of dynamic parameters and their interactions onDOP in differ-
ent MMCs, 33 full factorial experiments were considered. AWJ cutting experiments
with #80 mesh size garnet abrasives were conducted on both Al6061 base alloy and
Al6061-SiCpMMCs the dynamic parameters such aswaterjet pressure, abrasive flow
rate and jet traverse speedwere varied at three different levels. Hence, 27 experiments
were conducted on each specimen considered for experimentation. Table 13.1 refers
to the process parameters employed for considering the full factorial experiments.
Initial experiments of AWJ cutting on Al6061 base alloy were conducted to consider
the process parameters levels and arrive at these values. The cutting experimentswere
conducted by keeping the focusing nozzle at a distance of 2 mm from the workpiece
material. The jet was made to strike the material at an angle of 900 and traversed
over the length of the specimen only once in order to observe the maximum penetra-
tion depth on the specimen. Jet splashed when it could not penetrate further into the
specimen material. In total, 108 cutting experiments were carried out on the samples
of Al6061 base alloy, Al6061–5%SiCp, Al6061–10%SiCp, and Al6061–15%SiCp
MMCs.

Table 13.1 Process parameters used in the experiments

Process parameters Level-1 Level-2 Level-3

Water jet pressure (MPa) 100 200 300

Abrasive flow rate (kg min−1) 0.195 0.304 0.406

Traverse speed (mm min−1) 100 200 300

Abrasive-type and mesh size Garnet, 80 mesh

Orifice diameter (mm) 0.35

Orifice material Sapphire

Focusing nozzle diameter (mm) 1.02

Focusing nozzle material Tungsten carbide

Standoff distance 2 mm
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13.2.2 Measurement of DOP and Ra

The DOP measurement was carried out on all the 108 cutting experiments samples.
The DOP was measured by measuring the slant length of cut (L), the penetration
of jet (h), for each set of parameters. The DOP was determined using the relation,
DOP = L sin25° [19]. The DOP was also measured with a vernier height gauge to
minimize the error.

The 108 cutting experiments samples were cut and subjected to Ra measurement.
The Ra measurement is carried on a noncontact confocal microscopy at ×5 optical
zoom with scan field of 2.56 mm × 2.56 mm. The Ra is measured along the surface
of DOP from the top to bottom of the kerf insteps of 2.56 mm. The average reading
of this area is taken as the Ra value.

13.2.3 Modeling of Ra

The Ra values are changing with respect to the depth along the DOP. From the top
of the cut to about one-third of the depth along the DOP the region is regarded as the
cutting wear region and the remaining region till the bottom of the cut is regarded as
the deformation wear region. The cut surface is smooth with a good surface finish
with lesser Ra values in the cutting wear region. Whereas the deformation region is
marked with striations having higher Ra values. So for the purpose of the modeling,
the average of the Ra values in the cutting and deformation wear region is considered.

13.2.4 Development of Ra Model

Dimensional analysis method is followed for the development of Ra model. Ra

depends on p-waterjet pressure (MPa), u-traverse speed (m/min), and ṁ-abrasive
flow rate (N/min),

Mathematically, Ra = f (p, u, ṁ) where f denotes function.
Solving for Ra, one dimensionless product is formed.

π1 = Rasqrt
( p

uṁ

)
(1)

With power-law formulation, Eq. (1) can be rewritten as follows:

Ra = b sqrt

(
uṁ

p

)a

(2)

Equation (2) is a generalized model equation for Ra, where a and b constants and
can be determined from the experiments.
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13.2.5 Model Verification

For the purpose of verification of the model, the data from the experiments are used
in nonlinear regression analysis to find the values of a and b constants. The values
of a and b are input in Eq. (2)

Ra = 10.27sqrt

(
uṁ

p

)0.17

(3)

Equation (3) gives the model equation for Ra for cutting wear region of Al6061
base alloy

Ra = 6.61sqrt

(
uṁ

p

)−0.10

(4)

Equation (4) gives the model equation for Ra for deformation wear region of
Al6061 base alloy

Ra = 11.39 sqrt

(
uṁ

p

)0.20

(5)

Equation (5) gives the model equation for Ra for cutting wear region of
Al6061–5%SiC MMCs.

Ra = 6.21 sqrt

(
uṁ

p

)−0.14

(6)

Equation (6) gives the model equation for Ra for deformation wear region of
Al6061–5%SiC MMCs.

Ra = 10.90 sqrt

(
uṁ

p

)0.17

(7)

Equation (7) gives the model equation for Ra for cutting wear region of
Al6061–10%SiC MMCs.

Ra = 6.15 sqrt

(
uṁ

p

)−0.15

(8)

Equation (8) gives the model equation for Ra for deformation wear region of
Al6061–10%SiC MMCs.

Ra = 12.5 sqrt

(
uṁ

p

)0.20

(9)
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Equation (9) gives the model equation for Ra for cutting wear region of
Al6061–15%SiC MMCs.

Ra = 7.22 sqrt

(
uṁ

p

)−0.11

(10)

Equation (10) gives the model equation for Ra for deformation wear region of
Al6061–15%SiC MMCs.

13.3 Results and Discussions

13.3.1 DOP Results

Table 13.2 shows the experimental values of DOP for the Al6061 base alloy and
Al6061-SiCpMMCs. From the table, it is clear that themaximumDOPare 54.62mm,
54.44 mm, 54.40 mm, and 54.32 mm for Al6061 base alloy, Al6061–5%SiCp,
Al6061–10%SiCp, and Al6061–15%SiCp MMCs, respectively, was observed at
maximum waterjet pressure of 300 MPa, abrasive flow rate of 0.406 kg min−1 and at
least traverse speed of 100 mm min−1. In most of the experimental DOP values, the
DOP decreases with increase in reinforcement percentages in Al6061-SiCp MMCs.
This can be attributed to the fact that with the increase in the percentage of SiC
particles, the hardness of the specimen is increased, thereby the cutting ability of the
waterjet has decreased. In general, the DOP has increased with increase in waterjet
pressure and abrasive flow rate but decreased with increase of jet traverse speed.
The increase in waterjet pressure increased the cutting ability of the jet so that jet
could penetrate to the larger depths. A marginal increase of DOP can be seen with
increase of abrasive flow rate. With the increase in abrasive flow rate, more abrasives

Table 13.2 Experimental values of DOP for the Al6061 base alloy and Al6061-SiC MMCs

Exp.
no.

Pressure
(Mpa)

Abrasive
flow
rate
(kg/min)

Traverse
speed
(mm/min)

DOP (mm)

Al6061 Al6061–5%
SiC

Al6061–10%
SiC

Al6061–15%
SiC

1 100 0.195 100 11.70 11.40 11.30 11.30

2 100 0.195 200 5.89 5.76 5.69 5.48

3 100 0.195 300 5.20 5.10 5.06 5.02

4 200 0.195 100 28.72 28.00 27.34 27.35

5 200 0.195 200 17.30 17.08 16.70 16.30

6 200 0.195 300 12.60 11.30 11.00 11.02

7 300 0.195 100 49.36 48.10 47.35 45.92

(continued)
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Table 13.2 (continued)

Exp.
no.

Pressure
(Mpa)

Abrasive
flow
rate
(kg/min)

Traverse
speed
(mm/min)

DOP (mm)

Al6061 Al6061–5%
SiC

Al6061–10%
SiC

Al6061–15%
SiC

8 300 0.195 200 29.88 27.76 27.86 24.84

9 300 0.195 300 19.66 19.30 19.18 18.42

10 100 0.304 100 11.84 11.44 11.40 11.38

11 100 0.304 200 6.31 6.06 5.69 5.20

12 100 0.304 300 5.72 5.62 5.48 5.42

13 200 0.304 100 29.70 29.70 29.18 28.10

14 200 0.304 200 17.50 17.30 17.25 16.36

15 200 0.304 300 12.64 12.40 12.36 12.34

16 300 0.304 100 52.62 52.42 52.36 52.30

17 300 0.304 200 30.10 29.86 29.50 29.30

18 300 0.304 300 21.60 21.40 21.11 21.00

19 100 0.406 100 11.90 11.58 11.48 11.46

20 100 0.406 200 6.46 6.18 5.78 5.40

21 100 0.406 300 6.30 6.10 6.00 5.81

22 200 0.406 100 29.71 29.70 29.50 28.91

23 200 0.406 200 17.60 17.48 17.36 16.78

24 200 0.406 300 13.38 12.58 12.54 12.36

25 300 0.406 100 54.62 54.44 54.40 54.32

26 300 0.406 200 32.86 31.60 31.08 31.06

27 300 0.406 300 21.68 21.60 21.12 21.08

are available for the interaction with the workpiece material. At the same time, more
abrasive may accumulate in the mixing tube and obstruct the flow of high-velocity
water also there can be improper mixing of abrasive with the waterjet. The abrasives
can inter collide among themselves and damage the cutting edges of the abrasives.
This reduces the cutting ability of the waterjet at very high abrasive flow rates. With
the increase of traverse speed, less time was available for the cutting action, which
has reduced the DOP.

13.3.2 Ra Results

From the Ra results along the DOP, it is observed that the Ra values are changing
with respect to the depth along the DOP. It is observed that the Ra values at the top
of the cut are lower compared to the bottom of the cut. The same is observed for all
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the experimental cutting conditions. Due to this reasons, the Ra values from the top
of the cut to the about one-third of the depth along the DOP the region is regarded as
the cutting wear region and the remaining region till the bottom of the cut is regarded
as the deformation wear region. The cut surface is smooth with a good surface finish
with lesser Ra values in the cutting wear region. The deformation region is marked
with striations having higher Ra values.

13.3.3 Validation of the Ra Model

The Ra values of both cutting and deformation wear region are used for of val-
idation of Ra model. The experimental values of pressure (MPa), traverse speed
(m/min) and abrasive flow rate (N/min) are input to the corresponding Ra model
equations and their results are tabulated. Figure 13.2. Shows the Ra values predicted
with the proposed model and the experimental values for Al6061 base alloy and
Al6061–5%SiCp, Al6061–10%SiCp, and Al6061–15%SiCp MMCs for the cutting

Fig. 13.2 Experimental and model Ra of cutting wear region
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wear region. The percentage of error is calculated based on the equation number 11.
The proposed model predicted almost 10–26%, 4–18%, and 0–20% lower or higher
Ra values than the experimental Ra values for 100, 200, and 300 MPa waterjet pres-
sures, respectively, for Al6061 base alloy. For MMCs, the proposed model predicted
almost 7–28%, 5–29%, and 7–27% lower or higher Ra values than the experimental
Ra values for 100 MPa waterjet pressures cutting conditions for Al6061–5%SiCp,
Al6061–10%SiCp and Al6061–15%SiCp MMC,s respectively. Similarly, the pro-
posed model predicted almost 0–9%, 4–12%, and 0–15% lower or higher Ra values
than the experimental Ra values for 200MPawaterjet pressures cutting conditions for
Al6061–5%SiCp, Al6061–10%SiCp, and Al6061–15%SiCp MMCs, respectively.
For 300 MPa waterjet pressures cutting conditions, the proposed model predicted
almost 1–26%, 0–23%, and 1–17% lower or higher Ra values than the experimental
Ra values for Al6061–5%SiCp, Al6061–10%SiCp, and Al6061–15%SiCp MMCs,
respectively.

In both Al6061 base alloy and Al6061-SiCp MMCs, the percentage of variation
between the experimental and model Ra values is being higher at 100 MPa waterjet
pressure conditions compared to the other higher waterjet pressure conditions. This
can be attributed to the fact that at 100 MPa waterjet pressure conditions, lesser
kinetic energy is available. In addition, jet spreading takes place due to the less
amount of kinetic energy of the waterjet. At 200 and 300 MPa waterjet pressures, Ra

values show a close relation with the experimental Ra values when compared with
Ra values of 100 MPa waterjet pressure. At higher waterjet pressures 200 MPa and
above, the kinetic energy availablewithwaterjet ismore than that of 100MPawaterjet
pressure. Here also, jet spreading takes place but at a higher depth of the waterjet. In
cutting wear mode, the material is subjected to shear at shallow angles of attack of
abrasive particles and the cutting process is steady. With higher waterjet energy, the
jet deflection is also very less. These factors will facilitate for more amount of time
interaction of the waterjet with work piece. This contributes to achieving smooth
surface finish with less Ra values in the cutting wear region. Thus, this analysis
clearly indicates the suitability of proposed model for predicting Ra values of cutting
wear region of Al6061 base alloy and Al6061–5%SiCp, Al6061–10%SiCp, and
Al6061–15%SiCp MMCs.

Figure 13.3 shows the Ra values predicted with the proposedmodel and the exper-
imental values for Al6061 base alloy and Al6061–5%SiCp, Al6061–10%SiCp, and
Al6061–15%SiCp MMCs for the deformation wear region. The percentage of error
is calculated based on the equation number 11. The proposedmodel predicted almost
4–29%, 1–18%, and 1–28% lower or higher Ra values than the experimental Ra val-
ues for 100, 200, and 300MPawaterjet pressures, respectively, for Al6061 base alloy.
The proposed model predicted almost 2–30%, 2–29%, and 0–27% lower or higher
Ra values than the experimental Ra values for 100 MPa waterjet pressures cutting
conditions for Al6061–5%SiCp, Al6061–10%SiCp, and Al6061–15%SiCp MMCs,
respectively. Similarly, the proposed model predicted almost 0–20%, 1–17%, and
2–17% lower or higher Ra values than the experimental Ra values for 200 MPa
waterjet pressures cutting conditions for Al6061–5%SiC, Al6061–10%SiC, and
Al6061–15%SiC respectively.
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Fig. 13.3 Experimental and model Ra of deformation wear region

Percentage of error = expermental DOP−model DOP

experimental DOP
× 100 (11)

For 300 MPa waterjet pressures cutting conditions, the proposed model predicted
almost 0–19%, 8–22%, and 4–25% lower or higher Ra values than the experimental
Ra values for Al6061–5%SiCp, Al6061–10%SiCp, and Al6061–15%SiCp MMCs,
respectively. The percentage of variation between the experimental and model Ra

values is being higher at 100 MPa waterjet pressure conditions compared to the
other higher waterjet pressure conditions for both Al6061 base alloy and Al6061-
SiCp MMCs. This can be attributed to the consideration that 100 MPa of waterjet
pressure has lesser amount of kinetic energy. Thiswaterjet pressure has lesser amount
of kinetic energy compared to the higher waterjet pressures. In addition, waterjet
pressure coupled with lesser abrasive flow rate at 0.195 kg/min and higher traverse
speed of the jet will add up to give higher Ra values compared to the higher waterjet
pressures conditions. In addition, jet spreading takes place due to less amount of
kinetic energy of the waterjet. In deformation wear mode, the material is subjected to
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plastic deformation at large angles of attack and is removed by the abrasive particles.
During the deformationwearmode, the jet deflection happenswhich in turn generates
striations on the surface cut with AWJ. This factor contribute to achieving striations
on the cut surface with higher Ra values in the deformation wear region. At 200MPa
and higher waterjet pressures, Ra values show a close relation the experimental Ra

values when compared with the Ra values of 100 MPa waterjet pressure. At higher
waterjet pressures 200 MPa and above, the kinetic energy available with waterjet is
more than that of 100 MPa waterjet pressure. Here also, jet spreading takes place
but at a higher depth of the waterjet. These factors will facilitate for more amount
of time interaction of the abrasive waterjet with workpiece. These factors facilities
for having lesser amount of striations with Ra values lesser than the surface cut with
100MPa AWJ. Thus, this analysis clearly indicates the suitability of proposed model
for predicting Ra values in Al6061 base alloy and Al6061-SiCp MMCs.

13.4 Conclusions

This article attempts to show the suitability of model Ra for predicting the surface
roughness of Al6061 base alloy and Al6061-SiCp MMCs. Consequently, this effort
can be considered as a database that would help to choose the parameters depending
on desired Ra for Al6061 base alloy and Al6061-SiCp MMCs. For a better surface
finish with lower Ra values for larger depth, it is suitable to adopt, higher waterjet
pressure and abrasive flow rate with low traverse speed of the jet.
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Chapter 14
Abrasive Jet Machining of Soda Lime
Glass and Laminated Glass Using Silica
Sand

A. Karmakar , D. Ghosh , Deb Kumar Adak , Bijoy Mandal ,
Santanu Das , Ahmed Mohammed and Barun Haldar

Abstract In many engineering applications, erosion is one of the frequently occur-
ring wear phenomena, either in favor or against the desired performance. Positive
aspects of abrasive wear are the focused area of this study. An abrasive jet machin-
ing (AJM) system propels irregular shaped abrasive particle with high velocity for
machining of difficult-to-machine work materials. Investigation of machining rate
in terms of material removal rate (MMR) is the key issue of this nontraditional
machining process. In addition to this, the reusability of the abrasive particle for sub-
sequent machining cycle is another area of interest. The investigation is carried out
for the sustainability of the process on the two hard-to-machine engineering mate-
rials, soda lime glass and laminated glass. The rate of erosion is measured under
various processing conditions by changing different process parameters. Effect of
different process parameters on MRR is explored. The reusability of abrasive silica
sand is also investigated.
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14.1 Introduction

Industries always face problems regarding the manufacturing of different products
from hard and difficult-to-machine materials [1] and also products with complex
geometries with specified tolerance. Conventional machining processes often fail to
fulfill these requirements. In such cases, non-conventional machining processes are
being selected. In the AJM process, material removal occurs by impact erosion and
due to brittle fracture of the work material [2–4]. In the present day of advanced
manufacturing scenario, many experimental investigations were performed on this
process. Some works focused on the characteristics of abrasive jets and observed
the influence of all process parameters on the process response. Other investiga-
tions dealt with a carrier gas, nozzle shape and size, wear, jet velocity, jet pressure,
stand-off-distance (SOD), etc. These papers explained the process performed in con-
nection with material removal rate, geometrical tolerances on the surface finish of
workpieces. Some research works consist of the modeling of the process. Some
researchers are working on the optimization of the machining parameters for better
performance in AJM.

Abhishek and Hiremath [5] presented a novel approach for machining holes in
quartz, using a microabrasive jet machine to reduce the tapering effect. The nozzle
was fed at a rate equal to the average rate of change of the thickness of the workpiece.
It was found that the entrance diameter of the machined hole was reduced by 29%
and the taper angle of the hole was reduced by approximately 58% with improved
cylindricity. Recently, AJM drilling was efficiently done by Ghara et al. [6] success-
fully on soda lime glass and porcelain at some parametric conditions. They used an
indigenously made abrasive jet system for this investigation. The diameter of the
holes machined was reported to have an increasing trend with SOD for a particular
pressure. Srikanth and Rao [7] conducted experiments by abrasive jet drilling on
glass sheets using different values of SOD, pressure and nozzle diameter to assess its
machinability using the AJM process. The effect of process parameters onMRRwas
analyzed, and high MRR was obtained at an air pressure of 8 kgf/cm2, 10 mm SOD
and a nozzle diameter of 4 mm and less kerf were found at 6 kgf/cm2 air pressure,
9 mm SOD and a nozzle diameter of 3 mm. Verma and Lal [8] performed research
work with AJM on a designed setup using aluminium oxide of grain sizes 25, 30, 38,
and 48 µm, taking dry air as the carrier gas with pressure 9.81 × 104 to 29.43 × 104

N/m2 (gauge pressure) and usingWC nozzle of diameter 0.712 mm. They suggested
larger SOD for deburring and finishing whereas micro-drilling should be carried out
at smaller SOD. Some experiments were done by Ray et al. [9] on abrasive jet drilling
to observe the effect of different process parameters onMRR. They used SiC of grain
size 60–120 µm and stainless steel nozzles with diameters 1.83 and 1.63 mm. It was
observed that the Material Removal Factor (MRF) became maximum at a range of
pressure of 2 to 3 kgf/cm2. They also found out higher SOD more preferable for
higher MRR and higher pressure and lower SOD preferable for precision work.

A semi-empirical equation to find the shape of the generated surface in AJM
was derived by Balasubramaniam et al. [10]. It was shown that the shape of the
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abrasive jet machined surface had a reverse bell-mouthed type with an increased
edge radius at the entry side of the work surface. The abrasives mixed with hot air
forming abrasive hot air jet was used for machining glass to study the effect of hot
abrasive air jet on MRR and surface roughness by Jagannatha et al. [11]. They found
that above 100 °C, the effect of temperature was more significant on MRR and with
an increase in temperature, MRR also increased. It was also noticed that the MRR
was 1.4–1.7 times higher at a higher temperature than that at room temperature. The
surface roughness was seen to be reduced at a higher temperature. Wakuda et al. [12]
identified the material response to abrasive particle impact during AJM of alumina
ceramics. They used three kinds of commercial abrasive grits for indentation in
sintered alumina samples and it was observed that the material response to particle
impact depended remarkably on the abrasive particle characteristics. Ghobeity et al.
[13] worked on the improvement of process repeatability in AJM. They introduced
a mixing device within the pressure reservoir which ensured the abrasive powder to
remain loose and to flow through the small opening to the air stream. This approach
improved the repeatability of the AJM process. Fan et al. [14] developed predictive
mathematical models for assessing the erosion rates in the drilling ofmicro-holes and
micro-channel cutting on glasses with an abrasive jet. They used a technique for the
formulation of the models as a function of the properties of the target material impact
parameters and the process parameters affecting the erosion of brittle materials. It
was shown that model predictions were similar to some extent to the experimental
results with a deviation of 1%.

In the present investigation, an indigenously made AJM setup is used to explore
the parametric conditions to obtain max MRR in soda lime and soda lime laminated
glass using common silica sand and to find out reusability of the silica sand abrasive
particle used.

14.2 Experimental Investigation

The newly fabricated abrasive jet machining setup (shown in Fig. 14.1) is used for
investigating its performance regarding MRR and other responses as discussed in
the following paragraphs.

14.2.1 Experimental Conditions and Process Parameters

The whole experiment is done on soda lime glass and laminated glass by taking three
levels of three parameters i.e. standoff distance, flow rate, grain size as shown in
Table 14.1. The pressure is kept constant as 6 kgf/cm2 during the whole experiment.
The used nozzle is made from stainless steel with 10 mm inlet diameter, 3.2 mm
outlet diameter and 40 mm length of circular cross section.
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Fig. 14.1 Indigenously
developed AJM setup

Table 14.1 Process
parameters used for the
experiments

Parameter Level 1 Level 2 Level 3

Stand-off distance (mm) 2 4 6

Flowrate (g/min) 600 800 1000

Grain size (µm) 225 325 425

14.2.2 Procedures for Experiments

For this experimental work, silica sand is used as an abrasive particle of different
grain sizes of 425, 325 and 225µm. Throughhole is not produced and the only cavity
is formed in the workpieces with 10 s of machining time. Flow rates selected are
600, 800 and 1000 g/min. The stand-off distance is selected as 2, 4, and 6 mm. The
experiments carried out with the help of RSM Table. With the same condition, the
whole experiment is conducted on sodalime glass and laminated glass workpieces.
The pressure of 6 kgf/cm2 is taken as constant for all the experimental conditions
for calculating the MRR. The types of the cavity generated are observed and MRR
rates are calculated. Then changes in diameter of the nozzle are measured by a
microscope. Also, nozzle wear is measured by taking the weight of the nozzle after
each experiment.

14.2.3 Flow Rate Calculation of Silica Sand

In this set of experiment, the flow rates of a constant volume (of 500 mm3) silica
sand of various grain sizes 425, 325 and 225 µm are experimentally measured and
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Fig. 14.2 Flow rate calibration graph of silica sand

Table 14.2 The flowrate of silica sand of grain size 425 µm

Sl. No. Speed of flow
controller
(RPM)

Volume of
silica sand
(mm3)

Weight of
silica sand (g)

Average time
(s)

Flow rate
(g/min)

1 500 500 742.56 15.25 2922.7

2 450 500 742.56 18.25 2422.27

3 400 500 742.56 19.05 2339.71

4 350 500 742.56 20.75 2148.02

5 300 500 742.56 23.5 1896.66

6 250 500 742.56 28.5 1563.91

7 200 500 742.56 36.5 1221.13

8 150 500 742.56 43.5 1024.63

9 100 500 742.56 67 665.24

10 50 500 742.56 138.4 322.39

presented in the graph of Fig. 14.2. The obtained results from the graph show that in
different (rpm of flow controller) flow rates of abrasives, the flow rates of individual
abrasives are slightly different. In case of large particle size, it will take slightly more
time for emptying the abrasive than the small particles. It may due to less flowability
of larger particles than the smaller particles or measurement error. The differences
are not much significant. Hence, on flow rate measurement, a set of data of 425 µm
particles are presented in Table 14.2.

14.2.4 Drilling of Soda Lime Glass Using Silica Sand (Exp. I)

In this experiment, drilling of soda lime glass is performed for calculating the MRR
using silica sand with three types of grain sizes, taking three stand-off distances and
three flow rates. For the sake of simplicity, experiments are designed with RSM. The
results obtained from this set of experiment are tabulated in Table 14.3. The values
of MRR of the workpiece are measured and tabulated in the same table (Table 14.3).
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Table 14.3 The material removal rate of soda lime glass

Sl. No. SOD (mm) Flow rate
(g/min)

Grain size
(µm)

Workpiece MRR
(g/min)Initial wt.

(g)
Final wt.
(g)

1 6 1000 425 141.770 141.555 1.29

2 4 800 325 141.555 141.486 0.414

3 2 1000 425 141.486 141.439 0.282

4 4 800 325 141.439 141.313 0.435

5 2 600 425 141.200 141.127 0.438

6 4 800 325 141.127 141.052 0.45

7 6 600 425 142.788 142.600 1.128

8 4 800 325 142.600 142.530 0.42

9 6 1000 225 142.530 142.475 0.33

10 4 800 325 142.475 142.402 0.438

11 6 600 225 142.402 142.307 0.57

12 4 800 325 142.307 142.245 0.372

13 2 1000 225 142.245 142.201 0.264

14 2 600 225 142.201 142.158 0.258

Observation of Cavity Operation on Soda Lime Glass Plate with Silica Sand
for MRR Calculation.

With the help of Minitab soft tool, ANOVA is carried out and the model summary
obtained is given below.

S R-sq R-sq (adj) R-sq (Pred)

0.0851836 96.54% 92.50% 0.00%

Regression Equation (in uncoded unit) obtained is as follows:

MRR = 1.448 − 0.453 SOD − 0.000720 FR − 0.00236GS + 0.0371 SOD ∗ SOD

+ 0.000023 SOD ∗ FR + 0.000825 SOD ∗ GS + 0.000001 FR ∗ GS . . . .
(14.1)

where FR is feed rate and GS is grain size.
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Fig. 14.3 In the images
a and b the show cavities on
the soda lime glass plates

14.2.5 Drilling of Laminated Glass Using Silica Sand
(Exp. II)

Drilling experiment on the laminated glass is performed for calculating the MRR
using silica sand with three types of grain sizes, taking three stand-off distances and
three flow rates. For the sake of simplicity, experiments are designed with RSM.
Experimental results are tabulated below in Table 14.4. Figure 14.10a, b show the
cavities formed by abrasive impact in laminated glass plates. The values of MRR of
the workpiece are measured and tabulated in the same table.

Observation of Cavity on Laminated Glass Plates with Silica Sand for MRR
Calculation.

With the help of the same Minitab soft tool, Analysis of Variance (ANOVA) is
carried out in this experiment set also and the model summary obtained is given
below.
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Table 14.4 The material removal rate of laminated glass

Sl. No. SOD (mm) Flow rate
(g/min)

Grain size
(µm)

Workpiece MRR
(g/min)Initial

wt.(g)
Final wt.(g)

1 6 1000 425 160.477 160.385 1.104

2 4 800 325 160.385 160.346 0.468

3 2 1000 425 160.346 160.287 0.708

4 4 800 325 160.287 160.242 0.54

5 2 600 425 160.242 160.180 0.744

6 4 800 325 160.131 160.087 0.53

7 6 600 425 160.087 160.074 0.156

8 4 800 325 146.062 146.024 0.46

9 6 1000 225 146.024 145.968 0.672

10 4 800 325 145.955 145.908 0.438

11 6 600 225 145.908 145.846 0.744

12 4 800 325 145.838 145.790 0.572

13 2 1000 225 145.790 145.739 0.636

14 2 600 225 145.737 145.617 1.644

S R-sq R-sq (adj) R-sq (Pred)

0.0585020 98.31% 96.35% 53.44%

Regression Equation (in uncoded units) obtained is given below.

MRR = 7.080 − 1.0821 SOD − 0.005801 FR − 0.011161GS

+ 0.06272 SOD ∗ SOD + 0.000541 SOD ∗ FR

+ 0.000286 SOD ∗ GS + 0.000011FR ∗ GS . . . (14.2)

where FR is feed rate and GS is grain size
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14.3 Result and Discussions

14.3.1 Discussion on Experiment Set I

From these plots, the effect of three factors i.e. grain size, stand-off distance, and
abrasive flow rate onmaterial removal rate (MRR) is visible. Figure 14.4 andFig. 14.5
are the contour plot and the surface plot, respectively, of MRR vs SOD and grain
size. It is observed that if the grain sizes of the abrasive particle increase, then MRR
will also increase. It may due to the fact that, larger grain size particle has higher
kinetic energy and more sharp edges than the small grain particle. So, the large
particles having a high chance to impinge into the workpiece, remove more amount
of material than the smaller particle. Again from Figs. 14.4 and 14.5, it is observed
that MRR increases with the increase in SOD, and decrease with the decrease in
SODwithin the range of experiment. Because of smaller SOD, the abrasive particles
cannot accelerate properly; also collision with rebound particles takes place. So, the
impact strength of the abrasive particle is less for smaller SOD. From this experiment,
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Fig. 14.6 Contour plot of
MRR versus grain size, flow
rate
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Fig. 14.7 Surface plot of
MRR versus grain size, flow
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it is clear thatMRR is higher for 425µmgrain size Silica Sandwith 6mmSOD. From
Figs. 14.6 and 14.7 (the contour plot and the surface plot of MRRwith grain size and
flow rate), it is clear that if particle size increases then MRR increases. As shown in
Figs. 14.6 and 14.7, there is no such effect of flow rate on MRR. When particle size
decreases, the effect of flow rate on MRR rises. For smaller grain size particle, the
MRR decreases with an increase in flow rate. When flow rate increases gradually,
more amounts of abrasive particles are coming out through the nozzle and might
collide with each other and lose its strength, and may reduce the overall efficiency
of the abrasive jet. So, it is clear that at a particular flow rate, MRR increases and
after that it decreases. From the surface plot, it is clear that below 600 g/min flow
rate is suitable for machining, because, after the 600 g/min flow rate, MRR gradually
decreases. From Figs. 14.8 and 14.9 (the contour plot and the surface plot of MRR
vs flow rate and SOD), it is clear that MRR increases with increase in SOD from
2 mm to 6 mm with a particular grain size of 325 µm. Again MRR decreases with
the increase in flow rate from 850 to 1000 g/min for that particular grain size.
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Fig. 14.8 Contour plot of
MRR versus flow rate, SOD
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Fig. 14.9 Contour plot of
MRR versus flow rate, SOD
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Fig. 14.10 In the images
a and b show the cavities on
laminated glasses
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14.3.2 Discussion on Experiment Set II

From theplots, the effect of three factors i.e. grain size, stand-off distance and abrasive
flow rate on material removal rate (MRR) is visible. From Figs. 14.11 and 14.12 (the
contour plot and the surface plot of MRR vs. SOD and grain size), it is observed that
the material removal rate for laminated glass decreases with the increase in SOD.
The 225 µm grain size silica sand particles are best suitable for material removal. It
may be because; laminated glass is less brittle than soda lime glass. So, the 225 µm
particle has enough strength for maximum material removal with 2 mm SOD. From
Figs. 14.13 and 14.14 (the contour plot and the surface plot of MRR vs. grain size,
flow rate), it is clear that both the grain size and flow rate have the same effect on
MRR with a particular SOD of 4 mm. The MRR is higher with larger grain size and
also low flow rate. So when the flow rate decreases, the particle less collides with
each other and MRR increases. From Figs. 14.15 and 14.16 (the contour plot and
the surface plot of MRR vs flow rate and SOD), it is clear that MRR is maximum
at 2 mm of minimum SOD. Due to increase of SOD, abrasive velocity reduces and
divergences increases thus MRR decreases. Again due to increase of flow rate MRR
increase at the flow rate of 1000 gm/min due to more number of impact erosion.
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Fig. 14.13 Contour plot of
MRR versus grain size, flow
rate
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Fig. 14.15 Contour plot of
MRR versus flow rate, SOD
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Fig. 14.16 Surface plot of
MRR versus flow rate, SOD
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14.3.3 Observation on Reusability of Silica Sand

The silica sand is used as abrasive in three different grain sizes, 425, 325 and 225
µm. The reasons for using silica sand are considerable cutting ability, high hardness,
cheap, and readily available. Though considerable time is required to segregate the
particular grains from the aggregates, still, it is economic. From Figs. 14.17, 14.18,
and 14.19, following snaps, have been taken before and after the single use of silica
sand for abrasive machining.

Fig. 14.17 Silica sand of 425 µm before and after machining respectively

Fig. 14.18 Silica sand of 325 µm before and after machining respectively

Fig. 14.19 Silica sand of 225 µm before and after machining respectively
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It has been observed from themicroscopic observation that cutting edge sharpness
reduces drastically even after single use for machining. The abrasive particles are
getting themore regular shape. So, the chance of reusability of the silica sand abrasive
is less.

14.4 Conclusions

In this present experimental investigation, MRR analysis of soda lime glass and
laminated glass under varying abrasive jets are performed. From the experimental
investigations, the following were concluded:

• Thevolumetricflow rates of various particles are almost the sameusing the abrasive
flow controller.

• The MRR increases with the increasing grain size.
• The MRR increases with the increase in SOD and decreases with the decreasing
SOD.

• In the case of smaller grain size particles, the MRR decreases with increasing
abrasive flow rate.

• There are noticeable differences observed with respect of contour plot and surface
plot between soda lime glass and laminated glass. It may due to lamination of the
glass with other materials.

• Chance of reusability of silica sand is less.
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Chapter 15
A Novel Magnetorheological Grinding
Process for Finishing the Internal
Cylindrical Surfaces

Ankit Aggarwal and Anant Kumar Singh

Abstract A novel magnetorheological grinding process is introduced to finish the
inner cylindrical surface of the workpiece. In this approach, magnetorheological
polishing fluid is used as a medium for the finishing of the inner cylindrical sur-
face. The magnetorheological grinding tool helps to slash away the roughness peaks
present on the workpiece surface. The simulation along with experimentation is per-
formed to validate the effectiveness of the process. The input parameters such as
current, tool reciprocation speed, tool, and workpiece rotation speed are considered
for experimentation. The output parameter is observed in terms of change in surface
roughness value from 250 to 110 nm in 60 min of finishing time. The roughness pro-
files and scanning electron microscope images proved the efficacy of the developed
magnetorheological grinding process. This process can finish the internal cylindri-
cal surfaces for industrial applications such as cylindrical molds, dies, hydraulic
cylinders, etc.

Keywords Magnetorheological fluid ·Magnetorheological grinding tool ·
Magnetic flux density · Surface roughness

15.1 Introduction

The continuous development in the manufacturing industry and demand for a highly
finished surface of the components has gained the attention of the researchers. Some
of the areas that require very fine precision surface finish are aerospace industry,
medical industry, atomic energy sector, and semiconductor components manufac-
turing [1]. The conventional processes were being used for so many years but with
such a demand there was immense pressure on the researcher to develop new and
advanced processes. Further, there were some limitations in conventional processes
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such as they cannot possess to finish complex shapes and high precision compo-
nents. If this requirement is not achieved then the performance of the components
that require finished surface can decrease [2, 3]. Also, the conventional grinding pro-
cess causes defects such as heat-affected zone, tensile residual stresses, and micro
and macrocracks, etc. Removal of these defects raises the cost of the end product [4,
5].

Beyond these limitations, there is also no control over the forces acting during the
finishing of the workpiece. Thus, the finishing process becomes one of the costly and
difficult tasks in the manufacturing industry which consumes a lot of time [6]. There
are various applicationswhich require finishing such as hydraulic cylinders, barrels of
the injectionmoldingmachine, cylindricalmolds, anddies [7]. Thus, the conventional
processes are being replaced by new and advanced finishing processes that include
fluid jet polishing, magnetic abrasive jet finishing, magnetorheological abrasive flow
finishing, andmagnetorheological honing process. The fluid jet polishing is a process
for the finishing of the internal cylindrical surface. In this process, theworkpiece used
is a tube made up of SS 316L in which the tool is inserted that contains nozzle which
jets abrasive-laden fluid on the internal cylindrical surface [8]. The limitation of the
process is the need for the continuous supply of the abrasive.

Another process is magnetic abrasive jet finishing in which the internal surface of
SUS 304 stainless-steel tube is finished. The magnetic abrasives are jetted into the
stainless-steel tube and the externally applied magnetic field pulls the magnetic abra-
sive particles toward theworkpiece inner surfacewhere finishing action is performed.
A minimum velocity of the jet is restricted to 13 m/s which becomes a limitation in
this process [9]. The MRAFF (magnetorheological abrasive flow finishing) process
which is capable of finishing the internal cylindrical workpiece. But the low rate of
finishing onmaterial surfaces and excessive time consumption is the limitation to this
process so the development of the MRAFF became very important [10]. The rota-
tional magnetorheological abrasive flow finishing is a development over theMRAFF
process that utilizes the magnetic poles to rotate around the workpiece and the mag-
netorheological polishing fluid sticks to the surface of the workpiece under the action
of the applied magnetic field, the magnetorheological polishing fluid form stiffened
chains which due to the rotating action of the magnetic poles finishes the inner cylin-
drical surface of the workpiece [11]. The basic limitation of this process is that it
cannot be used for the finishing of ferromagnetic workpieces. Besides the above-
mentioned process, the magnetorheological honing process is used for the finishing
of cylindrical inner surface of workpiece. This process utilizes magnetorheological
polishing fluid to finish the inner cylindrical portion. Initially, an electromagnetic
core is used for the magnetization of the magnetorheological polishing fluid [12].
But the tool cannot be used for different diameter of workpiece. So, to overcome this
problem, the magnetorheological honing tool was developed that uses permanent
magnet cores. The diameter of the tool can be varied according to the workpiece but
was limited to a particular range only [13]. Thus, a novel process has been devel-
oped which could overcome the problem of finishing a ferromagnetic workpiece and
changing the tool for various workpieces with different diameters.
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15.2 Design of the Magnetorheological Grinding Tool

The design of the magnetorheological grinding tool must be in such a way that
uniform and strong magnetic field is attained on its outer cylindrical surface. It offers
strongly bonded chains over the tool surface. On the other hand, the rigidity of the
magnetorheological polishing fluid is dependent on the intensity of the magnetic flux
density which is helpful in attaining better surface finish. Thus, to finish the inner
cylindrical surface of the specimen, a magnetorheological grinding process has been
purposed. The schematic diagram of the magnetorheological grinding tool is shown
in Fig. 15.1 which clearly indicates its functioning.

Various simulations are performed in order to obtain maximum flux density over
the cylindrical surface of the MR grinding tool. The software used for the simulation
and determining the magnetic flux density is Ansoft Maxwell v13. Around the core,
an electromagnetic coil is then modeled. The outer cylindrical tool surface is layered
by magnetorheological polishing fluid and later a workpiece of ferromagnetic mate-
rial is also modeled as represented in Fig. 15.2. Further, the number of turns and the
current which is allowed to flow through the copper coil is assigned as mentioned
in Table 15.1. The working gap is represented in Fig. 15.2a. It is used to deter-
mine the magnetic flux density magnitude between the tool and the workpiece. The
electromagnetic coil is split in two parts and then separated by a plane to which exci-
tation is assigned. In this software, various input parameters as provided described in
Table 15.1 were inserted to attain the results. After defining all the input parameters,
the setup boundaries are insulated in order to block the magnetic flux leakage to the
surrounding. The boundary conditions are assumed in the magnetostatics model for
finite element analysis (FEA) and is set up by providing the region with value of the
percentage offset as 20. The initial mesh size for the setup is selected as default in
the Ansoft Maxwell software. The analysis is performed by selecting the setup in the
magnetostatics analysis where the number of passes is taken to be 10 along with the

Fig. 15.1 A schematic diagram of the magnetorheological grinding tool
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Fig. 15.2 a Magnetic flux density distribution through cross-sectional area of grinding setup along
with cylindrical workpiece and b the direction of flow for the magnetic flux lines from outer
cylindrical surface of the tool toward the workpiece. c 2D plot of the magnitude of magnetic flux
density within the working gap
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Table 15.1 Material and parameter assigned to the parts of the MR grinding model for FEA

Components Material Relative permeability Other parameters

Electromagnetic coil Copper 1 2 A and 2600 turns

Core of the MR grinding
tool

Mild steel 600 –

Polishing fluid MR polishing fluid 5 –

Workpiece (Ferromagnetic
cylinder)

Mild steel 600 –

percentage error of 1. The two-dimensional plot is generated under the Maxwell 3D
electromagnetic model. These plots represent magnitude of magnetic flux density.

Thus, this shape of the tool providedmaximumflux density at the outer cylindrical
surface of the MR grinding tool as shown in Fig. 15.2a. Also, the direction of the
magnetic field lines from the core to the workpiece can be seen in Fig. 15.2b. Due to
this, magnetic field gradient is greater toward the MR grinding tool and less toward
the workpiece due to which the magnetorheological fluid stick to the tools outer
surface and does not stick against the surface of the internal cylindrical workpiece.
The 2D plot of the distribution of the magnetic flux density can be observed in
Fig. 15.2c. It depicts the magnetic flux gradient between the tool peripheral surface
and the internal cylindrical workpiece surface.

Thus, due to the magnetic field, the carbonyl iron particles (CIPs) in the magne-
torheological polishing fluid gets stiffened and holds the abrasive particles rigidly.
Owing to which the abrasion action caused material removal. So, the strongly
entrapped active abrasive comes in contact with the internal workpiece surface
which performs the finishing action as represented by Fig. 15.3a. It can be seen
from Fig. 15.3b that how the active abrasive shears out the peaks on the cylindrical
inner surface of the workpiece. During the experiment, the rotation along with recip-
rocation movement of the tool and the rotation of the workpiece exerts the force on
the cylindrical surface of the workpiece. The magnetic forces and other forces which
are being produced due to the movement of the tool and the workpiece mentioned
above causes the active abrasive along with carbonyl iron particle chains to perform
the finishing operation. Thus, in this manner surface peaks are sheared off.

In the present developed MR grinding process as shown in Fig. 15.4, an electro-
magnet is made up of the coil with a number of turns as 2600 which is wound around
a bobbin which is placed in the vicinity of the aluminum casing. The aluminum cas-
ing is held tight on the aluminum structure for the tool. A tool core is passed through
the aluminum casing containing the coils. The core used in the finishing process is of
25 mm diameter with a length of 270 mm which is allowed to rotate in the center of
the electromagnetic coil. By considering the simulation results the tool was designed
and thus the tooltip was fabricated like a wheel. The tooltip diameter is kept as 30mm
which is kept greater in diameter than rest of the core but less than inner diameter of
the workpiece. This is made so that the tool can enter the workpiece without coming
in contact with its surface.
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Fig. 15.3 a Mechanism of the finishing in the magnetorheological grinding process, b interaction
of the active abrasive particle of MR polishing fluid with the internal cylindrical workpiece surface

Fig. 15.4 Setup of the magnetorheological grinding process
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Figure 15.4 shows the setup for the experimentation which is used to finish the
cylindrical workpiece surface. The tool structure that holds the tool was mounted
on the X-slide is driven by a servo motor, which provides reciprocation motion to
it. The tool is provided with rotational motion using another servo motor which
is fixed to the tool structure. It is done by using a belt pulley mechanism. On the
other hand, the workpiece is held on a structure for maintaining the height of the
workpiece according to the height of the tool. Thus, this system helps in maintaining
the working gap between the inner cylindrical surface of workpiece and the tool
surface. Rest of the workpiece setup is comprising of two plumber blocks through
which a shaft is allowed to pass. This shaft is driven with the help of the third servo
motor that provides rotational motion to the workpiece.

15.3 Experimentation

The setup was prepared for analyzing the performance of the newly developed mag-
netorheological grinding process for the finishing of the inner cylindrical surface.
The preliminary experiments were performed for the investigation of the effective-
ness of the tool in the form of output parameter, i.e., change in surface roughness.
The dial gauge and height gauge were used so to find any error or misalignment in
the axis of the tool and the workpiece. The deflection in the system was analyzed and
the results obtained were zero. Thus, we were successful in maintaining the requisite
gap between the tool and the workpiece.

Before performing the experimentation, the initial surface roughness value for the
cylindrical inner workpiece was recorded with the help of surf test SJ-400 (Mitutoyo,
Japan) using 0.25 mm cut off length and the number of intervals as 5. The value of
the surface roughness was measured at different locations within the cylindrical
workpiece and an average value was considered. After the initial preparations, the
direct current was passed through the coil utilizing a DC system. As the current
started flowing through the coil the heat is generated which is controlled with the
help of cooling system whose inflow and outflow path are present on the bobbin
surrounding the coil. The digital gauss meter is used for the analysis of the magnetic
flux density on the surface of the tooltip which is cylindrical in shape.

The MR polishing fluid was made in a mixer with percentage composition of
carbonyl iron powder (CIP) as 20% average particle size of 18 µm, silicon carbide
powder (SiC) as 20% with an average particle size of 19 µm and rest 60% is paraffin
and AP3 grease. This composition of the MR polishing fluid is considered on the
basis of the available literature for finishing of internal cylindrical surface [7]. They
are allowed to mix together for a while and then they are ready to use as polishing
fluid. Table 15.2 shows the parameters which are considered for the finishing pro-
cess of the internal cylindrical workpiece. The experiment was performed with the
magnetorheological polishing fluid which is renewed after every 20-min cycle time.
The process was performed for three machine cycles before the final measurement
of surface roughness was recorded after total finishing time of 60 min. Later, the
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Table 15.2 Parameters and
conditions used for
experimentation

Parameters Conditions

Total finishing time (min) 60

Tool rotational speed (rpm) 500

Workpiece rotational speed (rpm) 300

Tool reciprocation speed (cm/min) 10

Gap between tool and workpiece (mm) 0.6

surface topography of the initial and final surfaces was recorded with the help of
scanning electron microscope.

15.4 Results and Discussion

The magnetic flux density in the working gap can be seen in Fig. 15.2a. This sig-
nifies that the maximum magnetic flux density in the working gap is around 0.17 T
on the cylindrical surface of the tool. As higher the induced magnetic flux density,
the higher will be the finishing forces that are acting on the abrasives through the
carbonyl iron particles. Therefore, the higher finishing forces and relative motion
provides greater finishing on the surface of the workpiece. Due to this the mag-
netorheological finishing fluid will remain stick to the tool surface which further
will shear out microchips from the surface of the workpiece. Thus, the capability of
the newly developed magnetorheological grinding process was also analyzed after
the preliminary experiment was performed on the inner cylindrical surface of the
workpiece. The analysis is done on the bases of the surface roughness profile for
inner cylindrical workpiece surface. This is represented in Fig. 15.5. In the initial
surface roughness profile, it can be seen that the graph indicates the roughness of
the initial inner cylindrical workpiece surface. But after the MR grinding process
is performed, the surface roughness was reduced. Thus, this denotes that the peaks
had been removed from the inner cylindrical surface and hence the outcome of the
process is much smoother surface from the initial one.

In Fig. 15.5 shows the surface roughness profile prior to and post finishing process
has been shown. The reduction in the surface roughness value is observed which
varies from the initial value of Ra= 250 nm, Rq= 359 nm and Rz= 2300 nm to the
finally finished value of Ra = 110 nm, Rq = 200 nm and Rz = 1130 nm in 60 min,
respectively. The total percentage reduction in roughness value is calculated to be
56%. The percentage change in Ra values for each cycle with 20min of finishing time
till 60minwas found to be 28%, 22%, and 21.4%, respectively. Ra is calculated as the
arithmetic mean deviation of the surface measurement of filtered roughness profile.
It is determined from deviation about the centre line along the evaluation length and
used for the characterization of the material for internal cylindrical applications. The
Ra value in the first cycle was reduced from 250 to 180 nm,with next 20min cycle the
value was reduced to 180–140 nm and with the last cycle the reduction was obtained
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Fig. 15.5 Surface roughness profile a before, and b after implementation of the MR grinding
process
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Fig. 15.6 Change in average surface roughness (Ra) in 60 min finishing time during the MR
grinding process

as 110 nm. The graph in Fig. 15.6 represent the reduction in the surface roughness
value.

The surface characteristics of the workpiece were observed with the help of scan-
ning electron microscopy (SEM) by simply differentiating the surface topography of
the initial and the final image which is as shown in Fig. 15.7. Thus, with SEM images
improvement can be seen in the surface characteristics of the initial and final surfaces
of the internal cylindrical surfaces. The lower value of the surface roughness can be
attained by further finishing the workpiece with the finer abrasives. Therefore, this
magnetorheological grinding process demonstrates the finishing of the workpiece
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Fig. 15.7 Scanning electron
microscope images a before,
and b after the MR grinding
process

without heating of the electromagnetic coil. Hence, this MR process is capable of
finishing internal cylindrical workpiece of any diameter.

15.5 Conclusions

The following conclusions are made considering the finite element analysis and
the experimentation performed. It ensures the effectiveness and performance of the
magnetorheological grinding tool.

• The new designed magnetorheological grinding tool is found capable to finish the
internal cylindrical parts. It can also be useful for the finishing of various parts
with different diameters as the tool rotates eccentrically to the center axis of the
workpiece.

• The roughness value of the internal cylindrical surface changed from the initial
value of 250 nm to the final value of 110 nm in a period of 60 min.
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• The surface characteristics of the MR finished surface is improved as it is revealed
from the scanning electron microscopy images.

• The obtained results revealed that the newly developed magnetorheological grind-
ing tool is useful to finish the various internal surface of workpieces such as the
barrel of injection molds, dies, etc.
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Chapter 16
A Study on Micro-tool and Micro-feature
Fabrication in Micro-EDM

Biswesh Ranjan Acharya , Abhijeet Sethi , Akhil Dindigala ,
Partha Saha and Dilip Kumar Pratihar

Abstract In micro-EDM, micro-tool of precise shape and size is a prerequisite for
successful micro-feature fabrication. Complexity in micro-tool shape increases sig-
nificantly, when the tool size is reduced below 100 µm. In this paper, a cylindrical
micro-tool of average diameter 68µm and length 1776µm is successfully fabricated
using the wire-EDG process in two steps, at first a rough machining, which is fol-
lowed by a finish machining step. Moreover, a step-by-step procedure is discussed to
determine the optimal parameter values for both roughmachining and finish machin-
ing by analyzing the effects of various significant parameters, such as capacitance,
voltage, duty ratio and radial feed on lateral slit overcut and number of short cir-
cuits taking place during machining of micro-slit on tungsten rod with a brass wire
during wire-EDG. Both machining time and consumption of tungsten electrode are
minimized by employing this methodology. Finally, micro-features like micro-hole,
micro-channel and square slot are fabricated on 100 µm thick SS304 sheet.

Keywords Lateral slit overcut ·Micro-hole ·Micro-channel · Square slot ·
Tungsten rod

16.1 Introduction

With the continuous development in technology and growing popularity of minia-
turized products, manufacturers are forced to manufacture the products to meet the
demand of the market. In some cases, the present fabrication processes fail to deliver
the product with the required functionality, which motivated researchers either to
invent some new fabrication process or to improve the current fabrication process so
as to make the required product. Electrical discharge micromachining (micro-EDM)
is an improvisation of widely used electrical discharge machining (EDM) process,
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where comparatively less discharge energy is used for fabricating complex micro-
features on any electrically conductivematerial irrespective of its mechanical proper-
ties [1]. Unlike EDM process, where a predesigned tool is used according to the final
shape of the desired product, in micro-EDM, a simple tool, preferably a cylindrical
tool with diameter less than 500 µm, is moved along the desired path for successful
micro-feature fabrication. During the process, the higher resolution movements of
sub-micron range for X, Y and Z axes are intended. As comparatively less discharge
energy is used during the micro-EDM process, it minimizes major disadvantage like
HAZ on final product. But, in some cases, fabrication of micro-tool is a difficult task,
where micro-tool diameter is preferred to be less than 100 µm. Rahman et al. [2]
suggested for an in situ micro-tool fabrication to avoid clamping errors, which may
be up to 5–10 µm that may lead to unwanted inaccuracy in fabricated micro-feature.
Jahan et al. [3] found that the use of resistance/capacitance (RC) pulse generator is
the most suitable one for micro-EDM process for providing minimum pulse energy
to melt very small amount of work material, which can be easily flushed away from
machined zone. Masuzawa et al. [4] used micro-wire electric discharge grinding
(micro-WEDG) process to fabricate tungsten micro-tools with high aspect ratio. The
suggested method can fabricate very thin micro-tools with high accuracy and good
repeatability. But handling ofmicro-wire and poor wire tensionmay lead to improper
surface finish of generated micro-tool, as found by Lim et al. [5]. Rahman et al. [2]
recommended to use block EDMprocess for high aspect ratio micro-tool fabrication,
where themachining is subdivided into roughing and finishing processes by selecting
the depth of a single pass, number of machining passes, and the amount of discharge
energy supplied during the process. Acharya et al. [6] compared the micro-tools
fabricated by block micro-EDM, disk micro-EDM, and wire micro-EDG in terms
of generated taper and surface roughness. Mahendran et al. [7] discussed various
EDM process parameters, such as discharge voltage, peak current, pulse duration,
pulse interval, pulse waveform, polarity, and electrode gap. Mahdavinejad and Mah-
davinejad [8] studied the reasons for instability in electrical discharge machining of
WC-Co composites and found that prevention of short circuits is essential for stabil-
ity of the process. Short circuits are harmful in EDM as it can deteriorate the quality
of machined surface and causes decrease in material removal rate. Wang et al. [9]
fabricated micro-hole in SUS 304 by both micro-EDM and micro-ECM process and
found that later gave undesired stray corrosion. However, there is no step-by-step
procedure to determine the optimal parameter values for each process. The current
paper discusses the methodology for determining the necessary parameter values for
both roughing process and finishing process by measuring lateral slit overcut and
number of short circuits occurring at different parametric setup during fabrication
of various micro-slits. This methodology not only saves time but also avoids the
unnecessary consumption of tungsten material by determining the optimal process
parametric values. After determining the values of different process parameters, a
micro-tool was fabricated using wire-EDG process. Later micro-features like micro-
hole, micro-channels, square slot were fabricated on 100 µm thick SS304 sheet and
scanning electron microscope (SEM) was used to measure the final dimensions of
fabricated micro-tools and micro-features.
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16.2 Micro-tool Fabrication and Micro-feature Fabrication
in Micro-EDM

In micro-EDM, governed by the same principle as EDM, repetitive electrical dis-
charges at the nearest local positions between anode and cathode are the sole reason
for material removal from the anode by melting and vaporization, when both are
immersed inside a suitable dielectric fluid and an external pulse DC power supply
is applied between them. During the process, both the electrodes are separated by a
very small gap, which is continuously maintained by a servo-controller mechanism.
Both spark energy and spark gap are scaled down so as to effectively remove very
less material from the confined position of anode.

At first, a micro-tool was fabricated by determining the values of different process
parameters for both rough machining as well as finish machining. Second, the fabri-
cated micro-tool was engaged for various micro-feature fabrication on 100 µm thick
SS304 sheet. A digital microscope was used for online monitoring of micro-tool and
measuring micro-tool dimension at intermediate positions, whereas SEM was used
for measuring the final dimensions of fabricated micro-tool and micro-features.

16.3 Experimental Procedure

16.3.1 Experimental Setup

Experiments were carried out on a micro-electrical discharge machine (model:
TTECM 10, make: Synergy Nao Systems India) where both micro-electrical dis-
charge machining and micro-electrochemical micromachining operations could be
done by interchanging the dielectric with an electrolyte (Fig. 16.1). The maximum
bed movements were restricted to 135 mm, 60 mm and 70 mm along X, Y, Z axes,
respectively. Linear motions along the three axes were controlled by separate opti-
cal sensors with a resolution of 0.1 µm. Resistance–capacitance type EDM circuit
with constant resistance of 1000 � used for providing the required pulsed DC power
supply. A wire-EDG module was also externally attached for in situ micro-tool fab-
rication.

16.3.2 Experimental Scheme

Tungsten has certain distinct properties, such as high melting point, high thermal
and electrical conductivity and high corrosion resistance. Due to its unique ability
to maintain rigidity at high temperature at diameter below 100 µm, it is suitable
as micro-tool material. As the selection of appropriate process parameters was vital
for micro-tool fabrication, a distinctive methodology was used for determining its
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Fig. 16.1 Micro-EDM setup

value for both roughing as well as finishing processes. During the process, micro-
slits were cut on a tungsten rod of 1000 µm diameter, by penetrating a moving
brass wire of 250 µm inside it and responses like lateral slit overcut and number
of short circuits were measured. Both lateral slit overcut and number of short cir-
cuits were considered as the performance measures of the micro-slit cut process,
which helped to select the optimal value for a specific parameter during micro-tool
fabrication. Lateral slit overcut ((D − d)/2) is defined as the half of the difference
between lateral slit width (D) and brass wire diameter (d), which also signifies the
machining accuracy. Figure 16.2a, b represent the schematic view of micro-slitting
process and geometrical representation of micro-slit cut, respectively. During the
experimentations, the effect of a single parameter was observed on lateral slit over-
cut and number of short circuits, and based upon their collective effect, optimal
parameter values were determined for micro-tool fabrication. At first, the effect of
voltage on lateral slit overcut and number of short circuits were measured at different
capacitance values. Based upon the combined result, voltage and capacitance val-
ues were set for both rough machining as well as finish machining. Second, based
upon the effect of duty ratio on lateral slit overcut and number of short circuits, duty
ratio was also determined. Third, the optimal radial feed value was determined by
noticing the variation of lateral slit overcut and number of short circuits. Wire feed
was kept fixed at 0.2 mm/s to minimize consumption of brass wire during micro-slit
formation. Though tool was kept stationary duringmicro-slit fabrication, spindle was
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Fig. 16.2 Micro-slit cut process. a Schematic view, b geometrical representation

kept rotating at 1500 RPM to maintain dimensional accuracy and avoid any taper
[2] during micro-tool fabrication process. It is to be noted that sludge removal was
accelerated by moving brass wire and rotating spindle during micro-slit formation
and micro-tool fabrication, respectively. After successfully fabricating a micro-tool,
it was used for generating micro-features such as micro-hole, micro-channels and
a square slot on a 100 µm thick SS304 sheet. Chemical composition of tungsten
tool is shown in Table 16.1. Feasible parameter ranges and experimental layout for
fabricating micro-slits to determine the significant parametric values for micro-tool
fabrication are shown in Table 16.2 and Table 16.3 respectively. Figure 16.3 shows
the SEM images of slit cuts at different parameters’ setup.

Table 16.1 Chemical composition of tungsten material

Element K C O W

Weight % 0.01 0.01 0.03 99.95

Table 16.2 Feasible
parameter ranges

Capacitance (nF) 10, 47

Applied voltage (V) 80, 110, 140, 170, 200

Duty ratio (%) 30, 50, 70

Radial feed (µm/s) 0.1, 0.2, 0.3

Wire feed (mm/s) 0.2
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Table 16.3 Experimental layout for micro-slit formation

Sl. No. Capacitance
(nF)

Voltage
(V)

Duty
ratio (%)

Radial
feed
(µm/s)

Lateral
slit width
(µm)

Lateral
slit
overcut
(µm)

No. of
short
circuits

1 10 80 50 0.1 216.8 8.4 44

2 110 227.1 13.6 9

3 140 228.6 14.3 7

4 170 230 15.0 0

5 200 232.9 16.5 2

6 47 80 50 0.1 234.4 17.2 37

7 110 235.8 17.9 26

8 140 237.3 18.7 17

9 170 241.7 20.9 7

10 200 247.6 23.8 13

11 10 170 30 0.1 228.6 14.3 5

12 70 232.9 16.5 7

13 10 170 50 0.2 224.1 12.1 6

14 0.3 227.1 13.6 11

16.4 Results and Discussion

Figure 16.4 shows the effects of various significant parameters such as capacitance,
voltage, duty ratio, and radial feed on the responses like lateral slit overcut andnumber
of short circuits, based upon which, the parameters for both rough machining and
finish machining are to be determined.

Inmicro-EDM, the amount of discharge energy per pulse imparted duringmachin-
ing is a function of both capacitance and gap voltage and the crater size produced
on the micro-tool surface can be decreased by decreasing the capacitance and gap
voltage. It was also reported that when the discharge energy becomes the higher, the
discharge column lasts for the longer, which increases the spark gap and ultimately
reduces the accuracy of micro-electrode by forming the larger craters on tool surface
[2]. But, it is practically quite difficult to measure the spark gap during micro-EDM
process, which is an important index for determining the surface quality of fabricated
micro-tool. As lateral slit overcut during micro-slit cut resembles with the spark gap
during the micro-tool fabrication process, the effects of various process parameters
on fabricated micro-tool can be understood by analyzing micro-slit cut at the same
parameter settings. This methodology is capable of determining optimal process
parameter values for roughing process and finishing process during micro-tool fab-
rication, which saves both time and unnecessary consumption of tungsten electrode.
Although both lateral slit overcut and number of short circuits are to be minimized



16 A Study on Micro-tool and Micro-feature Fabrication … 197

Lateral 
slit width = 
227.1 μm

Lateral 
slit width = 
235.8 μm

Lateral 
slit width = 
241.7 μm

(b) 

(d)

Lateral 
slit width 
= 230.0 μm

(a)

(c)

Fig. 16.3 SEM images of lateral slit cuts obtained at a 110 V, 10 nF; b 170 V, 10 nF; c 110 V, 47
nF; d 170 V, 47 nF; with 50% duty ratio, 0.2 mm/s wire feed, and 0.1 µm/s radial feed

during micro-slit cut, after reaching a certain minimum lateral slit overcut, the num-
ber of short circuits increases as it becomes difficult for sludge removal within very
small interelectrode gap.

Figure 16.4a, b shows the effects of voltage on lateral slit overcut and number
of short circuits at different capacitance values. For the same voltage, at 47 nF, the
discharge energy was more than that at 10 nF and the discharge column lasted for the
longer, which increased the spark gap. So, themeasured lateral slit overcut was found
to be more at the higher capacitance than that at the lower capacitance, for the same
voltage value. As discharge energy increased with the increase in voltage, lateral slit
overcut increased continuously with the increase in voltage at constant capacitance.
Again, the number of short circuits decreased, attained a minimum value and then
increased with the increase in voltage. It was due to the fact that at low voltage, the
discharge energy was small, which resulted in short lasting of discharge column. As
a result, spark gap at the lower voltage was found to be small in comparison to that
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Fig. 16.4 Effect of significant parameters on lateral slit overcut and number of short circuits.
a Variation of voltage versus lateral slit overcut for different capacitance values, b variation of
voltage versus number of short circuits for different capacitance values’, c variation of duty ratio
versus lateral slit overcut for 10 nF and 0.1µm/s radial feed, d variation of duty ratio versus number
of short circuits for 10 nF and 0.1 µm/s radial feed, e variation of radial feed versus lateral slit
overcut for 10 nF and 50% duty ratio, f variation of radial feed versus number of short circuits for
10 nF and 50% duty ratio
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of the higher voltage value, which made sludge removal difficult, and the number
of short circuits increased. So, the capacitance values of 47 nF and 10 nF were
selected for rough machining and finish machining, respectively. Although for both
the capacitances, machining at 170 V resulted in less number of short circuits, the
lateral slit overcut increased abruptly after 140 V for the higher capacitance. So, for
rough machining, 140 V was selected as optimal voltage value, whereas 170 V was
chosen as optimal voltage value for finish machining during micro-tool fabrication.

Figure 16.4c, d show the effects of duty ratio on lateral slit overcut and the number
of short circuits for 10 nF capacitance and 0.1 µm/s radial speed. At 30% duty ratio,
lateral slit overcut was found to be the minimum but it yielded a significant number
of short circuits. At 50% duty ratio, the number of short circuits was found to be
minimum with moderate increase in lateral slit overcut. But, at 70% duty ratio, both
the lateral slit overcut and the number of short circuits increased abruptly, which was
not desired. It might be due to the fact that pulse off time was less enough to remove
the sludge effectively, which also avoided further machining. So, 50% duty ratio was
selected as the optimal one for micro-tool fabrication. Pulse period was kept fixed at
10 µs for all cases.

Figure 16.4e, f displays the variation of radial feed on lateral slit overcut and
number of short circuits. During the experimentation, both capacitance and duty
ratio was kept constant at 10 nF and 50%, respectively. With the increase in radial
feed from 0.1 to 0.2 µm/s, there was a sudden decrease in lateral slit overcut as the
brass wire penetrated the tungsten rod at the faster rate, which decreased the amount
of local machining time. But, the number of short circuits constantly increased with
the increase in the radial feed. It was also observed that at 0.2 µm/s radial feed, a
few number of short circuits occurred, and it might be due to less spark gap, which
was evident from less lateral slit overcut. Despite the higher spark gap, which was
indicated by moderate lateral slit overcut, the larger number of short circuits were
experienced at 0.3 µm/s radial feed, which might be due to the fact that radial feed
was much faster than machining speed. Finally, 0.2 µm/s was selected as an optimal
radial feed for micro-tool fabrication, as the lateral slit overcut was minimum, which
ensured the minimum spark gap for maintaining accuracy during finishing process.
Table 16.4 shows the various process parameter values used for both rough and finish
machining processes for micro-tool fabrication. Figure 16.5 displays the sequential
steps used for micro-tool fabrication using wire-EDG.

Table 16.4 Parametric setup
for micro-tool fabrication

Process parameters Rough machining Finish machining

Voltage (V) 140 170

Capacitance (nF) 47 10

Radial feed (µm/s) 0.2 0.2

Duty ratio 0.5 0.5

Wire feed (mm/s) 0.2 0.2

Spindle speed (RPM) 1500 1500
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Fig. 16.5 Sequential steps for micro-tool fabrication using wire-EDG

Figure 16.6a shows the image of micro-tool fabricated using wire-EDG process
with the obtained optimal process parameters for both rough and finish machining
processes. Tool diameter was reduced from 1000 to 250 µm by rough machining

(a) (b) (c)

Length = 1776 μm,
Average diameter = 68 μm

Inlet dia = 218 μm, Outlet dia = 
125 μm, Taper angle = 24.90

Desired dimension (L*W*D) 
= 370*70*50 μm, Actual 
dimension= 489*154*53 μm

(d) (e) (f)

Desired dimension = 
181*80*50 μm, 
Actual dimension = 
294*156*61 μm

Desired dimension (outer, inner) 
= (314*314, 186*186) μm,
Actual dimension (outer, inner) 
= (454*405, 59*90) μm

Length = 465 μm,
Average diameter = 86 μm

Fig. 16.6 Image of fabricated micro-tool and various micro-features: a image of fabricated micro-
tool, b SEM image ofmicro-hole, c SEM image ofmicro-channel 1, d SEM image ofmicro-channel
2, e SEM image of square slot, f SEM image of micro-tool after machining with an enlarged view
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and it was further reduced below 100 µm by finish machining. Length and aver-
age diameter of micro-tool were measured to be equal to 1776 µm and 68 µm,
respectively.

After successful fabrication of micro-tool, different micro-features such as micro-
hole, micro-channels, and square slot were fabricated on 100 µm thick SS304 sheet.
SEM images of fabricatedmicro-featureswith dimensions are shown in Fig. 16.6b–e.
The inlet and outlet diameter of fabricated micro-hole were found to be 218 µm and
125 µm, respectively, and the calculated taper was found to be 24.9°. The actual
length, width, and depth of fabricated micro-channels were found to deviate from
their desired values. The dimensions of fabricated square slot were also found to
deviate from their desired values. Figure 16.6f shows the SEM image of micro-tool
with enlarged micro-tool tip after micro-feature fabrication. The final micro-tool
diameter is also found to be increased. It may be due to the adherence of molten
SS304 from workpiece material during micro-feature fabrication.

16.5 Conclusions

A sequential methodology was discussed to determine the necessary parameter setup
for micro-tool fabrication using micro-EDM. Later, the possibility of fabricating
various micro-features on 100 µm thick SS304 sheet was also explored.

First of all, various micro-slits were cut on a tungsten rod by penetrating a moving
brass wire inside it, while varying different process parameters.

Effects of various significant parameters, such as capacitance, voltage, duty ratio,
and radial feed on lateral slit overcut and number of short circuits, were analyzed and
according to their combined influences on lateral slit overcut and number of short cir-
cuits, optimal process parameter values for micro-tool fabrication were determined.

Lastly, a micro-tool was fabricated using wire-EDG process with the already
found out optimal parameter values. Various micro-features such as micro-hole,
micro-channels, and square slot were successfully produced on SS304 sheet.
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Chapter 17
Influence of Graphite
Nanopowder-Mixed Dielectric Fluid
on Machining Characteristics of Micro
Electric Discharge Milling

K. V. Arunpillai and P. Hariharan

Abstract There is a need for efficient micro-machining process due to increasing
demand for miniaturization. In this paper, an attempt has been made to improve the
machining characteristics of Micro Electric Discharge Milling by mixing graphite
nanopowder in EDM oil dielectric. Titanium alloy was machined using tungsten
carbide as electrode and experiments were designed based on full factorial method,
three parameters such as voltage, capacitance, and concentration were varied to find
optimum machining conditions. Surface characteristics and material removal rate
have improved by addition of graphite nanopowder in EDM oil while machining
Ti-6Al-4V. The maximum Material Removal rate is obtained at medium discharge
energy levels and low levels of discharge energy yielded good surface characteristics.

Keywords Micro electric discharge milling · Graphite nanopowder

17.1 Introduction

Focus toward miniaturization to achieve compactness is raising among industries
such as consumer electronics, micropower generators, robotics and healthcare, so
micromachining is a sought out area for research. Miniaturization of systems and
components resulted in advantages such as less space consumption, lightweight, and
easy handling. Micro-EDM uses the same principle as that of Electric Discharge
Machining where controlled spark occurs between tool electrode and work piece
but the specific energy and inter-electrode gap is less. In micro-EDM, there is no
contact between tool electrode and workpiece which enables to machine complex
micro features on hard materials, micro electric discharge milling employs scanning
movement of tool electrode which makes it suitable for machining 3Dmicrocavities.
Titanium alloy is being used in major applications such as aerospace, healthcare
industries due to their high strength, corrosion and fatigue resistance. Machining of
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complex 3D cavities and microchannels in titanium alloy is difficult with conven-
tional micromachining, so nontraditional micromachining can be used to machine
harder materials such as titanium alloy Ti-6Al-4V. But the problem associated with
process is that lowmaterial removal rate and poor surface characteristics make it less
applicable for usage. Various techniques have been experimented by researchers to
improve the machining characteristics of titanium alloy, powder mixed dielectric is
an advanced technique used to improve machining performance and surface quality.

Surface characteristics and topography of tungsten carbide are improved by addi-
tion of graphite nanopowder in dielectric, high material removal rate is obtained due
to increased spark gap and uniform distribution of energy. Powder mixed micro ed
milling provided better surface finish compared to die sinking with smoother and
defect-free surface [1]. Discharge energy plays a major part in surface topography
obtained inmicro electric dischargemilling of SKH-51 tool steel [2]. Inmicro electric
discharge milling low concentration of silicon carbide powder and high energy level
resulted in high MRR while machining Titanium alloy, also high surface roughness
is observed with high energy level [3]. Recast layer thickness and material removal
rate increases with concentration levels of 4–6 g/l beyond that concentration level
material removal rate decreases, optimum surface roughness value is obtained at
low values of discharge current [4]. Machining characteristics in micro electric dis-
charge milling is greatly influenced by capacitance, voltage and powder concentra-
tion, low levels of powder concentration resulted in minimum tool wear rate [5].
Surface quality is improved by addition of micro molybdenum disulfide powder
in dielectric with combined effect of ultrasonic vibration and a flat surface without
black spots is obtained [6]. The combined effect of ultrasonic vibration and magnetic
field resulted in low material removal compared to separate application of each in
micro electric discharge milling [7]. Horizontal feed rate, tool rotational speed along
with layer thicker affect the machining characteristic of micro electric discharge
milling [8]. Generated a solid lubricating layer on Ti6Al4V using tungsten disulfide
mixed dielectrics in micro-EDM process [9]. High aspect micro holes and thin white
layer achieved in micro-EDM process using copper-added dielectrics [10]. Length
of sparking and machining stability is augmented with powder-suspended dielectrics
resulted in increase in overcut and material removal rate [11] Determined the opti-
mummachining parameters that more influenced the material removal rate and over-
cut using grey relational analysis [12]. Applied ultrasonic vibration in micro-EDM
process to achieve high quality of microchannels and MRR [13].

17.2 Experimentation Details

The experimental work was performed using DT-110 Micro Electric Discharge
milling setup as shown in Fig. 17.1 it has the capability to generate the Micro and
Marco components on any conductive (electrical) materials.

Average Surface Roughness (Ra) was measured by means of Non-Contact Taly-
surf CCI3000A. 3D surface roughness profiles of micro slots machined at different
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Fig. 17.1 Micro electric
discharge milling setup

energy levels for EDM oil and 0.2 g/l concentration of graphite nanopowder mixed
dielectric was observed. Titanium alloy Ti-6Al-4V is used as workpiece which has
very high tensile strength and toughness at extreme temperature and it is widespread
across the engineering field. Initially, workpiece has been prepared in form rectan-
gular strips using an abrasive jet cutting process and then workpiece surface was
cleaned by submerging into acetone in order the deposited abrasive particles on the
surface. Non-hollow cylindrical shape tungsten carbide of diameter 500 μm is used
as tool electrode; it is hard and provides good resistance to deformation and deflec-
tion. Micrograph of non-hollow cylindrical tungsten carbide is shown in Fig. 17.5.
Table 17.1 depicts the experimental conditions considered.

EDM oil 3 was used as the dielectric fluid for this study and graphite nanopowder
of average particle size 1–2 nm (procured from nanoshell) is mixed in dielectric fluid
and experiment is carried out. In order to ensure the proper mixing of nanographite
powder particles with EDM oil dielectric two mechanical stirrers were employed
and it placed over the tank. Before using as an EDM dielectric the nano graphite
fluid was ultra-sonicated for two hours in order to avoid the agglomeration of powder
particles. The speed of stirrer was kept constant for considered different spark energy.
A separate dielectric system was used for nanopowder mixed dielectric without
distributing the existing system. Also experiments are conducted in general factorial
method considering levels as shown in Table 17.2.

Table 17.1 Experimental
condition for micro electric
discharge milling

Workpiece Titanium alloy (Ti-6Al-4V)

Electrode Tungsten carbide

Dielectric EDM oil 3

Powder Graphite nanopowder

Pulse generator RC-type pulse generator



206 K. V. Arunpillai and P. Hariharan

Table 17.2 Levels
considered for design of
experiments

Factor Unit Levels

Voltage V 80, 90, 100, 110, 120

Capacitance nF 0.1, 1, 10

Concentration g/L 0, 0.2

Experiments are conducted with EDM oil dielectric and graphite nanopowder
mixed dielectric by machining rectangular slot of dimension 2.5 mm × 1 mm ×
0.1 mm with tool spindle rotation speed of 1800 rpm and feed rate of 60 mm/min
and time for machining is noted, to determine material removal rate (MRR) and tool
wear rate (TWR). Also crater distribution on milled micro slots was analyzed using
a lower version SEM.

From the previous studies, it is clear that no investigation has been carried using
graphite nanopowder with apparent powder particles (2 nm) in micro-EDM milling
of titanium alloy under three different discharge regimes. The present study dis-
cusses the benefits of added graphite nanopowder particles in micro-EDM milling
of titanium alloy under different discharge energy conditions.

17.3 Results and Discussion

Material Removal Rate (MRR) increased with graphite nanopowder mixed dielec-
tric compared to EDM oil dielectric, and maximum MRR is obtained at medium
discharge energy levels for both EDM oil dielectric and graphite nanopowder mixed
dielectric. Figure 17.2 shows the variation of material removal rate with respect to
discharge energy, addition of graphite nanopowder reduces the breakdown strength
of dielectric and improves the sparking frequency and thus augmentation of mate-
rial removal rate (1). Moreover, due to the existence of nanopowder particles, the
spark energy is distributed uniformly across the ionized gap which inturn increases
MRR . As the discharge energy increases, material removal rate decreases due to

Fig. 17.2 Variation of MRR
with respect to discharge
energy
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increased spark gap and less distribution of energy to workpiece. In addition, due to
the presence of nanopowder particles the ionized gap is enlarged due to that tool feed
mechanism is unable to explore the optimum gap to discharge the spark while μed
milling process and this increased short-circuits occurrence, which inturn decreases
MRR .

Variation of TWRwith respect to discharge energy for EDM oil and nanographite
powder mixed dielectric has been shown in Fig. 17.3. Tool Wear Rate (TWR) is less
in the case of Powder-Mixed Dielectric as compared to EDM oil Dielectric, TWR
decreased at higher energy levels due to deposition of particles on tool electrode and
presence nanopowder particles the tool electrode heat is easily carried away across
the ionized gap which reduced the tool wear (9). Also the availability of additives
in the dielectric fluid will enhance the ionized (interelectrode) gap which reduces
the debris interaction with electrode. As result of that tool wear decreased. The tool
wear was low at high discharge energy because the time gap between each spark is
higher due to heat energy is easily dissipated from the tool electrode which inturn
decreases TWR . Maximum tool wear rate is obtained at medium discharge energy
level as shown in Fig. 17.3 it is a well known fact that as the material removal rate
increases the tool wear will increase vice versa.

Figure 17.4 shows the plot of 3D surface roughness value (Sa) with respect to
discharge energy at 0.2 g/L graphite nanopowder concentration and EDM oil. At
low discharge energy levels, good surface finish is obtained due to uniform spark-
ing. Figure 17.5 shows the SEM image of tungsten carbide tool electrode showing
deposition of graphite nanopowder after machining.

Roughness value (Sa) seemed to decrease (from the Fig. 17.4.) after addition of
nano graphite powder particles for each individual level of discharge energy. This
happens because of the presence of nanoparticles the thermal energy generated at the
ionized gap will be widely distributed due to shallower craters created on the parental
metal. As a result of that roughness decreased. Low roughness might be attributed

Fig. 17.3 Variation of TWR with respect to discharge energy
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Fig. 17.4 Variation of surface roughness value with respect to discharge energy

Fig. 17.5 SEM image of tungsten carbide tool electrode after machining

in the case of nanographite powder mixed EDM oil due effective removal of chips
particles from ionized gap. Uniform distribution of craters and small crater size is
observed at lower discharge energy and lower surface roughness values is due to
fine grain size distribution with no overlapping between craters. Crater distribution
at low discharge energy levels is shown in Fig. 17.6. Overlapping of craters and
nonuniform distribution of craters produced high surface roughness value at higher
discharge energy compared to low energy levels. Crater distribution of micro-milled
slots at higher discharge energy levels is shown in Fig. 17.7. Increment in roughness
value with respect to increase in discharge energy. As the discharge energy increases,
more thermal energy generated at the ionized gap due to more material removal and
it makes to unable of flushing of chips particles which inturn roughness increased.
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Fig. 17.6 SEM image of
crater distribution at low
discharge energy levels

Fig. 17.7 SEM image of
crater distribution at high
discharge energy levels

17.4 Conclusions

Machining with graphite nanopowder mixed dielectric produced high MRR and
less Tool wear rate compared to EDM oil dielectric. MRR increased with graphite
nanopowder mixed micro electric discharge milling due to improved machining sta-
bility with high sparking frequency and reduced breakdown strength of dielectric.
MaximumMRR and TWR are obtained at medium discharge energy levels. In micro
Electric Discharge Milling, powder concentration and capacitance are the predomi-
nant factors which influence the machining characteristics. At higher energy levels
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there is a decrease in Material Removal rate due to large spark gap and less distri-
bution of spark to workpiece, less tool wear rate is obtained at higher energy level
due to deposition of graphite nanopowder on tool electrode. Surface Roughness
decreased with graphite nanopowder mixed dielectric due to uniform distribution of
energy. Low surface roughness is obtained at low discharge energy levels, as dis-
charge energy increase surface roughness tends to be high due to overlapping of
craters.

References

1. Jahan, M.P., Rahman, M., Wong, Y.S.: Study on the nano-powder-mixed sinking and milling
micro-EDM of WC-Co. Int. J. Adv. Manuf. Technol. 53, 167–180 (2011)

2. Jahan, M.P., Anwar, M.M., Wong, Y.S., Rahman, M.: Nanofinishing of hard materials using
micro-electrodischarge machining. J. Eng. Manuf. (2009)

3. Ali, M.Y., Atiqah, N., Erniyati: Silicon carbide powder mixed micro electro discharge milling
of titanium alloy. Int. J. Mech. Mater. Eng. (2011). Kanada, T., Modern metrology concerns.
InTech, 281–289 (1995)

4. Kolli,M., Kumar, A.: Effect of dielectric fluidwith surfactant and graphite powder on Electrical
Discharge Machining of titanium alloy using Taguchi method. Eng. Sci. Technol. Int. J. (2015)

5. Kuriachen, B., Mathew, J.: Effect of powder mixed dielectric on material removal and sur-
face modification in micro electric discharge machining of Ti-6Al-4V. Mater. Manuf. Process.
(2015)

6. Prihandana, G.S., Mahardika, M., Hamdi, M., Wong, Y.S., Mitsui, K.: Effect of micro-powder
suspension and ultrasonic vibration of dielectric fluid in micro-EDM processes—Taguchi
approach. Int. J. Mach. Tools Manuf. (2009)

7. Jafferson, J.M., Hariharan, P., Ram Kumar, J.: Effects of ultrasonic vibration and magnetic
field in micro-EDM milling of nonmagnetic material. Mater. Manuf. Process. (2014)

8. Jafferson, J.M., Hariharan, P., Ram Kumar, J.: Effect of non-electrical parameters in μED
milling: an experimental investigation. Int. J. Adv. Manuf. Technol. (2015)

9. Mohanty, S., Kumar, V., Tyagi, R., Kumar, S., Bhushan, B., Das, A.K., Dixit, A.R.: Surface
alloying using tungsten disulphide powder mixed in dielectric in micro-EDM on Ti6Al4V. In:
IOP Conference Series: Materials Science and Engineering, vol. 377, no. 1, p. 012040. IOP
Publishing (2018, June)

10. Cyril, J., Paravasu, A., Jerald, J., Sumit, K., Kanagaraj, G.: Experimental investigation on
performance of additive mixed dielectric during micro-electric discharge drilling on 316L
stainless steel. Mater. Manuf. Process. (2017)

11. Tiwary, A.P., Pradhan, B.B., Bhattacharyya, B.: Study on the influence of micro-EDM process
parameters during machining of Ti–6Al–4V superalloy. Int. J. Adv. Manuf. Technol. 76(1–4),
151–160 (2015)

12. Elsiti, N.M., Noordin, M.Y., Idris, A., Majeed, F.S.: Optimization of maghemite (γ-Fe2O3)
nano-powder mixed micro-EDM of CoCrMo with multiple responses using gray relational
analysis (GRA). In: Journal of Physics: Conference Series, vol. 914, no. 1, p. 012025. IOP
Publishing (2017, October)

13. Unune,D.R.,Mali, H.S.: Experimental investigation on low-frequency vibration-assistedμ-ED
milling of Inconel 718. Mater. Manuf. Process. (2018)



Chapter 18
Realization of Green Manufacturing
Using Citric Acid Electrolyte for WC–Co
Alloy Micro-tool Fabrication
in Micro-WECM

Abhijeet Sethi , Biswesh Ranjan Acharya , Pranai Kumar ,
Rajib Chakraborty and Partha Saha

Abstract This paper promotes green manufacturing by utilizing the environment-
friendly electrolyte of citric acid for tungsten carbide alloy (WC–Co) micro-tool
fabrication through micro-wire-electro chemical machining (WECM) process. The
electrochemical dissolution behavior of WC–Co in different concentrations of citric
acid has been investigated through open-circuit potentials and polarization curves
obtained from cyclic voltammetry analysis. Response surface methodology(RSM)
technique has been utilized to study the micro-WECM process characteristics and
the influence of significant process parameters like electrolyte concentration, applied
voltage, and reciprocating speed has been studied by analysis of variance (ANOVA).
Moreover, optimization of machining parameters has been done through desirability
function approach to maximize the MRR and the optimized values are found to be
0.25 M electrolyte concentration, 15 V applied voltage and 5.31 µm/s reciprocating
speed. Finally, a confirmation experiment has been conducted to fabricate a micro-
tool of 111.2 µm diameter in the citric acid electrolyte.

Keywords Micro-wire-electrochemical machining · Citric acid · Tungsten carbide
alloy · Green manufacturing · Cyclic voltammetry

18.1 Introduction

Micro-tools have become the cornerstone of the micromachining industry due to
their versatility in creating profiles varying from 2D structures like micro-holes,
microchannels,micro-dimples, etc., to 3Dstructures likemicro-gears,micro-nozzles,
micro-grooves, etc. These micro-features are the essential parts and components
of different miniaturized products in MEMS devices, fuel injectors, micro-dies,
biomedical devices, sensors, and avionics industry. The use of tungsten carbide
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alloy(WC–Co) asmicro-tools is inevitable as it is one of the hardestmetalwidely used
in industry and the properties like high toughness and high rigidity make it as an ideal
material to be used asmicro-tools [1–3]. Electro-discharge grinding (EDG) processes
such as Wire-EDG and block-EDG are the most popular methods to fabricate WC
alloy micro-tools [4, 5]. However, the abovementioned machining methods have the
disadvantage of low material removal rate and high tool wear rate. On the contrary,
electrochemical machining (ECM) easily dissolves hard metals with advantages like
negligible tool wear, no machining force, no thermally induced stress, excellent sur-
face quality and low roughness [6].Micro-tool fabrication bymicro-ECMprocess has
become popular in recent times as it can generate micro-tools without any surface
defects like residual stress and micro-cracks. Researchers have electrochemically
machined tungsten carbide alloy through micro-ECM by using the acid and neutral
electrolytes. Choi et al. fabricatedWCmicro-shaft of 5µmdiameter through electro-
chemical etching method by using H2SO4 [7]. Shibuya et al. made tungsten carbide
alloy micro-pin through ECM using NaNO3 aqueous solution and 1% concentration
solution are necessary to obtain a micro-pin with uniform diameter [8]. However,
these electrolytes are not environmentally friendly and have hazardous effects such
as chemical burn and permanent scarring on unprotected human being. Citric acid
is a very good alternative to the present electrolytes, which is eco-friendly, and it is
abundantly found in fruits and used as a preservative in food and beverages.

In this paper, an attempt has been made to fabricate tungsten carbide alloy
(WC–Co) micro-tool through the micro-Wire-ECMprocess by using an eco-friendly
citric acid electrolyte. To study the electrochemical dissolution behavior of WC–Co
in citric acid, voltammetric analysis has been conducted. The influence of elec-
trolyte concentration on material dissolution has been analyzed by measuring the
open-circuit potential (OCP) and anode polarization curve. Moreover, in this paper,
an RSM-based optimization process has been developed to optimize the machining
parameters of micro-WECM for fabrication of WC–Co micro-tool. Additionally,
the significant parameters and their respective effects have been investigated using
ANOVA analysis. Finally, the model has been validated by doing confirmation test
to obtain a WC–Co micro-tool by using the optimal process parameters.

18.2 Materials and Methods

18.2.1 Materials

Thematerial used for the fabrication ofmicro-tool is tungsten carbide alloy (WC–Co)
rod of 510µmdiameter. It is one of the hardest metal which is widely used in industry
due to properties like high toughness and high rigidity. The properties of WC–Co
alloy is given in Table 18.1. In micro-WECM process brass wire of 200µm diameter
was used as the cathode. Brass having a very good electrical conductivity is one
of the most industrially accessible material and the brass wire is broadly utilized
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Table 18.1 The properties of WC–Co alloy

Cobalt (%) Density (g/cm3) HRA TRS (N/mm2) Grain size (µm)

10 14.5 92.1 3800 0.6–0.8

Table 18.2 Parameters for
cyclic voltammetry

Parameter Values

Electrolyte (M) C6H8O7 (0.25, 0.30, 0.35)

Potential range (V) −1 to 1

Polarization rate (V/s) 0.05

Temperature Room temperature

for the wire cut EDM process. Citric acid is a natural organic acid in the family of
carboxylic acid widely used in the food industry for flavor and preservative. It is
also abundantly available in nature in the form of citrus fruits and widely used as a
safe and environmentally friendly material. In the present investigation, to develop
an environmentally friendly micro-ECM process 99% pure citric acid monohydrate
(C6H8O7.H2O) of Loba Chemie Pvt. Ltd. is used as the electrolyte by diluting it in
distilled water.

18.2.2 Methods

In order to study the electrochemical behavior ofWC–Co in citric acid, cyclic voltam-
metry has been conducted. The open-circuit potentials(OCP) and polarization curves
have been measured for citric acid with different concentrations. A biologic SP150
potentiostat was used for the process and a three-electrode system was implemented.
The working electrode is cylindrical WC–Co alloy rod of 0.510 mm having working
area (3 × 0.510) mm2 which has been polished to obtain a flattened surface having
a length of 3 mm and the width of 0.510 mm. The counter electrode and the ref-
erence electrode were an SS304 wire and the saturated Ag/AgCl, respectively. The
parameters used for the test is given in Table 18.2.

18.3 Experimental Setup

In the present investigation TTECM-10 machine of Synergy Nanosystems, Mumbai
has been used to fabricate WC–Co micro-tool by the micro-WECM process. The
machine setup consisted of a DC pulse power supply, computer, electrolyte circula-
tion and filtration unit, machining chamber, wire guide and feed system, and online
digital camera. Themachine and its component are given in Fig. 18.1a. The computer
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Fig. 18.1 a Micro-electrochemical machine, TTECM-10, b a schematic illustration of micro-
WECM

is fitted with Hyper 2GUI software which controls the stepper motors that subse-
quently control the three linear travel directions in X-, Y-, and Z-axes and the least
count is 0.1 µm/step for each linear stage. Micro-tool fabrication by micro-WECM
technique follows the principle of reverse micro-ECM where the polarity between
the workpiece and the tool is reversed, i.e., the tool is made anode against a cathodic
wire with the electrolyte in between them and a pulsed power is supplied to increase
the localization of dissolution. A schematic illustration of micro-WECM is given in
Fig. 18.1b. Duringmicro-tool fabrication by citric acid, theWC–Co cylindrical rod is
given three types of motion, rotation about its own axis, reciprocating motion along
z-axis and motion towards the wire cathode, i.e., depth of cut. The reciprocating
motion is started at the base of WC–Co alloy rod and is moved upwards. After it
completed one cycle of movement, i.e., one upward movement and then a downward
movement it is given a depth of cut towards the wire cathode electrode. The process
is repeated until the desired diameter is achieved and is monitored online by a digital
camera attached to the system. The tool fabrication process is done under electrolyte
flushing condition.

During micro-tool fabrication in micro-WECM, there are three input process
parameters namely applied voltage, electrolyte concentration and reciprocating speed
that can affect the MRR. Thus, to study the effect of these process parameter on
MRR a design of experiment through response surface methodology (RSM) has
been utilized. In the present investigation Box–Behnken design of experiments for
three factors of variables was followed. The ranges of three independent factors were
decided by doing numerous trial experiments and the coded form of the parameter
with their respective levels are given in Table 18.3. The other parameters like pulse
frequency, tool rpm, electrolyte flushing flow rate and depth of cut were kept constant
whose values are given in Table 18.4. Also, the wire feed was not given as there is
a negligible amount of tool wear during micro-ECM. The experimental design and
ANOVA analysis of response were carried out by using Design Expert software. A
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Table 18.3 Input process parameters and their levels

Process parameters Units Factors in coded form Levels

−1 0 1

Electrolyte concentration Molar A 0.25 0.30 0.35

Applied voltage Volt B 7 11 15

Reciprocating speed µm/s C 2 6 10

Table 18.4 Machining
condition

Parameter Values

Anode electrode WC–Co rod of 510 µm diameter

Cathode electrode Brass wire (� 0.2 mm)

Electrolyte C6H8O7 (0.25, 0.30, 0.35 M)

Applied voltage 7, 11, 15 V

Pulse frequency 500 kHz

Tool RPM 500

Reciprocating speed 2, 6, 10 µm/s

total of 15 experiments were carried out by taking three levels of process parameters
and are given in Table 18.5. The obtainedmicro-tool diameter is kept at 200± 50µm
for all the experiment. After conducting all the experiments as per design table, the
responseswere taken up for further analysis. Thematerial removal ratewasmeasured
using the formula given below

MRR = (Winitial −Wfinal) ÷ t

where Winitial and Wfinal are the initial and final weights of the job in grams and t is
the total machining time in minutes.

Table 18.5 Design of experiment and response

Run sequence Input process parameters Response
parameter

Electrolyte
concentration
(M)

Applied voltage
(V)

Reciprocating
speed (µm/s)

MRR (g/min)

1 0.25 7 6 3.94E-05

2 0.25 11 2 0.000049

3 0.3 15 10 8.38E-05

4 0.3 7 2 0.000014

5 0.3 11 6 5.92E-05

(continued)
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Table 18.5 (continued)

Run sequence Input process parameters Response
parameter

Electrolyte
concentration
(M)

Applied voltage
(V)

Reciprocating
speed (µm/s)

MRR (g/min)

6 0.35 11 10 0.000028

7 0.3 7 10 0.000025

8 0.3 15 2 0.000101

9 0.3 11 6 0.000079

10 0.3 11 6 5.81E-05

11 0.25 15 6 0.000166

12 0.35 7 6 0.000052

13 0.35 15 6 9.77E-05

14 0.25 11 10 4.21E-05

15 0.35 11 2 0.000026

18.4 Results and Discussion

18.4.1 Cyclic Voltammetry

Figure 18.2 shows the polarization curves obtained from cyclic voltammetry of
WC–Co in citric acids with concentrations of 0.25, 0.30, and 0.35 M. The open-
circuit potentials (OCPs) obtained are −0.267 V, −0.244 V, and −0.231 V, respec-
tively. It can be noted that the OCP defines the voltage measured when there is no
current applied in the cell and it reflects the thermodynamic tendency of the electrode

Fig. 18.2 Semi-logarithmic
plot of the cyclic
voltammetry of WC–Co in
citric acid
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material to participate in the electrochemical process with the neighboring medium
or the electrolyte. So the metal having lower OCP will chemically react faster in the
electrolyte than the metal having higher OCP. In this case, at 0.25 M C6H8O7 the
OCP obtained is the lowest and with an increase in concentration, the OCP increases.
In all the concentrations passivation occurs at around 0.2 V (vs. SCE) as oxide layers
formed on the surface of WC–Co electrode. However, with the increase in poten-
tial beyond 0.5 V (vs. SCE) current density increases in all the cases but in case of
0.25 M concentration, it increases sharply. However, the current density decreases
with increase in concentration from 0.25 to 0.35 M. This may be due to the fact that
in case of weak acid like citric acid the mobility of ions decreases in higher concen-
tration. Also, the thickness of oxide layer increases with higher concentration which
decreases the electrochemical reaction subsequently reducing the current density.

18.4.2 Effect of Process Parameters on Material Removal
Rate (MRR)

Table 18.6 represents the ANOVA of MRR. The model F-value of 28.99 implies
the model is significant. Values of “Prob > F”, i.e., P-values less than 0.05 indicate
model terms are significant. In this case electrolyte concentration (A), applied voltage
(B), the interaction effect of electrolyte concentration and applied voltage (AB), the
quadratic effect of applied voltage (B2) and quadratic effect of reciprocating speed
(C2) are significant model terms. The “Pred R-Squared” of 0.8745 is in reasonable
agreement with the “Adj R-Squared” of 0.9473. “Adeq Precision” measures the
signal-to-noise ratio. A ratio greater than 4 is desirable. The ratio of 20.317 indicates
an adequate signal. Thus, this model can be used to navigate the design space. The
final equation in terms of coded factors:

MRR = 6.54333E − 05− 0.0000116× A+ 3.97625E − 05

× B− 0.000020225× A× B+ 2.15083E − 05

× B2 − 3.09917E − 05× C2

Figure 18.3 shows the contour plots for various combination of process param-
eters. The numbers inside the contour plot are represented by MRR values. The
parameter not considered in different plots are kept at their respective mid-value.
From Fig. 18.3a, it can be deduced that with the increase in applied voltage the
MRR increases. As higher applied voltage generates greater machining current at
the inter-electrode gap thus enhancing the MRR. This outcome is in line with the
fundamental principle of material removal rate in micro-ECM and thus validate the
model developed here for MRR. However, the same figure shows that at a lower
voltage the concentration is not a significant parameter but at a higher voltage, the
MRR decreases with increase in electrolyte concentration. This result confirms the
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Fig. 18.3 a Effect of applied voltage and concentration on MRR, b effect of reciprocating speed
and electrolyte concentration on MRR, c effect of reciprocating speed and applied voltage on MRR

findings in CV analysis where the current density decreases with the increase in con-
centration. As in higher concentration, the passivation is more creating the tungsten
or cobalt oxide on the anode surface hindering the chemical reaction to progress thus
reducing the MRR. Also, the electrolyte concentration is directly related to the ion
activity during the ECMprocess. At higher concentration, the solution becomes thick
and thus limiting the ion activity due to ionic interference and less permittivity [9]. As
applied voltage and concentration are the most two significant independent param-
eters their interaction is also found to be significant as shown in Fig. 18.3a and the
highest MRR is found at 15 V applied voltage and 0.25 M electrolyte concentration.

Figure 18.3b shows the contour plot for reciprocating speed and electrolyte con-
centration. As ANOVA analysis showed a negative quadratic effect of reciprocating
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speed on MRR it can be validated from Fig. 18.3b that with the increase in recip-
rocating speed the MRR increases up to a certain point and then decreases for all
the electrolyte concentrations. During reciprocating motion, the ions produced at the
interface of anodic WC–Co rod and the electrolyte move at the same velocity as the
rod due to kinematic viscosity of the electrolyte. Thus higher reciprocating speed
leads to the higher kinetic energy of the ions in the diffusion layer increasing the
diffusion of dissolved ions from the anode surface [10]. As a result, the thickness of
diffusion layer decreases, and the MRR increases. But with further increase in recip-
rocating speed, the interaction time between anodicWC–Co rod and thewire cathode
decreases resulting in lower MRR. Figure 18.3c shows the contour plot for the recip-
rocating speed and applied voltage. From the ANOVA analysis, it was already found
that their interaction does not have any significant effect on the MRR. However,
at a higher voltage and intermediate reciprocating speed, the MRR is higher. SEM
images of micro-tools obtained after fabrication and their surface microstructure for
some experiments is given in Fig. 18.4. From Fig. 18.4d, it can be observed that for
higher concentration the surface quality is greater as the material removal rate is low.

Fig. 18.4 SEM images of micro-tool after machining obtained for a expt. no 1, b expt. no 3, c expt.
no 5, d expt. no 15
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18.4.3 Optimization of Process Parameters

The response surface optimization by desirability function is an ideal technique for
obtaining the optimal process parameters of the micro-WECM process. Here the
goal is to maximize the material removal rate (MRR). This method converts each
process parameter to a dimensionless quantity called desirability that varies from
zero to one, i.e., zero implies the least desirable and one being the most desirable.
Here, with the help of Design Expert software constraints have been put on input
process parameters and the desired goal was set for the response parameter which
is given in Table 18.7. The optimal parameters for maximum MRR are found to
be electrolyte concentration 0.25 M, applied voltage 15 V and reciprocating speed
5.31 µm/s with the highest desirability of 0.969. The confirmation experiment has
been conducted to fabricate a WC–Co alloy micro-tool of diameter 111.2 µm with
the optimized parameter in a citric acid electrolyte (Fig. 18.5).

18.5 Conclusions

In order to promote green manufacturing, this paper proposes the citric acid as an
environment-friendly electrolyte forWC–Comicro-tool fabrication inmicro-WECM
process. The CV results indicated the passivation ofWC–Co alloy in citric acid solu-
tions. The resulting current density is higher at 0.25M concentration and it decreases
with the increase in concentration towards 0.35 M. During fabrication of micro-tool
in micro-WECM, the significant parameters that affect the MRR are applied voltage,
electrolyte concentration, and reciprocating feed. The applied voltage has a linear
relationship with the MRR as it provides the machining current at the inter-electrode
gap during machining. At higher voltage, the MRR decreases with the increase in
concentration which is in agreement with the findings of CV analysis. Reciprocating
speed exerts a negative quadratic effect on the MRR and thus with the increase in
reciprocating speed MRR increases up to a certain value and then decreases with
further increase in speed. The optimal solution of input process parameters is found
to be electrolyte concentration 0.25 M, applied voltage 15 V and reciprocating speed
of 5.31 µm/s. By utilizing the optimal solution, a confirmation experiment was con-
ducted by fabricating a micro-tool of 111.2 µm diameter through the micro-WECM
process in the citric acid electrolyte.
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Fig. 18.5 Fabricated WC–Co alloy micro-tool with the optimized parameter
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Chapter 19
Effect of Powder Mix and Ultrasonic
Assistance on Pulse Train-Based Specific
Energy in EDM of D3 Steel

R. Rajeswari and M. S. Shunmugam

Abstract In this work on electrical discharge machining (EDM), pulse character-
istics and pulse types are assessed from the pulse trains using a novel thresholding
approach. For the first time, discharge energy is derived from the pulses, instead of
using the setting voltage, setting current and duty cycle. Specific energy is computed
as the discharge energy required for removing unit volume of work material. The
experiments are carried out on D3 die steel and the specific energies are determined
for conventional, powder-added and ultrasonic-assisted EDM. The maximum spe-
cific energy increases from 406.6 J/mm3 in conventional EDM to 463.1 J/mm3 with
powder mix, while it reaches 486.8 J/mm3 with ultrasonic assistance. However, only
the powder mix increases the maximum material removal rate (MRR) from 0.384 to
0.464mm3/s. The ultrasonic-assisted EDMresults in amarginally reducedmaximum
MRR of 0.369 mm3/s, even though the specific energy is the highest.

Keywords Electrical discharge machining · Powder addition · Ultrasonic
assistance · Specific energy ·Material removal rate

19.1 Introduction

Electrical discharge machining (EDM) is one of the non-traditional machining pro-
cesses used extensively in aerospace, automobile andmedical devicesmanufacturing
industry for machining of complex three-dimensional (3D) shapes and difficult-to-
machine conductive materials. The discharges that occur between tool and work
immersed in a dielectric medium lead to local melting and evaporation of materi-
als from the surface. The process being highly complicated, its understanding has
remained as a challenge for academic researchers as well as industrial practitioners.
A comprehensive review of the state-of-the-art and future prospects of EDM process
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has been presented and discussed in the literature [1]. Attempts have also been made
to explain the process and the gap phenomena to certain extent [2]. Certain variants
of the EDM process such as powder-added EDM, ultrasonic-assisted EDM, dry or
near dry EDM and water-assisted EDM have been investigated [3]. Different models
have been developed to predict the EDMperformances. Regressionmodels have also
been developed to predict the MRR, surface finish and electrode wear in EDM for
hard to rough machine alloys [4].

Generally, EDM is carried out in two different machine settings as the indus-
trial practitioners prefer to perform rough and finish machining under different con-
ditions. The process is performed under powder-mixed condition to enhance the
material removal rate in rough machining [5]. The improvement in surface finish in
powder-mixed EDM is also a focus search in finishing operation. In both cases, the
powder additives change the discharge phenomena in the gap. Also researchers have
established parameter settings like voltage, current, pulse on time, pulse off time,
and so on, for different powder materials and work materials such as EN 31, H11
and HCHCr in the powder-mixed EDM [6].

Literature also reveals that ultrasonic vibration, current and pulse on time enhance
the process output likeMRR by increasing normal discharges in roughing region and
improving surface finish by decreasing crack density in the finishing region [7].
Attempt has also been made to synchronize ultrasonic vibrations of tool with EDM
discharges, and strong influence of hydrostatic pressure in the gap on the process is
established [8].

Adaptive control techniques have been applied to EDMprocess and it is concluded
that the adaptive control systems are faster, improveMRR and surface finish, as well
as reduce tool wear rate [9]. Researchers have also explained how the inactive pulses,
like short-circuit and open-circuit pulses, affect the erosive action in EDM [10]. A
software program is used to analyse pulse train for grouping of different pulses to
correlate with MRR [11]. Also pulse train study reveals that voltage and current
signals obtained out of pulse relaxation generator are different from ideal shapes and
there is an appreciable deposition of tool material on the surface of the workpiece
material [12].

Also, empirical approach is followed to predict the energy efficiency in EDM as it
is of stochastic in nature. The empiricalmodel is validated by conducting experiments
and it can predict the EDM process with 90% accuracy [13]. Analytical model for
energy density of specific material has also been developed to predict the MRR,
electrodewear and surface roughness. The conclusion is thatMRR, surface roughness
and electrode wear are high with positive polarity for Inconel 600 [14]. Hybrid
machining process like electro-discharge diamond grinding is analysed for relating
specific energy, and MRR as specific energy is an important parameter in deciding
MRR in any metal removal process. The conclusion is that it requires less specific
energy compared to EDM with a rotating disk electrode [15].

It is seen from the literature that several variants of EDM have been studied to
relate the machining parameters with the output responses, but the changes in the
gap phenomena have not been given adequate attention. In the present work, the
pulse trains that reflect the gap phenomena are analysed using a novel thresholding
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approach. To the best of authors’ knowledge, the effect of powder addition and
ultrasonic assistance on the specific energy has not been reported in the literature.
EDM conditions selected for rough machining of hardened D3 die steel in a previous
work are used [16]. In this regime, investigations are carried out to find the effect
of powder mix and ultrasonic assistance on MRR. The discharge energy is derived
from pulse characteristics and it forms a basis to correlate the changes inMRR. The
specific energy computed from pulse trains is found to be more useful in getting an
insight into the EDM processes with and without powder addition and ultrasonic
assistance. The relevant results are presented and discussed in the paper.

19.2 Experimental Details

Theworkpiecematerial is D3 die steel which is extensively used for moulds and dies.
The chemical composition of D3 die steel is given in Table 19.1. The work material
is cut into samples having dimensions of 20 mm × 20 mm × 20 mm in annealed
condition. The samples are then heated in steps of 100 °C to reach a temperature
of 1000 °C after 10 h. A salt water bath is used to quench the samples for 14 h
duration. The final hardness of samples achieved is approximately 55–58 HRC. A
surface grinder is used to fine grind all the six faces of the samples. The experiments
are conducted using Electronica ZNC machine with DC pulse generator shown in
Fig. 19.1.

Major specifications of the machine are given in Table 19.2. A cylindrical copper
tool with diameter 10 mm is selected as electrode. EDM oil is used as the dielectric
fluid. A digital storage oscilloscope (DSO) of model DSOX2002A from Agilent,
USA with two channels and 1GSPS speed is used to capture the voltage and current
pulses. While a voltage probe available with the DSO is used for acquiring voltage
signal, a current probe based on Hall effect technology, model E3N from Chauvin
Arnoux, France, is used for capturing current pulses.

Powder-mixed EDM (PMEDM) experiments are carried out in a separate con-
tainer of dimension 400 mm × 200 mm × 200 mm made of mild steel sheet kept
inside the main container of the EDM machine. Main pump is disconnected to pre-
vent the main dielectric tank getting contaminated. Instead, a separate pipe line fitted
with a pump of 0.75 hp and a regulator is used to circulate the dielectric at a flow
rate of 8 l/min. The accessories like a pressure gauge, a T-connector and a valve are

Table 19.1 Chemical composition of D3 steel

Chemical Analysis: CML/OES/SOP/04

C Si Mn P S Ni

2.058 0.387 0.534 0.028 0.023 0.105

Cr Mo Al W V Fe

11.330 0.061 0.006 0.096 0.057 85.315
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Fig. 19.1 Experimental
setup

Table 19.2 Specification of
EDM machine: Electronica,
E5030

Parameters Range Details

Voltage, Vs
(Rotary switch)

0–200 V
(continuously
varied)

Dial graduated in
5 V

Current, Cs
(Setting no.: 1–40)

1–40 A (1 A step) Dial graduated in
1 A

Pulse on time, Ton Setting no.: 1–99 2–1050 µs

Pulse off time,
Toff

Setting no.: 1–9 Setting no. 5:
14.5–282 µs

provided in the pipe line. The connecting pipes/hoses are so designed that a nozzle
of diameter 5 mm supplies dielectric into the inter-electrode gap with a pressure of
0.7 kgf/cm2. The conductive powder graphite of size 25µm is added to the dielectric
at a concentration of 2 g/l.

For carrying out ultrasonic-assisted EDM (UAEDM) experiments, an ultrasonic
agitator tub made of stainless steel having dimensions of 300 mm × 150 mm ×
100mm supplied by LABLINE, India is used. The other specifications of the agitator
tub like capacity, power, frequency and amplitude are 3.5 l, 120W, 30 kHz and 12µm,
respectively. The agitator tub is kept on the bed of the main container of the EDM
machine. The experiments are carried out inside the tub, in which the workpiece
is subjected to ultrasonic vibration along the horizontal direction. The main pump
available with the EDMmachine is used to supply the dielectric with a pressure of 0.7
kgf/cm2 into the inter-electrode gap. The drain valve in the tub allows the dielectric
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to flow into the main container of the EDMmachine from where it reaches the main
tank of the machine.

Three levels of three process parameters, namely voltage Vs, current Cs and
pulse on time Ton, are selected for the EDM experiments. The tool is connected
to positive terminal and the workpiece to negative terminal. Table 19.3 lists the
parameter settings for all the 27 experiments. Each experiment is conducted for
5 min. In all the experiments the weight of the sample before and after machining is
measured using a weighing balance having a resolution of 0.001 g. The change in
weight over 5 min is used to calculate material removal rate (MRR). TheMRR values
in mm3/s are also listed in the same table.

19.3 Pulse Train Analyses

The pulse trains obtained in three different EDMprocesses reveal the gap phenomena
that are quite distinct from each other. Therefore, it becomes necessary to identify
pulse shapes and their characteristics [16]. Important pulse characteristics are break-
down voltage Vb, ignition delay time ti, discharge voltage Vd , discharge current Cd

and discharge duration (td’ from voltage signal, td” from current signal), as shown in
Fig. 19.2. The signals show two distinct phases for the sparks to occur. The build-up
phase shows the voltage increase. After certain delay, referred to as ignition delay,
breakdown of dielectric occurs and discharge phase starts. Depending on the ignition
delay, the spark can be an effective one or weak one. In the absence of the build-
up phase, arc with continuous discharge happen at the electrode gap. Short- and
open-circuit pulses are ineffective pulses not contributing to the material removal.

19.3.1 Pulse Characteristics

In order to arrive at the pulse characteristics, a novel approach of thresholding is used.
Rise and fall of the signals happen inmillisecond in real time.However, these portions
of the signals are shown slightly exaggerated in Fig. 19.2 to explain the thresholding
approach. To analyse the voltage signal, two threshold voltages, namely one high
value and another low value, designated as VTH and low VTL, are used. For the build-
up phase, the average maximum breakdown voltage is around 150 V. Therefore
threshold VTH for build-up phase is taken as 75 V. For the discharge phase, the
average discharge voltage is found to be around 22 V. In this case, a lower threshold
voltage VTL is taken as 11 V. Time interval between two positions with the threshold
75 V in the build-up phase determines the ignition delay time, ti. The peak reached
between them gives the maximum breakdown voltage. Using the threshold value of
11 V, pulse duration Tp is determined. The difference between pulse duration Tp

and ignition delay time ti determines the discharge duration td’. In order to remove
the effect of transition phenomena, sufficient margin is allowed at either end of the
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Fig. 19.2 Determination of pulses characteristics and types

discharge duration and a horizontal line is fitted to arrive at discharge voltage Vd .
To analyse the current signal, a threshold current CT is taken as 2 A as it suits all
combinations of process parameters. Time interval between two crossing points on
the current signal provides the value of discharge duration td”. As described earlier,
discharge current Cd is determined leaving sufficient margin at both ends of the
current signal. Since there are two discharge durations, one derived from voltage
signal and other one from current signal, the discharge duration td is determined by
taking mean value. Based on the thresholding approach described in this section,
a program is developed using MATLAB version R2010a software to automatically
scan the signals and identify the pulse characteristics.

19.3.2 Pulse Types

The pulse type is identified from the ideal shapes shown in dashed lines in Fig. 19.2,
passing through the salient points identified by the thresholding approach.

Effective Spark (ES) Pulse: This is a typical pulse in EDM in which sparking is
more efficient. In this case, the ignition delay is very short and the discharge happens
over longer duration of the pulse. If the ignition delay time (ti) is between 0.01 and
0.5 time of pulse duration (Tp), the spark is considered as effective. The condition is
given as 0.01Tp > ti < 0.5Tp. The spark forms a plasma channel, melts and evaporates
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the work material which gets removed by the flow of dielectric medium as debris.
These types of pulses are the best in removing material and generating surface with
better integrity.

Weak Spark (WS) Pulse: If the ignition delay time (ti) is >0.5 times of pulse
duration (Tp), that is ti > 0.5Tp, the spark is considered as weak. It is a case, in
which a spark exists, but the ignition delay occupies more of the pulse duration and
the resultant shorter discharge duration does not contribute to significant material
removal.

Arc (A) Pulse: It is a case where the ignition delay time (ti) is zero or negligible
in comparison with pulse duration (Tp). The build-up phase is practically absent
for this condition, ti< 0.01Tp. However, the continuous discharge leads to arcing
phenomenon. Though material removal takes place, the intense arcing can lead to
more local heating, thereby affecting the surface integrity adversely.

Short (S) Circuit Pulse: It is also undesirable in EDM as it occurs when the
asperities on electrode surfaces touch each other. In this case the current rises to
a very high value with the voltage reaching a very low value. The conditions for
shorting are given as Vd < 0.1Vs and Cd > Cs. These pulses are not preferred at
all, as they severely damage the surface of the workpiece and stop the machining
process.

Open (O) Circuit Pulse: It is a reverse of short-circuit phenomenon. In this case,
the voltage rises to a very high value with the current at its lowest value. Vd > Vs

and Cd < 0.1Cs show the conditions favouring open-circuit pulse. These pulses, like
short-circuit pulses, do not contribute to material removal.

MATLAB program developed in this work also identifies the pulse type based on
the conditions incorporated in the program.

19.3.3 Specific Energy

The specific energy in machining refers to energy expended for removal of unit
volume of material. Since effective spark, weak spark and arc pulses contribute to
material removal, only the energy associatedwith these pulses are taken into account.
Based on the phenomenological reasoning, the authors propose a new parameter,
namely energy, expended over a second (E) as in Eq. 19.1

E = Vd(avg)Cd(avg)td(avg)fp

(
NES + NWS + NA

NES + NWS + NA + NS + NO

)
(19.1)

where Vd(avg), Cd(avg) and td(avg) are the average discharge voltage, average discharge
current and average discharge duration, respectively, for a pulse train and fp is the
pulse frequency. Number of effective spark, weak spark, arc, short and open-circuit
pulses is denoted as NES , NWS , NA, NS and NO, respectively, in the pulse train. The
values of E are included in Table 19.3 for all the experiments.
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Fig. 19.3 Variation in specific energy for three different EDM processes

The specific energy is computed using the following Eq. 19.2.

SE = E/MRR (19.2)

whereMRR is expressed inmm3/s. The specific energy values are plotted in Fig. 19.3.

19.4 Results and Discussion

The discharge energy associated with a pulse train depends on the type of pulses, and
therefore average discharge voltage (Vd(avg)), average discharge current (Cd(avg)) and
average discharge duration (td(avg)) are computed considering only effective spark,
weak spark and arc pulses in a given pulse train. The discharge energy is computed
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from Vd(avg)Cd(avg)td(avg). The energy expended over a second is obtained by multi-
plying discharge energy by pulse frequency fp and ratio of sum of ES, WS and A
pulses to total number of pulses. From the results in Table 19.3, it is evident that
the energy derived from pulse characteristics plays an important role in deciding the
MRR rather than the energy calculated with setting parameters, Vs, Cs, f p and duty
factor given by ton/(ton+ toff ).

In the Table 19.3, for the conventional EDM the maximumMRR of 0.389 mm3/s
is obtained for the combination of 40 V, 8 A and 370 µs (exp. no. 9) compared to
the combination of 40 V, 8 A and 270 µs (exp. no. 8) giving a marginally reduced
MRR of 0.384 mm3/s. The reason is that the discharge energy is higher (158.1 J
over a second) in the case of exp. no. 9, due to longer discharge duration. This
allows the spark to form relatively larger craters resulting in slightly higher MRR.
The pulse characteristics are better for exp. no. 8 with increase of number of sparks
compared to exp. no. 9 and discharge energy is slightly lower (113.7 J over a second).
The experiment no. 8 also gives the least specific energy of 295.9 J/mm3. An arrow
marks this condition in Fig. 19.3a which shows variation in specific energy (SE) with
setting voltage Vs, setting current Cs and pulse frequency f p. The specific energy, in
general, is higher with increase of setting voltages.

It is interesting to note that discharge energy is themaximum (215 J over a second)
for exp. no. 8 of PMEDMand hence it leads to higherMRR of 0.464mm3/s. However,
the specific energy reaches the least value of 463.1 J/mm3. In the case of exp. no.
9, the discharge energy reduces marginally and theMRR decreases to 0.418 mm3/s.
In Fig. 19.3b, the least specific energy is marked by an arrow. In general, specific
energies for all other conditions are higher. The PMEDM results in higher MRR
compared to conventional EDM, as the discharge energies are higher with PMEDM
than that in conventional EDM.This is because, the powder particles act as nucleation
sites for plasma formation and hence increase the energy associatedwith the electrons
hitting the surface of the workpiece, thereby increasing the MRR [5].

Figure 19.3c shows a plot of specific energy in UAEDM for different setting
voltage, current and pulse frequency. From Table 19.3 and Fig. 19.3c, it is clear
that in the case of ultrasonic-assisted EDM, exp. no. 8 shows a maximum MRR of
0.369mm3/s with a corresponding specific energy of 486.8 J/mm3. However, the next
specific energy of 388.7 J/mm3 corresponds to exp. no. 9 with a correspondingMRR
of 0.368 mm3/min. Frequency of vibration together with pulse frequency seems to
have certain effect on theMRR. The minimum specific energy condition is shown by
an arrow for a combination of 40 V, 8 A and 370µs. Compared to conventional EDM
and PMEDM, UAEDM produces lesserMRR. The ultrasonic vibration is known for
its cleaning effect and, for this reason, it helps in flushing the debris particles and
reduces the MRR to certain extent.
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19.5 Conclusions

The following conclusions can be drawn for the specific tool-work material combi-
nation and the given working conditions:

Conventional EDM, PMEDM and UAEDM processes are performed on the same
machine for the same setting parameters and hence the results provide a better com-
parison of these processes.

The specific energy is computed as energy expended per unit volume of material
removed. In the present work, the discharge energy is uniquely derived from the
characteristics of the pulse trains. Comparison of MRR obtained in all the three
EDM shows that both discharge energy and specific energy play important role.

The conventional EDM results in low discharge energy of 113.7 J for voltage of
40 V, current of 8 A and pulse on time of 270 µs. For these conditions, the MRR
remains at 0.384 mm3/s with a specific energy of 295.9 J/mm3.

A maximum MRR of 0.464 mm3/s with corresponding specific energy of
463.1 J/mm3 is obtained in the case of PMEDM. The discharge energy in this case
is 215 J which is responsible for higher MRR compared to conventional EDM and
UAEDM. The powder particles are responsible for higher current to flow between
the electrodes and hence increase the discharge energy in the gap. This results in
deeper craters on the surface of the workpiece to enhance MRR.

The ultrasonic-assisted EDM results in discharge energy of 179.8 J, which is a
lesser value compared to powder-mixed EDM. This is because the process is more
efficient in flushing the debris particles which results in reducedMRR even compared
to the conventional EDM.
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Chapter 20
Performance Evaluation
of Si–Cu-Hybrid Dust as a Powder
Additive of EDM Dielectrics to Machine
Ti6Al4V with Copper Electrode

Shirsendu Das , Swarup Paul , Biswanath Doloi
and Kumar Rahul Dey

Abstract The wide utility of the EDM in industrial and biomedical sectors has
drawn the attention of the researchers in the last few decades. In the meantime,
intensive works have been performed to improve the machining performance of the
EDM. Addition of powder additives in dielectric medium is one of those approaches
which moderate the strength of the plasma channel by increasing the concentration
of the ions. Powder dusts of copper, titanium, aluminum, tungsten, silicon/silica and
carbon nanoparticles are some of the additives which have significant contributions
on EDM process parameters. In this work the Si–Cu hybrid powder dust is added
with kerosene oil and the comparative analysis is done based on the performance
evaluations in terms of material removal rate (MRR) and surface roughness (SR).
Silicon and copper are used individually earlier with other powder dust, but here
both are added together with dielectric medium to evaluate their combined effects
on surface characterizations. Because of the highly conductive nature of the copper,
it increases the mobility of the ions and charge particles inside the ionization gap.
On the other side, silicon is partially conductor and partially insulator in nature. So
because of its semi-conductive properties, it can restrict the spark span and domain
which possesses controlled machining. Therefore, the combined influence of these
two powder additives gives some excellent features which are highlighted in this
article.
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20.1 Introduction

Addition of powder dust in dielectric fluid develops a mass exchange mechanism
because of which some new surface allotropies are found, in terms of micro-hardness
and micro-particle deposition. Tahsin et al. observed that EDM process parameters
like current, pulse ON and OFF time along with additive concentration (g/l) influ-
ence the exchanging process significantly. The domain of the propagation of the
influence depends on the distance of the particular location from the plasma column.
It is observed that the dielectric strength continuously moderates with the differences
in powder concentration, which implies new surface properties when the Ti6Al4V
is machined with silicon carbide (SiC) powder dust [1]. SEM and EDS analysis
conveys some evidence in favor of the migration of additive particles during machin-
ing. Bhattacharya et al. conducted experiments with both kerosene and EDM oil
using Si–W–C hybrid dust and observed that powder-mixed dielectrics exhibit good
surface integrity because of rapid transfer of heat from the machined zone. During
the ANOVA analysis, powder concentration, pulse ON time and current are found as
most important factors that influence surface properties andmicro-hardness, whereas
the tool and workpiece materials are found insignificant [2]. Regarding the issue of
tool wear it initially increases with process parameters and powder concentration
but subsequently decreases after a certain limit. Chaudhury et al. observed that at
7 A current and 100 µs pulse OFF time the machining optimum is optimum when
the powder concentration is 10 g/l [3]. Microscopic defects like fractures and cracks
which are extensively associated with discharge machining can be mitigated by
enhancing the wettability of the surface. In this context, the addition of titanium dust
with deionized water can exhibit impressive machining responses by synchronizing
the thickness of the recast layer formation. Experimentally, it has been observed that
addition of titanium at the rate of 3–6 g/l significantly improves the wettability of the
surface by varying the recast layer thickness which imparts the chances of occurring
micro-fractures [4]. Duty cycle and spark time are the two vital issues which should
be considered during machining with powder additives because larger spark time
influences the stability of the arc and rises the chances of occurring short circuit.
For stable machining responses, certain optimum level of pulse ON time should be
set; otherwise it reduces the MRR due to the increase in duty cycle. It is observed
that nozzle flushing does not have remarkable influence in MRR while the experi-
ments are carried out with silicon powder additive because of the removal of powder
particles from the plasma channel due to high flushing thrust. Optimum machining
responses are achieved with silicon-aided dielectrics at 10 A pulse current, 100 µs
pulse ON time and 15µs pulse OFF time when the powder concentration is 4 g/l [5].
EDM operation with tungsten additives causes the infiltration of micro-particles of
tungsten in the presence of hydrocarbon dielectrics which exhibit different allotropic
phases of iron–carbon equilibrium system. Evacuation of these particles improves
the micro-hardness of the machined zone to more than 10% because of the presence
of tungsten particle in dissolved/undissolved (carbide) form on die-steel workpiece
[6].
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Copper is highly conductive in nature, so involvement of copper can enhance
the ion movement through the channel by reducing the breakdown strength of the
medium, which may exhibit better material transfer than conventional dielectrics.
But addition of copper (particle size 70 nm) causes excessive surface indentation,
especially at high pulse current, which is not desirable. Experimentally, it is found
that addition of silicon dust (particle size 80 nm) can prolong the remedial treatment
against the surface indentations while machining is performed with copper dust as a
powder additive. Therefore, this paper tried to highlight an extensive experimental
overview of machining responses under different sets of input variables and pow-
der concentrations using silicon–copper hybrid dust as powder additive of EDM
dielectrics, which is rarely used earlier.

20.2 Literature Review and Motivation of the Work

Involvement of powder additives in dielectric medium generally causes two impacts
in case of EDM operation. It accelerates or retards the machining rate according to
the requirement of operators, and besides this, it migrates new material characteris-
tics with better micro-hardness by moderating the recast layer thickness. Inclusion
of different additives renders the evacuation of different new structural allotropy
depending on the nature of the additives, concentration of the additives and range
of the input variables. Addition of powders in dielectrics improves the conductiv-
ity and breakdown strength of the medium which have a significant contribution in
machining responses. Different powder-aided EDM approaches have been discussed
in detail in Table 20.1.

Utilization of graphite causes an appreciable reduction in surface indentations,
microscopic defects and recast layer formation. Beside this, it encourages the hard-
enability of the surface by forming carbide layers on the machined surface. It is
observed that the controlled machining can be achieved up to 6 g/l dust concentra-
tions but when the concentration is 8 g/l or beyond this, surface roughness increases
significantly due to unstable arcing and inadequate flushing. Addition of graphite
dust reduces the available discharge energy on the surface and increases the span
of the crater extension which possesses fine surface integrity with minimum surface
indentations. It is found that the thickness of the recast layers decreases with the
rise in powder concentrations. Analysis of the surface characterization of the species
obtained after the electrical discharge machining with graphite additives conveys
the evidences of thin layer formation in the form of carbides of Ni, Cr and Mo,
which improve the micro-hardness and the fatigue strength of the surface [14]. EDM
operation with Cr dust provides a coated layer of Cr on the machined surface, and
maximum migration of Cr powder is obtained when the machining is performed at
low pulse current with high powder concentration. Cr improved the micro-hardness
and corrosive resistance of the surface [15]. On the other hand, the inclusion of pow-
der dust of highly conductive materials like Al, shortened the breakdown capacity
and moderates the spark gap of ionization channel which exhibits excellent surface
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Table 20.1 Impacts of different additives on surface characterizations

Sl. No. Tool Workpiece Additive Observations

1. Electrolytic
copper

Die-steel
(H11)

Silicon
carbide

Surface imperfections, like
formation of craters, recast
layers, globules etc., are
commonly associated with
thermal-assisted machining like
EDM. But the comparative
analysis of images obtained
from SEM conveys evidence
that SiC-added dielectric can
impart better surface properties
than conventional dielectrics
[7]

2. Copper SKH-54 Silicon/graphite Presence of the powder
additives like Si/graphite
reduces the breakdown strength
and distributes the discharge
energy within a wide range. So
they possess fine surface finish
up to 2 A range of pulse current
[8]

3. Copper SiCp/Al
composite

Al Involvement of Al dust in
dielectric fluid can improve the
surface by 31%. It improves the
micro-hardness of the
machined surface by 40–60%
because of the formation of a
thicker recast layer of
un-melted SiC on the top
surface of Al composite [9]

4. Copper pipe Non-
conductive
ceramic

Graphite After the initiation of the first
spark, the conductive layer of
ceramic materials is eroded and
then the additive dust of
graphite provides the required
conductive channels. Out of all
ceramic materials, machining
of Al2O3 faces hurdles like
long machining duration with
low removal rate, whereas
machining of ZrO2 was quite
easier with vertical depth of
15 mm [10]

(continued)
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Table 20.1 (continued)

Sl. No. Tool Workpiece Additive Observations

6. Copper Ti6Al4V CNTs CNTs promote a stable EDM
operation under control sparks
while the machining is
performed with large pulse ON
time. Generally, inclusion of
CNTs reduces the MRR but can
exhibit impressive removal rate
at low pulse current and long
pulse gap. Involvement of
CNTs reduces the TWR and
size of micro-cracks [11, 12]

7. Electrolytic
copper

Steel (H13)
AISI

Silicon Silicon can check the
occurrence of uncontrolled
sparks up to a greater extent.
So, Si mixed dielectrics can
promote better surface integrity
with negligible abnormal
sparking [13]

properties but reduces the efficiency of the machining with considerable amount of
spark losses [16]. From the literature review, it is clear that each powder additive has
a specific utility depending on thematerials which are selected as tool andworkpiece.
So, it is very tough to prescribe any one of them as a suitable additive to machine
Ti6Al4V (material used in this work) with copper tool. Meanwhile, an efficient and
sustainable EDM operation demands the following criteria:

• Material removal rate (MRR) should be impressive and satisfactory so thatmachin-
ing time can be reduced.

• Prior consideration on surface roughness (SR) also needed while encouraging the
removal rate.

• Machining process will be subjected to minimum discharge losses so that maxi-
mum possible spark energy can be utilized.

• Diameter of the crater which forms after the initiation of each spark should be
optimum so that both MRR and SR can come in a compromise limit.

Now, considering the issue of MRR and spark energy, powder dust of highly
conductive materials like copper should get priority. So initially, machining is per-
formed with copper dust of 70 nm as a powder additive of EDM, and the experimen-
tal outcomes, that is, responses, are compared with the outcomes of pure kerosene
dielectrics. Experiments are carried out at 4–16 A range of pulse current with varying
pulse ON and OFF time, and in most of the cases it is found that Cu-added dielectric
encourages the material removal rate but not suitable in the point of view of surface
finishing. The concentration of copper dust has been varied from 1 to 5 g/l and it
is observed that it enhances the removal rate, but beyond 5 g/l surface roughness
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increases successively. On the other hand, if the priority is given to the surface fin-
ishing and crater diameter, powder dust of non-metallic materials like graphite and
silicon is suitable. From the literature review, it is clear that graphite as a powder
additive can give better surface finishing than normal dielectrics, but at a high value
of pulse current, it can cause excessive surface erosion because of its conductive
nature, which will promote the poor surface integrity [14]. Besides this, involvement
of graphite will increase the concentration of carbon monodies during machining
and will promote an unhygienic breathing atmosphere, which cannot be encouraged
in the perception of sustainability. Silicon is a material which has a huge utility in
electronic field because of its excellent semi-conductive natures. Generally, Si is
insulator but when an external potential more than its breakdown voltage is applied,
it polarizes and permits a limited current to pass through it. Moreover, during EDM
operation of H13 steel with copper tool using Si dust as powder additive has shown
some appreciable surface properties with reduced amount of operating time [13]. So,
inspired from this outcome, Cu–Si hybrid dust is used as a powder additive in this
article.

20.3 Experimental Methodology

The experiment is carried out in Sparkonix die-sinking electro-discharge machine,
where a Servomax Servo stabilizer feeds the sparks during the operation. Titani-
um–aluminum alloy (Ti6Al4V), especially called aerospace alloy, has a huge utility
in aerospace industries and in biomedical instrumentations. But because of its exces-
sive hardenability, it possesses slow machining responses with low removal rate
while EDM with conventional kerosene oil is used as dielectric. So, to improve the
machining efficiency and to reduce the machining time, the powder additives are
incorporated with kerosene. The selection process of powder additives is already
discussed in sub-content 20.2. On the other hand, in most of the literature review,
it is observed that cylindrical copper bar of different diameters have been chosen
for tool. Besides this, it is highly conductive and causes less tool erosions. So, in
this experimental study solid copper bar of 10 mm external diameter is used as
the tool. Experiments have been conducted in a separate chamber made with fiber
having the dimensions of 45 cm × 40 cm × 30 cm. A circulating rotor (vertical
axis) is assembled with the fiber chamber to mix both the powder additives with the
kerosene perfectly and homogeneously. An ANOVA analysis of some of the earlier
researchers concluded that flushing process has negligible impacts on responses if
the experiment is carried out with powder dust [5]. Therefore, in this present setup
no flushing arrangement is used. Workpiece of Ti6Al4V is fixed with the help of
fixture inside the fiber chamber and the copper tool (dia. 10 mm) is hold by the main
tool holder of the machine. Experiments are carried out between 4 and 16 A ranges
of the pulse current. The range of the other response parameters along with the pulse
current has been listed in Table 20.2.
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Table 20.2 Ranges of
different input parameters

Parameters Ranges

Pulse current (I) 4, 7, 10, 13, 16

Gap voltage (V) 20, 30, 40, 50, 60

Pulse ON time (µs) 50, 100, 150, 200, 250

Pulse OFF time (µs) 10, 20, 30, 40, 50

20.4 Results and Discussions

20.4.1 Effects of Process Parameters on Material Removal
Rate

Figure 20.1 shows the variation inMRRwith respect to pulse current, taking different
values of pulse ON time when the other variable is constant. From Fig. 20.6a, it is

Fig. 20.1 Variation of MRR with respect to pulse current for both powder-added and normal
dielectrics when the pulse ON time is 50 µs (a); 150 µs (b); and 250 µs (c)
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clear that at 50 µs of pulse ON time MRR varies proportionally with pulse current
for both the dielectrics. Hybrid powder-added dielectrics initially possess less MRR
than kerosene when the pulse current is below 8 A. But beyond 8 A, a significant
increment is observed in MRR with pulse current.

Hybrid dust-added dielectric exhibits maximum 14 mm3/min MRR at 11 A of
pulse current, whereas the kerosene possesses maximum 12 mm3/min MRR at the
samevalue of pulse current, shown inFig. 20.1a. But after 13Aof pulse current,MRR
slightly reduces because of insufficient field strength at lower value of pulse ON time.
Thus, material removal rate is directly proportional to the pulse current and pulse
ON time, so at lower value of pulse time the developed field strength is insufficient to
handle the higher concentration of powder additives and because of which mobility
and activeness of the channel reduces. This is the only reason behind the slight
reduction of MRR with pulse current, which is shown in Fig. 20.1a. EDM operation
with hybrid powder dust in dielectrics does not impart much better responses than
kerosenewhen the pulseON time is 150µs. Figure 20.1b shows the variation patterns
of MRR for both the dielectrics with respect to pulse current when the pulse ON time
is 150 µs. From Fig. 20.1b, it is clear that both the dielectrics are showing almost
closer responses where MRR first increases up to 11 A of pulse current, then again
decreases when the current is beyond this limit. Maximum MRRs are observed for
both the fluids at 11 A current, which is approximately equal to 19mm3/min for each.
But significant variation in MRR is observed when the pulse ON time is 250 µs.
Figure 20.1c shows this variation where the powder-added dielectrics possess much
better MRR than normal kerosene oil when the machining is conducted within 4–16
A range. Basically, the strength of the electro-static field, which develops between the
workpiece and tool duringmachining, increases proportionally with the pulse current
and pulse ON time. So, at low value these two input variables promote the stable
machining performance. This is the reason behind the steady machining responses
at 50 µs of pulse ON time, as shown in Fig. 20.6a. But at 150 µs of pulse ON time,
the field strength is very high and it attains the peak value when the pulse current
is 11 A or more than this. So, a large quantity of powder particles gets attracted by
the field. Because of the presence of high concentration of charge particles around
the field, the spark energy distributed within a wide range hampers the localized
heating, and it is the only reason behind the gradual decrease in MRR beyond the
11 A of pulse current (shown in Fig. 20.1b). But, at 250 µs value of pulse ON
time, the discharge energy is so high that it causes extensive metal erosion from the
workpiece surface with significant surface roughness; that is why, impressive MRR
is obtained at 250 µs pulse ON time (shown in Fig. 20.1c). The concentration of
charge particles is more in case of additive-mixed dielectrics than normal kerosene.
But to attain satisfactory metal erosions, the applied field strength should be capable
enough to arrange as maximum as possible numbers of charge particles along the
field. Otherwise, the machining process will be subjected to less removal rate. At 4 A
current the field strength is less enough to be incapable to arrange high concentration
of powder additives along the field. Besides this, huge concentration of uncontrolled
ions offers a resistive effect on the progressive sparks. So, the initiated sparks have
less erosive heat flux which causes less material removal.
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Fig. 20.2 Variation of MRR with pulse ON time, when the pulse current is 4 A (a); 10 A (b); and
16 A (c)

This is the only reason behind getting less MRR with powder-added dielectrics
than normal kerosene at 4 A value of pulse current, which is shown in Fig. 20.2a.
But, machining responses improved with the increase in pulse current. Figure 20.2b,
c shows the variation in MRR with pulse ON time when the currents are 10 and 16
A, respectively. So, at higher value of pulse current, field strength is capable enough
to sustain the sufficient electrostatic field so that powder particle can get accelerated
along the field, which causes high erosive heat flux and encourages the removal rate.
This is the grounded theory behindgetting betterMRRwith 10 and16Apulse current,
which are shown in Fig. 20.2b, c. Gap voltage has a typical impact on machining
performance. Generally, erosive energy increases with gap voltage initially but after
a certain limit it reduces with further increase in voltage. This type of fluctuation
is common for both kerosene and powder-added kerosene. So, this is the reason
behind the fluctuation and gradual degradation in MRR with respect to gap voltage.
Figure 20.3a represents the variation in MRR with gap voltage. Here, MRR initially
increases slightly during 20–30 kV of gap voltage than gradually decreases up to
11.5 mm3/min (for powder-added dielectrics) and up to 10 mm3/min (for kerosene)
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Fig. 20.3 Variation of MRR with respect to pulse voltage (a) and pulse OFF time (b)

when the pulse voltage is 60 kV. The discharge energy always varies inversely with
the pulse OFF time. So, in general, MRR decreases with the rise in pulse OFF time.
In this experiment it is varied between 10 and 50 µs and the fluctuation in MRR is
observed, as shown in Fig. 20.3b. Moreover, from general analysis it is clear that
hybrid powder-added dielectrics show comparatively better responses in terms of
MRR than normal kerosene except when the machining is performed at lower value
of current (4 A).

The machining has been conducted under restricted flushing condition to avoid
the chances of unwanted washout of powder additives from the machining zone. But
restricted or ‘inadequate flushing’ condition may cause agglomeration of powder
additives on the tool material. Copper is high electronegative in nature, so at high
temperature copper has a tendency of attracting negatively charged ions. But in this
particular case, the copper powder dusts ionize in Cu+2 ions and Si dusts remain
unionized because of their non-reactive and non-conductive nature and the remains
are present in carbide form on the recast layer and the rest react with oxygen to form
silicon oxide.Regarding theCu+2 ions, the chances of copper oxide formation are also
there, but due to mutual repulsive nature, there is very less chance of agglomerations
on the tool because the tool is also made of same materials.

20.4.2 Effects of Process Parameters on Surface Roughness

In this sub-content, the impacts of the variations of different input parameters like
current, pulse ON time, pulse OFF time and gap voltage on surface roughness are
examined for both powder added and normal dielectrics. Because of semi-conductive
behavior of Si, it can restrict the spreading of spark energy and control the conducive-
ness of the ionization channels duringmachining. Involvement of copper as a powder
additive makes the channel highly conductive, which undoubtedly encourages the
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Fig. 20.4 Roughness profile at 12 A current, 150 µs pulse ON time and 20 µs pulse OFF time for
a kerosene, b hybrid powder-added dielectrics

removal rate but causes surface indentations in a large scale and makes the surface
rough. On the other hand, silicon has just opposite types of electro-thermal nature,
so the involvement of these two additives has exhibited excellent surface properties
alongwith less dimensional inaccuracies compared to normal kerosene. Figure 20.4a,
b represent the roughness profiles, whereas Fig. 20.5a–c has shown the variation in
SR with the pulse current when the pulse current and other physical constrains are
constant.

Generally, MRR and SR are proportional. So, MRR has to maximize in such a
way so that it should not promote excessive surface roughness. In this experiment,
3 g/l Si is added with 5 g/l copper dust to restrict the erosion rate so that excessive
surface roughness can be eliminated.As a result of this, appreciable surface properties
have been achieved with copper–silicon hybrid dust which promotes less surface
roughness for every set of pulse ON time, when the variation between SR and current
are examined (Fig. 20.5). Almost similar types of machining responses (SR) are
observed, while its variations are plotted against pulse ON time for different values
of pulse current, keeping other physical constrains and input parameters constant.
Figure 20.5a, b and c shows the variation in SR with respect to pulse ON time when
pulse current is 4, 10 and 16 A, respectively. On the other hand, as MRR reduces
with gap voltage (kV) and pulse OFF time (µs), an appreciable reduction in SR is
also observed with respect to these two parameters when others are constant.

Figure 20.6a, b has shown variation in SR with respect to these two parameters,
that is, gap voltage and pulse OFF time. So, from Figs. 20.6a–c and 20.7a, b, it is
clear in every respect that the hybrid powder-mixed dielectrics cause less surface
roughness than normal kerosene oils as dielectrics.

20.4.3 Analysis of the Micro-structure

Figure 20.8 shows the microscopic views of the developed craters with copper addi-
tives (5 g/l), silicon additives (3 gm/l) and hybrid additives (5 g/l Cu+ 3 g/l Si), when
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Fig. 20.5 Variation of SR with respect to pulse current when the pulse ON time is 50 µs (a); 150
µs (b); and 250 µs (c)

machining was done at 10 A current, 30 kV gap voltage, 200 µs pulse ON time and
at 20µs pulse OFF time. Because of the presence of the copper (5 g/l concentrations)
the plasma channel becomes highly conductive, which mobilized the large quantity
of charge particles toward the workpiece. These large concentrations of ions develop
high amount of heat while they collide with the workpiece surface and transmit huge
discharge energy inside the machined zone which causes excessive removal rate with
large shape of surface irregularities or roughness, as shown in Fig. 20.8a.

But, while only silicon is present as an additive dust in dielectric at a concentration
of 3 g/l, it reduces the conductivity of the channel because of its semi-conductive
nature or poor conductivity. Because of this, the energy which is associated with
each spark suffers resistive effects in the way of progression. This causes a huge
loss of spark energy and reduces the machining efficiency. But, on the other hand,
due to its resistive nature it controls the spreading of spark energy and promotes a
fine surface with precised dimensional accuracy, as shown in Fig. 20.8b. Silicon-
added dielectrics can give better surface properties than normal kerosene dielectric
medium and copper-added dielectrics, but it reduces the efficiency of the machining
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Fig. 20.6 Variation of SR with respect to pulse ON time when the pulse current is 4 A (a); 10 A
(b); and 16 A (c)

Fig. 20.7 Variation of SR with pulse voltage (a) and pulse OFF time (b)
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Fig. 20.8 Micro-structure and crater formations with copper additives (5 g/l) (a), silicon dust (3
g/l) (b) and hybrid dust (5 g/l Cu+ 3 g/l Si) (c) when I= 10 A, V= 30 V, TON = 200 µs and TOFF
= 20 µs

by reducing the MRR and increasing the amount of discharge losses during every
spark. Now, to overcome both of these two hurdles and to establish a compromised
relation, both the dusts, that is, copper with 5 g/l concentrations and silicon with 3
g/l concentrations, are introduced in the dielectric medium. The copper dust present
in the medium takes care of MRR, whereas the silicon particles control the span and
domain of the spark and permit controlled spark energy to pass through the channel,
which take cares of the SR. Therefore, a compromised surface finishing (more than
normal kerosene) is achieved with satisfactory MRR, which is shown in Fig. 20.8c.

20.5 Conclusions

So, the involvement of both the copper and silicon dust with the dielectric medium
incorporates some fine surface characteristics with reasonable MRR when Ti6Al4V
is machined with copper tool. Comparative analysis of the machining performance
using normal kerosene oil as dielectric and powder-added kerosene oil clearly
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signifies that the powder-added dielectrics have far better responses than normal
dielectrics. In addition to this, the article wants to draw the following conclusions:

• Because of excellent lubricating nature, graphite is widely acceptable as a suitable
powder additive of near dry machining. But EDM is a thermal-assisted machining
approach, so the involvement of graphite, with no doubt, not only improves the
surface characterization but also raises the amount of carbonmonoxide evolvement
because of the partial burning of this graphite at high temperature. These gases
are not good for operator’s health. But silicon has very high flash point and it
never partially burns during machining. Moreover, the remains are present on the
recast layer in silicon-carbide form. So, in this context involvement of silicon can
encourage the sustainability of EDM operation with good surface integrities as a
strong substitute of graphite particles.

• Hybrid powder-added dielectric (5 g/l Cu and 3 g/l Si) possesses better removal
rate than normal dielectrics when the machining is performed at 50 and 250 µs
of pulse ON time for 4–16 A range of pulse current when the pulse OFF time and
gap voltage is constant. This type of behavior is obtained during the machining of
Ti6Al4V with copper tool. So, the ranges can be varied for other sets of tool and
workpiece.

• At 4 A value of pulse current, the powder-mixed dielectrics show less removal
rate than kerosene when the pulse ON time is varied between 50 and 250 µs.
But at higher value of pulse current, powder-mixed dielectrics show impressive
responses.

• Powder-mixed dielectrics possess better surface properties than normal dielectrics
for wide range of variations of input parameters. As evidence, microscopic views
of Ti6Al4V alloy are shown in Fig. 20.7, where micro-strictures and crater forma-
tion patterns are captured for 10 A current, 30 V voltage, 200 µs pulse ON time
and 20 µs pulse OFF time. From Fig. 20.8, it is also clear that hybrid dielectrics
(5 g/l Cu and 3 g/l Si) exhibit much better surface properties in terms of less sur-
face indentations and small crater formation when Ti6Al4V is electrical discharge
machined with copper tool.

• In this particular case study, machining is performed at low flushing speed
(>0.15 m/s) in a separate chamber to avoid the unwanted excretions of powder
additives. In this context, center flushing, that is, flushing through the tool in
the axial direction can give better performances than the obtained results. More-
over, this work concludes that involvement of Cu–Si hybrid dust can give better
responses than normal kerosene oil as a dielectrics when Ti6Al4V is machined
without flushing condition for 4–16 A of pulse current, 50–250 µs of pulse ON
time, 20–60 kV of gap voltage and 10–50 µs of pulse OFF time using cylindrical
copper rod (diameter 10 mm) as a tool.
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Chapter 21
Experimental Study on Material
Removal Rate and Over-Cut
in Electrochemical Machining of Monel
400 Alloys with Coated Tools

S. Ayyappan and N. Vengatajalapathi

Abstract Electrochemicalmachining (ECM) is a promisingnon-traditionalmachin-
ing process used for machining difficult-to-machine materials. It finds the applica-
tions in the field of automotive, electronics, optics, medical, petroleum, nuclear and
die industries. Improving an over-cut (OC) is still a tough task in ECM, though it
is benefitted with better material removal rate (MRR). Therefore, different coated
tools, that is, epoxy-coated tool (ECT) and abrasive-coated tool (ACT), were used
in the direction to obtain better OC. It is observed that the ECT technique performs
well for reducing the OC in comparison to the other tools under similar conditions
and appears more electrochemically stable. The coating on tool avoids the contact of
tool surfaces with the intermittent sparks produced in the inter-electrode gap (IEG),
thereby ensuring the increase of tool life.

Keywords Electrochemical machining · Epoxy-coated tool · Abrasive-coated
tool ·Material removal rate (MRR) · Over-cut (OC)

Nomenclature

ECM : Electrochemical machining
MRR : Material removal rate
OC : Over-cut
PT : Plain tool
ECT : Epoxy-coated tool
ACT : Abrasive-coated tool
EC : Electrolyte concentration
IEG : Inter-electrode gap
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21.1 Introduction

Dimensional accuracy plays an important role in product quality of high-precision fit
applications. Several non-traditional machining techniques have been developed in
the last two decades for improving the machining performance, which ensures high-
quality products. Electrochemical machining (ECM) is one such technique that finds
applications in various industries, such as nuclear, aircraft, medical, petroleum, die,
and so on. ECM has been promised in the modern manufacturing world for than one
decade. It works under the principle of Faraday’s law of electrolysis and it is exactly
the reverse of electroplating process. In ECM, the workpiece (anode) is connected
to the positive terminal and the tool (cathode) is connected to the negative terminal
of low voltage and high current DC power supply. The schematic diagram of ECM
is shown in Fig. 21.1.

The strong ionic bond salts such as sodium chloride (NaCl), sodium nitrate
(NaNO3), potassium chloride (KCl), and so on, are used as an electrolyte, which
is the medium for ionization process in ECM. The electrolytes are pumped through
the gap between workpiece and the tool to flush out the sludge (metal hydroxides)
accumulated during the electrolysis. But it is very difficult to remove the passive film
(metal oxides) as they are sticky in nature on the workpiece. This oxide film on the
workpiece affects the dimensional accuracy [1]. The presence of oxide film in turn
decreases the current efficiency [2]. The use of abrasives in the electrolyte reduces
the anodic dissolution and increases the material removal rate [3]. The increase in
machining voltage and gap enhances ion’s mobility and conductivity, which in turn
increases the MRR and over-cut [4]. The SiO2 chemical vapor deposition on the tool
increases the shape accuracy and surface quality of workpiece [5]. The side wall
insulated tool plays a dominant role in achieving a larger MRR in one cycle com-
pared to the other bottom-coated insulated tool [6]. Cathode-insulating layer could

Fig. 21.1 Layout of electrochemical machining
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be easily damaged during machining, and thereby, the machining accuracy could
also be reduced. To avoid these problems, a metal-reinforced double-insulating layer
cathode was used in ECM [7]. It is understood from the previous research works that
the coating on tool improves the OC and surface quality of work specimen. Many
researchers have tried to solve the dimensional inaccuracy issues in ECM. There-
fore, in this work, using of different-coated materials on the sides of electrode tool
is experimented for the better machining performance, especially maximizing the
dimensional accuracy by reducing OC. This research paper presents the experimen-
tal investigation on the enhancement of dimensional accuracy using epoxy-coated
tool (ECT) and another abrasive-coated tool (ACT). In ECT, the side surface of the
tool is coated by using the epoxy (Araldite-AW4859) adhesive, while the bottom
surface remains uncoated. The epoxy coating inhibits the conduction of side sur-
faces and makes them insulated when the electrolyte comes in contact with the side
surfaces. By this method, the conduction occurs only between the uncoated bottom
surfaces of the tool and the workpiece. In ACT, the side surfaces of the tool are coated
by using silicon carbide (SiC) abrasives with the grain size 500. The coating of SiC
insulates the side surface of the tool [6]. Additionally, the SiC coating on the tool
removes the oxide film layer formed on the edges of workpiece, resulting in better
dimensional accuracy. There is an improvement in the MRR also. The micro-tool
coating preparation is used as a better technique to increase the MRR and reduce the
OC. In this work, use of different tools, that is, plain tool (PT) without coating, ECT
and ACT, is experimented for obtaining better machining accuracy.

21.2 Preparation of Insulated and Abrasive Tools

Copper is one of the best-conducting electrodes used in ECM. The C11-grade copper
(99.9% purity) rod of 8 mm diameter was used as a tool. It possesses an excellent
thermal conductivity also. The properties of C11-grade copper (Active Standard
ASTM B694) are shown in Table 21.1.

At the start of the machining, excess materials are removed due to the good elec-
trical conductive nature of copper. But over a period of time, the copper tools can
be easily oxidized in the electrochemical environment by forming oxidation layer
on its surfaces. As a result, copper tools have a shorter life expectancy. The uneven
coating of oxide layer on the tools produces poor dimensions of the workpiece and

Table 21.1 Properties of
copper (C11)

Boiling point 2835 K

Density 8.96 g/cm3

Thermal conductivity 401 W/(mK)

Heat of fusion 13.26 kJ/mol

Heat of vaporization 300.4 kJ/mol

Electrical resistivity 0.0171 × 106 (�m)
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poor MRR. To avoid the abnormal removal of metal around the sides of tool, tool
electrode is coated with some insulation materials on its side faces. The coating also
acts as a good heat resistant and improves the dimensional accuracy of work spec-
imen. The desired properties of the insulating and abrasive coating are the absence
of defects such as pores and the stable coating composition under corrosive environ-
ments. The abrasive tools possess high strength, highmelting point, low conductivity
and the rigid bonding of abrasive grains. Therefore, the abrasive tools are used in
the high-hardened material cutting applications. But the use of abrasive tools in the
ECM applications is limited. Moreover, the abrasive tools could be used for obtain-
ing better dimensional accuracy. The tool material was machined to a diameter of
8 mm. The burr was removed by rinsing the tool into the nitric acid solution and then
with distilled water. The adhesive agent epoxy (Araldite-AW4859) was applied all
over the side surfaces of the tool leaving the bottom surface uncoated. The araldite-
coated tool was allowed to dry in air for 12 h. There was a negligible change in the
dimension of the tool after epoxy coating. The epoxy-coated tool (ECT) is shown in
Fig. 21.2. The same procedure was used for the preparation of the abrasive-coated
tool (ACT). The silicon carbide (SiC) abrasives with the grain size of 82 µm were
used in this work. The SiC abrasives were coated over the tool surfaces with the
Araldite-AW4859 as binding material. The fixed grain size and the uniform distri-
bution of grains over the surfaces of the tool were ensured. The diameter of the tool
is measured to be increased from 8 to 8.2 mm as a diameter. The ACT is shown in
Fig. 21.3.

Fig. 21.2 Epoxy-coated tool
(ECT)
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Fig. 21.3 Abrasive-coated tool (ACT)

21.3 Equipment and Experimentation

The micro-ECM is an in-house method developed as shown in Fig. 21.4. ECM
consists of DC power supply (0–20 V, 0–100 A), electrolyte supply system, tool feed
system and work holding device. The voltage can be adjusted in the DC rectifier
and the current during machining can be noted. The tool is fixed on the servomotor
with separate DC power supply of 12 V. The servomotor produces the speed of 10
RPM. In ECM, factors such as applied voltage and electrolyte concentration greatly
influence the machining accuracy.

The selected factors and its levels are shown in Table 21.2. The tool is attached
to a chuck which is fixed in a DC motor (12 V, 10 RPM). Monel 400 alloy is used as
a workpiece and aqueous sodium chloride (NaCl) is used for the ECM experiments
in this work. MRR is directly proportionate to tool feed rate. Hence, the constant
feed rate is considered in this work. But tool feed rate has a significant impact on
the surface quality of the workpiece. At lower feed rate, OC will be more because of
larger machining time. Therefore, poor surface quality is formed. If feed rate is high,
micro sparks and short circuiting occur in the working area, which leads to larger
over-cut. Tool damage is also observed at the larger feed rates. Therefore, small feed
rate of 0.1 mm/min is adopted. The inter-electrode gap between tool and workpiece
is maintained as 0.1 mm. The chemical composition of Monel 400 alloys is shown
in Table 21.3.

The experiments were conducted by varying the voltage and electrolyte concen-
tration for each tool, that is, PT, ECT and ACT according to the design matrix shown
in Table 21.4. All the tools are rotated with the speed of 10 RPM. In this work, MRR
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Fig. 21.4 Micro-ECM equipment setup

Table 21.2 Factors and
levels of ECM experiments

Factors Type Levels

Workpiece Monel 400 Hardened material

Electrolyte
concentration (EC)

Sodium chloride 150, 175, 200 g/L

Tool Copper (C11) PT, ECT, ACT

Voltage (V) DC 11, 13, 15 V

was measured based on rate of weight loss during machining as in Eq. (21.1).

Material removal rate (MRR) = Loss of Weight

Machining Time (t)
(21.1)

Weights were measured from weighing machine with the least count of 1 mg and
maximum weight up to 1 kg. Over-cut (OC) is defined as the gap produced on both
sides of the tool whilemachining. OC ismeasured as half the variance in the diameter
of the tool as in Eq. (21.2).

OC = D2 − D1

2
(21.2)

where

D1: Diameter of the tool (mm)
D2: Diameter of the machined profile (mm)
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Table 21.4 Experimental observation for various tools

No. Process parameters Performance measures

Voltage (V) EC (g/L) MRR (g/min) Over-cut (mm)

PT ECT ACT PT ECT ACT

1 11 150 0.90 0.20 0.18 09.57 8.20 8.37

2 11 175 1.20 0.24 0.16 09.85 8.58 8.71

3 11 200 1.35 0.38 0.30 10.05 9.20 8.97

4 13 150 1.20 0.20 0.18 09.65 8.70 9.06

5 13 175 1.19 0.26 0.32 10.51 8.55 9.06

6 13 200 1.34 0.34 0.32 10.72 9.35 9.59

7 15 150 1.70 0.22 0.31 10.70 9.04 8.89

8 15 175 1.80 0.24 0.32 10.95 9.26 9.44

9 15 200 1.96 0.32 0.34 12.06 9.40 9.77

The diameters of the machined surface were measured with the help of profile
projector. The experimental results were tabulated in Table 21.4. The performance
measures such as MRR and OC for PT were compared with ECT and ACT.

21.4 Results and Discussions

21.4.1 Material Removal Rate

As per the Faraday’s law, the MRR increases with the increase in current density. An
increase in supply voltage leads to an increase in electrical conductivity of electrolyte,
which results in high current density [2]. When the power supply increases, more
amounts of electrons are produced, which raise the density of ions, and consequently,
the MRR. It was studied in all the three types of tools, that is, PT, ECT and ACT.
However, MRR of the ACT was noticed to be higher at almost all voltages. As the
insulation coating in ECT acts as insulation between the tool and the workpiece
on the side surfaces, the current is allowed to avail at the bottom surface of the
tool only. The unwanted removal of excess material over the tool side surface was
reduced. The abrasive surface acts as a honing surface which removes the unwanted
burrs and the oxide film layer produced on the surfaces. Therefore, fresh surface is
always exposed for further machining. MRR is increased because of this cumulative
effect. The machined surfaces by ECT and ACT are shown in Figs. 21.5 and 21.6,
respectively. Rotating tool improves the MRR as the continuous rotation avoids the
formation of the gas film layer. The surfaces machined by the non-insulated and
uncoated tool, that is, PT are shown in Fig. 21.7.
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Fig. 21.5 Surfaces by ECT

Fig. 21.6 Surfaces by ACT

21.4.2 Over-Cut

In ECM, minimizing the over-cut is a tough task. This work was aimed at reducing
the OC using coated tools. OC increases with an increase in applied voltage and its
increase leads to poor machining. The variations in OC with the effects of process
of parameters, that is, V and EC for various tools are shown in Figs. 21.8, 21.11 and
21.13. The micro-image pictures of machined surfaces generated by the different
tools are shown in Figs. 21.9, 21.10 and 21.12.

Figure 21.8 depicts the influence of process variables on the OC for plain tool
with the aqueous NaCl electrolyte. Increase in voltage and electrolyte concentration
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Fig. 21.7 Surfaces by PT

Fig. 21.8 Interaction plot of OC with plain tool (PT)
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Fig. 21.9 Machined surfaces by PT at a 11 V, b 13 V and c 15 V

Fig. 21.10 Machined surfaces using ECT at a 11 V, b 13 V and c 15 V

increases the machining current in the inter-electrode gap, thereby increasing more
material removal [9]. This conforms to the fundamentalmachining principle of ECM.

More material removal on the sides of the tool surfaces increases the OC. In
the smaller IEG of 0.1 mm, the high current density and higher concentration allow
more ions for ionization, which increases theOC significantly. The epoxy-coated tool
prevents the ions interaction on the sides of tool surfaces with workpiece, thereby
avoiding the material removal laterally. This phenomenon produces better dimen-
sional accuracy by reducing the over-cut. The better images are obtained in Fig. 21.10
in comparison to Fig. 21.9. Figure 21.11 shows the interaction plot of OC with the
epoxy-coated tool.

The abrasives on the sides of the tool erode the surface of the workpiece, though
it prevents the electrochemical reaction. Therefore, slight increase in OC in abrasive
coated too is observed in comparison to epoxy-coated tool. But abrasive-coated tools
perform better than uncoated tools (Fig. 21.12).

Figure 21.13 explicates the interaction effect of voltage and electrolyte concentra-
tion on the OC with abrasive-coated tool. The uncoated copper tool (PT) generated a
surface with lower roughness than the abrasive tool at the beginning of themachining
process. But after a couple of experiments, the surface quality of workpiece starts
decreasing with the uncoated tool.

Initially, because of the good surface quality of the uncoated copper tool, the
surface generated is good. But after some experiments, some deposition (oxides of
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Fig. 21.11 Interaction plot of OC for epoxy-coated tool (ECT)

Fig. 21.12 Machined surfaces by ACT at a 11 V, b 13 V and c 15 V

copper) takes place on the uncoated tool surface, thusmaking the tool surface rougher.
These rough surfaces produce poor machined surface quality. But the damages on
the ECT and ACT are relatively less. Though some minor damages are noticed on
the surfaces of ECT and ACT, the over-cut is reduced because of the absence of
electrochemical reaction between the side surfaces and workpiece. The surfaces of
tools before and machining are shown in Figs. 21.14, 21.15 and 21.16.
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Fig. 21.13 Interaction plot of OC for abrasive-coated tool (ACT)

Fig. 21.14 Surface of the PT before machining (a) and after machining (b, c, d)

Fig. 21.15 Surface of the ECT before machining (a, b) and after machining (c, d)
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Fig. 21.16 Surface of the ACT before machining (a) and after machining (b, c, d)

21.5 Conclusions

The following conclusions are arrived at in ECM experimentation. Epoxy and abra-
sive copper tools produce better machining accuracy than uncoated tools. The epoxy
coating acts as a good insulation because of its higher bonding strength and produces
good surface quality and reduces overcut in an ECMprocess. Abrasive-coated copper
tool produces higher material removal rate due to the continuous removal of oxide
film layer formed between the side surfaces of tool and workpiece. The overcut is
considerably reduced in comparison to uncoated tools. The current distribution on
the sides of tool surfaces is reduced due to these coatings. These results confirm the
reduction in tool cost by increasing tool life and improvement in the reliability of the
ECM system and process outputs.
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Chapter 22
Experimental Investigations
into Ultrasonic-Assisted Magnetic
Abrasive Finishing of Freeform Surface

Akshay Kumar Singh, Girish Chandra Verma, Vipin Chandra Shukla
and Pulak Mohan Pandey

Abstract Ultrasonic-assisted magnetic abrasive finishing (UAMAF) is a hybrid fin-
ishing process that integrates the effect of ultrasonic vibrations in the magnetic abra-
sive finishing (MAF) process. This paper evaluates the finishing performance of
freeform surface by UAMAF process with bonded abrasives. The bonded magnetic
abrasive particles (MAPs) were prepared by sintering iron powder with SiC particles.
Furthermore, in order to evaluate the effect of process parameters, experiments were
designed using surface response methodology technique. Parameters, namely rota-
tional speed of tool (N), working gap (D), abrasive weight percentage (%wt SiC), and
surface angle, were considered as process variables and percentage change in sur-
face roughness (%�Ra) was taken as process response. A quadratic model has been
developed by performing analysis of variance for the obtained results. The results
show that working gap is the most significant parameter followed by surface angle,
RPM, and %wt SiC, respectively. The optimum %�Ra is found out to be 77.25%.

Keywords Ultrasonic-assisted magnetic abrasive finishing process · Freeform
surface · Surface angle

22.1 Introduction

In the present scenario, the industry requires nano finishing of freeform surfaces,
like dies, semiconductors, metallic mirrors, and so on. The conventional finishing
processes, like lapping, grinding, honing, and so on, are less controllable for finishing
complex geometries [1]. These processes use a rigid tool causing application of
substantial normal stress on finishing surface [2–4]. This produces micro-cracks,
resulting in reduced strength of finished parts [1]. Thus, any process that can nano
finish a freeform surface under gentle condition may overcome these limitations.
Requirement of nano-level finishwithminimal surface defects led to the development
of new finishing technology, namely magnetic abrasive finishing (MAF).
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MAF is a new finishing process in which the magnetic abrasive particles (MAPs)
remove the material from workpiece in the form of microchips. MAPs are the mix-
ture of iron and abrasive particles, in bonded or unbonded form. In the presence
of magnetic field, these MAPs get aligned and form a flexible magnetic abrasive
brush (FMAB). When this FMAB is rotated against any surface, it performs the
finishing operation. Owing to the self-adaptability of the brush, MAF is considered
as an efficient finishing technique and used to finish flat, cylindrical, and curved
surfaces [5].

Many researchers [6–10] have examined the MAF process on different types
of surfaces, which yielded very good results. Du Kim and Choi [6] finished Cr-
coated roller using a hybrid process, namely magnetic electrolytic abrasive polishing
(MEAP). Their experimental results showed that the combination of MAF and elec-
trolytic polishing resulted in effective finishing. Singh et al. [7] analyzed the surface
morphology (using SEM andAFM image) of the finished sur face to study the behav-
ior of abrasive particles in the finishing process. They concluded that scratching and
micro-cutting were the mechanisms of material removal in MAF process.

Mulik and Pandey [8] developed an ultrasonic-assisted magnetic abrasive fin-
ishing (UAMAF) for efficient finishing of planar surfaces. In this process ultrasonic
vibrations were provided to the workpiece duringmagnetic abrasive finishing (MAF)
process. They have reported that application of ultrasonic vibrations resulted in short-
ing of finishing time. They studied the effect of process parameters (rotation of mag-
net, supply voltage, abrasive mesh number, %wt SiC, and pulse on time of ultrasonic
vibration) on %�Ra in finishing of AISI 52100 steel sheets. They obtained a best
surface finish of 22 nm with optimized finishing parameters in 80 s. Kala et al. [9]
performed experimental investigations on a novel setup to finish flat workpiece (cop-
per alloy) efficiently using UAMAF. Effects of electromagnet voltage, mesh number,
rotational speed, and pulse on time of ultrasonic vibration on %�Ra were studied.
The study showed that voltage was the most effective parameter. Kim and Choi
[6] studied the behavior of sintered MAPs in inner surface finishing and analyzed
that large-sized MAPs were most suitable for efficient machining. It was also found
that the supplied amount of MAPs was one of the most important parameter in the
finishing process.

Shinmura et al. [10] analyzed the effect of iron particle and abrasive particle size
onmaterial removal and surface roughness. The results showed that the stock removal
and surface roughness increasedwith increase in iron and abrasive particle size. They
also concluded that iron particle size hadmore dominating effect onmaterial removal
and surface roughness than abrasive particle size. They finished ceramic bars (Si3N4)
with diamondmagnetic abrasive, composed of diamondmicron size powder and iron
particles. The results showed that samples with surface roughness of 0.45 μm Ra
were efficiently reduced to 0.04 μm Ra when iron particle of 100 μm and diamond
particle of 0.5 μm were used.

From the literature review presented above, it can be seen that most of the previ-
ous attempts have been made on flat or cylindrical surfaces using mostly unbonded
abrasives. It was also observed that UAMAF process which has better efficiency as
compared to MAF process had never been tried on freeform surfaces. Therefore, the
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present study intends to study the effect ofUAMAFprocess on freeform surface using
bonded abrasive and permanent magnet tool. In freeform surface the surface angle
(angle between the tool axis and surface normal at point of contact) keeps changing
with the tool movement. Singh et al. have reported that �Ra varies on changing the
values of surface angle. Thus, in order to evaluate the effect of UAMAF process,
surface angle was considered as one of the process parameter.

The objective of the present study was to evaluate the effect of UAMAF pro-
cess parameters on the finishing performance of freeform surface. AISI 1017 steel
workpiece was chosen as workpiece material for finishing freeform surfaces along
with bonded abrasives of iron and SiC particles in the present study. Central com-
posite design methodology was chosen for designing the experiments. RPM, gap,
surface angle, and %wt SiC with the specified range based on trial experiments and
literature review were taken as effective process variables. Subsequently, ANOVA
was performed to establish a statistical relation (regression model) between effective
process parameters and process response (%�Ra). Genetic algorithm method was
further used to obtain the optimized finishing parameters. Further to evaluate the
finishing process, morphology of the finished and unfinished surfaces was captured
from optical profilometer and USB microscope.

22.2 Experimental Design and Setup

22.2.1 Preparation of Bonded Abrasive

Many researchers have [11, 12] suggested that using sintered MAPs in MAF process
improves the efficacy of the process. It is due to higher bonding strength between
iron and abrasive particle (compared to unbonded) which allows it to sustain higher
rotational speed [12]. Bonded MAPs are generally prepared by sintering of iron
and SiC particles. Good finishing performance and improved surface quality can be
achieved by sintered MAPs [13].

In order to prepare bonded MAPs mixture, Fe (mesh no. 300) and SiC (mesh no.
600) particles were mixed in ball mill. The mixture was then compacted in the form
of pallets by using die punch assembly and compaction machine. These pallets were
then sintered in high temperature tube furnace (MT-11-14P, make: Metrex Scientific
Instruments Pvt. Ltd) as per the given sintering cycle (Fig. 22.1). The pallets were
crushed and screened to obtain bonded MAPs of 100–120 μm size. The following
parameters (Table 22.1) based on literature survey and trials were considered during
the preparation of sintered MAPs [12, 14].

Characterization of sintered magnetic abrasive. SEM images (of unbonded and
bonded MAPs) were obtained to ensure adequate sintering between iron particles
and SiC particles. It was found that Fe and SiC particles got adequately bonded after
sintering. SEM images of simply mixed MAPs and sintered MAPs are shown in
Fig. 22.2. It can be seen that after sintering (Fig. 22.2b) all the SiC particles were
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Fig. 22.1 Sintering cycle for bonded MAPs

Table 22.1 Parameters and
process variable for
preparation of sintered MAPs

Compacting load 80 kN

Compaction time 5 min

Sintering temperature 1150 °C

Heating rate 250 °C/h

Soaking time 2 h

Cooling rate 150 °C/h

Atmosphere Inert (argon gas)

Unbonded MAPs Bonded MAPs

(a) (b)

Fig. 22.2 SEM image of MAPs

adhered to the Fe particle forming bonded MAPs.

Electromagnetic property of sintered MAPs. Magnetic moment–magnetic field
intensity (M–H) curve was plotted with the help of physical property measurement
system vibrating sampling magnetometer (PPMS-VSM) test facility for unbonded
and bonded MAPs within −20 KOe to +20 KOe magnetic field range at room
temperature. It was observed from the results (Fig. 22.3) that magnetic moment of
bonded MAPs was less than that of magnetic moment of unbonded MAPs. This
could be due to the formation of different iron silicides during the high temperature
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Fig. 22.3 M–H curve for
bonded (sintered) and
unbonded (simply mixed)
MAPs for 25% weight of
abrasive

solid reactions between iron and silicon carbide [15]. However, bonded MAPs are
more effective than unbonded MAPs because they provide higher bonding strength
between iron and abrasive particles which allows the FMAB chains to sustain at
higher RPM.

22.2.2 Experimental Setup

Figure 22.4 shows the experimental setup used for performing UAMAF on freeform
surface. The experimental setup comprised a permanent magnet tool, ultrasonic
vibration generator unit, and workpiece holding fixture. This designed fixture con-
sisted of adjustable table for holding the workpiece. The spring and slotted guide
ways were also provided on the fixture to accomplish slidingmotion of the plate. Fur-
thermore, an ultrasonic vibration of 20 kHz frequency was supplied to the workpiece
holding plate through the horn. The ultrasonic vibration generator unit contained a
piezoelectric transducer, horn, and power supply. The permanent magnet tool was
fabricated by placing six NdBFe cylindrical magnets (� 8mm× 10mm thick) inside
a steel tube (� 8.1 mm × 1 mm thick). The magnetic flux density of the developed
tool was 0.46 T and was kept constant during the experiments. The entire setup was
mounted on the table of the CNC vertical mill machine and the tool was held in the
spindle. Then bonded MAPs were filled in the gap between the workpiece and tool
for FMAB formation at the tool tip.
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Fig. 22.4 Experimental
setup

22.2.3 Design of Experiment and Selection of Process
Parameters

In the present study the central composite design was used for designing the experi-
ments as it yields second-order model for the response (Eq. 22.1) [16].

y = ao +
n∑

i=1

ai xi

n∑

i=1

aii x
2
i +

n∑

i=1

n∑

j>i

ai j xi x j (22.1)

where y is the response variable, n represents the number of process variables and
ao, ai, aii, and aj are the tuning parameter. xi, x2i and xixj represent first-order, second-
order, and interaction term of the process variable, respectively. Equation 22.1 repre-
sents the response surface. The proposed methodology establishes relation between
response surface and process parameter. The process parameters and their respective
levels selected (Table 22.2) in the present study were based on the literature survey,
trial experiments and setup constraints. The initial surface roughness of all the milled

Table 22.2 Selected process parameter for respective ranges

Factor representation Description Levels

−2 −1 0 1 2

X1 Rotational speed (RPM) 100 200 300 400 500

X2 Working gap (mm) 1.6 1.8 2 2.2 2.4

X3 Abrasive weight percentage
(%)

15 20 25 30 35

X4 Surface angle (°) 0 5 10 15 20
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samples was not the same. Therefore, in order to compensate this variance, percent-
age change in surface roughness (%�Ra) was considered as the process response
which is given as (Eq. 22.2).

%�Ra = initial surface roughness − final surface roughness

initial surface roughness
× 100 (22.2)

Several researchers reported that magnetic field, gap, rotational speed, % wt SiC,
and abrasive size were the most effective parameters for MAF process [11, 17, 18].
However, for finishing freeform surface the surface angle played a significant role in
MAF [19]. Surface angle at any point (Fig. 22.5) was defined as the angle between
the tool rotational axis and normal vector at that point [19]. It was suggested that the
normal finishing force varied with the change in surface angle which subsequently
changed the efficacy of the process [19]. The results of the pilot experimentation also
showed that finishing at higher angle resulted in ineffective finishing. Therefore, the
surface angle was chosen as one of the process parameter. Therefore, to evaluate the
effect of surface angle on %�Ra, an effective range of surface angle [0°–20°] was
considered for experimentation (Fig. 22.5).

For the present studyRPM,working gap, and abrasiveweight percentage inMAPs
(%wt SiC) were also considered as the process variables. It was observed from
the results of pilot experiments that finishing mild steel workpiece with high gap
resulted in ineffective finishing. However, finishing with working gap <1.5 (points
with highest surface angle) resulted in gauging. Finishing with MAPs having very
low or very high abrasive concentration had resulted in ineffective finishing. It may
be due to the fact that at lower abrasive concentration the number of cutting edges
available for finishing was very less, however, at higher concentration the stiffness
of the FMAB decreased [11]. RPMwas considered as process parameter as it affects
the %�Ra . Pilot experimentation also showed that at lower RPM finishing rate was
very low and at higher RPM the chains of FMAB started disintegrating and resulted
in ineffective finishing.

CAD model of the tool with section 
image

2D view of diagonal section with surface 
angle 

Fig. 22.5 CAD image of the tool with surface angle
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Table 22.3 Weight of
sintered MAPs used for
different working gap

Working gap (mm) Total weight of sintered abrasive (g)

1.6 1.0

1.8 1.2

2 1.4

2.2 1.6

2.4 1.8

22.2.4 Experimentation

Freeform surface were machined on AISI 1017 steel with 120 vickers hardness
using 3D CNC milling machine. In order to maintain uniformity in workpieces,
all samples were prepared under same machining conditions. The measurements
for surface roughness were taken at the same locations (points) before and after
UAMAF using templates. The surface roughness measurement was carried out on
Talysurf 6 machine (Taylor Hobson, U.K., resolution in Z-direction = 16 nm). The
surface angle at different locations on the freeform surface was determined by Creo
parametric 1.0 software. Based on the surface angle given in DoE, the spots were
chosen and marked for performing the experiments.

For evaluating the effect of %wt SiC, different sintered MAPs with different %wt
SiC were prepared. At different gaps different weight of sintered MAPs were used
for the formation of FMAB (Table 22.3). The amount of sintered MAPs for different
working gap varied for experimentation (Table 22.3). Pulsed (pulse with on time of
3 s and pulse off time of 2 s) ultrasonic vibration of constant amplitude ~20 μm
was provided to the workpiece as it yields better result [8, 9]. Based on the trial
experiment, the finishing time was fixed to be 30 min. Further details of all the
experiments performed with the obtained result are given in Table 22.4.

22.2.5 Statistical Modeling of %ΔRa

In order to evaluate the effect of process parameters on %�Ra , analysis of variance
(ANOVA) was performed for experimental results (Table 22.4). Adequacy of the
developed model was checked at 95% confidence interval. The F (Fisher’s value)
value of the predictive model was compared with the standard F-value (for 95%
confidence level). The ANOVA results confirmed the adequacy of the model as it
qualified for the F test and lack of fit was also insignificant. However, this predictive
model contained too many terms, thus it was simplified by removing insignificant
terms (p values <0.05). The ANOVA result for predictive model with significant
terms has been shown in Table 22.5. The ANOVA results (Table 22.5) showed that
the F0.05, 9.21 (32.28) was more than the standard F value (2.366) at 95% confidence
interval for the response.
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Table 22.4 Details of experiments performed with the response variable

Exp. No. X1 (RPM) X2 (mm) X3 (%) X4 (°) Initial Ra
(μm)

Final Ra
(μm)

%�Ra
(%)

1. 200 1.8 30 5 0.2014 0.1012 49.75

2. 300 2.0 25 10 0.2173 0.1068 50.85

3. 200 2.2 20 5 0.2418 0.1468 39.29

4. 400 1.8 30 15 0.3158 0.1640 48.07

5. 200 2.2 30 15 0.2316 0.1653 28.63

6. 400 2.2 30 5 0.3415 0.2052 39.91

7. 200 1.8 30 15 0.2813 0.1754 37.65

8. 400 1.8 20 15 0.3529 0.1987 43.70

9. 400 2.2 30 15 0.2937 0.1862 36.60

10. 200 2.2 20 15 0.3974 0.2934 26.17

11. 300 2.0 25 10 0.2383 0.1373 42.38

12. 300 2.0 25 10 0.2937 0.1741 40.72

13. 200 1.8 20 5 0.4219 0.2061 51.15

14. 300 2.0 25 0 0.3386 0.1454 57.06

15. 100 2.0 25 10 0.3107 0.2181 29.8

16. 300 2.0 25 10 0.2758 0.1436 47.93

17. 300 2.0 25 10 0.3759 0.1873 50.17

18. 300 2.0 15 10 0.2431 0.1678 30.97

19. 400 2.2 20 5 0.1974 0.1253 36.52

20. 300 1.6 25 10 0.2573 0.0868 66.27

21. 300 2.0 25 10 0.2593 0.1565 39.64

22. 500 2.0 25 10 0.3288 0.1982 39.72

23. 200 1.8 20 15 0.3571 0.2426 32.06

24. 300 2.0 35 10 0.3068 0.1909 37.78

25. 400 1.8 30 5 0.2356 0.0957 59.38

26. 300 2.0 25 20 0.4135 0.2743 33.66

27. 400 2.2 20 15 0.2837 0.1944 31.47

28. 400 1.8 20 5 0.3284 0.1440 56.15

29. 300 2.0 25 10 0.2354 0.1298 44.86

30. 300 2.4 25 10 0.4279 0.2754 35.64

31. 200 2.2 30 10 0.1938 0.1052 45.72
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Table 22.5 Analysis of variance (ANOVA) %�Ra with significant terms

Source DF Seq SS MS F P R2 (adj) Remarks

Regression 9 2655.77 295.09 32.28 0.000 90.40% F0.05, 9.21 = 2.366
F > F0.05, 9.21
Model is adequate
and lack of fit is
insignificant

Linear 4 2042.16

Square 3 496.02

Interaction 2 117.58

Residual error 21 191.98 9.14

Lack of fit 15 68.85 4.59 0.22 0.980

Pure error 6 123.13

Total 30 2847.74

The following regression equation was developed after carrying out ANOVA of
the obtained results (Table 22.4)

%�Ra = 110 + 0.351 × X1 − 147 × X2 + 5.74 × X3 − 2.27 × X4

− 0.108 × X2
3 − 0.000272 × X2

1 + 0.00366 × X1X4

− 0.100 × X1X2 + 36.3 × X2
2 (22.3)

The value of R2 (adj) has been obtained as 90.40%, which shows high accuracy
of the developed model. Therefore, Eq. 22.3 was considered as the predictive model
for %�Ra in UAMAF process.

Precision of the developed models.

The actual %�Ra obtained from the experiments may vary from the predicted
%�Ra (from Eq. 22.3) due to the presence of experimental error. However, by
considering the variance in the result, the range for %�Ra can be predicted using
Eq. 22.4 (in which the experimental %�Ra will lie).

%�Ra_range = %�Ra_predicted ± tα/2,DF
× √

Ve (22.4)

where %�Ra_range is the predicted range of %�Ra, %�Ra_predicted is the %�Ra

calculated using Eq. 22.3, tα/2,DF
is the statistical t-value at a specified level of

significance (α
/
2) and degree of freedom (DF), and Ve is the variance of the error of

the predicted model. Using Eqs. 22.3 and 22.4, the range for the predictive models
for %�Ra , at a 95% level of significance, has been calculated as:

%�Ra_range = %�Ra_predicted ± 5.05 (22.5)

In order to validate the predictive model, few confirmation experiments were con-
ducted at random set of variables. Results of confirmation experiments (Table 22.6)
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verified the precision of the developed model as the experimental %�Ra was found
to be well within the predicted range.

22.3 Results and Discussion

22.3.1 Effect of Process Parameters

The main effect plot (Fig. 22.6) and the percentage contribution (Fig. 22.7) of sig-
nificant parameters were further evaluated to study the effect of process parameters.

Fig. 22.6 Main effect plots for %�Ra with respect to all parameters
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% wt abrs
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working gap2

RPM*working gap
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Percentage contribution of significant factors

Fig. 22.7 Percentage contributions of significant factors
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Fig. 22.8 Schematic diagram showing forces in UAMAF process [5]

Effect of RPM. The effect of varying rotational speed on %�Ra is shown in
Fig. 22.6a. It can be seen from the main effect plot that on increasing the RPM,
%�Ra increased initially; however, after a value of 300 RPM, it decreases. The rea-
son for such a trend may be understood by the behavior of forces acting on MAPs
duringUAMAF. Figure 22.8 shows the schematic view of the forces acting onMAPs.
The net force acting on MAPs can be divided into three main forces: normal inden-
tation force (Fn), tangential cutting force (Fc), and centripetal force (Cp). The initial
increase in %�Ra may be because of increase in total number of collisions per unit
time [9, 17]. However, further increase in the rotational speed (above 300 RPM)
resulted in disintegration of FMAB chains due to insufficient centripetal force [9,
17] causing decrease in %�Ra . Additionally, at higher rotational speed there was
more likelihood of toppling of MAPs which led to less indentation [11].

Effect of working gap. The effect of working gap on %�Ra can be seen in
Fig. 22.6b. Figure 22.6b shows that with the increase in working gap %�Ra

decreases. This was due to the decrease in polishing pressure which was directly
proportional to applied magnetic flux density (Eq. 22.6) and inversely proportional
to working gap (Eq. 22.7) [20, 21].

P = B2
Z

μo

(
1 − 1

μam

)
N/m2 (22.6)

where P is the polishing pressure, BZ is the magnetic flux density, μo is the perme-
ability of air, and μam is the permeability of abrasive material.

BZ ∝ 1

Z
(22.7)

where z is the working gap. As the polishing pressure varied inversely with working
gap, a high indentation force could be obtained at lower working gap. Owing to
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this as the working gap increased, the polishing pressure decreases, causing drop in
%�Ra .
Effect of percentage weight of abrasive. It is evident from the Fig. 22.6c that as the
%wt SiC increased, the finishing was improved. This may be due to the presence of
more number of cutting edges in MAPs with higher %wt SiC [17, 22]. Presence of
more cutting edges improved the finishing. However, further increase in %wt SiC,
the permeability of the MAPs reduces, which led to the reduction in the strength of
FMAB which further results in reduction in %�Ra [11, 23].

4.1.4 Effect of surface angle: Fig. 22.6d shows that with increase in surface angle
there was a decrease in %�Ra. This may be because of the fact that as the sur-
face angle increased, the normal component finishing force decreases, which in turn
results in lower %�Ra [19].

22.3.2 Interaction Effects

TheANOVAresult showed that therewere some interactions between process param-
eters which also had significant effect on %�Ra.

Interaction effect of RPM and working gap: The simultaneous effect of working
gap and rotational speed on %�Ra is shown in Fig. 22.9. From Fig. 22.9b, it can be
seen that at lower working gap, the drop in %�Ra was observed at higher rotational
speed, however, at higher working gap, the drop in%�Ra was observed at relatively
lower rotational speed. It is because at lower working gap, the stiffness of FMAB
was high which allowed it to sustain at higher RPM. However, at higher working
gap the stiffness of FMAB was very low which caused it to disintegrate at lower

Fig. 22.9 Interaction effect between RPM and working gap. a Response surface for %�Ra (%wt
of abrasive-25%, surface angle-10). b Variation in %�Ra with RPM and working gap (%wt of
abrasive-25%, surface angle-10)
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Fig. 22.10 Interaction effect between RPM and surface angle. a Response surface for %�Ra
(%wt of abrasive-25%, working gap-2 mm). b Variation of %�Ra with RPM and surface angle
(%wt of abrasive-25%, working gap-2 mm)

RPM [23, 24]. Thus, at higher working gaps the drop in %�Ra was observed at a
relatively lower RPM.
Interaction effect of rpm and surface angle: The combined effect of surface angle
and rotational speed on %�Ra is shown in Fig. 22.10. It can be seen that at lower
surface angle the %�Ra dropped at lower RPM while for higher surface angle
%�Ra dropped at higher RPM. This may be because at higher angle, a component
of tangential cutting force acts in the surface normal direction and aids finishing.
Furthermore, at lower surface angle the magnitude of this tangential cutting force
decrease resulting in drop in %�Ra.

22.4 Surface Generation in UAMAF of Freeform Surface

In order to illustrate the effect of UAMAF process, surface roughness profiles of
unfinished and finished workpiece are shown in Fig. 22.11. It is evident that max-
imum peak to valley height was considerably reduced after finishing. The surface
roughness profiles alone do not reflect the morphology of the finished surface. Hence
images from the optical profilometer (Fig. 22.12) and optical microscope (Fig. 22.13)
have also been taken before and after finishing. Figure 22.12 shows 3D optical pro-
filometer images of the unfinished andfinished surfaces. The images fromoptical pro-
filometer and opticalmicroscope also shows that themilledmarks have been replaced
by finishing marks, which elucidates the material removal mechanism involved in
UAMAF process.
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R = 0.4524μm 

Ra = 0.0923 μm 

(a)

(b)

a

Fig. 22.11 a Unfinished workpiece, b finished workpiece (RPM 350, working gap-1.6, %wt of
abrasive-25, surface angle-0)

Fig. 22.12 3D image obtained from optical profilometer (500×), a milled surface, b finished
surface (RPM 350, working gap-1.6 mm, %wt of abrasive-25, surface angle-10)

22.5 Conclusions

SinteredMAPswere developed and used for finishing freeform surfaces in the present
study. Further, a regressionmodel constituting all effective parameterswas developed
for the %�Ra . SEM and optical profilometer images also verified the effectiveness
of the UAMAF process. The conclusions made from the study are as follows:
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Fig. 22.13 a Images of milled surface. b Image of finished surface (magnification 200×)

1. SiC particles are diffused around iron particles making a sufficient bonding in
the sintered MAPs.

2. Magnetization moment of sintered MAPs has been found lesser than unbonded
MAPs.

3. The developed model shows that working gap is the most effective parameter
contributing 35% followed by surface angle in the given range of variables.

4. The optimized result of 77.250% change is achieved with RPM = 350, working
gap = 1.6 mm, %wt of abrasive = 25, and surface angle = 0°.
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Chapter 23
Fiber Laser Cutting of Nimonic C263
Alloy and Investigation of Surface
Integrity

Mukul Anand , Niladri Mandal , Vikas Kumar , Shakti Kumar ,
A. K. Sharma and Alok Kumar Das

Abstract NimonicC263 is a super alloywhich containsmore than50%nickel, and is
mainly used in gas turbines and internal combustion engines. The present study deals
with the fiber laser cutting of Nimonic C263 super alloy using nitrogen as assisting
gas. Several experiments were performed by varying the process parameters, such as
cutting speed, laser power, gas pressure, position of focus point with respect to the
top surface of the workpiece and duty cycle, to observe their influences on the cut-
surface integrity. The prepared samples were characterized by FESEM examination,
microhardness test, optical microscopy and XRD technique. The average kerf width,
heat-affected zone and surface roughness values varied from 201 to 261 µm, 7.96 to
9.30 µm and 2.02 to 3.42 µm.

Keywords Fiber laser · Cutting · Surface integrity · Striation

23.1 Introduction

High-power laser can cutmany types ofmaterials, likemetals and its alloys, ceramics,
super alloys, composites, rubber, wood, stone, and so on. It has several advantages,
which include smooth cut surface, narrow kerf width, no tool wear, smallmetal defor-
mation, small heat-affected zone, perpendicular and sharp cut sides, low thickness of
oxide layer, absence of cutting forces, and so on [1]. In addition , this process is flex-
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ible, takes less processing time and minimum wastage of material. The laser process
can also be combined with other cutting/machining process to utilize the benefits
of both, to process different materials. Few of the prominent researches in this area
are described in the following paragraphs; for instance, [2] conducted experiments
to cut Ni-based super alloy using Nd:YAG laser. They carried out optimization of
the process parameters using gray-based Taguchi approach and reported that cut-
ting was done successfully and the optimization technique was helpful in finding
the parameter setting for getting better cut-surface quality. Proposed a FES model
to examine the influence of power, gas pressure and standoff distance on kerf width
during the machining of 3 mm thick PMMA sheet using CO2 laser. They observed
wider kerf width with the increment in laser power and standoff distance, but when
speed increases the kerf width decreases [3].

Laser cutting is a non-contact operation, so no special jigs or fixtures are required
for the work. This process eliminates the use of expensive tools and reduces the
chance of damage to work because of less thickness. Assistant gas (oxygen, nitrogen,
argon, helium, etc.) generally acts as a source of mechanical energy which blows the
molten material from the cutting spot and forms the kerf. When oxygen is used as
assistant gas, an exothermic reaction takes place, increasing the supplied energy for
the cutting process. Argon or helium prevents the exothermic reaction, hence avoids
the sideways burnings and excessive removal [4].

Nowadays, types of laser used for cutting operations are: Nd:YAG laser (1.06µm
wavelength), CO2 laser (10.6µmwavelength) and fiber laser (wavelength 1.07µm).
Fiber laser can be used for several purposes such as material processing (mark-
ing, engraving, cutting, welding and heat treatment), telecommunication, energy
weapons, spectroscopy, and so on. Cutting of sheets (up to 4 mm) with higher speed
can be done by fiber laser [5]. Generally, for cutting of very thin metal sheet and
non-metal sheet, laser sublimation process is adopted, and for thick metal sheet laser
fusion cutting is preferred. In case of laser cutting process, a focused laser beam of
high intensity is made to fall onto the work with the help of a mirror, focusing lens
arrangement. The focused beam acts as a source of heating and the work material
starts melting quickly and gets evaporated. Assistant gas such as oxygen, nitrogen
is used to blow away the molten and evaporated material. Laser cutting is hardly
affected by work material properties, such as hardness, brittleness, wear resistance,
and so on [6].

Striation marks (also called periodic line) generally develop on all surfaces cut
by lasers, which decide the cut-surface quality. In most of the cases three zones are
found from the top to the bottom of the cut section. All the zones are having the
different patterns, such as horizontal striation zone (HSZ), vertical striation zone
(VSZ) and oblique striation zone (OSZ) [7].

Till now very few researches are reported on the surface integrity of Nimonic
C263 alloy cut with fiber laser. This paper deals with the influence of process param-
eters (cutting speed, laser power, gas flow rate, focus position, duty cycle) on the
cut-surface quality, such as kerf width, heat-affected zone, surface roughness, micro-
hardness and microstructure. The different issues and advantages related to the laser
cutting of Nimonic C263 alloy have been discussed in-depth in this article.
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23.2 Materials and Methods

23.2.1 Workpiece Preparation

Nimonic C263 alloy sheet with dimension 300 mm × 110 mm × 3 mm was chosen
as the workpiece. The work sample of the said size was cut from the parent sheet
through the abrasive water jet machining process. Then the sample was cleaned in
acetone bath which is subjected to the ultrasonic vibration, to remove the dirt and
the oil from the surface.

23.2.2 Experimental Setup

Figure 23.1 shows the setup arrangement for conducting the experiments. Fiber laser
was used for cutting purpose in this study. The laser beam from the laser source was
transmitted to a cutting head through an optical fiber of diameter 0.3 mm. Nitrogen
gas was used as an assistant gas to obtain narrow kerf width, smooth cut surface and
to prevent oxidation of the material on the cut surface. The whole experiment was
performed on a needle bed.

23.2.3 Experimentation

At the beginning, a number of trial experiments were conducted to select the working
range of different experimental parameter. Specimen (Nimonic C263) was mounted
rigidly on a needle bed in order to reduce the vibration produced during the process.
A total of final 20 experiments were conducted. Some parameters were kept constant

Fig. 23.1 Schematic
diagram of experimental
setup
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Fig. 23.2 Nimonic C263
alloy after the laser cutting
operation

throughout the experiment, which are focal length of focusing lens: 125 mm, nozzle
tip diameter: 1.5 mm, nozzle stand-off distance: 1.0 mm, frequency: 700 Hz and
piercing pressure: 5 bar. A length of 50 mm was cut in each experiment, and for the
evaluation of the surface integrity, the middle part of the cut surfaces was selected.
Each experiment was repeated three times for getting consistent results. Figure 23.2
represents the Nimonic C263 workpiece after laser cutting operation. The analysis
for the surface integrity was performed in the zone of interest (Fig. 23.2).

23.2.4 Characterization Procedure

After cutting, the sample was again cut into several test samples (zone of inter-
est in Fig. 23.2) by wire electro-discharge machining (WEDM) for cross-sectional
examination. Diamond abrasive papers of mesh size 400, 800, 1200 and 1800 were
used for polishing the cross-sectional and cut surface of the test samples. Then dia-
mond paste was used to get smooth and mirror finish surface. Acetone was used to
clean the polished test samples and then etched with a solution of hydrochloric acid
(45 parts), nitric acid (15 parts) and glycerol (40 parts) for 90 s. Surface morphol-
ogy and heat-affected zone were investigated using field emission scanning electron
microscope (FESEM; Model: Supra 55, Make: Zeiss, Germany) equipped with an
energy-dispersive X-ray spectroscopy (EDS). EDS was performed to observe the
change in chemical composition on the cut surface. Surface profilometer (Make:
Mitutoyo) was used to measure the surface roughness (Ra) of cut surfaces and kerf
width was measured using Olympus metallurgical microscope (model-BH2-UMA).

23.3 Results and Discussions

The testing operations were carried out on all the prepared samples and the results
were recorded for analysis. The values of kerf width, surface roughness, heat-affected
zone, microhardness with respect to the corresponding input process parameter set-
tings are illustrated in Table 23.1. For each experiment, tenmeasurementswere taken,
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Fig. 23.3 FESEM image of
Nimonic C263 showing
different striation zones on
the cut surface

and the average of allwas noted for further analysis. The influence of different process
parameters on the surface integrity is discussed in the succeeding sections.

23.3.1 Microstructure and EDS Analysis

The polished and etched surface was examined through FESEM and the images were
captured. Figure 23.3 shows the image of cut surface of the Nimonic C263 alloy.

From the FESEM image it is clear that cut surface has three zones, namely upper
zone, middle zone, bottom zone or washout zone. It is to be carried out experiments
on fiber laser cutting of AA2219 aluminum alloy. They classified the cut surface into
three zones, namely top zone or HSZ, middle zone or VSZ, bottom zone or washout
zone or OSZ. Horizontal striation patterns were found in the top zone; hence this
zone is also known as horizontal striation zone (HSZ). Vertical patterns were found
in the middle zone and this zone is known by vertical striation zone (VSZ). Oblique
striation pattern was found in the bottom zone and this zone is also known as oblique
striation zone (OSZ). The levels of gas pressure used during the above experiments
were 5, 7, 9 and 11 bars [8].

The elements present in the cut surface (either in elemental state or in the form of
compounds) were detected by EDS analysis. Figure 23.4 shows the EDS plots of the
cut surface of test samples. EDS images confirm that significant amount of carbon
(C), oxygen (O), titanium (Ti), aluminum (Al), iron (Fe), chromium (Cr), nickel (Ni)
and cobalt (Co) are present in the cut surface.
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Fig. 23.4 EDS plots showing compositions of various elements present in cut surface of sample at
laser power of a 2.9 kW, b 3.2 kW, c 3.5 kW and d 3.8 kW

Analysis of kerf width and heat-affected zone.

Figure 23.5 represents the optical images of the kerf width with respect to the laser
power, while other experimental parameters are kept constant. Figure 23.6 represents
the plot for variation in kerfwidthwith respect to the different experimental parameter
settings. With the increase of laser power more amount of material are melted, which
leads to wider kerf width. At higher cutting speed, the interaction time between the
work material and the laser beam is less, which leads to the melting of low amount of
work material and hence the narrow kerf width. The values of kerf width for different
parameters are shown in Table 23.1. Also, the average values of HAZ for different
experimental parameters setting are shown in Table 23.1 (Fig. 23.7).

Figure 23.8 represents the plot for variation in HAZ with respect to the different
experimental parameter settings. Higher laser power causes more heat input into the
work sample which leads to wider heat-affected zone (Fig. 23.8a). From Fig. 23.8b,
it is seen that higher cutting speed yields small heat-affected zone because of less
time of interaction between the material and the beam. Width of HAZ reduces with
increase in assisting gas pressure due to efficient cooling and efficient removal of
the molten material from the cutting zone (Fig. 23.8c) [9]. With the increase in duty
cycle, the width of HAZ increases due to more amount of heat input to the cutting
zone (Fig. 23.8d).
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Fig. 23.5 Optical images showing the variation in cut kerf width with laser power

Surface roughness analysis.

Average surface roughness (Ra) of cut surface was measured using a surface pro-
filometer (Mitutoyo). Values of surface roughness for different parameters are shown
in Table 23.1. Figure 23.9 represents the plot for variation in Ra with respect to the
different experimental parameter settings. From Fig. 23.9a, it is clear that at higher
laser power themoltenmetal in the cutting zone would have low viscosity bywhich it
is flushed out easily by the pressure of the assisting gas and hence the surface rough-
ness reduces. From Fig. 23.9b, it is clear that due to less interaction time between
beam and material, less conduction of heat into work material occurs and hence
time for the dross formation is less, resulting in a better surface finish. Figure 23.9c
indicates that by increasing the gas pressure surface, roughness of the cut surface is
reduced because at higher assisting gas pressure, high blow force is experienced by
the molten material, hence more amount of molten material would be blown away,
resulting in better surface finish [10]. With the increase in duty cycle, the Ra value
decreases due to increase in laser power.
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Fig. 23.6 Plots for kerf width versus a laser power, b cutting speed, c gas pressure and d duty
factor

Fig. 23.7 FESEM images showing the variation in HAZ of cut surfaces with respect to laser power
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Fig. 23.8 Plots for heat-affected zone versus a power, b cutting speed, c gas pressure and d duty
cycle

23.4 Conclusions

Laser cutting operation was carried out on Nimonic C263 alloy (3 mm thickness)
by varying the process parameters, such as gas pressure, cutting speed, laser power,
duty cycle and focus offset position, to observe the effects of process parameters on
the cut-surface integrity. From the experimental observation and obtained results, the
following conclusions can be drawn.

The microstructure analysis of cut surface revealed that cutting surface comprises
three zones, namely initial penetration zone, middle zone (VSZ) and washout zone
(OSZ). EDS analysis predicted the presence of oxygen and carbon in the cut surface.

Higher laser power produces wider kerf width, and high cutting speed results in
narrow kerf width. Higher assisting gas pressure leads to a slight increase in the kerf
width. Higher laser power produces a deeper heat-affected zone (HAZ) and higher
cutting speed produces smaller heat-affected zone depth. The higher gas pressure
resulted in smaller heat-affected zone. Minimum value of width of HAZ (7.96 µm)
is achieved when laser power is 3.5 kW, gas pressure is 15 bar, cutting speed is
2.0 m/min, focus offset position is 2 mm and duty factor is 80%.
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Fig. 23.9 Plots for roughness versus a power, b cutting speed, c gas pressure and d duty factor

Surface roughness would be improved by decreasing the laser power and gas
pressure. It can be improved by raising cutting speed. Better surface finish (2.02µm)
is achieved when laser power is 3.5 kW, gas pressure is 5 bar, cutting speed is
1.0 m/min, focus offset position is 2 mm, and duty factor is 80%. However, fine
tuning of experiments are required for the industrial applications of this laser cutting
process of Nimonic C263.
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Chapter 24
Generation of Three-Dimensional
Features on Ti6Al4V by EC Milling

K. Mishra , S. Sinha, B. R. Sarkar and B. Bhattacharyya

Abstract Titanium and nickel alloys are the most popular high-strength
temperature-resistant (HSTR) alloys which have different applications for their out-
standing material properties. The process of electrochemical milling (EC milling)
is similar to conventional electrochemical machining where the material is removed
by simple geometric tool following a predefined path in a layer-by-layer fashion
and has great application in machining of any HSTR alloys. With the indigenously
developed setup, the present research work investigates the influence of process
parameters, like feed rate and milling layer depth, on various performance crite-
ria, such as, overcut, machining depth, perpendicularity and radius of curvature of
the side wall, by EC milling process on Ti6Al4V. It was observed that EC milling
with NaCl(1 M) + NaNO3(1 M) mixed electrolyte generates different complex and
three-dimensional features on Ti6Al4V with desired accuracy. Internal flushing with
tool rotation improves the accuracy of the machined profile due to better removal of
sludge from the machining zone.

Keywords EC milling · Feed rate ·Milling layer depth · Tool rotation · Internal
flushing ·Mixed electrolyte · 3D complex features

24.1 Introduction

Development of new manufacturing process leads to increment of the productiv-
ity, product variety and invention of different kinds of materials—like different
alloys, ceramics and composites. Specific demands in different sectors, for example,
in aerospace industry, space applications, defense, biomedical, have brought huge
challenges for manufacturing industry. High-strength temperature-resistant (HSTR)
alloys are one of the most difficult-to-machine materials. Titanium and nickel alloys
are the most popular HSTR alloys which have different applications in those indus-
tries due to its outstanding material properties like, high strength to weight ratio,
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corrosion resistance and biocompatibility. The conventional machining processes
are completely based on machine tool; however, HSTR alloys are not really suit-
able for conventional machining processes because the cutting tool should be harder,
stronger and more wear-resistant than the job. The issue with cutting tool can be
overcome by using non-traditional machining processes very effectively and eco-
nomically. Generally, there is no direct contact between tool and workpiece and
energy is used in its direct form to machine those difficult-to-machine materials in
non-traditional processes.

In modern days of manufacturing, improvement in non-traditional machining has
occurred through advancement in already existing processes or by combining two
or more processes to take advantages of the constitute process simultaneously. EC
milling is a modified form of traditional ECM process which can generate three-
dimensional surface profiles with the help of simple-shaped tools. In comparison
with conventional ECMprocess, ECmilling eliminates the complexity of tool design
to achieve complex three-dimensional profiles. In this method simple geometrical
tool follows a predefined path in a layer-by-layer fashion with multiple downward
steps. Any kind of 3D feature, contour profile with great precision can be obtained
by a simple geometrical tool, which is the main advantage of EC milling. Similar to
the conventional end milling process, EC milling also removes material in the same
layer-by-layer fashion. The used electrolyte should be highly conductive inorganic
salt solution, for example, sodium chloride, sodium bromide and sodium nitrate [1].
Machining of titanium is relatively difficult for electrochemical machining of com-
monly used material because titanium has a huge tendency of forming passive oxide
layer. The tenacious passive oxide layer film which makes titanium very useful as a
corrosion-resistant material renders the electrochemical machining of this material.
With simple chloride and nitrate electrolytes, high applied potential differences are
often required to achieve machining condition although the passive films are then
broken only at weak points, causing deep attacks at grain boundaries [2]. Researchers
have reported two methods for blind slot or channel generation with EC milling, one
is scanning method and another is the sinking and milling method [3]. In the case
of sinking and milling method, one slot is produced in a single pass and there is a
chance of end deviation at the initial point. This limitation leads to scanning method
to be more effective for macro EC milling process.

Till date, researchers have successfully conducted the conventional ECM pro-
cess with the aid of internal flushing. However, in this research work an advanced
machining technique namedECmilling has been triedwith the incorporation of inter-
nal flushing and tool rotation simultaneously. The aim of this paper is to study the
influence of EC milling process parameters on various performance criteria through
generation of simple slots on Ti6Al4V workpiece with the help of indigenously
developed ECmilling setup. Finally, the experimental results have been analyzed for
finding out the best process parameters setting for generation of different complex
three-dimensional features.
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24.2 Experimental Setup

An indigenously developed EC milling setup has been used for this experimenta-
tion. Incorporation of internal flushing with rotating tool is one of the most remark-
able challenges in EC milling. The developed setup mainly consists of mechani-
cal machine unit, power supply unit, electrolyte supply unit and control unit. Elec-
trolyte supply unit and control unit are the most important among the other units.
EC milling completely depends on the movement of the tool and the accuracy of
tool motion directly influences the accuracy of machined profile. Tool rotation with
internal flushingmakes the design of electrolyte flow systemmore stringent and com-
plex. To evaluate the quality of the machined surface and profile accuracy, Telesurf
surface roughnessmeasuringmachine (SJ-410,Mitutoyo, Japan) and a contour scope
(CONTRACER-CV-3200, Mitutoyo, Japan) has been adapted respectively. Consid-
ering all the constraints of EC milling, an EC milling setup has been developed, as
shown in Fig. 24.1. The mechanical machine unit consists of XYZ CNC stage and
a bipolar stepper motor drive with lead screws. A CNC controller is interfaced with
desktop computer which permits to move the tool on desired path with desired feed
by synchronizing the stepper motors.

In the machining chamber, a work-holding arrangement has been fabricated for
holding the workpiece and to facilitate the experimentation on it. During experi-
mentation, to control the rotational speed of the tool and its direction, a separate
controller has been used. For generating the required nature of pulse power dur-
ing machining operation, a pulsed DC power supply (DOSF 20-60, Mastusada Inc.,
Japan) has been used. For online monitoring of pulse nature, digital storage oscillo-
scope (TETRONIX 2000 SERIES) has been used, and for measurement of current
values,multimeter has been connected in series to the circuit. Electrolyte flow rate and
pressure has been controlled and visualized through rotameter and analog pressure
gauge attached to the electrolyte supply unit, as shown in Fig. 24.1. Lieca DM-2500

Fig. 24.1 Schematic of EC milling setup
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optical measuring microscope has been used for imaging and measuring different
feature of the machined profiles.

24.3 Experimental Planning

The main drawbacks of EC milling with solid tool are unavailability of electrolyte in
the machining zone and improper removal of sludge from the machined surface and
these can be overcome only by hollow tool with internal flushing. So, in this exper-
imentation, a flat head cylindrical hollow tool made of copper with 10 mm of outer
diameter and 4 mm of inner diameter has been used. For achieving sharp edge of the
machined profile as well as to minimize the stray current effect during machining,
cylindrical with flat head tools are preferred instead of square or curved head shape
and to get better dimensional accuracy [4]. A titanium-based super alloy of grade -V
with 50 mm in length, 30 mm in width and 5 mm thickness has been used as work-
piece. In electrochemical milling, sodium chloride (NaCl), sodium bromide (NaBr)
and sodium nitrate (NaNO3) are the only choice as electrolyte for better machin-
ing of Ti6Al4V by electrochemical machining [5]. In this study, NaCl and NaNO3

mixed electrolyte has been used. The reason behind the use of NaNO3 in the mixed
electrolyte is to overcome the shortcomings of NaCl electrolyte. Use of NaCl in the
mixed electrolyte has increased the generation of hydrogen bubbles at anode surface,
results in complete removal of passive layer from the premachined anode surface.
Some pilot experiments have been conducted with same aqueous solution of mixed
electrolyte having the concentration of 0.5, 1 and 1.5M. In the case of ECmilling, out
of various electrical and non-electrical process parameters, feed rate, milling layer
thickness and tool rotation are the most influencing process parameters as reported
by the researchers [6, 7].

Therefore, in this study these process parameters have been varied to study the
influence on various responses of ECmilling, for example, overcut, average machin-
ing depth, side angle, radius of curvature, while other process parameters have been
kept constant. In the preliminary experimentation, milling layer depth has been var-
ied from 0.1 to 0.35 mm with the increment of 0.05 mm and feed rate has been
varied from 1.4 to 5.4 mm/min with the increment of 1 mm/min. In EC milling, tool
rotation has great impact on the EC milling performance characteristics. Rotation
improves various responses of EC milling by effective sludge removal and supply
of fresh electrolyte at every instantaneous machining zone. When machining depth
increases, proper removal of sludge is possible due to high radial outward force of
electrolyte gained from tool rotation. High rotational speed cannot be used with high
milling layer depth as it deteriorates the surface finish with some unwanted impres-
sions of the electrolyte flow lines at the machined surface.
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24.4 Experimental Methodology

In this study, initially simple slots have been machined to find out the suitable range
of most influential process parameters and to study their impact on various responses
of EC milling. Machining of a simple slot of length 20 mm with depth of 1.25 mm
has been fabricated on the Ti6Al4V workpiece. Slots have been machined by means
of electrochemical milling process in a layer-by-layer fashion. In each layer, the
electrode has been controlled to move along a predefined path, as shown in Fig. 24.2.
To study the effect of rotation on the responses, experiments have been repeated by
the same set of value of milling layer depth (MLD) and feed rate with incorporation
of moderate value of rotation, that is, 300 rpm at the tool.

Proper balance of feed rate and MLD is required; otherwise it will directly leads
to short circuit in the subsequent passes. From the trial experiments, it has been
observed that the machined zone has not been deteriorated as far as surface finish
and overcut are concerned. Material removal rate increases with the increment of
concentration without compromising the accuracy of the machined zone with 1 M
of mixed electrolyte; therefore, finally 1 M concentration of NaCl and NaNO3 has
been chosen for further study.

Tables 24.1 and 24.2 show the different values of variable andfixed process param-
eters, respectively. In Fig. 24.2, cross-sectional view and various measured responses
have been shown. Width overcut, side angle and radius of curvature clearly state the
deviation of various geometrical features, whereas, machining depth accounts for
the accuracy and amount of material removal. Width overcut has been calculated by
Eq. 24.1 as follows:

Fig. 24.2 Schematic of tool path and various responses

Table 24.1 Variable process
parameters

Feed rate (mm/min) 2.4, 3.4, 4.4, 5.4

Milling layer depth (mm) 0.15, 0.2, 0.25, 0.3

Tool rotation With and without rotation
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Table 24.2 Fixed process
parameters

Input voltage (V) 20 (pulse DC)

Input current (A) 20

Pulse type Square pulse

Pulse frequency (kHz) 5

Duty ratio 0.9

Electrolyte type NaCl + NaNO3

Electrolyte concentration 1 M

Initial inter electrode gap (mm) 0.3

Feed along Z direction (mm/min) 1.2

Electrolyte flow pressure (kgf/cm2) 0.2

Electrolyte flow rate (lpm) 4

Tool rotational speed (rpm) 300

Woc = Wob − D

2
(24.1)

Where, Woc is the measured overcut value, Wob is the obtained width of machining
zone and D is the diameter of the tool. Side angle and radius of curvature are the
other responses those have been taken. Side angle value describes the deterioration of
perpendicularity of the wall and radius of curvature shows the deterioration of edges
in-between base and side wall of the machined zone. Both side angle and radius of
curvature values have also been calculated by the contour scope.

24.5 Results and Discussion

Experiments have been conducted to find out the best set of process parameter which
results in lower value of overcut, higher value of side angle, lower average radius of
curvature of the side wall and machining depth closer to desired depth.

24.5.1 Influence of Feed Rate and MLD on Overcut

In ECM process, stray current effect is an uncontrollable phenomenon that leads to
removal of material from the undesired portion of the workpiece which results in
inaccuracy at the machined profile. It has been clearly observed from Figs. 24.3 and
24.4 that width overcut decreases with increasing feed rate and milling layer depth.
The same trend has also been followed in case of rotating tool. During tool rotation,
short-lived reaction compound can be hydrolyzed very easily and results in higher
amount of material removal and overcut.
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Fig. 24.3 Effect of feed rate
on width overcut

0.5

1

1.5

2

2.5

3

1.4 2.4 3.4 4.4 5.4 6.4

W
id

th
 O

ve
rc

ut
 (m

m
)

Feed rate (mm/min)

Without Rota on
With Rota on

Fig. 24.4 Effect of milling
layer depth on width overcut
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The difference between final slot width in case of rotation and without rotation
clearly justifies the situation. Alternatively, at higher value of MLD, the value of
width overcut is more compared to without rotation. Higher amount of milling layer
depth enables tool to sink in higher machining depth at a faster rate, thus the chances
of interaction between bare tool tip and neighboring machining zone are less. During
rotation at a higher value of MLD, after completing initial pass the instantaneous
gap between both electrodes reduce which results in lower gap voltage and higher
gap current.

24.5.2 Influence of Feed Rate and MLD on Average
Machining Depth

The depth of the machined zone has been decreased with the increment of feed rate,
and it has been clearly observed from the Figs. 24.5 and 24.6 that slight decrement
of depth has been occurred with increasing feed rate in the case of EC milling
without tool rotation. However, in the case of tool rotation, depth has been decreased
significantly with the increment of feed rate and at the higher feed rate machining
with tool rotation reaches nearer to the desired depth value. In the case of ECmilling,
flushing is very important phenomenon and a little reduction in amount of material
removal occurs due to unstable machining, which is possible at the dynamic flow
pattern of ECM in the case of higher feed rate.
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Fig. 24.5 Effect of feed rate
on average machining depth
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Fig. 24.6 Effect of milling
layer depth on average
machining depth
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It can also be observed from Fig. 24.6 that in the case of without rotation, the
variation in depth is very less compared to rotating tool, and the velocity of electrolyte
flow and machining current are the main contributing factors for this. On the other
side, rotational movement of tool causing change in flushing pattern and material
removal leads to higher variation in depth and the obtained depth is higher with
rotating condition of the tool.

24.5.3 Influence of Feed Rate and MLD on Side Angle

From Figs. 24.7 and 24.8, the trend in variation of side angle values is the same with
variable feed rate and milling layer depth. Side angle also depends on the overcut
and depth value of the machining zone. Only at the maximum milling layer depth,
the value of side angles is increased again with high value in the case of without
rotation as increment of milling layer depth and which directly results in decrement
of machining depth. A higher value for side angle is obtained in the case of with
rotation.
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Fig. 24.7 Effect of feed rate
on side angle
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Fig. 24.8 Effect of milling
layer depth on side angle
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24.5.4 Influence of Feed Rate and MLD on Radius
of Curvature

It can be clearly observed from Figs. 24.9 and 24.10 that average radius of curvature

Fig. 24.9 Effect of feed rate
on average radius of
curvature
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Fig. 24.10 Effect of milling
layer depth on average radius
of curvature
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of the side wall increases drastically in both the cases. Radius of curvature deter-
mines the deviation of the edge between sidewall and machined surface. Again at
the maximum value of milling layer depth, the radius of curvature value is less in
case of without rotation.

24.5.5 Influence of Tool Rotation on Machining Quality

Considering all the responses at a time, it can be seen that with tool rotation is more
effective than without rotation as far as accuracy and surface quality of the machined
profiles are concerned.

Figure 24.11 depicts the photographic image of best quality EC mailed slots and
the comparison with the tool rotation has been observed. After all the experimen-
tation, it has been seen that with feed rate of 4.4 mm/min and 0.25 mm of milling
layer depth, better homogeneity of the slot, least overcut and desired depth have
been achieved. However, with the comparison of Fig. 24.11a, b, it can be seen that
after incorporation of tool rotation, the surface quality of the EC milled profile has
been greatly improved, which justifies the advantage of tool rotation in EC milling.

Fig. 24.11 EC-milled slots at feed rate of 4.4 mm/min and 0.25 of milling layer depth. a without
tool rotation and b with tool rotation
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24.6 Selection of Best Parametric Combination
by Analyzing Experimental Results

From the obtained response values at every parametric combination, the choice of
best set of parametric combination has been made. Results have been obtained from
the produced milled slots from both feed rate and milling layer depth with stationary
tool as well as with tool rotation. Furthermore, these best parametric settings have
been utilized for producing complex three-dimensional features. Simple slot features
have beengenerated onTi6Al4Vby these set of combinations, as shown inTable 24.3.
Considering the most influencing process parameters, that is, feed rate, milling layer
depth and tool rotation, best set of process parametric combination has been found
out, which is responsible for lower width overcut, lower radius of curvature of wall,
surface roughness of the machined surface and desired value of machining depth and
side angle.

Multicriteria decision-making (MCDM) problem involves several objective func-
tions within a predetermined set of constraints. Another important factor is to assign
weight to the specific criteria. In this study, all the five criteria are directly related
to the dimensional and profile accuracy of the machining profile. Therefore, for all
operations performed, similar weight is given to all the criteria. Five responses, for

Table 24.3 Decision matrix for MADM analysis

Higher the better Lower the better

SI. No. Rotation/without
rotation

Feed M.L.D Side
angle
(°)

Depth
(mm)

Radius
of cur-
vature
(mm)

Overcut
(mm)

Surface
rough-
ness
(µm)

1 Rotation 2.4 0.25 66.812 2.252 1.278 2.277 1.941

2 Rotation 3.4 0.25 47.101 1.729 2.261 1.969 1.565

3 Rotation 5.4 0.25 40.745 1.329 2.812 1.837 1.406

4 Rotation 4.4 0.15 56.013 1.719 1.518 1.343 1.413

5 Rotation 4.4 0.2 47.101 1.641 1.963 0.986 1.44

6 Rotation 4.4 0.25 47.001 1.538 2.091 0.666 1.462

7 Rotation 4.4 0.3 45.918 1.232 2.695 0.65 1.591

8 Without rotation 2.4 0.25 63.444 1.677 2.576 1.777 2.047

9 Without rotation 3.4 0.25 44.145 1.523 3.024 1.619 1.781

10 Without rotation 4.4 0.25 41.395 1.523 3.504 1.152 1.71

11 Without rotation 5.4 0.25 32.134 1.499 3.667 0.775 1.706

12 Without rotation 4.4 0.15 54.227 1.677 1.833 1.184 1.47

13 Without rotation 4.4 0.2 44.457 1.585 2.308 1.128 1.664

14 Without rotation 4.4 0.3 53.519 1.435 2.461 0.762 1.71
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example, width overcut, machining depth, side angle of the side wall, radius of curva-
ture of the side wall and surface roughness, have been considered as five conflicting
criteria. Out of this five criteria, side angle and machining depth has been selected
as beneficial criteria because their higher values are desirable and surface rough-
ness, width overcut and radius of curvature of the side wall has been considered as
non-beneficial criteria. In this study, simple additive weightage (SAW), technique for
order preference by similarity to ideal solution (TOPSIS) and multiobjective opti-
mization ratio analysis (MOORA) methods have been used for finding best alterna-
tive. Decision matrix has been formed after measuring all the values of responses as
obtained after conducting EC milling experiments, as shown in Table 24.3.

From Tables 24.4, 24.5 and 24.6, it has been clearly observed that feed rate of
4.4 mm/min and milling layer depth of 0.25 mm with tool rotation are the best set
of experimental parametric combination, which perfectly matches with the settings
obtained from basic experimentation. Further, this particular set of best parametric
combination has been used for generation of different 3D linear as well as nonlinear
complex-shaped features.

Table 24.4 Best parametric combinations based on TOPSIS

Exp. No. Feed (mm/min) MLD (mm) Tool rotation Closeness coefficient Rank

6 4.4 0.25 With 0.65796 1

13 4.4 0.2 Without 0.65756 2

14 4.4 0.3 Without 0.65405 3

Table 24.5 Best parametric combinations based on MOORA

Exp. No. Feed (mm/min) MLD (mm) Tool rotation Closeness coefficient Rank

6 4.4 0.25 With −0.01244 1

4 4.4 0.15 With −0.01591 2

12 4.4 0.15 Without −0.01823 3

Table 24.6 Best parametric combinations based on SAW

Exp. No. Feed (mm/min) MLD (mm) Tool rotation Closeness coefficient Rank

1 2.4 0.25 With 0.81980 1

6 4.4 0.25 With 0.78706 2

4 4.4 0.15 Without 0.78452 3
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Fig. 24.12 Photographic image of various complex-shaped features. a ‘L’ shaped feature. b Trape-
zoidal stepped profile. c Circular stepped groove

24.7 Generation of Various Three-Dimensional Features

With the help of common best parametric combination, some 3D complex features
have been generated, like ‘L’ shape feature, trapezoidal stepped profile and circular
stepped groove, as shown in Fig. 24.12a–c. After ECmilling operation, different per-
formance characteristics and features of these complexgeometrical profiles havebeen
calculated. During these experiments, the fixed process parameters have been kept
constant, same as pilot experimentation as depicted in Table 24.2. For generation
of different complex feature, tool path should have to be designed properly and the
accuracy of the generated profile completely depends upon the tool movement path
and the accuracy of the motion.

Therefore, it is too difficult to produce complex 3D profiles on Ti6Al4V as the
controlled dissolution is very tough for Ti6Al4V. After analyzing all the produced
3D features, it can be seen that all the responses are within the accuracy limit.

24.8 Conclusions

From all the experimental analysis and the obtained responses, it can be concluded
that the developed EC milling setup is capable of performing EC milling operation
successfully on any difficult-to-cut materials. It is also capable of producing any kind
of linear, nonlinear and complex 3D features. Using 1 M NaNO3 and NaCl mixed
electrolyte, at 5.4 mm/min of feed rate with 0.3 mm of MLD, lower overcut has been
achieved. Best surface finish has been attained with feed rate of 5.4 mm/min and
0.25 mm of MLD. However, considering all the responses at a time, 4.4 mm/min of
feed rate andMLD of 0.25mmwith tool rotation are the best parametric combination
during ECmilling of Ti6Al4V. Internal flushingwith tool rotation improves the accu-
racy of the machined profile due to better removal of sludge from the instantaneous
machining zone. Analysis based on this study will definitely help manufacturing
industry to utilize EC milling successfully for the fabrication of any complex 3D
shape with great precision and cost effectiveness.
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Chapter 25
Enhancement in Machining Efficiency
and Accuracy of ECDM Process Using
Hollow Tool Electrode

Rajendra Kumar Arya and Akshay Dvivedi

Abstract Electrochemical discharge machining process (ECDM) can perform
drilling operation on conductive or non-conductive materials. However, the accu-
racy and efficiency of the process is still limited. Different methods were reported
to improve the ECDM process. Tool modification is one of the reported methods for
ECDM process. Although fabrication of the reported tools is complicated, they also
require additional processing. This article reports the competitive study on ECDM
process using solid and hollow tool electrodes. The mechanism of material removal
using solid and hollow tool electrodes is discussed. The results show that the use
of hollow tool electrode enhanced the performance of ECDM process by increasing
the numbers of discharges at inner edge. Through holes were drilled using solid and
hollow tool electrodes. The use of hollow tool electrode reduced the drilling time by
34.66%. Also, hollow tool resulted in lesser entrance and exit diameter as compared
to solid tool electrode.

Keywords ECDM · Solid tool · Hollow tool ·Micro hole

25.1 Introduction

ECDM process has been widely used to machine all kinds of materials, irrespective
of their mechanical and electrical properties. In the last few decades, the process is a
prior choice for machining of non-conductive materials, especially in micro domain.
The main advantages to use the ECDM facility are: it requires low space and low
initial cost for development.

The ECDMprocess facility includes an electrolyte bath, DCpower source and two
electrodes (i.e. cathode and anode). Both the electrodes are immersed (tool electrode
1–2 mm in length and auxiliary electrode fully immersed) in an electrolyte bath and
both are connected to the DC power source. The mechanism of material removal in
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ECDM process was explained by several researchers [1–3]. They reported two main
phenomena of ECDM process (i.e. electrochemical action and electro-discharge)
[3]. The electrochemical action starts when DC power source is provided to the
electrodes (i.e. anode as an auxiliary electrode and cathode as a tool electrode).
The H2 bubbles form around the immerged or dipped surface of tool electrode and
O2 bubbles around the anode surface [4]. Surface area of the auxiliary electrode is
approximately 100 times larger as compared to tool electrode. Hence, the H2 bubbles
easily coalesce with each other and form an insulating gas film around the dipped
surface of tool electrode [4]. The insulating gas film ceases the flowing current in the
circuit. This generates high electric field between electrolyte and tool electrode. The
high electric field breaks down the gas film and starts electro-discharge action around
the tool electrode edges. The electro-discharge action produces thermal energy for
removal of work material by melting and vaporization [3]. Also, the thermal energy
accelerates the high temperature chemical etching under the presence of electrolyte.
Hence, chemical etching also contributes in material removal [5].

The ECDMprocess has been frequently accepted for fabrication ofmicro holes on
a glass and ceramic substrates for micro fluidic andMEMS applications. The drilling
operation on glass work material was performed first time by Kurafuji and Suda in
1968 [6]. After that, numerous investigations have been conducted to improve the
efficiency and accuracy of drilled micro holes. Still, a low-cost and less-challenging
solution is hardly reported in the existing literature. Tool electrode modification is
the frequently accepted choice of the researchers in previous works done in ECDM
process, because tool modification does not require any additional attachment with
ECDM facility. However, the other reported choices such as tool or electrolyte vibra-
tion, tool rotation and magnetic field-assisted ECDM require additional apparatus
with ECDM facility. Zheng et al. [7] used a flat side-walled tool electrode instead
of conventional cylindrical tool electrode. They reduced the hole entrance diameter
from 436 to 330 µm by decreasing the discharges around the tool side wall. How-
ever, the additional cost of fabricating side wall tool electrode increased the overall
machining cost. Spherical end tool electrode was used by Yang et al. [8] for fab-
rication of micro hole. The enhancement on machining efficiency and accuracy by
improving the localized electrolyte flow inside the machining zone was reported.
However, an additional operation is needed to fabricate special geometry tool elec-
trode inmicro domain like spherical endmicro tool electrode.Micro-drilling-assisted
ECDM was reported by Jiang et al. [9]. They observed that the use of drill-bit as
a tool electrode improved the machining performance by adding mechanical action
with electrochemical discharge action. However, additional tool rotation unit was
used, which requires additional apparatus in ECDM facility. Singh and Dvivedi [10]
used an abrasive-coated tool electrode; the micro cavities on abrasive-coated tool
electrode improved the localized electrolyte flow into the machining zone. Also,
they achieved near to zero working gap between tool electrode and material under
pressurized feeding approach [10]. Thus, the machining performance was improved
even at high drilling depth. However, the coated tool electrode increased the cost of
tool electrode and the abrasive on tool electrode requires special pressurized feeding
system to reduce the working gap. Therefore, in the present work a simple hollow
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tool electrode was used with ECDM process. The hollow tool electrode does not
require any special processing for tool fabrication or any additional apparatus with
ECDM facility. The comparison of solid tool and hollow tool electrode is reported
in subsequent sections. At the end, the through holes on borosilicate glass substrate
are fabricated using solid and hollow tool electrodes.

25.2 Material and Method

25.2.1 Experimental Setup

The facility of ECDMprocess used in experiments was designed and fabricated in the
advanced manufacturing processes laboratory of MIED, IIT Roorkee, Uttarakhand,
India. The schematic view of the facility is shown in Fig. 25.1. The facility consists
of an electrical power source, tool feeding and positioning system, electrolytic cell,
X–Y axes for holes drilling position system and a process monitoring system. The
electrical power source used in ECDM facility was a programmable pulsed DC
power supply, which was connected to the tool electrode (as a cathode) and auxiliary
electrode (as an anode).Hence, the electrolytic cellwas formedby immersingboth the
electrodes (which are already connected to the power source +ve and−ve terminals)
in an electrolyte tank (typically aqueous solution of NaOH). The tool electrode of
stainless steel (SS-304 hollow and solid) was partially immersed (i.e. 1–2 mm) and
a relatively larger size (i.e. >100 times) auxiliary electrode of graphite ring was

Fig. 25.1 Schematic view of developed ECDM facility
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submerged in the electrolyte tank. The work material of borosilicate glass was also
submerged in electrolyte tank and placed at the beneath of tool electrode tip with the
help of work material fixture. The positioning and feeding of tool electrode (with the
drilling progress) was achieved by a separate system, which consists of a force sensor
(mechanically connected to the work material fixture), a micro controller and Z-axis.
The force sensor operates electrically while connecting to the micro controller. The
force sensor generated the force signals while the tool electrode makes mechanical
contactwithworkmaterial during the tool electrode feeding toward theworkmaterial.
The micro controller was also connected to the steeper motor of Z-axis. Hence, the
stepper motor was controlled by a prescribed program in micro controller to position
the tool electrode. As per the program, if the force signal was less than the predefined
load (i.e. 0.5 N) the tool moves toward the work material and if the force signal
exceeds the predefined load the tool retrieves back to form a predefined working gap
(i.e. 4–5 µm) between tool electrode and work material. The electrolyte tank was
mounted on X–Y axis, thus the positioning of drilling point on the work material was
controlled by moving the X–Y axis. The real-time monitoring of the ECDM process
was accomplished by using a digital storage oscilloscope (Model: DSOX3034A,
Agilent, New Delhi, India).

Two tool electrode shapes (i.e. hollow and solid) were selected for drilling of
micro holes on borosilicate glass. Both the tool electrodes had an outer diameter of
550 µm, and the internal diameter of hollow tool was 300 µm. The microscopic
images of both the electrodes are shown in Fig. 25.2.

The performances of both the tool electrodes (i.e. hollow and solid)were evaluated
bymeasuring the depth of hole (DOH), hole overcut (HOC) and surface damage (SD)
of the drilled holes. A stereo zoom microscope (Make: Nikon, Model: SMZ745T)
was used to capture the image of machined hole and for necessary measurements
like HOC and SD. The DOH was measured using a dial gauge (Make: Mitutoyo),
and the least count of dial gauge was 1 µm. The representation of measuring method
for measurement of DOH, HOC and SD is shown in Fig. 25.3.

Fig. 25.2 Microscopic images of both a solid and b hollow tool
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Fig. 25.3 Schematic view of drilled micro hole with terminology

25.2.2 Mechanism of Material Removal Using Solid
and Hollow Tool Electrode

Figure 25.4 shows simulation of electric field intensity performed on Comsol Mul-
tiphysics 4.2, schematic of material removal mechanism and received DSO voltage
signal images during ECDM with solid and hollow tool electrodes. The parametric
condition for both the tool electrodes was similar during the ECDM process. As
can be seen in simulated images, the hollow tool electrode provides additional high
electric field intensity region, which increases the number of discharges at tool tip.
This is illustrated in schematic view. The increased number of discharges at tool tip
increased the frequency of discharges, as can be observed from DSO images. Also,
the uniform distribution of discharges reduced the intensity of discharges (i.e. Pk −
Pk in DSO images) using hollow tool electrode. The unique behavior of discharges
using hollow tool electrode resulted in more DOH and less HOC and SD.

25.2.3 Experimental Procedure

In the existing literatures the applied voltage and pulse on time were found to be the
most influencing process parameters of the ECDM process, which directly control
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Fig. 25.4 Mechanism of material removal using solid and hollow tool electrode

the input thermal energy into the machining zone [7–11]. Thus, both the process
parameters (i.e. applied voltage and pulse on time) were selected to obtain the pro-
cess performance of ECDM process with hollow and solid tool electrodes. Pilot
experiments were performed to select the range of variable parameters and other
fixed parameters. All the selected process parameters (constant and variable) are
tabled in Table 25.1. One-factor-at-a-time (OFAT) approach was acquired to per-
form the experiments. OFAT was widely adopted in previous experimental work
[10, 12]. The comparison of hollow and solid tool electrodes was made using suit-
able graphs. Finally, a through hole was machined on the 1350µm thick borosilicate
glass work material using hollow and solid tool electrodes. The experiments were
repeated three times at the same parametric conditions, and the mean value of three
experimental results was noted as a final result. The experiments were conducted at
room temperature (i.e. 30 °C).
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Table 25.1 Parameters
selected for experimentations

Constant parameter Specification

Electrolyte
type/concentration
(%, wt./vol.)

NaOH/20

Tool electrode (solid
and hollow) material

SS-304

Tool electrode size
(µm)

Solid (OD 550) and hollow (OD
550/ID 300)

Anode (auxiliary
electrode)

Graphite

Work material/size Borosilicate glass
slide/(75 * 25 * 1.35) mm3

Pulse off time (ms) 1

Drilling time (s) 120

Variable parameter Range

Applied voltage (V) 40, 45, 50, 55

Pulse on time (ms) 2, 3, 4, 5

25.3 Results and Discussion

a. Performance Evaluation of Hollow and Solid Tool Electrodes at Different
Applied Voltage

InECDMprocess the applied voltage controls the produced energy inside themachin-
ing zone, thus controls the material removal [10]. In this section the effect of applied
voltage on DOH, HOC and SD is discussed using solid and hollow tool electrodes.
This is illustrated in Fig. 25.5a–c for DOH, HOC and SD, respectively. As can be
observed, the DOH, HOC and SD increased with increase in applied voltage. The
reason thereof was more H2 bubbles were produced with increased applied voltage,
hence more thermal energy was produced [10, 11]. However, after 50 V applied
voltage, the HOC and SD abruptly increased. This was because at 55 V excessive
H2 bubbles are produced around the dipped surface of tool electrode, thus thick gas
film formed and high intensity discharges produced. This resulted in unavailability
of electrolyte inside the machining zone, which also produced more discharges at
the hole entrance.

The comparison of use of solid and hollow tool electrodes in Fig. 25.5a–c shows
that the hollow tool enhanced the performance of ECDM process. The hollow tool
electrode provides additional high current density regions on active tool electrode tip
due to additional inner edge. Also, in hollow tool electrode the electric field intensity
uniformly distributed over the tip of tool electrode, as can be observed fromFig. 25.4.
Thus, this increased the discharges from both the edges (i.e. outer and inner edge).
However, in solid tool only outer edge can provide the discharges. These additional
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Fig. 25.5 Effect of applied voltage on a DOH, b HOC and c SD using solid and hollow tool
electrodes

discharges resulted in more DOH and less HOC and SD as compared to solid tool
electrode.

b. Performance Evaluation of Hollow Solid Tool Electrode at Different Pulse
On Time

The accuracy of the ECDM process increases by using pulse power supply [10, 11,
13], hence the pulse power supply has been used during ECDM process. The effect
of pulse on time with constant pulse off time (i.e. 1 ms) on DOH, HOC and SD
was obtained using solid and hollow tool electrodes and the results are shown in
Fig. 25.6 a, b and c. The results show that as the pulse on time increased from 2
to 5 ms with 1 ms pulse off time the DOH, HOC and SD increased. The reason
behind this phenomenon is that as the pulse on time increases the thermal energy is
produced for longer time inside the machining zone [13, 14]. Also, the DOH was
increased rapidly till 4 ms pulse on time, after that increased slowly. But, beyond
4 ms pulse on time the HOC and SD rapidly increased. It is because at higher
pulse on time (beyond 4 ms) the larger duration of discharging results in lack of
electrolyte present in the machining zone. Hence, the discharges produced at near
the hole entrance, eventually resulted in more HOC and SD. Additionally, Fig. 25.6a,
b and c shows that the hollow tool performed better than the solid tool electrode.
This is already discussed in Sect. 25.2.2. The additional inner edge of hollow tool
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Fig. 25.6 Effect of pulse on time on aDOH, bHOCand c SDusing solid and hollow tool electrodes

electrode produced more numbers of discharges at tool tip as compared to the solid
tool electrode. Eventually, the DOH increased and HOC and SD decreased using
hollow tool electrode.

c. Fabrication of Through Holes Using Solid and Hollow Tool Electrodes

Through holes were drilled on 1350 µm thick borosilicate glass work material using
solid and hollow tool electrodes. The process parameters selected for through holes
drilling are applied voltage 50 V, pulse on time 4 ms, pulse off time 1 ms and elec-
trolyte NaOH 20%, wt./vol. The above-mentioned parametric setting was selected
because it provided higher DOHwith lesser HOC and SD. Figure 25.7a, b shows the
microscopic images of drilled holes using solid and hollow tool electrodes, respec-
tively. The drilling time during through holes fabrication was recorded using stop-
watch. The recorded drilling time for solid tool electrode was 528 s and for hollow
tool electrode was 345 s. As a result, the hollow tool electrode reduced the drilling
time by 34.66%. Also, the entrance diameter was reduced from 1097 to 912 µm and
diameter from 698 to 616 µm using hollow tool electrode.
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Fig. 25.7 Cross-sectional view of through holes drilled using a solid and b hollow tool electrode

25.4 Conclusions

The present study was performed to use the solid and hollow tool electrodes during
ECDM process. The process performance was investigated on DOH, HOC and SD
of drilled holes on borosilicate glass. The main conclusions drawn from the present
work are as follows:

1. ECDM is effectively used to drill through holes on borosilicate glass using solid
and hollow tool electrodes.

2. Use of hollow tool electrode enhanced the efficiency and accuracy of the ECDM
process.

3. The drilling time is reduced by 34.66%using hollow tool electrode during drilling
of through hole.

4. Entrance diameter of drilled hole is reduced from 1097 to 912 µm and exit
diameter from 698 to 616 µm using hollow tool electrode.
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Chapter 26
Evaluation of Cutting Force and Surface
Roughness of Inconel 718 Using a Hybrid
Ultrasonic Vibration-Assisted Turning
and Minimum Quantity Lubrication
(MQL)

Habtamu Alemayehu , Sudarsan Ghosh and P. V. Rao

Abstract Inconel 718 is the most widely used nickel-based superalloy in aerospace,
automobile and nuclear energy industries for its superior chemical, mechanical
and thermal properties. However, the aforesaid properties by themselves offer poor
machining characteristics. To overcome machining difficulties, hybrid machining
processes have been introduced. A hybrid of an ultrasonic vibration-assisted turn-
ing and lubri-cooling technique is considered as one of the similar strategies. In the
present study, a hybrid setup combining indigenously developed ultrasonic vibration-
assisted turning (UVAT) and minimum quantity lubrication (MQL) has been used.
UVAT changes the conventional cutting (CT) process into vibro-impact process
whereas MQLmakes the cutting process able to minimize the heat from the machin-
ing and ultrasonic system as well. MQL is eco-friendly as it answers some of the
problems associated with the cutting fluids. Lower cutting force (Fy) and feed force
(Fz), and average surface roughness have been obtained with MQL + UVAT com-
pared to CT + MQL.

Keywords Inconel 718 · Ultrasonic vibration-assisted turning ·MQL · Cutting
force · Surface roughness

26.1 Introduction

In the area of aerospace, petroleum engineering, nuclear energy and automobile
industries, materials which have superior chemical, mechanical and thermal proper-
ties are highly recommended. Aircraft engines and gas turbine are some of the vital
aerospace components which are manufactured from Inconel 718 [1]. Also, these
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components are mostly operating at extreme temperature conditions for a long dura-
tion. Therefore, Inconel 718 is one of the most widely used nickel-based superalloys
that consist of the aforesaid properties. Elemental compositions which are found in
Inconel 718 have been playing a crucial role associated with its excellent proper-
ties. For example, the presence of (i) nickel, aluminum, chromium and tantalum,
(ii) nickel, chromium, iron, molybdenum, tungsten and tantalum leads to excellent
oxidation resistance and high strength behaviors, respectively. Similarly, combina-
tions of other elements also provide other properties which make Inconel 718 more
preferable over other nickel-based superalloys [2].

In contrary to the above, Inconel 718 is considered as one of the difficult-to-cut
materials. This is due to low thermal conductivity, high strength and high hardness it
has gained from its elemental compositions. Accordingly, the difficulties in machin-
ing of Inconel 718 are characterized by:

(a) Built-up-edge (BUE) formation at the tip of cutting tool due to high heat
generated between tool and workpiece interface during machining; in this case poor
thermal conductivity behavior of this alloy exacerbates the situation; (b) High power
consumption due to high strength and hardness behavior; and (c) Diffusion and
oxidation tool wear due to a high chemical affinity behavior of Inconel 718 [3].

To advance the machining performance of Inconel 718, several enhance-
ment techniques have been attempted. Application of different cooling (MQL,
NanoMQL, Cryogenic cooling), softening (laser-assistedmachining, induction heat-
ing), vibration-assisted machining, and the combination (hybrid) of these techniques
are some of the ongoing strategies to enhancemachinability of Inconel 718. Recently,
hybrid machining processes are considered as a primary solution method associated
with machining of difficult-to-machine materials. Hybrid machining process can be
defined as a combination of two or more machining processes, which are simultane-
ously implemented during machining operations. It has been giving an extra merit
over a standalone machining process. For instance, the combined implementation
of softening and cooling techniques can offer a reduction of strength and hardness
of work materials, and reduction of heat which is generated during the machining
process, respectively [4]. In the present study, a hybrid of an ultrasonic vibration-
assisted turning (UVAT) andminimumquantity lubrication (MQL) duringmachining
of Inconel 718 is investigated and the results are discussed.

UVAT is one of the active-assisted machining processes, and it is working by inte-
grating conventional and non-conventional machining process. Here, the vibration
which is coming out from the ultrasonic transducer through acoustic horn is imposed
at the tip of the cutting tool. It can be imposed in the three different directions, namely
cutting, feed and radial directions, simultaneously or separately. Subsequently, due
to the vibro-impact phenomena at the tool–workpiece interface, the conventional
cutting process is switched to the intermittent cutting process. Therefore, this inter-
mittent cutting process can offer a lower average cutting force, good surface finish
and minimize chatter that has been formed due to machine vibration [5, 6]. However,
the ultrasonic vibration turning process will be effective only if the cutting speed is
less than the critical speed. The critical speed can be determined using a function of
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vibration parameters (2πa f ), where a is the amplitude of the vibration and f thework-
ing frequency of the ultrasonic system [5]. Even though there is a positive response
from UVAT, there is still high-temperature accumulation in the cutting zone. This
is due to deformation, friction and shearing during machining and additional heat
which is coming from the ultrasonic system. Therefore, it is recommended to use
a suitable lubri-coolant strategy to eliminate or minimize the heat from the cutting
zone and acoustic horn as well.

Minimum quantity lubrication (MQL) is a promising strategy that can reduce the
heat developed during the machining process. It is mixed with compressed air inside
the commercially available nozzle and can form a mist. The amount of cutting fluid
which has been using in MQL is nearly 10,000 times lesser than that of common
cutting fluids. The mist which has been formed inside the nozzle gets sprayed into
the cutting zone with a flow rate of 50–500 ml/h [7]. Generally, the MQL can be
applied to the working area either externally spray system or through-tool system
[8]. Accordingly, the machining process under MQL environments can offer lower
cutting forces, lower power consumption, better surface quality and lower tool wear
as compared to dry process [9]. Additionally, when MQL method uses vegetable
oil-based lubricant, it is considered as an eco-friendly process. As a result, it is
addressing the environmental problems, health issues and high cost associated with
the application of lubricants during the machining processes [10].

Wang et al. [1] have studied machinability of Inconel 718 using cryogenically and
plasma-enhanced hybrid machining process. They reported that a hybrid process is
surface roughness; the cutting force gets reduced; and the tool life gets extended
by 250%, 30–50% and up to 170%, respectively, compared to CT. In another study,
Feyzi and Safavi [11] presented a new hybrid strategy which included plasma and
cryogenic enhanced machining, with ultrasonic vibration-assisted machining. They
have suggested that the hybrid system was suitable to obtain a high surface qual-
ity for Inconel 718. Hsu et al. [12] investigated the machinability characteristics of
Inconel 718 using a hybrid ultrasonic-assisted vibration and oxyacetylene source
high temperature-aided machining process. To address environmental issues, Cry-
oMQL hybrid machining technique has been introduced by Pereira et al. [13] during
machining of AISI 304. In addition to this, they highlighted that the CryoMQL has
been offering both cooling and lubrication characteristics. As a result, tool life has
been improved by 50% when compared to CT.

Generally, from the previous research work, it can be inferred that hybrid machin-
ing processes are promising techniques that can offer environmental, economic and
technical benefits as compared to standalone processes. This paper attempts to evalu-
ate the cutting force and surface roughness of Inconel 718 using indigenously devel-
oped hybrid ultrasonic vibration-assisted turning and minimum quantity lubrication.
Also, comparable results of surface roughness and cutting force with and without
UAVT under MQL condition will be discussed.
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26.2 Materials and Methods

For experimentation purpose, a round bar of Inconel 718 with a diameter of 70 mm
and length of 300 mm has been selected. Ni-52.26%, Cr-18.63%, Fe-18.32% and
Nb-4.98% are the major elemental compositions of Inconel 718. A plain carbide
insert (WIDIA: K Grade-CNMA 120408-THMF) has been used for the cutting pro-
cess. Experiments were conducted using an indigenously developed hybrid ultra-
sonic vibration-assisted turning (UVAT) according to our previous study [14] and
minimum quantity lubrication (MQL) which is given in Fig. 26.1. After separately
fabricated and sub-assembled, the hybrid system coupled to Leadwell T6 CNCLathe
machine. During machining, the UVAT provides vibration at the tip of the cutting
tool which is transmitted from a high-frequency ultrasonic generator via a transducer.
The transducer converts the high-frequency electrical energy which is coming out
of the generator into longitudinal vibration in the form of amplitude. However, the
amplitude which is coming out from the transducer is not sufficient for the ultra-
sonic application. As a result, the acoustic horn has been designed to amplify the
amplitude, and later it uses to hold the cutting tool.

Likewise, theMQL systemprovides lubri-coolant to the tool–workpiece interface.
For this study, sunflower oil has been selected. TheMQL is prepared bypropermixing
of sunflower oil and water in the ratio 1:10 [15] using magnetic stirring. Compressed
air coming from the compressor (Model-LG 02 100 TP) and a small amount of liquid
coming from oil container mixed inside the nozzle chamber and forms a mist. The
MQL jet is sprayed through a nozzle over the tool surface and gets spread over the
secondary contact zone.

Machining responses, such as the three components of cutting forces and surface
roughness were measured by Kastler’s piezoelectric dynamometer (model-9257B)

MQL Spray

Ultrasonic Cutting tool

Flow regulator

Liquid Line

Air Line

Liquid storage

Acoustic horn

Kistler Dynamometer 

Workpiece

MQL Fixture

Fig. 26.1 Ultrasonic vibration-assisted turning (UVAT) and minimum quantity lubrication (MQL)
setup
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Table 26.1 Summary of
cutting conditions

Items Items parameter

Workpiece Inconel 718 (70 mm diameter and
300 mm length)

Cutting tool Plain carbide insert, CNMA
120408 THM-F

Cutting speed (m/min) 15, 20 and 25

Feed rate (mm/rev) 0.07 and 0.13

Depth of cut 0.5 mm

Frequency 22.3 kHz

Amplitude 12 µm

MQL flow rate 250 ml/h

Sunflower to water ratio 1:10

Air pressure 3 bar

Nozzle diameter 2 mm

and Zeiss roughness tester (Handy Surf), respectively. Vibration parameters, such
as frequency and vibration, were measured by laser vibrometer (Polytech OVF 303
SENSORHEAD) andmicrometer dial gauge, respectively. The summary of machin-
ing parameters and vibration parameters is given in Table 26.1.

26.3 Results and Discussion

26.3.1 Cutting Forces

The three components (Fx, Fy and Fz) of cutting forces have been measured during
experimentations. The experiment has been conducted according to machining and
vibration parameters which are given in Table 26.1. For each case, three replicates
have been performed.

According to the data recorded during experimentations, the average main cutting
force (Fy) is lesser in UVAT +MQL compared to CT +MQL for lower machining
parameters. As it has been illustrated in Fig. 26.2, the main cutting force (Fy) is
reduced at the given cutting speeds and lower feed rate (0.07 mm/rev). Accordingly,
at a feed rate of 0.07 mm/rev, the main cutting force (Fy) is decreased by 11.3, 10
and 12% at cutting speed of 15, 20, and 25 m/min, respectively in the hybrid process
compared to CT +MQL.

However, at a higher feed rate (0.13 mm/rev) a significant change in the main
cutting force is not shown. Eventually, at the cutting speed of 25 m/min and feed rate
0.13 mm/rev, Fy value is increased for UVAT + MQL than CT + MQL. This may
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Fig. 26.2 Main cutting force (Fy) for UVAT +MQL and CT +MQL

be due to the increased tool wear, as a result of high feed rate. Also, as it has been
inferred from Fig. 26.3 that the feed force (Fz) has shown a significant change except
for one condition (25 m/min and 0.13 mm/rev). Hence, at a feed rate of 0.07 mm/rev
the feed force (Fz) is decreased by 25, 9 and 14% for a cutting speed of 15, 20 and
25 m/min, respectively, in UVAT + MQL compared to CT + MQL. As shown in
Fig. 26.4, unlike feed force (Fz) and main cutting force (Fy), the radial force (Fx)
has not shown a significant change in both UVAT + MQL and CT +MQL.
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Fig. 26.5 Average surface roughness for UVAT + MQL and CT +MQL

26.3.2 Average Surface Roughness

As it has been inferred from Fig. 26.5, at lower cutting speed (15 and 20 m/min) and
feed rate (0.07 mm/rev), the average surface roughness (Ra) has shown an improve-
ment in the case of UVAT + MQL. Accordingly, at a feed rate of 0.07 mm/rev
average surface roughness (Ra) is reduced by 27 and 10% at cutting speed of 15 and
20 m/min, respectively, in UVAT +MQL compared to CT +MQL. Also, at higher
feed rate (0.13 mm/rev) for a cutting speed of 15 and 20 m/min, a slight improve-
ment has shown in the case of UVAT + MQL. However, at a feed rate of 0.13 and
25 m/min, higher surface roughness has been observed in UVAT +MQL.

This might be related to the increased tool–work contact ratio (TWCR) at higher
cutting speed and increased tool wear. Also, the glossy and matte finish for hybrid
and MQL + CT surfaces were observed, respectively.
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26.4 Conclusions

To assess the machinability of Inconel 718, a customized (UVAT + MQL) hybrid
setup has been developed and experiments were conducted on variousmachining and
vibration parameters. In addition to lubri-cooling purpose, to address environmental
and health issues sunflower oil has been used for MQL application. Experimental
results have revealed that at a feed rate of 0.07 mm/rev, the main cutting force
(Fy) is reduced by 11.3%, 10% and 12% at cutting speed of 15, 20 and 25 m/min,
respectively, in UVAT +MQL compared to CT +MQL. Similarly, at a feed rate of
0.07mm/rev the feed force (Fz) is decreased by 25%, 9% and 14% for a cutting speed
of 15, 20, and 25m/min, respectively, in the case ofUVAT+MQLcompared toCT+
MQL. However, a significant change in the radial force (Fx) between UVAT+MQL
and CT +MQL processes has not been observed. The surface quality improved for
lower cutting parameters. At a feed rate of 0.07 mm/rev average surface roughness
(Ra) is decreased by 27 and 10% at cutting speed of 15 and 20 m/min, respectively,
in a hybrid compared to CT + MQL. Therefore, for lower machining parameters
(UVAT+MQL), the hybrid process can be considered as a promising technique for
the machining of nickel-based superalloys.
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Chapter 27
On Performance Evaluation of Helical
Grooved Tool During Rotary Tool
Micro-ultrasonic Machining

Sandeep Kumar and Akshay Dvivedi

Abstract The present investigation reports on reduction of width overcut (WOC)
and edge chipping in micro-channels developed by rotary tool micro-ultrasonic
machining using helical grooved tool. The experiments were conducted to evalu-
ate the effectiveness of the helical grooved tool in terms of WOC and edge chipping.
The tool rotation speed, work feed rate, power rating and abrasive size were selected
as variable parameters. The results showed that the tool with helical grooved tool
assisted the abrasives to replenish from machining zone, thereby reducing the WOC
and edge chipping. Both very low and very high tool rotation speed, work feed rate,
abrasive mesh size and low power rating resulted in lower WOC and edge chip-
ping. The parametric combination of tool rotation speed 300 rpm, workpiece feed
rate 20 mm/min, power rating 40% and abrasive mesh size #1200 resulted in lowest
WOC and edge chipping and hence better form accuracy.

Keywords Micro-USM · Tool rotation ·Micro-channel ·WOC · Edge chipping

27.1 Introduction

Micro-channels are widely used in micro-fluidic devices and bio micro-
electromechanical systems (MEMS) for mixing and analyzing the properties of fluid
at micro scale [1]. The micro-fluidic devices are generally made from brittle mate-
rials such as glass and ceramic quartz. However, machining of these materials is
either very difficult, time-consuming or very costly, specifically in micro-domain.
The reason behind this is the superior properties of these materials such as high
hardness, high strength and resistance to high temperature. In the past few years,
several traditional and non-traditional manufacturing techniques have been used
to develop micro-channels on these materials. These techniques include dry and
wet etching, LIGA, electrochemical discharge machining, laser, micro-ultrasonic
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machining (micro-USM), and so on. But all of these techniques have some limita-
tions. Etching technique is limited to low aspect ratio micro-feature only [2]. LIGA
requires an extremely clean environment and costly as well. ECDM and laser caused
thermal damage to the work material [3]. Micro-ultrasonic machining (USM) is
one of the mechanical-type non-traditional material removal process. It is used for
the fabrication of micro-hole, micro-channels and other complex micro-features on
hard and brittle materials, such as glass, quartz and ceramics [4]. Micro-USM does
not modify the properties of the work material. Both conductive and non-conductive
material can be easilymachined by this process. Inmicro-USM, thematerial removal
takes place from thework surface predominantly by the impact and hammering action
of the abrasives in the form of tiny chips [5]. Some of the material is removed due
to the erosion caused by the cavitation action and chemical reaction between abra-
sive slurry and the work material [6–8]. The limitations of this process are the low
machining rate and high tool wear which hampered its use in many other applica-
tions. The literature revealed that the main cause of low machining rate and high
tool wear in micro-USM is the debris accumulation in machining gap. In this pro-
cess, the shape of the machined feature is decided by the tool shape. As the abrasive
particle hits the tool, tool wear is inevitable in USM, which affects the dimensional
accuracy of final machined cavity. Tool wear depends upon the tool material, shape
and size of tool. Pei et al. in their investigation on micro-USM reported that the
debris accumulation blocks the abrasive particles movement in the machining zone,
which deteriorated the bottom surface of micro-hole [9]. Jain et al. [10] reported
that in micro-USM, the relative contact between tool surface and machined cavity
was responsible for the excessive tool wear. This deteriorates the form accuracy of
machined feature. Cheema et al. [11] reported that higher power rating and higher
slurry concentration deteriorated the surface finish and increased the tool wear also.
Improper slurry circulation also leads to dimensional inaccuracy (in terms of overcut
and edge chipping) of the machined micro-channels. Edge chipping becomes a seri-
ous issue where leakage is critical. Therefore, these issues also need to be addressed.
In order to overcome the problem of debris accumulation and high tool wear, tool
rotation was provided in the existing micro-USM process. This variant is known as
rotary tool micro-USM (RTMUSM). The feasibility of RTMUSM to generate micro-
features on glass was verified by Kumar and Dvivedi [12, 13]. They reported that the
rotary motion of the tool assists the abrasives slurry to replenish from the machin-
ing gap. Tool wear also was reduced by providing the rotary motion to the tool. In
another investigation, Kumar and Dvivedi [14] reported that desired dimensional
accuracy of micro-channels can obtained by providing tool wear compensation. In
order to further enhance the dimensional accuracy of rotary tool micro-USM, tool
modification may be applied. Also, tool modification does not require any additional
attachment on the existing setup. Therefore, in the present investigation, a helical
grooved tool was selected for RTMUSM, and micro-channels were machined on
borosilicate glass workpiece. The effect of RTMUSM parameters on the width over-
cut and edge chipping of micro-channels was analyzed. Further, the quality (in terms
of form accuracy) of machined micro-channels was analyzed with the help of scan-
ning electron microscope (SEM) images.
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27.2 Materials and Methods

a. Experimental Setup

In this investigation self-developed facility of RTMUSMprocess, shown in Fig. 27.1,
was used to fabricate micro-channels. The main components of RTMUSM setup are
ultrasonic generator, rotary transducer, micro-tool, work feeding system and slurry
feeding unit. The frequency of ultrasonic generator and maximum amplitude of
vibration of the tool are 21 ± 1 kHz and 20 µm, respectively. The maximum tool
rotation speed of 2500 rpm can be provided to the tool. The linear motion to the work
materialwas providedwith the help ofX- andY-axis table (resolution of 0.1µm). The
axes were controlledwith the help of NC programming unit attachedwith the facility.
Borosilicate glass, silicon carbide and high speed steel (HSS) were selected as work,
abrasive and toolmaterial, respectively. The tool alongwithmachinedmicro-channel
is shown in Fig. 27.2. The properties and chemical composition of work material is
given in Table 27.1 [15, 16]. Tap water was used as liquid medium for slurry. The
slurry was fed at a constant rate throughout the experimentation (Table 27.2).

b. Process Parameters

The experimentation was carried out by adopting one-factor-at-a-time approach tak-
ing tool rotation speed, power rating, feed rate and abrasive size as variable param-
eters. The WOC and edge chipping were selected as responses in this investigation.
The values of variable and constant parameters are given in Table 27.3. The range
of process parameters were selected on the basis of literature and successive exper-
iments. Each experiment was conducted thrice and their average was taken as final
response value. The WOC and edge chipping are schematically shown in Fig. 27.3.

Fig. 27.1 Schematic of rotary tool micro-USM setup
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Fig. 27.2 a, b Front and top view of tool, c SEM image of machined micro-channel

Table 27.1 Chemical composition of borosilicate glass workpiece

Contents SiO2 B2O3 Na2O + K2O Al2O3 Mixed

% weight 80.6 13 4 2.4 0.1

Table 27.2 Properties of
borosilicate glass workpiece
material

Properties Value

Coefficient of thermal expansion 32.5 × 10−7cm/cm/°C

Density 2.23 g/cm3

Melting point 821 °C

Glass transition temperature 525 °C

Poisson’s ratio 0.2

Young’s modulus 6.4 × 103 kg/mm2

The WOC was measured using stereo zoom microscope (Make: NIKON, Model:
SMZ-746T). The WOC was calculated using the formula given in Eq. 27.1. Edge
chipping is the unwanted damage around the edges of the machined micro-channels
(as shown in Fig. 27.3). Edge chipping was expressed in percentage and it was
calculated using the formula given in Eq. 27.2.

WOC (µm) = (Wa − Dt) (27.1)

where Wa and Dt are the actual width of micro-channel and tool diameter, respec-
tively.
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Table 27.3 Process
parameters and their values

S. no. Parameter Value

1 Rotational speed (rpm) 100–700

2 Work feed rate (mm/min) 10–25

3 Power rating (%) 10–60

4 Abrasive size (mesh) #800–#1800

5 Frequency (kHz) 21 ± 1

6 Slurry concentration (%) 20

7 Liquid medium Water

8 Tool diameter (µm) 850

9 Static load (g) 45

10 Tool material HSS

11 Workpiece material Borosilicate glass

12 Abrasive material Silicon carbide

Fig. 27.3 a Schematic of WOC, b top view of machined micro-channel

Edge chipping (%) = (Vt − Vd)

Vd
× 100 (27.2)

where Vt and Vd are the total volume and desired volume of material removed,
respectively.
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27.3 Discussion of Experimental Results

27.3.1 Process Parameters Effect on WOC and Edge
Chipping

The effect of tool rotation speed onWOC is presented in Fig. 27.4. From Fig. 27.4, it
can be clearly seen that as the rotation speed increased from 100 to 400 rpm, both the
WOC and edge chipping reduced. Beyond 400 rpm an increasing trend was observed
in both WOC and edge chipping. The reason attributed to the observed trend was
that rotary motion of tool exerted centrifugal force on abrasive slurry. The centrifugal
force eases the circulation of abrasives in the machining zone. On increasing the tool
rotation speed, centrifugal force on abrasive slurry was increased, leading to faster
slurry replenishment. In addition, the helical groove provided extra space to the
abrasives slurry to enter and exit from machining zone (as shown in Fig. 27.5). As
a result of that, WOC and edge chipping reduced. The minimum WOC and edge
chipping were achieved at 400 rpm. Also, the tool rotation speed of 400 rpm resulted
in maximum depth and better form accuracy of micro-channel (Fig. 27.6a). This
implies that tool rotation speed of 400 rpm was sufficient for effective circulation
of slurry. Beyond 400 rpm, excessive centrifugal force applied on the slurry due to
which the abrasives present in the slurry stroked on the edges and side wall of the
machined micro-channel. Consequently, WOC and edge chipping increased.

The effect of feed rate onWOC and edge chipping is presented in Fig. 27.7. It was
observed that theWOCand edge chipping initially decreased up to 20mm/minof feed
rate and after that both started to increase (Fig. 27.7). It is believed that the feed rate
governs the time of interaction between abrasive, tool and work material. At lower
feed rate, interaction time was more due to which abrasives contributed to machining
for longer period of time and higher WOC and edge chipping were obtained. On
the other hand, at very high feed rate (i.e. beyond 20 mm/min), interaction time
between tool, abrasives and work material significantly reduced due to which lesser

Fig. 27.4 Rotation speed
effect on WOC and edge
chipping
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Fig. 27.5 Schematic representation showing abrasive replenishment through helical grooves

Fig. 27.6 Cross-sectional and top view of machined micro-channels
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Fig. 27.7 Feed rate effect on
WOC and edge chipping

quantity of abrasives took part in machining. Moreover, there might be a direct
contact between tool andworkmaterial causing damage to sidewall ofmicro-channel.
Consequently, higher WOC and edge chipping were observed. The feed rate of
20 mm/min was found to be sufficient for tool abrasive and workpiece interaction.
The maximum depth of micro-channel and good form accuracy were obtained at
20 mm/min (Fig. 27.6b).

The power rating is directly related to the impact energy imparted by the tool to
the work surface via abrasive particles. Power rating has a linear relation with the
amplitude of vibration. Figure 27.8 illustrates the effect of power rating onWOC and
edge chipping. From Fig. 27.8, it can be observed that on increasing power rating,
the WOC and edge chipping were found to be increased. At power rating of 20%,
both the WOC and edge chipping were low due to lesser impact energy transfer
to abrasive particles on work surface. On increasing the power rating from 20 to
70%, the impact energy significantly increased and deep crater was created by the

Fig. 27.8 Power rating
effect on WOC and edge
chipping
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Fig. 27.9 Abrasive size
effect on WOC and edge
chipping

impact of abrasives. Thus, WOC and edge chipping increased. The form accuracy
of micro-channel at 20% of power rating was found to be better (Fig. 27.6c).

The size of abrasive particle greatly affects the performance of micro-USM
because in USM, the width of the machined cavity is defined as the sum of tool diam-
eter and twice of the abrasive particle size [4]. The abrasive mesh size has inverse
relation with average grain diameter of abrasive particle. The effect of abrasive mesh
size on the WOC and edge chipping is presented in Fig. 27.9. From Fig. 27.9, it can
be seen that on increasing the abrasive size from #800 mesh to #1200 mesh, both the
WOC and edge chipping decreased. The average grain diameter of abrasive particles
reduced by increasing the mesh size, due to which the lateral gap (the gap between
the side wall of cavity and tool surface) decreased. Thus, low WOC was obtained.
The damage at the edges of the micro-channels was also reduced due to the smaller
grain diameter of abrasives. On further increasing the abrasive mesh size from #1200
mesh to #1800 mesh, the average grain diameter significantly reduced. This caused
the formation of multiple abrasives layers in machining gap. The multiple layers of
abrasives when exited through the lateral gap increased theWOC and edge chipping.
The form accuracy of the micro-channels was better when #1200 mesh size abra-
sive particles were used (Fig. 27.6d). This implies that a uniform layer of abrasive
particles circulated while using #1200 mesh size abrasives.

27.4 Conclusions

In the current investigation, the effectiveness of tool with helical groove in rotary tool
micro-USM was evaluated. Experiments were conducted on borosilicate glass work
material as per OFAT approach. The RTMUSM parameters, namely tool rotation
speed, feed rate, power rating and abrasive size, varied and the performance was
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evaluated in terms of WOC and edge chipping. The conclusions drawn from this
investigation are summarized as follows:

• The helical grooved tool was found to be an effective solution for abrasive replen-
ishment in RTMUSM.

• Micro-channels were developed on glass using helical grooved tool in RTMUSM.
• For an increase in tool rotation speed, feed rate and abrasive size, the WOC and
edge chipping initially decreased and after that both increased.

• By increasing power rating, the WOC and edge chipping were found to increase.
• The lowest WOC and edge chipping were observed at rotation speed = 400 rpm,
work feed rate= 20mm/min, power rating= 20% and abrasive size= 1200mesh,
respectively.

• Further, there is a need to optimize the process parameters of rotary tool micro-
USM using helical grooved tool to achieve the minimum WOC and edge chip-
ping simultaneously.
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Chapter 28
Experimental Investigation on Surface
Topography of the Natural Ceramics
in Abrasive Water Jet Cutting and Its
Optimization Validation by Formulated
Model

Vijay Mandal , Amandeep Singh , Ganesh Singh Yadav ,
J. Ramkumar and S. Agrawal

Abstract In the recent past, many researchers have examined the striation and taper
angle emergence on the machined surface of several kinds of materials, machined
through AbrasiveWater Jet (AWJ). There are a few investigations that focused on the
undesirable striation and taper angle formation on the machined surface of natural
ceramics. In this work, machining of three different natural ceramicmaterials such as
granite, white marble, and gray marble, is carried out through the AWJ process. The
influence of the machining process parameters on zone thickness, kerf striation angle
and kerf taper anglewere investigated. In order to understand the surfacemorphology,
the machined surface is divided into three different zones such as smooth (Zone 1,
0°–5°), transition (Zone 2, 5°–10°), and rough (Zone 3, >10°) respectively. The entire
result shows good agreement between the formulated model (using Buckingham’s
π-theorem) and Response Surface Methodology (RSM).

Keywords Striation angle · Kerf taper angle · AWJ
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28.1 Introduction

Natural ceramics have excellent mechanical and physical properties, owing to their
strong chemical bonds. The remarkable properties of ceramics are high hardness,
electrical insulation, lightweight, and high wear, heat, pressure and chemical resis-
tance. Abrasive Water Jet (AWJ) machine is generally utilized for the cutting and
processing of hard materials. This process offers advantages such as the absence of
heat affected zone and ability to machine both conducting as well as non-conducting
materials [1]. Numerous research articles were published on the topography and
most of these suggested minimizing the striation and kerf taper angle formation in
the AWJ machined surface components, and it has been found that the quality of
surface significantly depends on material properties and operating process parame-
ters. The material properties such as hardness and density of the stone and working
parameters such as pump pressure and traverse speed are found as influencing factors
which affect the topography of the stones [2, 3]. Undesirable striation formation in
the machined surface is directly associated with machining inaccuracy. Due to inac-
curacy, micromechanism of step striation formation was studied at different times
and working traverse speeds [4, 5]. Moreover, the machined surface is divided into
different zones for the better evolution of surface morphology [6, 7], an experiment
was conducted to perform machining using different jet impact angles and investi-
gated the surface quality. It was found that the value of parameters such as Sq (Root
Mean Square), Sz (Maximum height), and SA (Average Roughness) decreases when
the jet angle is 70° while only Sa value decreases if the jet angle is 90°. Researchers
have reported various material removal mechanisms, of which erosion process is the
most prominent mechanism [8]. The machining of ceramic materials such as marble
and glass is also done through AWJ. From the experiments, it was observed that poor
surface finish prevails with an increase in traverse speed and standoff distance [9,
10]. Also, tried multi-mode operations such as cutting, milling, and counter sink-
ing associated with abrasive water jet to investigate the influence of surface quality
and geometrical accuracy. Also, multi-mode operations such as cutting, milling, and
counter sinking associated with abrasive water jet machinig were performed and the
dependence of process parameters on the machined surface quality and geometric
accuracy was investigated [11]. Furthermore, many researchers examined the kerf
taper angle with various machining process parameters by statistical analysis. It was
reported that the nozzle traverse speed as the most considerable process parameter
[12].

The present study deals with the machining of three different natural ceramics
through abrasive water jet and validate the formulated model (by using dimensional
analysis) and RSM. Initially, the machined surface quality is good, however, due to
an abrupt change in material removal rate; it leads the step formation at the bottom
of the machined surface. Hence, to overcome all these problems, cut depth divided
into three different zones to examine the better morphology of the surface.



28 Experimental Investigation on Surface Topography … 349

28.2 Materials and Methods

The experiments were carried out using a CNC controlled AWJ machine, OMAX
2652. The complete setup consisted of a controller, cutting head, nozzle, high-
pressure intensifier pump, abrasive delivery system, and catcher tank. The exper-
imental setup is shown in Fig. 28.1. The CNC code is written that gives the cutting
path to the nozzle. The specimens were machined in a rectangular prism of dimen-
sions (50× 50× 20)mm. The cutting conditions, takenwere: abrasive size (80mesh,
U.S. STD), abrasive flow rate (0.300 kg/min), mixing tube diameter (0.7620 mm),
and pressure (1500 bar) respectively.

The nomenclature and properties of the ceramics, i.e., granite, white marble, and
gray marble listed in Table 28.1. The values of properties of materials are sequenced
in the order of granite, white marble, and gray marble respectively.

Trial experiments were performed to obtain the optimum range of working param-
eters such as traverse speed and standoff distance. Machining at the lower traverse
speed resulted in high energy consumption, and at the higher traverse speed, the
abrasive particles were not successfully able to machine through the entire thickness

Fig. 28.1 Experimental
setup of abrasive water jet
machine (OMAX 2652)

Table 28.1 Nomenclatures and properties of natural ceramic materials [13]

TS = Traverse speed (mm/min) Wb = Bottom kerf width (mm)

SoD = Standoff distance (mm) Wt = Top kerf width (mm)

Z = Zone thickness (mm) T = Thickness of workpiece (mm)

P = Jet pressure (1500 bar) σc = Compressive strength (150, 55.85, 87.6 MPa)

ma = Mass flow rates (0.3 kg/min) λf = Fracture toughness (1.83, 0.87, 1.56 MPa m0.5)

dn = Nozzle diameter (0.762 mm) H = Vickers’s hardness (1107.6, 498, 235 HV)

θ = kerf taper angle (degree) Density (2720, 2727, 2705 kg/m3)

ρp = Particle density (4000 kg/m3) Young’s modulus (91.12, 58.57, 72.94 GPa)

dp = Particle diameter (0.177 mm) Tensile strength (4.89, 8.65, 7.52 MPa)

ρw = Water density (1000 kg/m3) Coefficient of friction (0.9–1, 0.6–0.8, 0.6–0.8)
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Table 28.2 Input process parameters

Parameters Level

1 2 3 4 5

Standoff distance (SOD) (mm) 1 1.5 2 2.5 3

Traverse speed (TS) (mm/min) 48 62 87 138 162

of the sample. Design of experiments was conducted using RSM to obtain the values
of the variables, as shown in Table 28.2.

After cutting, the machined surface of the samples was polished by emery papers
for five hours for each sample. The emery papers grit size was from 500 to 2000
g/in. The specimens were then dried with the help of an air dryer, followed by
cloth polishing. Vickers hardness was determined using the microhardness testing
machine with a load of 100 g and indentation time of 10 s. Each specimen was
indented at ten separate points on the surface, and the values were averaged. The
average microhardness value of the ceramic granite, white marble, and gray marble
was found to be 1107.6 HV0.05, 498.4 HV0.05, and 235.6 HV0.05 respectively.

The 13 combinations of experiments were obtained for each material by central
composite design (CCD) using Design-Expert software (DoE). After machining,
the images of machined surfaces were captured by a microscope. The microscopic
images are shown in Fig. 28.2. It was found that the surface roughness of the samples

Fig. 28.2 Optical microscope images of the machined surface at a standoff distance of 2 mm and
traverse rate of 162 mm/min of work material a granite, b white marble, and c gray marble
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Fig. 28.3 Schematic diagram of a zone thickness or kerf striation angle, b kerf taper angle (θ)

was not uniform throughout the machined surface. Also, from the captured images,
the kerf striation was observed on the machined surfaces. Present images show that
the surface finishes on the machined surface, in the direction of the abrasive jet is
better at the initial stage, and kerf deviation is less in comparison to the later stages.
The stages here start from the top of the images and proceed towards the bottom.

In order to examine the surface morphology of the machined surface, it is divided
into three different zones: Zone 1, Zone 2, and Zone 3 as shown in Fig. 28.3a.
The machined surface was divided into different zones. These zones are categorized
according to a surface finish of the machined work samples [6]. In the present study,
the machined surface divided into three different zones based on the angle of devia-
tion (kerf striation angle) with the vertical axis. An optical microscope was used to
determine the kerf striation angle. Kerf striation angles 0°–5°, 5°–10° and beyond
10° were considered as a smooth zone, transition zone, and rough zone respectively.

Kerf taper angle (or taper angle) is one of the fundamental issues that determine
the exactness of the machining accuracy. In the AWJ machining, the formation of
kerf walls is not equally inclined, because of the “jet tail back affect” [12] as shown in
Fig. 28.3b. The kerf taper angle for each sample was measured using a microscope.
Four replications for the top and bottomwidth of the kerf taper angle zonewere taken,
and the values were averaged. The taper angle is calculated using the Eq. (28.1).

θ = tan−1 (Wt − Wb)

2T
(28.1)

where θ = kerf taper angle, Wb = bottom kerf width, Wt = top kerf width, T =
thickness of workpiece. This value of the θ was used as a response parameter.
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28.3 Results and Discussion

28.3.1 Model Fitting and Statistical Analysis

After conducting the experiments, the data obtained was to be analyzed. The process
variables such as A (SoD mm), B (TS mm/min), and C (Materials, i.e., granite (Gr),
white marble (Wm), and gray marble (Gm)), and responses such as Zone 1, Zone 3,
and θ were taken. It is evident from Fig. 28.2 that Zone 1 needs to be maximized;
Zone 3, and θ are minimized for the best results. Zone 2, which is a transition zone,
was avoided as it does not influence the process when the other two zones are taken.

28.3.1.1 Analysis of Zone Thickness

ANOVA was used to determine the variables influencing the process. Tables 28.3
and 28.4 summarize the ANOVA results for Zone 1 and Zone 3. Table 28.3 suggested
that transverse speed, standoff distance, and material significantly influence the kerf
striation angles for Zone 1. However, Zone 3 is influenced by only the transverse
speed and thematerial, as depicted from the Table 28.4 at 95% significant level (Prob.
< 0.05). Regression models were obtained for Zone 1 and Zone 3, with the material
as a categorical variable. The resulting model consisted of three equations for the
three types of material. Equations for Zone 1 and Zone 3 were:

Gr(Zone 1) = +35.86382 − 9.26804 ∗ SoD − 0.56002 ∗ TS

Table 28.3 ANOVA for Zone 1

Source Sum of squares
(SS)

df Mean square
(MS)

F-value p-value (Prob > F)

Model 99.35 13 7.64 32.86 <0.0001

A-SoD 1.11 1 1.11 4.77 0.0385

B-TS 59.85 1 59.85 257.39 <0.0001

C-Material 19.58 2 9.79 42.09 <0.0001

AB 0.049 1 0.049 0.21 0.6488

AC 0.015 2 7.368E−003 0.032 0.9689

BC 0.69 2 0.35 1.49 0.2450

A2 0.040 1 0.040 0.17 0.6813

B2 8.40 1 8.40 36.11 <0.0001

A3 0.65 1 0.65 2.78 0.1080

B3 9.04 1 9.04 38.87 <0.0001

Residual 5.81 25 0.23

Cor Total 105.16 38
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Table 28.4 ANOVA for Zone 3

Source SS df MS F-value p-value

Model 214.74 13 16.52 25.76 <0.0001

A-SoD 0.28 1 0.28 0.43 0.5157

B-TS 38.87 1 38.87 60.63 <0.0001

C-Material 158.77 2 79.39 123.81 <0.0001

AB 0.13 1 0.13 0.20 0.6597

AC 2.71 2 1.35 2.11 0.1423

BC 1.40 2 0.70 1.09 0.3519

A2 1.75 1 1.75 2.73 0.1110

B2 1.25 1 1.25 1.95 0.1746

A3 0.29 1 0.29 0.45 0.5100

B3 10.62 1 10.62 16.57 0.0004

Residual 16.03 25 0.64

Cor Total 230.77 38

− 3.37719E−003 ∗ SoD ∗ TS + 4.81809 ∗ SoD2 + 5.00818E−003 ∗ TS2

− 0.78698 ∗ SoD3 − 1.50100E−005 ∗ TS3 (28.2)

Wm(Zone 1) = 35.90433 − 9.23938 ∗ SoD − 0.55043 ∗ TS

− 3.37719E−003 ∗ SoD ∗ TS + 4.81809 ∗ SoD2 + 5.00818E−003 ∗ TS2

− 0.78698 ∗ SoD3 − 1.50100E−005 ∗ TS3 (28.3)

Gm(Zone 1) = 36.96959 − 9.33588 ∗ SoD − 0.55193 ∗ TS

− 3.37719E−003 ∗ SoD ∗ TS + 4.81809 ∗ SoD2 + 5.00818E−003 ∗ TS2

− 0.78698 ∗ SoD3 − 1.50100E−005 ∗ TS3 (28.4)

Gr(Zone 3) = −6.99693 + 2.38901 ∗ SoD + 0.45225 ∗ TS

+ 5.42105E−003 ∗ SoD ∗ TS − 2.50884 ∗ SoD2 − 4.75959E−003 ∗ TS2

+ 0.52396 ∗ SoD3 + 1.62736E−005 ∗ TS3 (28.5)

Wm(Zone 3) = −12.71918 + 3.72951 ∗ SoD + 0.44164 ∗ TS

+ 5.42105E−003 ∗ SoD ∗ TS − 2.50884 ∗ SoD2 − 4.75959E−003 ∗ TS2

+ 0.52396 ∗ SoD3 + 1.62736E−005 ∗ TS3 (28.6)
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Fig. 28.4 Influence of the interaction between transverse speed and standoff distance on zone 1
for a granite, b white marble, and c gray marble

Fig. 28.5 Influence of the interaction between transverse speed and standoff distance on zone 3
for a granite, b white marble, and c gray marble

Gm(Zone 3) = −11.36554 + 2.98851 ∗ SoD + 0.43819 ∗ TS

+ 5.42105E−003 ∗ SoD ∗ TS − 2.50884 ∗ SoD2 − 4.75959E−003 ∗ TS2

+ 0.52396 ∗ SoD3 + 1.62736E−005 ∗ TS3 (28.7)

Coefficient of determination (R2(adj.)) values for the models for Zone 1 and Zone
3 were 95.59 and 94.47 respectively. Also, it can be seen from the equations that
the models for Zone 1 were quadratic and for Zone 3 were cubic. These models
were found to be the best fit. Also, cubic models for Zone 1 were also obtained.
The difference between the coefficients of the quadratic models and cubic models
was not significant. Additionally, the quadratic model and the cubic model exhibited
significant differences in coefficients from the linear model. For all the comparisons,
the level of significance was taken at 5%. In all the models, it was observed that the
influence of TS was much higher in comparison to SoD, which is also evident from
Figs. 28.4 and 28.5.

28.3.1.2 Analysis of Kerf Taper Angle (θ)

Measurement procedure and calculations for θ are already discussed in the forego-
ing sections. Also, we discussed kerf striation and zone thickness of the machined
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Table 28.5 ANOVA for θ

Source SS df MS F-value p-value

Model 9.39 11 0.85 53.19 <0.0001

A-SoD 0.20 1 0.20 12.37 0.0016

B-TS 0.76 1 0.76 47.19 <0.0001

C-Material 8.30 2 4.15 258.61 <0.0001

AB 2.137E−003 1 2.137E−003 0.13 0.7180

AC 0.014 2 7.228E-003 0.45 0.6420

BC 0.068 2 0.034 2.13 0.1381

A2 5.436E−003 1 5.436E−003 0.34 0.5653

B2 0.041 1 0.041 2.58 0.1197

Residual 0.43 27 0.016

Cor total 9.82 38

surface. In this section, the effect of the taper angle with respect to different input
process parameters is presented.

Here also, ANOVA was used to determine the variable influencing the process.
Table 28.5 summarizes the ANOVA results for θ. Regression models were obtained
θ, with material as a categorical variable. The resulting model consisted of three
equations for the three types of material. The obtained models were:

Gr(θ) = +1.26372 − 0.067779 ∗ SoD + 8.18436E−003 ∗ TS

+ 6.76392E−004 ∗ SoD ∗ TS + 0.035386 ∗ SoD2 − 3.20195E−005 ∗ TS2

(28.8)

Gm(θ) = +7.21943E−003 − 6.12622E−004 ∗ SoD + 0.011423 ∗ TS

+ 6.76392E−004 ∗ SoD ∗ TS + 0.035386 ∗ SoD2 − 3.20195E−005 ∗ TS2

(28.9)

Gm(θ) = +0.069715 − 0.096196 ∗ SoD + 9.96684E−003 ∗ TS

+ 6.76392E−004 ∗ SoD ∗ TS + 0.035386 ∗ SoD2 − 3.20195E−005 ∗ TS2

(28.10)

Coefficient of determination (R2(adj.)) values for the models for θwas 93.05. For
all the comparisons, the level of significance was taken at 5%. In all the models, it
was observed that the influence of transverse speed was much higher in comparison
of standoff distance, which is also evident from Fig. 28.6. However, the material has
the maximum influence (largest F-value in Table 28.5), which can be attributed to
the significant difference in the hardness of granite, white marble, and gray marble.
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Fig. 28.6 Influence of the interaction between transverse speed and standoff distance on θ for
a granite, b white marble, and c gray marble

Fig. 28.7 Normal probability plot for a zone 1, b zone 3, and c θ

The normal probability residual plot of Zone 1, Zone 3, and θ is shown in
Fig. 28.7a–c, respectively. The present figure shows that most of the points are scat-
tered to the fitted straight line. It makes great acceptability of the current model for
these responses.

28.3.1.3 Influence of θ and Zone Thickness on TS and SoD

The kerf striation angle usually increases with an increase in traverse speed because
of the exposure time for the complete material removal in a particular section is
not sufficient. Alternatively, by increasing the traverse speed, the interaction time
between abrasives and the workpiece decreases which leads to its incomplete erosion
[14].

The influence of zone thickness (Zone 1 and Zone 3) with respect to input process
parameters can be depicted in Figs. 28.4, 28.5, and 28.8a, b, d, e. From the above
figures, it was observed that with an increase in traverse speed, Zone 1 thickness
decreases nevertheless Zone 3 thickness increases. Also, with an increase in SoD
within the selected range, inferior changes occur in Zone 1 the Zone 3 in comparison
to those the traverse speed. Moreover, the hardness of gray marble, white marble,
and granite are in increasing order. Through the cutting performance of gray marble,
a particle of work material removes easily as compared to granite and white marble



28 Experimental Investigation on Surface Topography … 357

Fig. 28.8 Influence of the interaction between zone thickness and θ on TS a, b, c at constant
SoD=2 mm and SoD d, e, f at constant TS=105 mm/min

because of lower bonding strength. From the above results, it can be concluded that
lower the hardness of wok material, Zone 1 thickness is larger. Alternatively, among
these three work samples, it can be seen that at lower hardness values the surface is
better. Figures 28.6a–c and 28.8c, f, represents the variation of θwith TS and SoD for
three different hardness natural ceramic samples. In this case, also, it was observed
that the kerf taper angle increases with an increase in TS and SoD, because of similar
process mechanics.

28.3.1.4 Optimal Solution

The optimization was carried out using Design-Expert® Software. In this design, to
obtain the optimum value of output results, multi-objective optimization was carried
out viz., maximize Zone 1, and minimize both Zone 3 and θ. It is found that the opti-
mumvalues of Zone 1, Zone 3, and θ are 14.3325mm, 1.16048, and 0.49 respectively,
under the optimum variable setting as SoD = 1.99 mm and TS = 48 mm for gray
marble work sample. For the above optimal solution, the desirability of the model is
0.991. From the regression models, gray marble was selected as the best material as
it exhibited best results viz. maximum intercept value for Zone 1 (Eq. 28.4) and low
intercept value for Zone 3 (Eq. 28.7) and minimum intercept value θ (Eq. 28.10).
However, for Zone 3, white marble and gray marble showed close intercept values,
but gray marble was selected due to its dominance in other variables. This is also
evident from Fig. 28.8.
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28.3.2 Mathematical Model Formulation

After determining the influential process parameters, a mathematical model was
formulated using dimensional analysis, to quantify the efficacy of the process. Buck-
ingham’s π-theorem was chosen for this purpose. In AWJ, modeling for kerf taper
angle and striation angle involves many variables as shown in Eq. (28.11). Some
of the noise variables such as particle interference and particle fragmentation may
also influence the kerf taper and striation phenomenon. However, mathematically
modeling for these variables is not feasible in the current stage. Also, this makes
the theoretical models very less reliable [14]. On the other hand, Buckingham’s π-
theorem uses dimensional analysis and thereby offers a technique to simplify such
problems.

Z or θ = f
(
TS, SoD,P,ma, dn, dp, ρp, ρw,H , σc, λf

)
(28.11)

All the variables present in the Eq. (28.11), assembled into small nondimensional
groups. It has been found that there are three fundamental variables: length,mass, and
time out of 12 variables. In this formulation, TS, SoD, and ma are taken as repeating
variables, such that the combination of these three always forms nondimensional
groups. Sequentially, there are nine independent, nondimensional groups were found
form these variables for both the cases, i.e., Z and θ by using power law methods as
shown in Eqs. (28.12) and (28.13).

Z = K

(
P(SoD)3

(TS)ma

)a

(dn)
b(dp)

c

(
(TS)ρw(SoD)3

ma

)d
(

(TS)ρp(SoD)3

ma

)e

(
H (SoD)3

(TS)ma

)f (
σc(SoD)3

(TS)ma

)g
(

λf (SoD)2.5

(TS)ma

)h

(28.12)

θ = K

(
P(SoD)2

(TS)ma

)a(
dn
SoD

)b( dp
SoD

)c(
(TS)ρw(SoD)2

ma

)d

(
(TS)ρp(SoD)2

ma

)e(
H (SoD)2

(TS)ma

)f (
σc(SoD)2

(TS)ma

)g
(

λf (SoD)1.5

(TS)ma

)h

(28.13)

The constants a, b, c, d, e, f, g, and h are the degrees of the non- dimensional
π-groups, and k is the proportionality factor that can be determined from experi-
ments that are mentioned in the earlier sections of this paper. Multivariate regression
analysis is conducted to obtain these values separately for granite, white marble,
and gray marble. The corresponding values of fracture toughness (λf), Vickers’s
hardness (HV), and Compressive strength (MPa) were used for the three materials.
The models for Zone1 and θ for granite, white marble, and gray marble are given in
Eqs. (28.14)–(28.19), where TS is in mm/min, SoD is in mm, ρw is in kg/m3, ma is
in kg/min, P is in bar and dn is in mm.
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Zone 1(granite) = 2.083
(TS)0.5131(SoD)0.0843ρ0.2706

w

m0.2181
a P0.2425

(28.14)

Zone 1(white marble) = 1.734
(TS)0.354(SoD)0.0324ρ0.1847

w

m0.0124
a P0.1693

(28.15)

Zone 1(grey marble) = 1.786
(TS)0.345(SoD)0.0708ρ0.1847

w

m0.0236
a P0.1607

(28.16)

θ(Granite) = 0.4467
(TS)0.1486(SoD)0.1128m0.1486

a

P0.1486 d0.41
n

(28.17)

θ(White marble) = 0.781
(TS)0.623(SoD)0.397m0.623

a

P0.623 d1.643
n

(28.18)

θ(Grey marble) = 0.682
(TS)0.592(SoD)0.227m0.592

a

P0.592 d1.411
n

(28.19)

From the above-formulated equations, it can be seen that the Zone 1 and θ primar-
ily depends on parameters TS, SoD, ρw, ma, P and dn respectively. It is noted that, in
these Eqs. (28.14)–(28.19) a higher degree of a variable represents themore influenc-
ing parameters and vice versa. Equations (28.14)–(28.16), and Eqs. (28.17)–(28.19)
respectively represent the variation of Zone 1 thickness and θ for the different work
materials. Also, it has been found from the above equations TS and SoD are pro-
portional to Zone 1 and θ. In this equation, the degree of TS is higher as compared
to SoD, which indicates that traverse speed is the more influencing parameter. The
exponents in the equations give the individual factors influencing similar results as
were obtained in the ANOVA models in the previous section of this paper.

28.4 Conclusions

The experimental result shows the striation angle (or zone thickness), and the θ are
influenced by TS, SoD, and hardness of the materials. From the ANOVA and formu-
lated model, it was concluded that the effect of traverse speed is more influencing
parameters as compared to SoD in both the cases, i.e., striation and θ. The hardness
of the work material is also found to be an important characteristic of the surface
morphology. Experimental results show that the Zone 1 thickness is comparatively
lesser in granite. A higher value of Zone 1 thickness indicates better surface finishing.
Therefore, it can state that ceramic work materials with high hardness value, exhibit
bad surface finish. The kerf striation and θ are reduced by decreasing TS and SoD
for each of the work materials (i.e., Granite, White marble, and Gray marble) in the
experimental ranges. The model assessment shows optimum values of Zone 1, Zone
3, and θ are 14.3325 mm, 1.16048, and 0.49 respectively, under optimum condition
of SoD 1.99 mm and TS 48 mm for gray marble work sample.
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Chapter 29
Prediction and Comparison of Vision
Parameter of Surface Roughness
in WEDM of Al-6%Si3N4
and Al-10%Si3N4 Using ANN

H. R. Gurupavan, H. V. Ravindra and T. M. Devegowda

Abstract The need for compositematerial has increased in various sectors due to the
technological developments and requirement of complex shapes in themanufacturing
sectors. Metal matrix composites are the most widely used composite materials. Due
to the presence of abrasive reinforcing particles, conventional machining of these
causes severe tool wear and hence reduces the life of the cutting tool. This difficulty
can be overcome by using an advanced machining technique. One such advanced
machining technique is Wire Electrical Discharge Machining (WEDM). WEDM is
a thermal machining method used for cutting any conductive materials and capable
of precisely cutting parts of hard materials with complex shapes. This paper focuses
on the prediction and comparison of vision parameter of surface roughness during
wire electrical discharge machining of Al-6%Si3N4 and Al-10%Si3N4 composite
materials. Stylus instruments are widely used for measuring surface roughness of
machined components, which have limited flexibility in handling various machined
parts. Due to high resolution, reliability, and ease of automatic processing of data,
vision systems are recently being exploited for various measurements. Using the
machine vision system, the surface images of machined specimens were acquired.
Based on the analysis of the distribution of light intensity of a rough surface, the
surface roughness (Ga) of a machined component is measured. Surface roughness
prediction was carried out successfully for the two composite materials using Artifi-
cial Neural Networks (ANN). From the results, it was observed that, measured and
predicted vision parameters of surface roughness (Ga) values correlated well with
ANN.
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29.1 Introduction

Wire Electrical Discharge Machining (WEDM) is an advanced machining process
used to cut a component to obtain the desired shape by a series of electrical dis-
charges (sparks). WEDM serves as the best alternative for making tools, microscale
parts and dies with a good surface finish and dimensional accuracy. The effect of
WEDMprocess parameters on the surface roughness is to be investigated experimen-
tally. Analyzing the effectiveness of all the parameters is a very tedious task. Hence,
various techniques are being used to analyze the parameters for better results. Many
researchers have investigated the process parameter effects on the surface rough-
ness of the machined component. For process control and product quality control,
evaluation of surface texture is essential. Mechanical surfcomflex, a widely used
instrument is used to evaluate the surface texture, which has limited flexibility in
handling various machined parts.

Due to high resolution, reliability, and ease of automatic processing of data, vision
systems are recently being exploited for various measurements. The First step in the
Machine Vision system is to capture the images using cameras and lighting, which
are designed to provide a better variation required by subsequent processing. Various
imageprocessing techniques inMVsoftware packages are used to extract the required
information.

The texture of the machined surface is dramatically affected by the state of the
Worn electrode in WEDM. By applying image enhancement techniques and image
segmentation, Problems of image noise and nonuniform illumination can be reduced.
In recent years, the surface roughness of a workpiece is inspected using computer
vision techniques. Using a digital camera the surface image of the machined com-
ponent is first captured and then surface image features are extracted. In order to
construct the relationships between the feature of the surface image and the actual
surface roughness, a polynomial network using a self-organizing adaptive modeling
method is applied [1]. A machine vision system has been used to acquire the images
and then regression analysis is applied for the quantification of the surface roughness
of machined components. Using Cubic Convolution interpolation technique original
images have been magnified. Using regression analysis, surface image parameter
(Ga) has been estimated [2]. Image analysis is easier and more flexible due to the
development of high-speed digital computers and vision systems. These systems
have the advantages of analyzing an area from the surface of the image rather than a
single line, unlike the stylus instruments [3]. The traditional light section microscope
in machine vision was designed to measure the surface roughness of the machined
component. Various surface roughness parameters can be automatically measured
using a specially designed vision system and it was proved that the designed vision
systemhas a satisfyingmeasurement precision [4]. Topredict the surface roughness in
WEDMofWP7Vsteel,ArtificialNeuralNetwork (ANN)model is developed. Exper-
iments are conducted based on the L16 orthogonal array and experimental results are
used to train the neural network model. The mathematical relation between WEDM
cutting parameters and the workpiece surface roughness is also established byMRA.
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Estimated values of roughness by ANN and MRA are compared with measured val-
ues. Good correlation can be obtained between experimental results and predicted
values in the neural network with two hidden layers [5].

The present work analyzes images of workpiece surface roughness inWire EDM,
and Prediction and comparison of surface roughness of two composite materials
using the artificial neural network.

29.2 Experimental Work

CONCORD DK7720C CNCWire EDMwas used to conduct the experiments. Wire
EDM machine consists of servo control system, wire electrode, dielectric supply
system, a power supply, and work table. According to the material and height of the
component the input parameters of the Concord WEDM machine can be selected.
Reusable wire technology is a special feature in Wire EDM., i.e., wire can be reused
by adopting the re-looping wire technology, instead of throwing out after its first use.
Figure 29.1 shows the WEDM experimental setup. Generally Wire EDM process
has many stages like rough cut, rough cut phase with finishing, and finishing phase.
But only one pass is used in this Wire EDM.

Using a computer controlled positioning system, a gap of 0.02 mm is constantly
maintained between wire and workpiece. Molybdenum wire electrode of 0.18 mm
diameterwas used inWEDM.The selected process parameters inWEDMare as listed
in Table 29.1. Based on experts and review of literature, the process parameters were
selected.

Fig. 29.1 WEDM
experimental setup
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Table 29.1 WEDM
parameters and their levels
used in experiments

Process parameters Levels

I II III

Pulse-on time (μs) 20 24 28

Pulse-off time (μs) 5 6 7

Current (A) 4 5 6

Bed speed (μm/s) 30 35 40

29.2.1 Surface Roughness Measurement

In the present work, surface roughness (Ga) is measured on the basis of the analysis
of the distribution of light intensity on a rough surface of workpiece.

Experiments were carried out to investigate the feasibility of vision-based param-
eters for the measurement of surface roughness generated by machining processes.
For getting different roughness values experiments were performed on CNC Wire
EDM. The stylus parameter average surface roughness (Ra) of these specimens was
measured using stylus-instrument. The image acquired by themachine vision system
is shown in Fig. 29.2.

Figure 29.3 shows the surface image of the machined workpiece and Fig. 29.4 is
the histogram equalized image of the same. In order to illuminate the rough surface
of the workpiece a good fluorescent light source was used in machine vision system.
Nikon D-90 high resolution digital camera was used to capture an image of the
reflected light. Analysis of the captured image was done by a program written in
Matlab software using image processing toolbox. Using this program average surface
roughness vision parameter of stored image was computed.

In order to identify whether the optical parameters are sufficient to characterize
a surface of the workpiece, average surface roughness (Ra) was compared with the

Fig. 29.2 Machine vision system for measuring surface roughness
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Fig. 29.3 Machined surface
image

Fig. 29.4 Histogram
equalized image

Vision roughness parameter (Ga).Vision parameter of surface roughness is calculated
based on the distribution of the peaks on the surface, i.e., It was assumed that more
light will reflect from the peaks on any surface than its surroundings. The binary
image is converted from gray image by assigning “1” for pixel having more light
intensity values than its surrounding pixels in the cell and remaining all into “0”.

Vision-Based Parameter Computed
The arithmetic average value of the gray level intensity was calculated by the relation

Ga = 1

N

255∑

x=0

(Fi Xi ) (29.1)

where N is the total number of pixels in the distribution, Xi are the gray levels (i =
0, 1, 2, 3, 4, …, 255), Fi is the number of pixels at gray-level Xi.

29.3 Introduction to Artificial Neural Network (ANN)

ANN is an artificial representation of the human brain, which is made by intercon-
necting neurons. For processing information, ANN uses a mathematical model or
computational models. As the machining process is nonlinear and time-dependent,
it is quite tedious for conventional identification techniques to provide an accurate
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model. ANNs are global and robust when compared with traditional computing tech-
niques. Procedure in the biological nervous system inspires neural network, which is
an information processing model. ANN gives an inherent relationship between the
input and output by learning from a dataset that represents the behavior of a system.
Neural networks consist of simple processors called neurons which are linked by
weighed connections.

By the interconnections, the output signal of a neuron is given to other neurons
as input signals. Figure 29.5. Shows simple neural network architecture. To obtain
the net input ‘n’ the weighted inputs are summed with bias ‘b’.

n = w1.1 p1 + w1.2 p1 + · · · + w1.R pR + b (29.2)

‘Xn’ represents various inputs to the neurons. ‘Wn’ represents weights. ‘ϕ’ repre-
sents bias, which is used to compute activation function ‘an’. Then by using transfer
function, activation is converted into the output ‘On’.

an = wnX
T
n + ϕ (29.3)

On = f (an) (29.4)

Complex problems can be solved by layers of neuron network which is formed by
connecting many single neurons. An input layer, hidden layer, and output layer are
the three layers of artificial neural network. The input layer is connected to hidden
layer, which is connected to the output layer. Through the input layer the patterns
are presented to the networks, and then input layer communicates with hidden layers

Fig. 29.5 Artificial neural network (ANN) architecture
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where the actual processing is carried out. The hidden layers are then linked to an
output layer.

The neural network has to train in such a way that the error between actual output
and desired output is minimum and regression co-efficient (R value) between actual
output and desired output is close to one.

The Levenberg–Marquardt algorithm in mathematics and computing gives solu-
tion to the problem of minimizing a function, generally nonlinear, over a space of
parameters of the function. Especially in nonlinear programming and least squares
curve fitting these minimization problems arises.

29.4 Results and Discussion

Experiments were conducted on machining of Al-6%Si3N4 and Al-10%Si3N4 com-
posite materials. CONCORD DK7720C CNCWire EDMmachine was used to con-
duct the experiment. Current, Bed speed, Pulse-on time, and pulse-off time, were
used as input parameters. Surface roughness was the response variable. Surface
roughness was measured using machine vision system and then it is compared with
the surfcom flex 50-A; which is conventional measuring instruments for measuring
surface roughness. Surface roughness prediction was carried out by neural network
fitting tool. It is necessary to check the performance of the network and to identify the
change needs to be made to the training process, the datasets or network architecture.

Validation performance reached a minimum at 11th iteration. Before the training
was stopped, the training continued for seven more iterations. Similar Test curves
and validation can be observed. Some overfitting might occur if the test curve is
increased significantly before the validation curve.

Figures 29.6, 29.7, 29.8, 29.9, 29.10 and 29.11 shows the comparison ofmeasured
surface roughness and predicted surface roughness for Al-6% Si3N4 and Al-10%
Si3N4 materials at P-off = 5 μs and P-off = 7 μs. It was observed from Fig. 29.6,
29.7, 29.8, 29.9, 29.10 and 29.11 that the predicted surface roughness of the dataset
exhibits good correlation with the measured surface roughness.

The surface roughness was better, duringmachining of both thematerials at pulse-
off time 7μswhen comparedwith the pulse-off time 5μs. This is because at pulse-off
time 7 μs more flushing takes place, which carries the debris from the cutting zone
quickly, thereby avoiding the recast of debris on the machined area which leads to
good surface roughness.

The surface roughness was higher during machining of Al-10% Si3N4 material
when compared with the Al-6%Si3N4 material. This is because the reinforcement
of the Al-10% Si3N4 material is much higher than that of other material. During
machining of composite materials, surface roughness is directly proportional to the
percentage of reinforcement of composite material.
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Fig. 29.6 ANN prediction
of surface roughness of
Al-6% Si3N4 at P-off = 5
μs, P-on = 20 μs and
current = 4 mA
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Fig. 29.7 ANN prediction
of surface roughness of
Al-6% Si3N4 at P-off = 7
μs, P-on = 20 μs and
current = 4 mA
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29.5 Conclusion

In this present work, a machine vision system has been implemented to measure the
surface finish of the workpiece, cut by Wire EDM. The developed vision system has
been well constructed to measure the surface finish of the workpiece.
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Fig. 29.8 ANN prediction
of surface roughness of
Al-10% Si3N4 at P-off = 5
μs, P-on = 20 μs and
current = 4 mA

0 50 100 150 200 250

39.0

39.5

40.0

40.5

41.0

41.5

42.0

42.5

43.0

43.5

44.0

44.5

45.0

45.5

Su
rfa

ce
 ro

ug
hn

es
s 

(G
a,

 p
ix

el
s)

Machining time (Minutes)

Measured Ga ( Bedspeed=30)
Predicted Ga ( Bedspeed=30)
Measured Ga ( Bedspeed=35)
Predicted Ga ( Bedspeed=35)
Measured Ga ( Bedspeed=40)
Predicted Ga ( Bedspeed=40)

Fig. 29.9 ANN prediction
of surface roughness of
Al-10%Si3N4 at P-off = 7
μs, P-on = 20 μs and
current = 4 mA
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Image processing algorithms can be used for real time surface texture condition
monitoring with noncontact techniques. Prediction of surface roughness could be
done successfully by an artificial neural network.

Good prediction results can be obtained by a neural network trained with 70%
of the data in training set. 90% of the estimated values are within the 90–95% of
measured values, in both the materials studied. Hence, predicted surface roughness
of 70% training set well correlates with the measured surface roughness.
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Fig. 29.10 Comparison of
Al-6% Si3N4 and Al-10%
Si3N4 predicted wear and
measured wear at P-off = 5
μs, P-on = 20 μs and
current = 4 mA
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Fig. 29.11 Comparison of
Al-6%Si3N4 and Al-10%
Si3N4 predicted wear and
measured wear at P-off = 7
μs, P-on = 20 μs and
current = 4 mA
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Chapter 30
Performance Study of Electrical
Discharge Drilling of Metal Matrix
Composite

Anjani Kumar Singh and Vinod Yadava

Abstract In the present investigationAl/20Al2O3p composite has been fabricatedby
stir castingmethod. Al2O3 particles containingweight fraction 20wt% andmesh size
400 are used as reinforcement. Though Al/Al2O3 MMCs possess superior mechan-
ical properties, its high abrasiveness hinders the machining process and thereby
limiting its effective applications in several areas. In the present work, One Param-
eter at a Time (OPAT) approach has been used to analyze the process behavior of
Electrical Discharge Drilling during the fabrication of hole in aluminum alloy based
MMC using copper tool electrode of 6 mm diameter. The effect of input process
parameters namely discharge current (C), pulse duration (Ton), pulse interval (Toff),
flushing pressure (P), and tool rotation (RPM) were analyzed on output performance
characteristics of Material Removal Rate (MRR), Kerf Taper (T), and Radial Over-
cut (ROC). Brief detail about the fabrication of Al2O3/6061Al MMC has also been
discussed.

Keywords Composites · Electrical discharge drilling · Flushing pressure · Kerf
taper · Radial overcut

30.1 Introduction

The recent development in the area of science and technology especially in the field of
transportation, aerospace, and military engineering necessitate the developments in
advanced engineeringmaterials [1, 2]. These fields demand high strength lightweight
materials with good tribological properties. Aluminum-basedMetalMatrix Compos-
ites (MMC) offers a promising solution for the above requirements.

MMCs possess lightweight, high wear resistance, low thermal expansion coef-
ficient, and good specific strength [3]. They are used at large scale in industrial
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applications requiring reinforcement strength and greater hardness. It is difficult to
machine these materials with traditional techniques. Electrical Discharge Machin-
ing (EDM) is the most widely used advanced machining processes but it lacks the
ability for axial rotation during machining [3, 4]. BiingHwa Yan et al. confirmed
that EDM-drilling with a rotating hollow tube electrode have a lower surface rough-
ness (SR) and a higher material removal rate (MRR) than that found in the use of a
stationary hollow tube electrode [1]. P. Narendra Singh et al. explored the effect of
pulse on time (Ton), current (C), and flushing pressure (P) on tool wear rate (TWR),
metal removal rate (MRR), surface roughness (SR), taper (T), and radial overcut
(ROC) with brass tool electrode of 2.7 mm dia on Al/10SiCp MMC using Taguchi
design of experiment [2]. Riaz Ahmad et al. reports EDM hole sinking on hybrid
Al–SiCp–Glassp and Al–SiCp–B4Cp MMCs by copper electrode of � 4 mm and
investigates the influence of pulse on time (ON), pulse off time (OFF), current (C),
and flushing pressure (P) on material removal rate (MRR) and surface roughness
(SR) [5]. Therefore in this study, a developed attachment has been used for rotary
EDM with a cylindrical copper electrode to machine holes in Al2O3/6061Al com-
posite. Further, to analyze the effect of process input parameters namely discharge
current (C), pulse duration (Ton), pulse interval (Toff), flushing pressure (P), and tool
rotation (RPM) on the output performance characteristics of Material Removal Rate
(MRR), Kerf Taper (T), and Radial Overcut (ROC) one parameter at a time approach
is used. A fabrication detail of the Al2O3/6061Al composite has also been discussed.

30.2 Experimental Procedure

The experiments were conducted on the fabricated composite specimen using the
EDD attachment on an EDM machine. The specimens were prepared by stir casting
method and holes were machined in the specimen using copper tool electrode of
diameter 6 mm.

30.2.1 Fabrication of MMC

In the present work, Al2O3 particulates having a size of 400 mesh number with
20 wt% is reinforced in the Aluminum alloy (AA6061) matrix. Ingots of AA6061
were melted in a graphite crucible of an oil-fired tilting furnace at a temperature of
about 800 °C. Diesel was used as the fuel. The melting of the Al-alloy was carried
for 2 h and to prevent oxidation of the molten metal a controlled atmosphere was
maintained inside the furnace. Before adding Al2O3 into the Al-alloy, particulates
were preheated in a separate heating chamber for about 50 min in order to remove
surface impurities. The ceramic particles were then poured slowly and continuously
onto the molten metal followed by continuous manual stirring with a steel rod stirrer
for about 20 min. Utmost care was taken in order to ensure homogenous mixing of
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Fig. 30.1 Specimens prepared via stir casting method

the particulates. The composite mixture was then poured onto a sand mold and left
for one hour. The casted solid MMC was then machined to obtain the cuboid shape
workpiece specimen (20 mm × 20 mm × 5 mm) for experimentation (Fig. 30.1).

30.2.2 Experimental Setup for EDD

On the ram of the EDM machine (ECOLINE ZNC 320) the EDD setup has been
installed and the actual EDM machine tool holder has been replaced. The EDD
set up consist of perpendicularly mounted (butt Joint) at one side of Al-alloy plate
of thickness 16 mm, Rotomag (India) make electrical PMDC motor of 0.25 hp of
1500RPM, electrically conductive tool electrode, rotating spindle cum tool electrode
holder mechanism, mounted on the ram of EDM machine (Fig. 30.2).

The housing assembly of rotating spindle has an attachment for pulley at one side
and an arrangement for holding the tool electrode at another side. The rotating spindle

EDM RAM

Driven Pulley

Spindle Housing Tool Electrode

Workpiece Holding Device

Fig. 30.2 Photograph of EDD setup mounted on RAM of ZNC EDM machine
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housing is mounted on the lower side of the horizontal plate. The horizontal plate has
a hole through which spindle of rotating assembly passes. The driven pulley is fitted
on the rotating spindle top. The driven pulley of rotating spindle is connected to the
driver pulley, mounted on rotor of electrical motor through ‘V’ belt of trapezoidal
section. Dimensional specification of ‘V’ belt is PolyBeltM7X500.A certain tension
is provided to the V belt to avoid slippage. The motor is mounted on vertical Al-
alloy plate butted on horizontal Al-alloy plate. Mounting bolts for the DC motor are
provided with insulated glass sleeves so that DC current does not pass through from
Al-alloy plate to electric DC motor [6].

A speed variac controller is joined with the motor input circuit for controlling
the speed of the electric motor up to maximum of 1500 rpm. At input terminal
connection of DC motor, 0.5 A diode is connected against the safety for the motor.
Rotating spindle is manufactured of mild steel. The lower side of the rotating spindle
has provision for tool holding and fixing of tool by two screws. In this EDD, smooth
running of the spindle and tool electrode is desired for better accuracy. Non-smooth
rotation of spindle will affect the spark quality and may cause trouble in output
parameters of machining during prolonged operation. The working of setup is tested
at different rpm levels and found satisfactorily working.

30.2.3 Selection of Tool Electrode

Copper tool electrode of 6 mm dia is fabricated for electrical discharge drilling tests.
Drawing and image of fabricated tool electrodes are shown in Fig. 30.3.

Fig. 30.3 Copper tool electrode prepared for EDD tests
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30.3 Experimental Conditions

The acceptable range of input process parameters and polarity of EDM, were deter-
mined by an extensive series of pilot experimentations. EDD tests were performed on
the fabricated specimens to study the effect of electrical parameters like discharge
current, pulse duration, pulse interval, and nonelectrical parameters such as tool
electrode rotation (RPM), radial overcut (ROC) and flushing pressure on MRR, kerf
taper (T). Three levels of each input parameters were studied by varying one input
parameter at a time (OPAT). Levels of parameters are shown Table 30.1.

30.3.1 Evaluation of Response Variables

MRR is calculated as the difference of weights of the workpiece before and after
machining per unit machining time, i.e.,:

MRR = (
wf − wj

)
/t (30.1)

Wherewf andwj are theweights of theworkpiece beforemachining and aftermachin-
ing, and t is the time of machining.

Taper is calculated by using the expression:

T = (dt − db)/2h (30.2)

where dt and db are the diameters of the machined hole at the top and diameter of
the machined hole at the bottom of the workpiece, and h is the workpiece height.

ROC is calculated as half of the difference of diameters of the machined hole and
tool diameter, i.e.,:

ROC = (dt − dtool)/2 (30.3)

where dtool is the tool diameter.

Table 30.1 Selected levels of
parameters

Parameters Level 1 Level 2 Level 3

Current (A) 15 20 25

Pulse duration (µs) 40 60 80

Pulse interval (µs) 30 40 50

Tool rotation (RPM) 300 450 600

Flushing pressure (kg/cm2) 0 0.5 1.0
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30.4 Results and Discussion

The Al2O3/6061Al MMC workpiece specimens were machined using EDD exper-
imental setup to study the effect of input process parameters on the performance
parameters. Analysis of experimental results was performed by taking the average
response value of three replications of each set of input process parameters.

30.4.1 Effect of Discharge Current

The influence of input current is investigated on three levels of current values 15,
20, and 25 A keeping other process parameters constant (Ton 60 µs, Toff 40 µs,
electrode RPM 300, and flushing pressure 0.5 kg/cm2). Figure 30.4a indicates that
initiallyMRR increaseswith the increase of discharge current.Rate of heat generation
also increases with the increase of current. Moreover, with the increase in current,
intensity of plasma zone increases that enhances the melting of material due to
which the ejection and vaporization of molten material take place perfectly. This
simultaneously decreases the radial overcut and kerf taper because the reinforcement
particles do not get entrapped inmachining region (Fig. 30.4b, c). Figure 30.4a shows
that after 2.0 A the MRR starts decreasing with the increase of discharge current due
to excessive melting and partial ejection thereby causing molten metal entrapment
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Fig. 30.4 Influence of discharge current on a MRR, b ROC and c Taper at Ton = 60 µs, Toff =
40 µs, RPM = 300, F = 0.5 kg/cm2
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and recast layer formation. This affects the accuracy in terms of higher ROC, kerf
taper (Fig. 30.4b, c). At larger value of current complete amount molten material
could not be ejected at same pulse interval.

30.4.2 Effect of Pulse Duration

Pulse duration is generally known as pulse on time and expressed in units ofmicrosec-
onds. The effect of pulse duration is investigated on three levels of pulse duration
values 40, 60, and 80 µs keeping other process parameters constant (Current = 20
A, Toff = 40 µs, RPM = 300, F = 0.5 kg/cm2). MRR depends on the amount of
energy used during the pulse on time. Increase in pulse duration cause more heat
produced into the workpiece and working area, which affects the heat-affected zone
will be deeper and the recast layer will be larger. And, hence, material removal rate
tends to decrease after an optimal value of pulse duration (Fig. 30.5a). Simultane-
ously ROC and kerf taper increases due to machined surface imperfections caused
irregular material removal (Fig. 30.5b, c).
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30.4.3 Effect of Pulse Interval

The Influence of pulse Interval is investigated on three levels of pulse duration values
30, 40, and 50 µs keeping other process parameters constant (Ton = 40 µs Current
= 20 A, RPM = 300, F = 0.5 kg/cm2). Pulse interval mainly influences machining
stability and rate. Machining operation is higher at shorter interval. However, the
ejected workpiece material will not be flushed away with the flow of the dielectric
fluid if the pulse interval is too short and the dielectric fluid will not be deionized
properly. And instability of the next spark occurs. This results enlarged machining
time due to unstable spark (Fig. 30.6a). At the same time, to prevent continued
sparking at one point pulse intervalmust be greater than the deionization time causing
large value of kerf taper. With increase in pulse interval there is proper flushing and
debris removal (Fig. 30.6b, c).

30.4.4 Effect of Tool Rotation

Better flushing action and sparking efficiency is found because of electrode rotation,
causing improvement in MRR (Fig. 30.7a). At lower rotational speed the kerf taper
increases (Fig. 30.7b) and at higher rpm level better accuracy is found in terms of
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Fig. 30.7 Influence of tool rotation on a MRR, b ROC, and c Taper at Ton = 40 µs, Toff = 40 µs,
Current = 20 A, F = 0.5 kg/cm2

radial over cut and kerf taper due to proper flushing of machined alumina abrasive
particles and debris from machining area (Fig. 30.7b, c).

30.4.5 Effect of Flushing Pressure

Flushing pressure acts as a coolant affecting the kerf taper and play an important
role in flushing away the debris from the machining gap. Flushing pressure during
the drilling operation affects the MRR. MRR increases with the increase of flushing
pressure (Fig. 30.8a). The flushing pressure also affects the recast layer and crack
density, which may be reduced by finding an optimal flushing rate.

30.5 Conclusions

The effect of discharge current (C), pulse interval (Toff), pulse duration (Ton), flush-
ing pressure (P), and tool rotation (RPM)were investigated on the output performance
characteristics ,e.g.,Material Removal Rate (MRR),Kerf Taper (T), andRadialOver-
cut (ROC) during EDD of Al2O3/6061Al MMC. The experiments were conducted
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Fig. 30.8 Effect of flushing pressure on a MRR, b ROC and c Taper at Ton = 40 µs, Toff = 40 µs,
Current = 20 A, RPM = 300

using self-fabricated EDD attachment on diesinking EDM machine. To analyze the
effect of process behavior with the change of input process parameters one parameter
at a Time approach (OPAT) was used and following conclusions were drawn:

• The feasibility of EDD of Al2O3/6061Al MMC by Electrical Discharge Drilling
has been tested and found feasible.

• The effect of EDD with the rotating cylindrical copper electrode is studied from
the observed results for getting a higher MRR.

• With the increase in discharge current MRR increases at a lower level. This
decreases radial overcut, and kerf taper. At higher value of discharge current MRR
starts decreasing with the increase in discharge current due to more melting and
partial ejection causing molten metal entrapment and recast layer formation. This
affects the accuracy in terms of higher ROC, kerf taper.

• MRR decreases after an optimal value of pulse duration. Simultaneously ROC
and kerf taper increases due to machined surface imperfections caused irregular
material removal. Large heat evolution and proper melting of alumina abrasive
particles give better roundness.
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• Better flushing action and sparking efficiency due to electrode rotation results in
improvement of MRR. At lower rotational speed kerf taper has been increased and
at higher rpm level better accuracy is found in terms of radial overcut, and kerf
taper.

• Flushing pressure directly affects MRR. The flushing pressure also affects the
recast layer and crack density, which may be reduced by finding an optimal value
of flushing rate.
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Chapter 31
Multi-objective Optimisation of Electro
Jet Drilling Process Parameters
for Machining of Crater in High-Speed
Steel Using Grey Relational Analysis

Kalinga Simant Bal , Amal Madhavan Nair , Dipanjan Dey ,
Anitesh Kumar Singh and Asimava Roy Choudhury

Abstract In the present investigation, electro jet drilling has been implemented
to machine crater in the high-speed steel sheet. Input parameters (applied voltage,
electrolyte concentration, and standoff distance) were varied to study the change
in output characteristics of the crater (mass removal rate (MRR), roundness error
(RE) and mean diameter-to-height ratio (DHR)). MRR was found to increase with
the increase in applied voltage and electrolyte concentration, while an increase in
standoff distance was found to cause a decrease in MRR. RE was found to increase
with applied voltage and standoff distance, while the increase in electrolyte concen-
tration was found to cause a reduction in RE. DHRwas increased with the increase in
electrolyte concentration and standoff distance, while an increase in applied voltage
resulted in the decrease of mean DHR. Optimization of input parameters was carried
out to (a) maximize MRR and mean DHR and (b) minimize RE, of the machined
crater, using Taguchi grey relation analysis.

Keywords Electro jet drilling · High-speed steel · Optimisation · Electrochemical
machining · Crater

31.1 Introduction

Machining of micro- and macro-holes in hard-to-machine materials have gained
prominence for use in aerospace, medical, electronic, computer, and optics industry.
The need formachining accurate holes has led researchers looking into new nontradi-
tional techniques. Electro jet drilling (EJD) is one such process that has the potential
to meet the stringent demands of the industry offering significant advantages in accu-
racy, ease of material removal and micro-hole cutting ability. This process utilizes a
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negatively charged stream of electrolyte which is allowed to impinge on the work-
piece, and the material is removed via electrolytic dissolution. This eliminates the
need for fabrication of micro-tools and tools that are harder than the material to be
worked upon. Mohan and Shan [1, 2] generated small holes by electrochemical jet
drilling process and studied the effects of different process parameters on the qual-
ity of the holes. Response surface methodology was applied to optimize the input
process parameters and to enhance the output quality [1, 2]. Mohan and Shan [3, 4]
used hybrid neural network, desirability function and genetic algorithm to optimize
the process parameters of electrochemical drilling process. With the help of these
multi-object optimization techniques, material removal rate and surface quality were
enhanced significantly [3, 4]. Conductive mask electrochemical machining [5] was
applied to reduce undercutting of micro-dimple and improve the machining localiza-
tion.With the help of simulation, etch factor was improved significantly [5]. Liu et al.
[6] carried out electrochemical jet machining on TB6 titanium alloy and studied the
feasibility of the process. Optimum process parameters were found out to improve
the output characteristics such as material removal rate and surface quality [6]. Hua
and Xu [7] incorporated hybrid technology, i.e., laser drilling with electrochemical
jet drilling, to remove the recast layer and spatter generated during the laser drilling.
The output was improved significantly but the efficiency was reduced to 30%. Goel
and Pandey [8] developed electrochemical jet drilling experimental setup and stud-
ied the effects of several inputs on different output characteristics like hole taper
and material removal rate. They [8] successfully fabricated 140-micron diameter
micro-hole with the help of their setup. Kozak et al. [9] developed a mathematical
model on electrochemical jet machining process relating the machining rate with the
working condition. The mathematical model was used to determine the maximum
material removal rate and electrolyte flow for a fixed set of input process parameters.
Ming et al. [10] studied kerosene submerged electrochemical jet drilling process and
reported that the localization of the machining was possible by submerging both the
workpiece and the nozzle. Endo et al. [11] machined small hole by electrochemi-
cal jet drilling process, and applied Fourier analysis to estimate the accuracy of the
drilled hole. Natsu et al. [12] proposed a method to develop 3D surfaces with the help
of micro electrolyte jet machining and discussed the possible way to find effective
nozzle path and scan speed.

31.2 Problem Definition

Machining of crater using electrochemical drilling requires insulation of electrode
tip at sides to prevent overcut caused due to the stray machining effect. Also, it
is required for electrochemical drilling to immerse the sample completely in the
electrolyte solution. This causes the development of electrode potential between the
sample and the electrolyte, and could result in corrosion of the sample. Hence, electro
jet drilling could be alternative to machine crater of suitable dimension, because (a)
the crater dimension does not depend on the tool diameter, and at the same time (b)
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sample is not completely immersed in the electrolyte solution. So, in the present study,
machining of the crater has been carried out using electro jet drilling technique. For
this purpose, nozzle diameter through which electrolyte jet impinges on the sample
has been increased to facilitate the machining of the crater.

31.3 Experimental Details

High-speed steel sheet of dimension 30 mm × 10 mm × 1 mm was sectioned and
polished in SiC abrasive paper to remove the surface contaminants. Table 31.1 shows
the chemical composition of the high-speed steel sheet. After ultrasonic cleaning in
2-Propanol solution, the sample was clamped in the sample holder in the electro jet
drilling machine. Figure 31.1 shows the electro jet drilling setup. A platinum wire
having diameter of 0.5 was used as a tool. The platinum wire was recessed within
the glass nozzle of outlet diameter of 0.75 mm. DC power supply was used in this
experimentation. The tool was connected with the negative terminal of the power
supply, and the high-speed steel substrate was connected with the positive terminal
of the power supply. Electrolyte flow was supplied concentrically with the tool.

Table 31.1 Composition of the high-speed steel sheet used in the present study

Element Fe Cr Mo W C V

wt.% 82.15 3.98 5.01 6.11 0.77 1.98

Fig. 31.1 Electro jet drilling setup
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Table 31.2 Input process
parameters

Applied voltage
(V)

Electrolyte
concentration (N)

Standoff distance
(mm)

20, 40, 60 0.1, 0.3, 0.5 0.5, 1.0, 1.5

750W reciprocating type three-phase pump was used to supply the metered quantity
of electrolyte solution into the required machining zone. NaCl aqueous solution with
variable concentration was used as the electrolyte for machining.

Applied voltage, electrolyte concentration, and standoff distance were chosen as
the input parameters. Table 31.2 shows the input process parameters along with their
levels used in the experiment. Taguchi L9 orthogonal array was used to design the
experimental run. Machining time for each run was 1 min. Output responses chosen
for the present study include mass removal rate from the crater, roundness error
and mean diameter-to-height ratio of the crater. The mass removal rate is defined
as the weight loss of the sample per unit time after the machining. The roundness
error of the crater is defined as the difference between the maximum crater diameter
and the minimum crater diameter. The mean diameter-to-height ratio of the crater is
defined as the ratio of the average diameter of the crater and the depth of the crater.
In the present study, it is desired to increase the mass removal rate from the crater as
well as increase the mean diameter-to-height ratio of the crater that would decrease
the specific cutting energy (i.e., power required to remove a unit volume of material).
Simultaneously, it is desired to reduce the roundness error of the crater to improve
the circularity of the machined zone. Hence, grey relation analysis is used in the
present study to solve the multi-objective optimization problem to obtain crater of
the desired dimension.

31.4 Result and Discussion

Table 31.3 shows the output responses corresponding to the combination of input
parameters designed according to Taguchi L9 run. The effect of input process param-
eters on output responses has been discussed in details below.

31.4.1 Effect of Process Parameters on Mass Removal Rate

Figure 31.2 shows the effect of process parameters on the mass removal rate of the
high-speed steel sheet. It could be observed that the mass removal rate was found to
increase with the increase in the applied voltage and the electrolyte concentration,
while an increase in the standoff distance was found to cause a decrease in the mass
removal rate. An increase in the applied voltage causes an increase in the current,
and results in the increase in the mass removal rate. Figure 31.3 shows the increase in
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Table 31.3 Output responses corresponding to the combination of input parameters according to
Taguchi L9 run

Run Input parameter Output response

Applied
voltage (V)

Electrolyte
concentration
(N)

Standoff
distance
(mm)

Avg. mass
removal rate
(mg/min)

Avg.
roundness
error (mm)

Avg. mean
diameter-
to-height
ratio

1 20 0.1 0.5 3.81 0.246 20.3593

2 20 0.3 1.0 2.96 0.533 73.4251

3 20 0.5 1.5 1.23 0.2455 108.1178

4 40 0.1 1.0 4.34 0.346 36.4649

5 40 0.3 1.5 5.01 0.283 74.5380

6 40 0.5 0.5 5.22 0.3715 18.8301

7 60 0.1 1.5 2.25 0.857 56.9229

8 60 0.3 0.5 6.19 0.4295 18.0141

9 60 0.5 1.0 7.86 0.507 40.9559

Fig. 31.2 Effect of process parameters on mass removal rate

the crater dimension with the applied voltage. The increase in NaCl concentration of
the electrolyte solution causes an increase in the number of ions (Na+ and Cl−), and
hence, the conductivity of the electrolyte solution increases. This result in the increase
in the mass removal rate due to the increase in current flow in the solution. The
increase in the standoff distance causes an increase in the flaring of the electrolyte
jet. This causes a decrease in the effectiveness of the electrolyte jet column for
carrying out machining, and hence, the mass removal rate decreases.
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Fig. 31.3 Increase in crater dimension with applied voltage

31.4.2 Effect of Process Parameters on Roundness Error
of Top of the Crater

Figure 31.4 shows the effect of process parameters on the roundness error of the top
of the crater. It could be observed that the roundness error was found to increase with
the increase in the applied voltage and the standoff distance, while an increase in elec-
trolyte concentration was found to cause a decrease in the roundness error. Higher
electrolyte concentration increases the ion availability in the solution, and might
lead to homogeneous electrochemical dissolution. Consequently, higher electrolyte
concentration could have lowered the roundness error. The conductivity of the elec-
trolytic cell is inversely proportional to the standoff distance, and thus, inhomoge-
neous electrolytic dissolution could have occurred at high standoff distance. If the
applied voltage exceeds the threshold voltage, then the spark may occur. Thus, at

Fig. 31.4 Effect of process parameters on roundness error of top of the crater
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Fig. 31.5 Crater formation due to electro jet drilling

high applied voltage, spark occurring at the tool-workpiece interface might lead to
higher roundness error. Figure 31.5 shows the crater formation due to the electro jet
drilling.

31.4.3 Effect of Process Parameters on Mean
Diameter-to-Height Ratio of the Crater

Figure 31.6 shows the effect of process parameters on the mean diameter-to-height
ratio of the crater. It could be observed that the mean diameter-to-height ratio of
the crater was found to increase with the increase in the electrolyte concentra-
tion and the standoff distance, while the increase in applied voltage was found to

Fig. 31.6 Effect of process parameters on mean diameter-to-height ratio of the crater
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cause a decrease in the mean diameter-to-height ratio. With the increase in stand-
off distance, material dissolution becomes less, and height of the crater obtained is
lower, and thus, the mean diameter-to-height ratio increases. Less material dissolu-
tion occurred at lower applied voltage, thus height of the crater is reduced. Conse-
quently, diameter-to-height ratio is increased on decreasing the applied voltage. As
NaCl is non-passivating electrolyte, thus increase in the concentration causes more
dissolution because no oxide film formation occurs on the workpiece at the time
of electrochemical reaction. So, with the increase in the electrolyte concentration,
the diameter as well as the height of the crater increases. However, after the reaction,
sludge (FeCl3) produced is precipitated in the machining zone, and thus, it is diffi-
cult to replace the sludge completely by the fresh electrolyte in that intricate zone.
So, machining along the depth became difficult, and thereby, on increasing the elec-
trolyte concentration, the diameter of the crater is increased more as compare to
the increment of the height of the crater. Hence, with the increase in electrolyte con-
centration, the mean diameter-to-height ratio is increased. The probable reaction [1]
for the formation of FeCl3 is as shown below:

Electrolytic reaction Anodic reaction Cathodic reaction

NaCl ↔ Na+ + Cl−
H2O ↔ H+ + OH−
Na+ + OH− ↔ NaOH

Fe → Fe2+ + 2e−
Fe2+ + 2Cl− → FeCl2
FeCl2 + Cl− → FeCl3 ↓

2H+ + 2e− → H2 ↑

31.4.4 Optimization of Process Parameters Using Grey
Relational Analysis

In Fig. 31.7 grey relational grade for each experimental run has been shown. It is
desired to maximize the mass removal rate and mean diameter-to-height ratio, and
minimize the roundness error of the machined crater. So, considering the desired
aspects for all the outputs, higher grey relational grade value results in better per-
formance characteristics. Thus experiment number 9 has the highest value of grey
relational grade among all the nine experimental runs as shown in Fig. 31.7. However,
upon combining the input process parameters, there could be another set of input
parameters thatmight showbetter performance than these nine runs. The average grey
relational grade is determined to determine the best optimum process parameters.

In Fig. 31.8, the average grey relational grade for each level of process parameters
has been shown. Among all the three level of each process parameters, the level
that shows the highest average grey relational grade would be chosen as the best level
for that process parameter. Thus, from the Fig. 31.8 it can be observed that the best
combination of optimal set of input process parameters are: (a) applied voltage: level
3 (=60 V); (b) electrolyte concentration: level 3 (=0.5 N); and (c) standoff distance:



31 Multi-objective Optimisation of Electro Jet Drilling Process … 393

Fig. 31.7 Variation of grey relational grade with experimental run

Fig. 31.8 Variation of average grey relational grade with the level of process parameter

level 3 (=1.5 mm). Hence, the analysis of the average value of grey relational grade
shows that keeping the applied voltage (=60V) and electrolyte concentration (=0.5N)
constant, an increase in standoff distance from 1.0 to 1.5mmwould result in a desired
crater dimension. A confirmation experiment was performed using the optimal set
of input process parameters obtained through the analysis of grey relational grade.
Table 31.4 shows the comparison of output responses obtained using “experimental
run 9” and “optimum combination of process parameters obtained through grey
relational grade analysis”. It was observed that the increase in the standoff distance
from 1.0 mm to 1.5 mm resulted in the improvement of the average values of mass
removal rate, roundness error and mean diameter-to-height ratio of the machined
crater. Figure 31.9 shows the crater formed at the optimal combination of process
parameters obtained through grey relational grade analysis.

In addition, the highest difference of average grey relational grade between the
levels of each process parameters indicates the influence of that process parameters
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Table 31.4 Output responses obtained using “experimental run 9” and “optimum combination of
process parameters obtained through grey relational grade analysis”

Run Input parameter Output response

Applied
voltage
(V)

Electrolyte
concentration
(N)

Standoff
distance
(mm)

Avg. mass
removal rate
(mg/min)

Avg.
round-
ness error
(mm)

Avg.
mean
diameter-
to-height
ratio

Run 9 60 0.5 1.0 7.86 0.50 40.95

Optimized 60 0.5 1.5 8.69 0.45 74.98

Fig. 31.9 Crater formed at
the optimal combination of
process parameters

on the output. Thus, higher difference implies a significant influence on the output
response. From Fig. 31.8. it can be stated that the order of significant effect on the
output is as follows: standoff distance > applied voltage > electrolyte concentration.
This is possible because an increase in standoff distance above the threshold value
causes the jet to flare out. Flaring of jet increases the effective area of machining,
and hence, increases the overall dimension of the machined crater.

31.5 Conclusions

In the present study, electro jet drilling has been successfully used to machine crater
of the desired dimension. Applied voltage, concentration of NaCl in the electrolyte
and standoff distance was varied to study the change in mass removal rate, roundness
error and mean diameter-to-height ratio of the machined crater. The mass removal
rate was found to increase with an increase in applied voltage and electrolyte concen-
tration, while the increase in standoff distance was found to cause a decrease in the
mass removal rate. The roundness error of the top of the crater was found to increase
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with the applied voltage and the standoff distance, while the increase in electrolyte
concentration was found to cause a decrease in the roundness error. The mean
diameter-to-height ratio of the crater was found to increase with the increase in
the electrolyte concentration and the standoff distance, while the increase in applied
voltage was found to cause a decrease in the mean diameter-to-height ratio. A confir-
mation test was performed to obtain the desired crater dimension. It was observed that
the optimal combination of process parameters (i.e., applied voltage = 60 V, elec-
trolyte concentration = 0.5 N and standoff distance = 1.5 mm), obtained through
grey relational grade analysis, resulted in (a) maximum value of mass removal rate as
well as mean diameter-to-height ratio and (b) minimum value of the roundness error
of the machined crater. Analysis of average grey relation grade showed that stand-
off distance has a significant effect on the machining of crater followed by applied
voltage and electrolyte concentration.
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Chapter 32
Machining of Bio-Implant Materials
Using WEDM and Optimization
of Process Parameters

P. Hema , J. Mallikarjuna Rao and C. Eswara Reddy

Abstract Nonconventional machining is one of the revolutions in present manu-
facturing scenario. Among various machining techniques, Wire Electrical Discharge
Machining (WEDM) is being used to machine biomaterials applied in medical field
to machine suitable implant limbs in human body. An attempt is made in the present
work to machine Mg AZ31b and SS304 biomaterials on WEDM, with an objective
to optimize process parameters. Machining uses brass electrode wire and distilled
water as dielectric fluid. Machining consists of linear cut and circular cut by consid-
ering Taguchi design of experiments. Input parameters are pulse-on time, pulse-off
time, and wire feed. The output consists of Material Removal Rate (MRR), Surface
Roughness (SR), and Kerf. Experimental results are validated with antlion optimiza-
tion technique for optimization of process parameters. Regression analysis is used
for validation.

Keywords WEDM · Taguchi design of experiments · Antlion optimization ·
Biomaterials · MRR · SR · Kerf

32.1 Introduction

Severalmachining techniques are being evolved in the presentmodernmanufacturing
industries. Wire Electrical Discharge Machining (WEDM) is also one of them and
it is an unconventional specialized machining process. It has capability of machin-
ing hard materials which are difficult to machine sharp edges with complex shapes
quite accurately. Such materials also can be easily machined by WEDM process.
Nonconventional machining is one of the revolutions in manufacturing today. In the
present work, optimization of parameters of biomaterials (Mg AZ31b and 316L SS)
while machining on Wire EDM is considered. Unconventional machining process
especially WEDM is a more appropriate technique for machining of hard materials.
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Magnesium alloy is highly a potential material for biodegradable implant applica-
tion. It has good biocompatibility and thus potential for medical implants. The use of
Mg alloys as biodegradable implants has been promising. The outstanding character-
istics of Mg AZ31b and 316L SS due to their compatibility and noticeable physical,
mechanical, and biological performance have led to increased application in medical
implants.

32.2 Literature Review and Objective

A brief literature review on biomaterials is presented in the following. To start with,
the metallic and metallurgical properties of materials for biomedical applications
have been studied [1]. Machining capabilities of EDM to machine Mg WE43 for
medical applications have been proved by experimentation [2]. Process chain for
machining of bio-implant materials has been investigated and analyzed at macro
and micro surface properties and then compared with biocompatibility testing for
cell viability and toxicity [3]. It is followed by microstructural study and wear per-
formance of arc-deposited Ti-N-O coatings on 304 SS [4]. Based on the need of
implant materials, machining of biodegradable AZ31 Mg, alloys on EDM is proved
by experimentation [5]. Many mathematical models are introduced for optimization
of WEDM process parameters for surface roughness on 316L SS using full factorial
design and analyzed the output results [6]. The invention ofAntlionOptimizer (ALO)
algorithm is a breakthrough in research [7] for modeling of EDM process parameters
followed by Grey Relation Analysis in machining of Al HE30 Alloy [8]. Taguchi
method is used for process parameters in machining of SS304 Steels [9]; SS316 [10]
and AZ31 Biodegradable Mg Alloy [11]. Experimental results of machining of SS
316 on WEDM are analyzed by a combination of Taguchi, ANOVA, and Grey Rela-
tion Analysis [12]. Though a reasonable research is carried out, a lacuna is found on
investigation of Mg- and SS-based alloys. Therefore, the present work is carried out.

32.2.1 Objectives

An initial and solemn attempt is made in the present work for the first time to
conduct experimentation on WEDM to machine bio-implant materials consisting of
Mg AZ31b and SS 316L and then validation of optimization of process parameters
by implementation of Antlion Optimization (ALO) algorithm.
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32.3 Work Materials

Bio-implant Materials used in the present work are explained in the following:

32.3.1 Mg AZ31b

Biodegradable (Mg AZ31b) implants possess good biocompatibility, nontoxicity,
biodegradable, absorbable in human body, and good mechanical properties, and
therefore used for repairing the damaged bone tissues.

32.3.2 SS 316L

It has been widely used in various industries and domestic applications, because of
their good mechanical properties. Medical grade 316L SS is presently used exten-
sively in orthopedic, dental implants, and cardiovascular stents in the present medical
field.

32.4 Experimental Work

Experimental work is carried out based on Taguchi Design of Experiment (DOE).
The L9 orthogonal array is selected from Table 32.1 for machining ofMgAZ31b and
SS 316L on WEDM. Trial and error method is adopted to select the parameters. The
input parameters are varied simultaneously duringmachining to check the wire break
condition. Ranges of parameters with equal intervals are then selected for machining
and input parameters are shown in Table 32.2.

Table 32.1 Design of
experiments

S. no. Ton Toff Wire feed

1 1 1 1

2 1 2 2

3 1 3 3

4 2 1 3

5 2 2 1

6 2 3 2

7 3 1 2

8 3 2 3

9 3 3 1
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Table 32.2 Input parameters for WEDM

Material Type of cut Pulse-time (T) (μs) Wire feed (m/min)

On Off

Mg Z31b Linear 90–103 40–45 25–30

Circular 100–106 40–45 25–30

SS 316L Linear 100–140 40–45 25–30

Circular 100–140 40–45 25–30

Table 32.3 Levels of process
parameters in linear cuts for
Mg AZ31b

Parameters Level 1 Level 2 Level 3

Ton 90 99 103

Toff 40 43 45

WF 25 28 30

Table 32.4 Levels of process
parameters circular cuts for
Mg MgAZ31b

Parameters Level 1 Level 2 Level 3

Ton 100 103 106

Toff 40 43 45

WF 25 28 30

Table 32.5 Levels of process
parameters linear and circular
cuts for SS 316

Parameters Level 1 Level 2 Level 3

Ton 100 120 140

Toff 40 43 45

WF 25 28 30

32.4.1 Design of Experiments

Process parameters chosen at three levels are shown in Table 32.3 for Mg Alloy for
linear and circular in Table 32.4 followed by SS Alloy in Table 32.5 for linear and
circular cuts.

32.4.2 Experimental Methodology

Experimental work carried out in machining is explained in the following. The wire
EDM machine considered in the present work is shown in Fig. 32.1 followed by
the experimental setup in Fig. 32.2. Experiments are conducted by running the wire
EDM with input parameters for machining of Mg Alloy and SS Alloy. Brass wire of
diameter 0.25 mm and water as dielectric fluid are used.
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Fig. 32.1 WEDM machine

Fig. 32.2 Clamping of SS 316L on WEDM

Input Data and Parameters.

Linear shape cut: Volume = Area × Length, Area = πdt.
Circular shape cut: Volume = Area × thickness, A = Area = π(D2 − d2)/4.
L = Length = Total path length (mm), d = diameter of the wire (0.25 mm).
tc= difference in thickness of workpiece (mm) and t= thickness of workpiece (mm).

Output Results. The workpiece after machining with a linear cut of Mg is shown in
Fig. 32.3a and circular cut in Fig. 32.3b followed by linear and circular cuts of SS
in Fig. 32.4.
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(a) Linear cut. (b) Circular cut.

Fig. 32.3 Workpiece after machining of Mg

Fig. 32.4 Workpiece after
machining of SS

Linear and Circular cuts

Material Removal Rate (MRR). The Material Removal Rate (MRR) of the work-
piece is the amount of the material removed per minute in 3 mm/min.

Kerf. It is the amount of wobble created during cutting and amount of material pulled
out of the sides of the cut. It is measured using Digital Vernier Calipers.

Surface Roughness. It is the surface condition obtained on the workpiece after
machining.

The results obtained during the machining of linear Mg AZ31 are shown in
Table 32.6 and circular in Table 32.7 followed by SS 316L linear in Table 32.8,
and circular in Table 32.9.

32.5 Antlion Optimization (ALO)

A new metaheuristic called Antlion Optimization (ALO) technique inspired by
antlions (doodlebugs) has been proposed [7]. The ALO algorithm mimics the lead-
ership hierarchy and hunting mechanism of antlions in nature. But, it is limited as
theoretical algorithm. Such algorithm is implemented for the first time in machining
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Table 32.6 Experimental results for Mg AZ31 b linear cut

Input parameters Output results

Ton Toff WF SR Kerf MRR

95 40 25 0.57 0.41 9.91

95 43 28 0.55 0.53 13.5

95 45 30 0.62 0.69 17.7

99 40 28 0.43 0.57 15.13

99 43 30 0.51 0.34 8.72

99 45 25 0.47 0.55 12.92

103 40 30 0.32 0.52 14.52

103 43 25 0.56 0.65 16.31

103 45 28 0.46 0.35 9.46

Table 32.7 Experimental results for Mg AZ31b circular cut

Input parameters Output results

Ton Toff WF SR Kerf MRR

100 40 25 0.44 0.57 7.01

100 45 28 0.55 0.54 5.37

100 50 30 0.63 0.53 4.87

103 40 28 0.73 0.56 6.81

103 45 30 0.57 0.51 6.26

103 50 25 0.49 0.48 5.46

106 40 30 0.64 0.54 7.17

106 45 25 0.59 0.59 6.53

106 50 28 0.53 0.66 8.10

Table 32.8 Experimental results for SS316L linear cut

Input parameters Output results

Ton Toff WF SR Kerf MRR

100 40 25 0.493 0.72 3.56

100 50 28 0.513 0.67 2.77

100 60 30 0.6 0.72 2.51

120 40 25 0.667 0.72 7.95

120 50 28 0.65 0.66 7.30

120 60 30 0.647 0.59 5.59

140 40 28 0.61 0.64 6.03

140 50 30 0.656 0.68 7.79

140 60 25 0.77 0.682 5.80
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Table 32.9 Experimental results for SS316L circular cut

Input parameters Output results

Ton Toff WF SR Kerf MRR

100 40 25 0.4 0.59 1.60

100 50 28 0.56 0.625 1.08

100 60 30 0.61 0.6 1.17

120 40 28 0.76 0.37 1.50

120 50 30 0.5 0.52 2.05

120 60 25 0.51 0.47 1.84

140 40 30 0.55 0.395 1.82

140 50 25 0.62 0.58 2.51

140 60 28 0.67 0.465 1.88

of implant machining of Mg- and SS-based materials in the present wok. The ALO
is explained briefly in the following:

32.5.1 ALO Algorithm

ALOalgorithmmimics the interaction between antlions and ants in the trap. Tomodel
such interactions, ants are required to move over the search space and antlions are
allowed to hunt them and become fitter using traps. Since ants move stochastically
in nature when searching for food, a random walk is chosen for modeling.

x(t) =
[
0,

∑
(2r(t1) − 1),

∑
(2r(t2) − 1), . . . ,

∑
(2r(tn) − 1)

]
(32.1)

where n is the maximum number of iteration, t shows the step of random walk
(iteration in this study), and r(t) is a stochastic function defined as follows:

r(t) =
{
1 i f rand > 0.5
0 i f rand ≤ 0.5

• Ants move around the search space using different random walks.
• Random walks are applied to all the dimension of ants.
• Random walks are affected by the traps of antlions.
• Antlions can build pits proportional to their fitness (the higher fitness, the larger
pit).

• Antlions with larger pits have a higher probability to catch ants.
• Each ant can be caught by an antlion in each iteration fittest antlion.
• The range of random walk is decreased adaptively to simulate sliding ants toward
antlions.
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32.5.2 Random Walks of Ants

Random walks are all based on the Eq. (32.1). Ants update their positions with a
random walk at every step of optimization. Since every search space has a boundary
(range of variable); however, Eq. (32.1) cannot be directly used for updating the
position of ants. In order to keep the random walks inside the search space, they are
normalized using the following equation (min-max normalization):

Xt
i =

(
bti − ai

) × (di−ci )(
dt
i − ai

) (32.2)

where ai is the minimum of random walk of i-th variable, bi is the maximum of
random walk in i-th variable, cti is the minimum of i-th variable at t-th iteration, and
dt
i indicates the maximum of i-th variable at t-th iteration.

32.5.3 Trapping Antlion Pits

As discussed above, random walks of ants are “affected by antlions” traps. In order
to mathematically model this assumption, the following equations are proposed:

cti = Antliontj + ct (32.3)

dt
i = Antliontj + dt (32.4)

where

ct is the minimum of all variables at t-th iteration,
dt indicates the vector including the maximum of all variables at t-th iteration,
ctj is the minimum of all variables for i-th ant,
dt
j is the maximum of all variables for i-th ant, and antlion

t j shows the position of the selected j-th antlion at t-th iteration.

Equations 32.3 and 32.4 show that ants randomly walk in a hypersphere defined
by the vectors c and d around a selected antlion.

32.5.4 Proposed Algorithm

Basedon the parameters 5.0–5.1, the antlions, the behavior of the antlion optimization
is implemented to find the optimal process parameters in machining of Mg- and SS-
based bio-implant materials in the present paper and analyze the experimental results
obtained from WEDM. The following Eq. (32.5) are proposed in this regard:
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ct = ct

I
, dt = dt

I
(32.5)

where I is a ratio, ct is the minimum of all variables at t-th iteration, and dt indicates
the vector including the maximum of all variables at t-th iteration.

32.5.5 Proposed Path

The proposed ALO optimization algorithm is defined as a three-tuple function that
approximates the global optimum for optimization problems as follows:

ALO (A, B, and C), where A is a function that generates the random initial
solutions, B manipulates the initial population provided by the function A, and C
returns true when the end criterion is satisfied. The functions A, B, and C are defined
as follows:

∅ → {MAnt,MOA,MAntlion,MOAL}, {MAnt,MAntlion} → {MAnt,MAntlion} and
{MAnt,MAntlion} → {true, false}

whereMAnt is thematrix of the position of ants,MAntlion includes position of antlions,
MOA contains the corresponding fitness of ants, and MOAL has fitness of antlions.

32.6 Results and Discussions

Experimental results obtained are presented in the form of graphs as shown in the
following:

32.6.1 Material Removal Rate

Characteristic curves for input parameters versus output results for MRR are drawn
for Mg and SS materials. From the graph, Fig. 32.5, it can be seen that the MRR,
in the linear case of machining Mg, gradually increases and reaches a maximum at
Experiment (Expt.) 3 and falls tominimum at 5. Again it reaches amaximum at Expt.
8 and then falls to minimum at Expt. 9. Further, the MRR is almost uniform without
much variation in circular machining of Mg. Similar trend is found in machining of
SS, Fig. 32.6, that the MRR is uniform in case of circular cut. In contrast, the MRR
in linear cut starts from minimum and reaches maximum at Expt. 4 and then slowly
reaches minimum at Expt. 9. That shows to obtain maximum MRR, one can follow
linear cut for Mg and in case of SS, for uniformMRR, follow the circular machining.
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Fig. 32.5 Output results of
MRR cut of Mg
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Fig. 32.6 Output results of
MRR cut of SS
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32.6.2 Surface Roughness

The SR performance curves are drawn in Fig. 32.7. It is found that waviness is a
uniform form for Mg linear cut and circular machining without much variation of
profile of the machined surfaces. In case of machining of SS, Fig. 32.8, the SR
is gradually increasing in circular cut in Expt. 4 and falls in Expt. 5, resulting in
very much waviness. The SR is almost showing uniformity with linear cut. Thus,
indicating the Expt. 4 and Expt. 5 require modification.

Fig. 32.7 Output results of
SR cut of Mg
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Experimental order
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Fig. 32.8 Output results of
SR cut of SS
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SR
  (
μm

)
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Ra SS linear & circular

SS Linear SS circular
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32.6.3 Kerf

Performance curves for circular machining of Kerf of Mg are shown in Fig. 32.9.
The SR is found to be uniform in comparison to linear machining. SR is found
uniform in case of linear machining of SS, Fig. 32.10. It is varying from level to
level in circular machining. Both linear and circular machining performance curves
are drawn and shown in Figs. 32.11 and 32.12. The same conditions for Mg linear
machining conditions are suggested whereas any one of the methods either linear
or circular can be followed in machining of SS. Further, the levels versus Kerf

Fig. 32.9 Output results
Kerf for cut of Mg

0

1

1 2 3 4 5 6 7 8 9
SR

(μ
m

Experimental order

kerf Mg linear & circular

Mg Linear Mg Circular

Fig. 32.10 Output results of
Kerf cut of SS

0

1
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m
)
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SS Linear SS Circular

Fig. 32.11 Output results of
SR of Mg and SS
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m
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Fig. 32.12 Output results of
SR of Mg and SS

0
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m
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Mg Circular SS circular
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Fig. 32.13 Output results of
Kerf of Mg and SS
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Fig. 32.14 Output results of
Kerf of Mg and SS
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performance curves are shown in Fig. 32.13. It can be observed from the graph that
the linear machining of Mg, the Kerf obtained is almost uniform, but in case of SS
linear against non-uniformity in machining of Mg. Accordingly, taking the case of
Kerf, linear cut, as shown in Fig. 32.14, Mg circular is found to be uniform whereas
varying in case of SS. Therefore, it is suggested that it is better to consider linear
Kerf of SS whereas circular Kerf is preferred for Mg.

32.7 Regression Analysis

The parameters are optimized using Antlion technique and the optimum. Further,
the regression relation between the input and output values are carried out by using
Minitab Software. The analyses generated are given as Regression Equations and
shown in the following and the optimum values of ALO Results are shown in Table
32.10.

Mg AZ31b linear.

Kerf = 2.52 − 0.005 Ton − 0.012 Toff − 0.035 WF
SR = 1.71 − 0.017F12 Ton + 0.014 Toff − 0.0045 WF
MRR = 53.9 − 0.038 Ton − 0.362 Toff − 0.778 WF

SS 316L linear.

Kerf = 1.044 − 0.0009 Ton − 0.00047 Toff − 0.0068 WF
SR = 0.282 + 0.00358 Ton + 0.00569 Toff − 0.0135 WF
MRR = −0.44 + 0.01497 Ton − 0.011 Toff + 0.003 WF

Mg AZ31b circular.

Kerf = −0.395 + 0.0083 Ton + 0.0005 Toff + 0.0023 WF
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Table 32.10 Optimum values of ALO results

Responses Input parameter Optimal value

Ton Toff WF

Linear Mg

Kerf 103 45 30 0.380

SR 103 40 30 0.387

MRR 95 40 25 16.454

Circular Mg

Kerf 100 40 25 0.517

SR 100 50 30 0.518

MRR 106 40 25 7.806

Linear SS

Kerf 140 60 30 0.632

SR 100 40 30 0.432

MRR 140 40 30 6.223

Circular SS

Kerf 140 40 25 0.410

SR 100 60 30 0.504

MRR 140 40 25 0.829

SR = 0.08 + 0.0078 Ton − 0.0058 Toff − 0.0018 WF
MRR = −22.2 + 0.253 Ton − 0.046 Toff + 0.168 WF

SS 316L circular.

Kerf = 1.037 − 0.0031 Ton + 0.00196 Toff − 0.009 WF
SR = 0.632 + 0.0023 Ton − 0.00004 Toff − 0.0117 WF
MRR = −0.33 + 0.0197 Ton − 0.0015 Toff − 0.008 WF

32.8 Conclusions

In the present work, machining of Mg- and SS-based biomaterials considering two
different profiles—linear and circular cuts by WEDM are presented. The process
parameters are optimized using ALO technique and confirmation tests have also
been conducted using Regression Analysis. Based on the results and discussions, the
following conclusions are drawn:

• The average deviation between ALO and experimental results is found to be 6.5%
among the biodegradable and nondegradable materials.

• The maximum deviation of 9.9% is obtained from Mg-based degradable material
for linear cut in terms of MRR.
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• Such optimum values can be used in the machining of Mg- and SS-based medical
implants to suit the patient requirements.

• Further, the experiments are recommended to obtain output characteristics, MRR,
SR, and Kerf considering the suggested optimal range of input parameters.
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Chapter 33
Experimental Investigations of Abrasive
Waterjet Machining Parameters
on Titanium Alloy Ti-6Al-4V Using RSM
and Evolutionary Computational
Techniques

A. Gnanavelbabu and P. Saravanan

Abstract In this research, an experimental investigation has been carried out on
the Abrasive Water Jet Machining (AWJM) process for the machining of Grade 5
Titanium alloy (Ti-6Al-4V) using the Response Surface Methodology (RSM). Pro-
cess parameters such as Mesh size (M), Abrasive Flow Rate (AFR), Water Pressure
(WP) and Traverse Speed (TS) have been considered. Their influence on the kerf
taper angle (θ) and surface roughness (Ra) has been obtained. An L29 Box-Behnken
experimental design has been used in this experiment. Regression models have been
developed for correlating the data generated using experimental results. Evolution-
ary optimization techniques like Particle SwarmOptimization (PSO), Cuckoo Search
Algorithm (CSA) and Simulated Annealing (SA) are attempted for the considered
AWJM process. CSA outperformed all other algorithms by its optimal solution. The
confirmatory experiments have been carried out to validate the predicted parameters
from the CSA which effectively produced minimized experimental response.

Keywords Waterjet · Ti-6Al-4V · Roughness · Kerf · RSM · Optimization

33.1 Introduction

Titanium is a very strong metal having excellent durability, corrosion resistance,
fatigue resistance and a high strength-to-weight ratiowhich ismaintained at increased
temperatures. It finds application in the aerospace industry [1], automotive industry
and medical industry [2]. Since Ti-6Al-4V has very high hardness, machining such
a material with intricate shapes using conventional methods is very difficult. To
overcome these difficulties, unconventional machining techniques must be utilized
to machine titanium and its alloys.
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Some of the unconventional machining processes include Electrochemical
Machining (ECM), Electrical Discharge Machining (EDM), Laser BeamMachining
(LBM), Ultrasonic Machining (USM) and Abrasive Water Jet Machining (AWJM).
ECM is not suited for all types of materials because of the high specific energy
consumption, machining of only electrically conductive materials and the saline (or
acidic) electrolyte which poses the risk of corrosion to the tool, work piece and equip-
ment [3]. EDM provided a very low rate of material removal, high specific power
consumption and excessive tool wear [4]. LBM is unsuitable due to high energy
consumption and converging/diverging shape of the beam profile [5]. USM is detri-
mental because of the low material removal rate and quick wearing of the sonotrode
tip [6].

AWJM is most suitable for titanium and its alloys because the process involves
no heat affected zone, higher material removal rate (MRR) and no tool wear. High
quality cutting by AWJM process assists in achieving a better surface finish than
conventional processes [7]. AWJM utilizes a multitude of fine abrasives in the form
of a high-pressure jet for machining materials.

In past literature, process parameters such as mesh size (#), stand-off distance
(mm), pressure of water-jet (MPa), transverse rate (mm/min) and abrasive flow rate
(g/min) were considered as the most important input variables in AWJM process
[8]. Babu and Chetty [9] observed the effects of abrasive flow rate, water pressure
and traverse speed on different performance parameters using recycled local gar-
net abrasives during machining of aluminium. Shanmugam and Masood [10] also
reported that as the abrasive flow rate increased, the kerf taper angle seemed to
decrease insignificantly. Wang [11] reported that kerf taper angle increases with an
increase in the nozzle’s traverse speed. They also suggested that by increasing the
water pressure, the kerf top width slightly increased.

Hascalik et al. [12] has shown that increased traverse speed had decreased the
smooth cutting region about 25% of the total cutting region of the material and
shows a significant increase in kerf taper ratio for cutting narrower widths. Çaydaş
and Hascalık [13] used artificial neural networks to optimize process parameters
proved that surface roughness ismaximumat the highest pressure and thus pressure of
water-jet is a significant factor. Azmir andAhsan [14] showed that a better machining
performance with respect to surface roughness and kerf taper ratio was obtained by
increasing the abrasive mass flow rate and hydraulic pressure. Gnanavelbabu et al.
[15] revealed that high abrasive flow rate and lowwater pressure producedmaximum
material removal on the AWJM machining process.

In this paper, AWJM process parameters were optimized using RSM and evolu-
tionary optimization algorithms, such as PSO, CSA and SA for the effective imple-
mentation of process parameters with respect to optimal response.
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33.2 Experimental Setup and Material

In this experiment, commercial grade 5 titanium alloy Ti-6Al-4V with a thickness
of 5 mm was machined using Precision Abrasive Water Jet Machining Center man-
ufactured by OMAX Corporation (Model: 2626). The detailed description of the
experimental setup and constant parameters are listed in Table 33.1.

By using each level of process parameters, 29 cuts were executed in the titanium
alloy under the appropriate environmental circumstanceswhich is shown individually
in Fig. 33.1.

After the machining process, the kerf width was measured using Video Measure-
ment System (VMS) for calculating kerf taper angle (θ). Later surface roughness
(Ra) was measured using portable stylus-type contact roughness meter. The L29
Box-Behnken design of the selected parameters and experimental results is shown
in Table 33.2.

The parameter kerf taper angle is calculated using Eq. (33.1):

θ = tan−1 kt − kb
2t

(33.1)

where

kt Kerf top width;
kb Kerf bottom width;
t Thickness of the work-piece

Table 33.1 Parameters and
its range of operation

Parameters Range of operation

Orifice diameter (constant) 0.25 mm

Nozzle diameter (constant) 0.75 mm

Focusing tube length (constant) 75 mm

Focusing tube diameter (constant) 1 mm

Impact angle (constant) 90°

Abrasive type (constant) Garnet

Standoff distance (constant) 1.5 mm

Abrasive mesh size (M) 80,100,120 #

Abrasive flow rate (AFR) 240, 340, 440 g/min

Water pressure (WP) 125, 200, 275 MPa

Traverse speed (TS) 60, 90, 120 mm/min
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Fig. 33.1 Typical AWJM of Ti-6Al-4V alloy

Table 33.2 Experimental results using L29 Box-Behnken design

Exp. No. M (#) AFR (g/min) WP (MPa) TS (mm/min) Ra (μm) θ (°)

1 100 440 200 120 2.4020 0.746

2 80 340 125 90 2.3460 0.742

3 100 340 275 120 2.3660 0.762

4 100 340 200 90 2.2920 0.752

5 100 340 200 90 2.2926 0.756

6 120 340 275 90 2.2460 0.776

7 100 340 200 90 2.2922 0.759

8 100 440 200 60 2.1660 0.778

9 80 240 200 90 2.2860 0.744

10 80 340 200 60 2.1589 0.766

11 100 240 275 90 2.2360 0.776

12 120 340 200 120 2.4213 0.732

13 120 240 200 90 2.3126 0.762

14 100 440 275 90 2.2386 0.784

15 120 340 200 60 2.1890 0.769

16 100 440 125 90 2.3622 0.756

17 100 340 200 90 2.2939 0.762

18 80 340 275 90 2.2326 0.78

(continued)
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Table 33.2 (continued)

Exp. No. M (#) AFR (g/min) WP (MPa) TS (mm/min) Ra (μm) θ (°)

19 100 340 275 60 2.1320 0.786

20 120 340 125 90 2.3622 0.753

21 100 340 200 90 2.3061 0.766

22 80 440 200 90 2.2756 0.764

23 100 240 200 60 2.1810 0.758

24 100 340 125 120 2.4880 0.726

25 100 340 125 60 2.2120 0.754

26 100 240 200 120 2.4210 0.728

27 120 440 200 90 2.3006 0.766

28 80 340 200 120 2.3966 0.731

29 100 240 125 90 2.3460 0.739

33.3 Response Surface Methodology (RSM)

RSM is a collection of statistical and mathematical techniques used for analysis of
problems in which the output variable(s) is influenced by several input variables. In
this experiment, the Box-Behnken design is used to optimize the number of experi-
ments needed to be carried out in order to determine the possible interactions between
the parameters studied and their effects. A statistical analysis of the output obtained
using Analysis of Variance (ANOVA) is used for ascertaining the contribution of
each process parameter on the quality of cutting.

33.3.1 Analysis of Surface Roughness

The ANOVA result for surface roughness is given in Table 33.3. It is observed
that the P-Value for the abrasive flow rate is greater than 0.05 and is, therefore, an
insignificant contributor to the surface roughness. Hence, at the confidence level of
95%, the remaining factors have a great influence on the surface roughness. The
interaction effect between water pressure and traverse speed is also significant.

The percentage contribution of the process parameters and the interaction effect
of water pressure and traverse speed on the surface roughness is shown in Table 33.4.
It is clear that traverse speed is the most significant contributor at 81.456%.

33.3.2 Analysis of Kerf Taper Angle

The ANOVA result for kerf taper angle is given in Table 33.5. It is observed that
the P-Value for the mesh size is greater than or equal to 0.05 and is, therefore, an
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Table 33.3 ANOVA for surface roughness

Source DF Adj SS Adj MS F-value P-value

Model 5 0.215636 0.043127 797.61 0.000

Linear 4 0.215195 0.053799 994.97 0.000

A: Mesh 1 0.001541 0.001541 28.51 0.000

B: Abrasive flow rate 1 0.000118 0.000118 2.18 0.153

C: Water pressure 1 0.036874 0.036874 681.96 0.000

D: Traverse speed 1 0.176661 0.176661 3267.23 0.000

2-way interaction 1 0.000441 0.000441 8.16 0.009

CD: Water pressure * Traverse speed 1 0.000441 0.000441 8.16 0.009

Error 23 0.001244 0.000054

Lack-of-fit 19 0.001097 0.000058 1.58 0.355

Pure error 4 0.000146 0.000037

Total 28 0.216879

Table 33.4 Percentage contribution to surface roughness

Source % contribution

A: Mesh 0.7105

B: Abrasive flow rate 0.0544

C: Water pressure 17.0021

D: Traverse speed 81.4560

CD: Water pressure * Traverse speed 0.2033

Table 33.5 ANOVA for kerf taper angle

Source DF Adj SS Adj MS F-value P-value

Model 6 0.007348 0.001225 65.66 0.000

Linear 4 0.006730 0.001683 90.21 0.000

A: Mesh 1 0.000080 0.000080 4.29 0.050

B: Abrasive flow rate 1 0.000631 0.000631 33.82 0.000

C: Water pressure 1 0.003136 0.003136 168.15 0.000

D: Traverse speed 1 0.002883 0.002883 154.57 0.000

Square 2 0.000618 0.000309 16.56 0.000

C2: Water pressure * Water pressure 1 0.000167 0.000167 8.98 0.007

D2: Traverse speed * Traverse speed 1 0.000370 0.000370 19.85 0.000

Error 22 0.000410 0.000019

Lack-of-fit 18 0.000294 0.000016 0.56 0.822

Pure error 4 0.000116 0.000029

Total 28 0.007758
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Table 33.6 Percentage
contribution to kerf taper
angle

Source % contribution

A: Mesh 1.0312

B: Abrasive flow rate 8.1335

C: Water pressure 40.4228

D: Traverse speed 37.1616

C2: Water pressure * Water pressure 2.1526

D2: Traverse speed * Traverse speed 4.7693

insignificant contributor to the kerf taper angle.Hence, at the confidence level of 95%,
the remaining factors have a great influence on the kerf taper angle. The interaction
effect between water pressure and water pressure, and traverse speed and traverse
speed is also significant.

The percentage contribution of the process parameters and the interaction effect
of water pressure with water pressure and traverse speedwith traverse speed is shown
in Table 33.6. Water pressure is the most significant contributor at 40.4228%.

33.3.3 Single Objective Optimization Using RSM

Regression equations are obtained from the MINITAB software by analyzing the
experimental data and are incorporated in the previously described optimization tech-
niques. The predicted regression equation for the response variable surface roughness
and kerf taper angle are given in Eqs. (33.2) and (33.3) respectively.

Surface roughness = 1.9488 + 0.000567 ∗ x(1) − 0.000031 ∗ x(2) − 0.000319 ∗ x(3)

+ 0.004978 ∗ x(4) − 0.000005 ∗ x(3) ∗ x(4) (33.2)

Kerf taper angle = 0.6936 + 0.000129 ∗ x(1) + 0.000073 ∗ x(2) − 0.000135 ∗ x(3)

+ 0.000948 ∗ x(4) + 0.000001 ∗ x(3) ∗ x(3) − 0.000008 ∗ x(4) ∗ x(4)
(33.3)

where

x(1) Mesh;
x(2) Abrasive flow rate;
x(3) Water pressure;
x(4) Traverse speed

Figure 33.2a, b show the single objective optimization of the performance parame-
ters i.e. surface roughness andkerf taper angle respectively. For theL29Box-Behnken
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Fig. 33.2 Single objective optimization using RSM a surface roughness and b kerf taper angle

experimental data, the current settings aremesh size= 80# (low), abrasive flow rate=
440 g/min (high), water pressure= 275MPa (high) and traverse speed= 60mm/min
(low) produced surface roughness of 2.1143 μm at the optimal desirability of 1.000.
For the L29 Box-Behnken experimental data, the current settings are mesh size =
80# (low), abrasive flow rate = 240 g/min (low), water pressure = 125 MPa (low)
and traverse speed= 120mm/min (high the kerf taper angle of 0.7148° at the optimal
desirability of 1.000.

33.4 Evolutionary Optimization Techniques

The use of evolutionary optimization techniques is adopted by researchers because
these techniques have been used in a variety of applications and can also determine
a solution for complex optimization problems effectively. Single objective optimiza-
tion techniques are run in MATLAB for 1000 iterations (for uniformity in com-
parative analysis) to measure effectiveness of each algorithm using the regression
Eqs. (33.2) and (33.3) from the experimental analysis using MINITAB software.
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Fig. 33.3 Convergence of PSO for the AWJM process a surface roughness and b kerf taper angle

33.4.1 Particle Swarm Optimization (PSO)

James Kennedy and Russell C. Eberhart developed the PSO algorithm in 1995.
According to this algorithm, each individual (candidate solution) is considered as a
particle of the population (swarm). The steps of PSO are given as follows,

1. Given the problem dimension, initialize the random position and velocities of
the particles.

2. Evaluate the fitness function value of each particle present in the swarm.
3. Compare the various fitness function values to obtain the local and global best.
4. Update the velocity of each individual particle.
5. Update the position of each individual particle.
6. Based on the updated position of the individual evaluate the fitness function and

determine the local and global best particle.
7. Update the result; if the iteration number exceeds the maximum generation limit

go to step 8, else, go to step 4.
8. Save and store the result; terminate the process.
9. Export the convergence plot of each fitness function (i.e.) surface roughness and

kerf taper angle as shown in Fig. 33.3a, b.

33.4.2 Cuckoo Search Algorithm (CSA)

The CSA was developed by Xin-She Yang and Suash Deb in 2009. It is inspired
by the behavior of cuckoo species which laid their eggs in the nests of other bird’s
species.

The three idealized rules on which the CSA principle is based on are (1) Each
cuckoo lays only one egg and dumps its egg in the nest of a host bird randomly,
(2) The nests having the best quality of eggs will be considered for succeeding
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Fig. 33.4 Convergence of CSA for the AWJM process a surface roughness, b kerf taper angle

generations, and (3) The number of host’s nests that are available is fixed. A Levy
flight is executed to obtain the new nest position for each cuckoo. The parameter
values (i.e.) probability to alienate egg (Pa) and step size (α), varies in accordance
to the generation in order to perform a global and local search within the domain
range. The algorithm’s convergence rate depends on the fine tuning of the parameters
to locate the optimal solution. It must be noted that the Pa and α values should be
reduced in final generations to achieve a better solution vectors.

1. Initialization of the random host nest position.
2. Evaluate the host nest’s position fitness function.
3. Identify the best egg in that nest having the highest fitness function value.
4. By using levy flights generate new cuckoos by using the factors Pa and α.
5. If the alien egg is discovered, replace the host nest position with the new host

nest position randomly.
6. Evaluate the fitness function values for the new host positions.
7. Inspect the stopping criteria; if the criteria are satisfied, go to step 8, else, go to

step 4.
8. Save and store the result; terminate the process.
9. Export the convergence plot of each fitness function (i.e.) surface roughness and

kerf taper angle as shown in Fig. 33.4a, b.

33.4.3 Simulated Annealing (SA)

SA is a metaheuristic developed by Kirkpatrick in 1983 for approximating the global
optimum of a given function in a large search space. The concept of slow cooling in
annealing can be interpreted as slow fall in the probability of accepting bad solutions
as the solution space is searched out. The Boltzmann probability distribution is used
to control the temperature parameter. During the search for the optimum value, the
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temperature is progressively decreased till it reaches zero. The energy difference
between two points (initial point and the next point generated in the vicinity of the
initial point) is calculated. Acceptance or rejection of the point is done using the
metropolis algorithm based on the energy difference. In the succeeding cycles, a
new point is generated in the vicinity of the updated point and the energy difference
is computed again. The process continues till the temperature reaches a minimum
value or the required target value is achieved in the fitness function value. Initialize
the start point (x1) in a random fashion, the initial temperature (T), and termination
criteria.

1. Evaluate the energy E1, i.e., the fitness value, for the generated point.
2. Compute a neighborhood point (x2) and evaluate the fitness E2 at this point.
3. Calculate the energy difference between the two points �E.
4. (i) Accept the point if �E < 0 and go to step 6.

(ii) If�E≥ 0, create a random number (r) between 0 and 1 and verify if r ≤ e
�E
T ;

if yes, accept the point with some probability and go to step 6; else generate a
new initial point and go to step 3.

5. Decrease the temperature and inspect the criteria for termination; if satisfied go
to step 7, else, go to step 3.

6. Save and store the result; terminate the process.
7. Export the convergence plot of each fitness function (i.e.) surface roughness and

kerf taper angle as shown in Fig. 33.5a, b.

Table 33.7 shows the optimized results of each algorithm for single objectives of
AWJM process.

The best optimum value for surface roughness and kerf taper angle is obtained
for CSA algorithm as 2.1089 μm and 0.70784º respectively. Then, all the optimized
parameter values obtained from CSA are rounded-off and a confirmatory test run is
carried out as shown in Table 33.8.

It is found that the percentage of error for the performance parameters is within
3%. Moreover, the obtained results are in accordance with the results of RSM. The

Fig. 33.5 Convergence of SA for the AWJM process a surface roughness, b kerf taper angle
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Table 33.7 Single objective optimization results of AWJM process

Algorithm Response Optimal
solution

M (#) AFR (g/min) WP (MPa) TR
(mm/min)

PSO Ra (μm) 2.1147 108.134 296.860 187.080 60.000

θ (°) 0.7247 112.929 264.019 125.000 119.999

CSA Ra (μm) 2.1089 80.001 439.973 275.000 60.000

θ (°) 0.70784 80.013 240.007 125.015 120.000

SA Ra (μm) 2.1136 80.456 331.632 272.938 60.026

θ (°) 0.7193 80.018 245.135 126.619 119.983

Table 33.8 Confirmatory test results for surface roughness and kerf taper angle

Performance
parameter

M (#) AFR
(g/min)

WP (MPa) TS
(mm/min)

Optimized
result

Experimental
result

Ra (μm) 80 440 275 60 2.1089 2.15107

θ (°) 80 240 125 120 0.70784 0.72554

values of process parameters can be easily adjusted on the AWJMmachine to obtain
the optimum performance characteristic for the considered titanium alloy Ti-6Al-4V
to have better and an improved cutting quality.

33.5 Conclusions

In this research, the AWJM process parameters for Ti-6Al-4V titanium alloy have
been optimized by using three evolutionary optimization techniques and RSM. From
ANOVA, it is revealed that traverse speed is the most significant contributor to sur-
face roughness with a contribution of 81.456% and water pressure being the most
significant contributor to kerf taper angle with a contribution of 40.4228%. Regres-
sion models were also developed for the given process parameters. Evolutionary
optimization techniques such as PSO, CSA, and SA have been applied to the data set
for obtaining the optimal parameter setting. From the results obtained, it was revealed
that CSA was the best evolutionary optimization technique. The confirmatory test
results validated that the error was less than 3% between the experimentally obtained
values and the optimized values by CSA.
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12. Hascalik, A., Çaydaş, U., Gürün, H.: Effect of traverse speed on abrasive waterjet machining
of Ti–6Al–4V alloy. Mater. Des. 28(6), 1953–1957 (2007)
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Chapter 34
Design of Fixture for Trimming
of a Composite Material Shim
by Abrasive Water Jet Machining

Kushal Singh , Ch. Venkateswarlu , B. Hari Prasad and A. P. Dash

Abstract The fixtures required in manufacturing must correctly locate workpiece
in a given orientation with respect to cutting tool. The present work aims at design
of fixture for trimming of a component called shim which is made of composite
material. The trimming is done by abrasive water jet machine. Machining by con-
ventional methods compromise the strength of the composite materials and/or cause
delamination, making it less suitable for aerospace applications, thus AbrasiveWater
Jet (AWJ) technology is used for machining composite materials. In present work,
the shim made of composite material is required to be cut at specified orientation
at given location in a circular path. Since the shim is a thin-walled structure, excess
clamping force may deform it and it may not get cut at required positions, although
sufficient support and clamping is required to hold the component during trimming
operation by water jet machining. The fixture needs to be designed for an abrasive
water jet machine in which the water jet nozzle head is stationary and automation,
e.g., rotary table is not available for maintaining circular cut at specified location
and orientation. A fixture is designed to meet the above requirements. The suitable
rotational speed to cut the shim is found experimentally and the shim is cut in circular
path at desired location on the fixture.

Keywords Fixture design · Abrasive water jet machining · Composite material

34.1 Introduction

The composite structure delivers higher strength to weight ratio requirement in
aerospace systems. In present work, the shimmade of composite material is required
to be cut at specified orientation at a given location for an aerospace application. Since
composites are not homogenousmaterials and are reinforced for greater strength, cut-
ting composites require a different approach than ceramic cutting or metal cutting.
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Using conventional cutters and machining techniques will quickly cause parts to
wear out and require replacement. As an alternative, cutting with a water jet offers
a number of benefits for composite machining. Abrasive water jet machining does
not produce heat-affected zones (HAZ) or leave rough edges/burrs that require the
material to undergo secondary finishing with other composite machines. In other
words, the load imposed by the machine on the workpiece is almost zero as pres-
sure acts only at the required points. However, the positioning of the workpiece on
specific location is an important aspect to manufacture the components without any
discrepancies. Hence, the fixture design is important. Additionally, very little waste
is created with water jet technology to protect material investment. Speed and accu-
racy of the technology make it well suited to high production requirements [1]. A
typical abrasive water jet cutting machine setup is shown in Fig. 34.1.

Proper tooling is the key factor in water jet machine for machining for thin-
wall composite material, Rex and Ravindran [2] have developed a procedure to
find the optimal position for the locators and clamps in order to reduce the elastic
deformation of the workpiece during machining with respect to the deterministic
location. Improper tooling and cutting parameters may also lead to delamination
of composite materials. Delamination is influenced by abrasive flow rate, traverse
rate, and hydraulic pressure and minimum delamination damage can be achieved by
increasing the kinetic energy of abrasive water jet [3]. It is also important to choose
the correct abrasive grit. For example, most composites will have a better surface
finish if they are cut with 120-grit abrasive [4].

The above machining parameters are adapted for trimming of composite material;
however, whenmachining composites, it is important to support thematerial properly
to avoid any material failure, e.g., delamination by the undesired deflected water jet

Fig. 34.1 Abrasive water jet cutting machine setup
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on the surface of workpiece. It is necessary to develop a methodology to adapt the
process parameters for composite material trimming, along with design of suitable
fixture which will allow AWJ trimming operations to be carried out in the desired
manner, to meet the component design requirements.

In present work, a thin-walled component of composite material is required to be
cut at specified orientation at given location in a circular path. The fixture needs to
be designed for an abrasive water jet machine in which the water jet nozzle head is
stationary and automated, e.g., rotary table is not available for maintaining circular
cut at specified location and orientation.

34.2 Fixture Design Requirements

The shim made of composite material is a thin-walled structure with height (H) and
diameter 5H. The shim is required to be cut in a circular path, at specified orientation
at given locations, i.e., α° form horizontal position (or β° from vertical position) at
lower side at distance D from bottom face of shim and γ° form horizontal position
(or δ° from vertical position) at upper side at distance 5D from top face of the shim,
as shown in Fig. 34.2.

In water jet cutting of composites precise location of abrasive water jet nozzle
with respect to component is required to be maintained, otherwise jet shooting out
of the intended cut might perform an unintended cut on some other surface of the
part.

Due to thin wall, excessive clamping force may distort the shim, geometry. Thus
to make a desired circular cut at specified location a fixture is to be designed to hold
the shim with sufficient clamping force during water jet machining while rotating
about the shim axis.

The fixture is required to rotate the shim while trimming by water jet machine.
The rotation speed should be optimized to perform effective cut by water jet. The
prime role of the fixture is to hold the job at the location without any deflection during
the machining.

34.3 Design of Composite Shim Cutting Fixture

The water jet machine used in present work, for shim cutting it has only two-axis
movements, i.e., X axis and Y axis in a plane. The nozzle moves in these two axes
over the job during the operation. If the shim is to be cut in circular path with a
cut normal to flat surface it can be achieved by moving the nozzle in circular path
by combined X, Y movements of nozzle. But if the cut is required to be made at
specific angle, as in present case, i.e., δ° and γ° from horizontal plane, the nozzle
has to tilt continuously while maintaining circular path and the trimming angle. The
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Composite ShimTrimming Locations

Shim Axis

Fig. 34.2 Composite shim geometry and trimming locations

present abrasive water jet machine has a stationary water jet nozzle and it cannot tilt
continuously as desired. However, the nozzle can be tilted and fixed at an angle.

Other solution is to tilt and fix the nozzle at required angle and rotate the shim.
Since the water jet machine does not have the rotary table, nozzle head of the water
jet machine is kept steady at desired angle and a rotary table is designed to rotate the
shim, to cut it in a circular path.

The rotary table is consists of two halves. The bottom plate is stationary and
the top plate is rotated. Hardened spherical stainless steel balls are placed between
the top and bottom plates, along the grooves provided in each plate to enable the
rotation of top plate over the bottom plate through spherical balls. Two such tracks
of rectangular cross section are made for better stability of plates during rotation
(Fig. 34.3).

The plates and spherical balls undergo through the condition of rolling friction
during the operation, while the top plate is rotating and the bottom plate is stationary.
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Fig. 34.3 Hardened
spherical stainless steel balls
along the grooves Spherical Balls 

X

Y

Spherical balls and bearings are designed as per ANSI/ABMA 24.1 standard for
“Thrust Bearings of Ball, Cylindrical Roller and Spherical Roller Types—Metric
Design.” Bearing life is another important consideration while designing fixture
which is defined as the total number of revolutions (or hours at a constant speed) of
bearing operation until the failure criterion is developed. Four Bearings are provided,
each at 90° angle apart to prevent lateral movement during cutting and enable the
smooth rotation of the upper plate (Fig. 34.4).

Since the composite shims are made of thin walls, clamping is designed to apply a
balanced clamping force by external support pins and internal support pins as shown
in Fig. 34.5. Two external support threaded pins are provided on top support blocks
with tapped holes to control the clamping pressure externally and one fix pin support
is provided internally.

Roller Guide

Top Plate

Bottom Plate

Fig. 34.4 Shim cutting fixture design
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External Support Pins Top Support Block

Internal Support 

Fig. 34.5 External and internal support

As per design requirement, the shim is required to be cut at an angle of α° form
horizontal position (or β° from vertical position) at lower side, and γ° form horizontal
position (or δ° from vertical position) at upper side of shim. The normal orientation
of the abrasive water jet head is vertically downward. To get the specified angle of
cut, i.e., α° and γ°, the head of the water jet nozzle is tilted manually and fixed at
these angles as per requirements as shown in Fig. 34.6. After fixing the nozzle, top
plate is rotated manually using handles provided on top plates. The speed of rotation
is found with experimental trails for effective cut on shims.

Shim 

AWJ Nozzle

α⁰ /
Top Plate Handle

Top Plate Rotation

Fig. 34.6 Tilted water jet machine head for angular cut
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Fixture assembly with all the fixture elements and shim is shown in Fig. 34.7 and
the cutting process carried out on shims in abrasive water jet machine is shown in
Fig. 34.8.

Fig. 34.7 Fixture assembly Fixture Assembly Nozzle (tilted)

Fig. 34.8 AWJ cutting of
shim

Shim
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34.4 Design Analysis

The total weight of the fixture with component (composite shim) is calculated as
below:

clamping setup+ shim+ upper plate = 295 kgs = 2.95 kN

Structural analysis of design is carried out with the following material properties:

Component Material Young’s modulus (GPa) Density Poisson’s ratio

Upper plate Structural steel 200 7850 0.3

Balls (30) AISI 52100 Chrome
steel (Bearing steel) (Ø
20 mm)

210 7800 0.3

Lower plate Structural steel 200 7850 0.3

When ball bearing works, it is usually that more than one rolling ball bears the
load. The condition is complex between rollers and rings. When the load is 0, the
contact area is a point, i.e., point contact. When the load increases in running, the
bearing inner ring, outer ring, and rolling elements bring forth plastic deformation
in the contact area, so the point contact becomes face contact [5]. Furthermore,
the contact area gradually becomes ellipse and generates residual stress [6]. The
contact parameters, such as the place, size, shape of contact area, as well as the
contact pressure, and friction force distribution, will be variable with load changes.
These are typical boundary nonlinear problems. On the base of Hertzian theory, ball
bearing’s contact stress is

Pm = 1

πeaeb
× 3

√(∑
ρ
)2 × 5Fγ

Z cosα

In the formula, ea, eb is, respectively, Hertzian contact coefficient; �ρ is the sum
of main curvature; Fr is the radial load; Z is the number of rolling elements; and α is
contact angle under loads. The corresponding equations can be found in the appendix
A3.

Hertzian contact pressure is used to derive the value for stress. Standard empirical
relation is used to determine the load P on the topmost ball that bears the largest
portion of the load.

Load and Boundary Conditions

• The bottom face of the lower plate is defined as fixed support.
• The balls are given a body to ground joint constraint.
• Load is defined on the upper face of the upper plate acting downward.
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Fig. 34.9 Deformation distribution

• The given RPM for the upper plate is 1 rpm. So the rotational velocity for all the
balls in each raceway is defined accordingly.

In the model discussed in this report, four-point contact bearings are employed.
They have ball-raceway contact at four points rather than over a full-contact radius.
This arrangement maximizes load capacity and minimizes ball skidding under heavy
load. However, the Hertzian contact ellipses are at four points and there is substantial
slip as contact is made at different diameters with respect to the ball’s axis of rotation.
To compensate this, a contact angle between ball and race, measured from the radial
(horizontal) center line of the ball which ranges from 35 to 60° is used, depending
on the application and its particular combination of loads.

34.5 Results

Deformation along Y axis is observed in center as the pressure acts on the face verti-
cally downwards due to the weight of the shim and clamping setup. The deformation
is shown in Fig. 34.9.

34.6 Conclusions

A fixture is designed and developed for augmentation of existing abrasive water
jet machine capability for trimming of the composite material shim. The fixture is
designed and fabricated to meet the requirements of trimming the shim at speci-
fied locations and orientations. Since the geometry of the shim includes thin-walled
structure, appropriate clamping scheme is made to apply sufficient clamping force
without deforming the shape of the shim. Instead of complex solution of continuous
tilting of nozzle to maintain cutting requirements, a simple solution is given by tilting
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the nozzle and rotating the shim by a fixture. The fixture can be further improved by
incorporating automation for rotating the top plate.
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Chapter 35
Fabrication and Characterization
of Helical Grooved Cylindrical Electrodes
Generated by WED Turning Process

Jacob Serah Krupa and G. L. Samuel

Abstract Electric discharge drilling (EDD) process has got worldwide attention in
the manufacturing industries owing to its unique electro–thermo-erosion mechanism
capable of creating precisemicroholes on any conductivematerials, irrespective of its
hardness. The thrust of the research activities in this area is to address the challenges
and explore the possibilities of EDD in the machining of high aspect ratio holes
in turbine blades, fuel injectors, nozzles of inkjet printers, microchemical reactors,
and biomedical devices. The motivation of the present work is to develop a new
machining strategy by altering the electrode surface in order to enhance the flushing
rate, which will eventually result in the accomplishment of better quality and high
aspect ratio holes. Hence in the present work, the electrodes used for the EDDprocess
aremodified by creating a helical groove usingwire electric discharge turning process
(WEDT). Further analysis of the geometry of micro helical grooves machined on
cylindrical electrodes has been carried out for the first time. The best geometry of
helical groove was obtained at a pulse on time of 30 μs, pulse off time 186 μs, and
depth of cut of 150μmwith a helix angle of 34.12° and pitch of 2.22 mm. Extracting
the surface characteristics of the micro helical grooves is very difficult, an attempt
has been made to quantify the surface roughness, the best surface is obtained has
12.27 μm Ra. The proposed electrode has the potential to replace the existing EDM
electrodes as it is superior in terms of flushing and hence machining of good quality
microholes.

Keywords EDM electrode geometry · Geometrical deviation · Helical grooves
35.1 Introduction

Wire electric discharge machining (WEDM) is widely used in many industries and
has gained high popularity over the past decades, due to the easiness in creating
intricate geometries on any conductive materials in a cost-effective way. Of late,
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researchers have been making modification in the tool geometry of EDM electrodes
for attaining better and efficient flushing so that machining of high aspect ratio
features is possible. The demand for high aspect ratio holes is increasing with the
popularization of micromachining in industries like aerospace, biomedical, automo-
bile, and electronics industry. For example, they are seen in microchemical reactors,
micro heat exchangers, integrated circuit packages, fuel injection nozzles, spinneret
holes, cooling vents for gas turbine, micromolds, and biomedical filters [1]. Elec-
tric discharge drilling (EDD) has become a widely accepted fabrication method for
these features since the hardness of the material does not matter and investment and
maintenance costs are economic [2].

Machining of high aspect ratio features in the microscale is very difficult or nearly
impractical with conventional machining methods as the problems like tool breaking
and thermal damage of machined area arises. To tackle this problem, researchers
started discovering methods to modify the EDD process to make it suitable for deep
hole drilling by facilitating efficient debris removal out of which modification of tool
geometry has become very favored [3]. Low-speed wire electric discharge turning
(LSWEDT) was used to fabricate helical slots on cylindrical and conical microtools
with fast and slow helix by sun and Gong [4]. An improvised tool electrode with slots
at particular angles was successfully developed to show that the inclined microslot
was able to prevent the accumulation of debris by Kumar and Singh [5]. Out of
all methods used to modify the electrode geometry, wire electric discharge turning
(WEDT) is the most advantageous. Helical profiles and axisymmetric shapes were
machined on cylindrical workpieces having diameters as low as 1 mm using WEDT
by Dhake and Samuel [6]. It was stated that EDM drilling is promising to drill high
aspect ratio holes compared to conventional methods through a comparative study
conducted by Hasan et al. [7].

Research activities focusing on improvement of the flushing and debris removal
during EDD by various methods have been carried out by the scientific community.
Experimental investigation of flushing efficiency was conducted using a bunched
electrode as a substitute for the single-hole conventional electrode and a reduction
of debris concentration to 1% due to the improved flushing which was reported by
Li et al. [8]. Ultrasonic vibration has been incorporated into the EDM process and
an improved MRR due to the increased flushing efficiency which was reported by
Mohammadi et al. [9]. Further planetary motion was given to the tool electrode by
giving it a preset value of offset from the spindle axis and increased flushing and
debris recirculation was reported by John et al. [10]. It can be noted that EDM with
improved flushing produces better machined parts.

From the literature survey, it is observed that few successful attempts have been
made to modify the tool geometry of an EDM electrode and it has improved the
machining characteristics while performing EDD. The research activities conducted
up to now were centered on the surface characteristics of the machined electrodes
like foreign material accumulation and microvoids, study of adjusting parameters to
get different shapes of electrode, economics of machining, and machining time of
electrode. However, not many attempts have been made to study the factors which
influence the dielectric flow and flushing characteristics. Hence in the current work,
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the authors have made an effort to fabricate helical grooves on cylindrical rods and
study the geometry and surface roughness (Ra). The main contribution of the paper
is an understanding of the influence of the process on surface roughness and helical
geometry.

35.2 Material Removal Mechanism in WEDT

In the current work, the machining of micro helical grooves on cylindrical rods are
done by the process ofWEDT. InWEDTmaterial erosion happens due to the erosion
of material by a sparking phenomenon between the workpiece and the wire separated
by a large potential difference and in relative motion. The mechanism is based on
an electro–thermal process which depends on the discharge of electrons through a
dielectric creating a channel of partially ionized gas. Around 2–10% of the total
discharge energy is dissipated into this plasma channel. A small gap of 30–100 μm
is required to be maintained between the electrodes to prevent arcing, short circuits,
and open circuits. Since the discharge frequencies range between 103 and 106 Hz,
the pulse duration is extremely small and tiny craters are formed on the workpiece
surface. Once the spark duration is over, themoltenmaterial solidifies in the dielectric
as tiny spherical debris which needs to be carried away from the sparking area by
dielectric flushing [11]. The WEDM is a modification of the EDM, a numerically
controlled traveling wire is made as one electrode and it is used to machine parts
with complex profiles by the same spark erosion process. Turning with WEDM
was introduced to generate cylindrical form and axisymmetric features, mainly on
difficult tomachinematerials inmicroscale.WEDT is implemented in a conventional
WEDM machine by adding a rotary axis. The MRR of WEDT is higher than that of
WEDM [12].

In Fig. 35.1 the material removal mechanism when the WEDT is used to create
micro helical grooves on a cylindrical electrode is shown. For removing material in
a helical path, the rpm given to the workpiece is considerably less than that used

Fig. 35.1 Representation of the mechanism of machining helical grooves by WEDT
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for turning rods. During WEDM, the vibrations on the wire can reach up to 10 μm
in amplitude which can cause geometrical errors when performing micro-WEDT.
To prevent this a wire guide is provided. The wire is kept in position as it slips
over the wire guide at the sparking point and the process is termed as wire electric
discharge grinding (WEDG) byMasuzawa et al. [13]. Themodified electrodes can be
fabricated byWEDTby controlling the ratio of wire feed to the rpm of theworkpiece.
By changing the ratio, helical profiles with different helix angles may be obtained
on the workpiece.

35.3 Machining of Electrodes

The experimental investigations are conducted on Electronica Ecocut CNC Wire
EDM machine by adding an additional spindle (Fig. 35.2) developed by Janardhan
and Samuel [12]. Theworkpiece used for the EDMelectrode is an electrolytic copper
rod of diameters 1 and 0.7 mm for a length of 8 mm. The electrodes have a stepped
portion of 3 mm for proper work holding using an ER11-3 mm collet. The electrode
wire is 0.25 mm in diameter and made of brass material. Copper electrodes are

Electronic Ecocut CNC WEDM

Brass 
Wire

Wire 
Guide 
Die

Electrode with 
helical grooves 

Turning setup Mounted on 
work table

Fig. 35.2 Turning setup mounted on wire EDM along with cylindrical workpiece
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chosen as the workpiece since the focus of the study is on the machinability of the
helical pattern by WEDM and copper is favorable for EDM tools owing to its good
conductivity.

The experiments were carried out by setting the depth of cut values to 75, 100,
and 150 μm. The depth of cut was not set above 150 μm as it could lead to bending
of the rod during the process of machining. The settings of pulse on time are 3, 4,
and 5 values of the knob settings which is approximately 30, 40, and 50 μs [14].
The pulse off time is set to 7, 8, and 9 knob setting values and the corresponding
pulse off times are found to be 174, 184, and 186 μs. The required pulse trains were
captured using an oscilloscope (Keysight technologies, model no: DSOX 2024A)
with a sampling rate of 2 Giga samples per second. The feed and rpm are set to
constant values of the 5th value of knob setting and 3 rpm since it was found from
preliminary experiments that this combination gives a value of the helix angle about
30–50° which is a desirable value for flushing grooves. The feed rate is set such
that the fluctuation of gap current is within the permissible range indicated on the
machine.

35.4 Results and Discussions

Machining of eight electrodes was successfully carried out and it was observed that
the selection of cylindrical rods with minimal run out is crucial for obtaining a
helical pattern. It was also observed that the helix angle was affected by machining
parameters apart from the feed and the rpm of the spindle, different angles were
obtained on each workpiece. A rod of electrolytic copper was machined to 5 mm and
partially stepped down to 1 mm and 0.7 mm by CNC turning and machining of the
desired geometry was carried out by WEDT as shown in Fig. 35.3. It can be noted
that uniform depth of grooves can be obtained if the electrode is turned to lesser

(a) (b)

0.7mm

8 mm10 mm

Fig. 35.3 Electrode with helical grooves a photograph. b SEM image
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diameter on the WEDT setup before machining of helical grooves. This eliminates
all possible eccentricity and bent caused by CNC tuning.

35.4.1 Evaluation of Helical Geometry Machined
on the Electrode

According to Lancert’s theorem, a necessary and sufficient condition that a curve be
a general helix is that the ratio of curvature to torsion be constant [15]. The equation
of helix was expressed in the vector form by using the measured values of radius and
pitch and a Matlab program was made to calculate the curvature and torsion of the
helix at all three angles for all workpieces. Then the ratio of curvature to torsion was
calculated and the standard deviation was computed. Figure 35.4 shows the deviation
of the tool geometry from actual helix, where α ideal is the angle of exact helix and
α is the obtained angle, P ideal is the pitch of exact helix and P is the obtained pitch.
The deviation of the helical geometry was estimated by checking the conformance to
Lancet’s theorem. The machined electrode was first fixed rigidly to an ER11 collect
with slots at angles of every 60° inserted on a nylon roller with an SKF 608 bearing
and further mounted on a V block as shown in Fig. 35.5. The electrode was precisely
rotated between 0°, 120°, and 240° with the help of this arrangement and a height
gauge. At each angle, the measurement of pitch and radius was measured by using
a Zeiss Stemi 2000 CS stereo microscope. Three sets of readings were taken at each
angle for all electrodes and the average value was considered.

The vector representation of helix is

r(ϕ) = R cos(ϕ)i− R sin(ϕ)j+ Cϕ k (35.1)

where R is the radius of the helix and Cϕ is the z coordinate value. The unit tangent
vector is estimated by taking the first derivative of the helix equation with respect to
ϕ and dividing it by its modulus.

0º

120º

240ºP P

α ideal

α

Ideal helical geometry Actual helical
geometry

ideal

Fig. 35.4 Representation of variation of the helical profile from actual helix
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Fig. 35.5 Arrangement to view the electrode at different angles

t = dr/dϕ

|dr/dϕ| (35.2)

The curvature or first curvature of a helix is the partial derivative of the tangent
with respect to the arc length and it can be expressed as

Curvature(κ) = |dt/dϕ|
|dr/dϕ| (35.3)

For calculation of the torsion, the normal and binormal vectors are calculated as

Normal Vector = dt/dϕ

|dt/dϕ| (35.4)

Binormal Vector (B) = tXN (35.5)

The osculating plane of a curve is spanned by the tangent vector and the normal
vector. Binormal vector is perpendicular to the osculating plane and its rate of change
with respect to the arc length is given by the vector

dB

ds
= dB/dϕ

|dr/dϕ| (35.6)

The torsion of a space helix is also called as the second curvature and it is the rate
of change of the curve’s osculating plane and is expressed as.
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Torsion (τ) = −N
dB

dS
(35.7)

Finally, the ratio of curvature to torsion is taken and this should be constant for a
perfect helix.

Ratio of curvature to torsion = κ

τ
(35.8)

Standard deviation of ratio of curvature to torsion at each angle is expressed as

Standard deviation of
κ

τ
=

√
�

((
κ
τ

)
mean− (

κ
τ

))2
3

(35.9)

The measured values shown in Table 35.1 are used to compute the ratio of curva-
ture to torsion by substituting in a Matlab program. It is observed that the ratio is not
constant from which it is inferred that there is error of the machined geometry from
the perfect helix profile. The standard deviation of the ratio of κ/τ of each electrode
is calculated using Eq. (35.9). Plots of the standard deviation of ratio with respect to
influential factors are made to study the trend of the deviation of profile.

From Fig. 35.6a, b it is observable that the least deviation of the profile from
the exact helix occurs at a depth of cut of 150 μm and a pulse on time of 30 μs.
This can be explained by the fact that when machining of micro helical grooves is
done at a lower depth of cut, a major portion of the energy released from the spark
is concentrated at the surface and subsurface of the cylindrical rod, hence most of
the material removal happens at the surface. However, at higher depths of cuts, the
energy gets dissipated to the bulk of the electrode and material is removed both from
the surface and the bulk of the electrode. As the pulse on time increases, duration of
the live spark increases and material erosion happens for a longer time, hence greater

Table 35.1 Calculated values of average helix angle and standard deviation of κ/τ

Sl. No. Depth
of cut
(μm)

Pulse
on time
(μs)

Pulse
off time
(μs)

Helix
angle
(°)

κ/τ Standard
devia-
tion of
κ/τ

ϕ = 0 ϕ =
120

ϕ =
240

1 75 30 174 49.96 −1.9 −0.79 0.37 0.95

2 75 40 184 56.08 −1.8 −0.77 0.41 0.94

3 75 50 186 62.87 −1.5 −1.31 0.73 1.03

4 100 30 184 44.7 −1.5 −0.61 0.55 0.85

5 100 40 186 56.21 −1.5 −1.19 0.77 1.02

6 100 50 174 54.17 −1.5 −1.19 0.65 0.98

7 150 30 184 34.12 −1.4 −0.31 0.45 0.77

8 150 40 174 45.23 −1.8 −0.48 0.34 0.93
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Fig. 35.6 Variation of standard deviation of κ/τ and average helix angle with a depth of cut. b Pulse
on time

amount of material is removed per cycle causing localized deviation from expected
geometry. The pulse off time has negligible effect on the geometry.

The average helix angle shows a decreasing trend with increase in depth of cut
(Fig. 35.6a), a helix angle of 34.12° is obtained at a depth of cut of 150 μm which
is closest to the standard helix angle of commercial drill. The increasing trend of
average helix angle (Fig. 35.6b) with pulse on time is due to the fact that a higher
material removal rate in localized areas along the direction of motion of workpiece
causes decrease in the pitch of the helix leading to an increased helix angle. Similar
to the trend of geometrical deviation with respect to pulse off time, the variation of
average helix angle is also independent of pulse off time. For obtaining a helix angle
near to 30° it is noticed that a setting of depth of cut of 150 μm, pulse on time of
30 μs, and pulse off time of 186 μs is desirable.

It is expected that these electrodes can be used for providing better flushing during
EDD process compared to conventional cylindrical electrodes. Apart from calculat-
ing the κ/τ ratio, the average helix angle was also considered since the dielectric
movement through the grooves will be affected highly by the angle of the helix.

35.4.2 The Surface Roughness of the Helical Grooves

The surface roughness was measured by using a Veeco 3D optical surface profiler
and Ra values were recorded as three sets for each workpiece. A 465× 612μm2 area
of the workpiece is scanned, three subsections of approximately 200× 200 μm2 are
taken at random along the helical groove surface as shown in Fig. 35.7. Horizontal
and vertical sections are taken along a subsection to demonstrate the calculation of
surface roughness Fig. 35.8.

The surfaces aremadeflat by removing the cylindrical curvature, tilt, and high pass
filtering then the values obtained are averaged as shown in Table 35.2. This is done to
avoid the contribution of the curvature in the Ra calculation. The surface roughness
increaseswith the increase in depth of cut since a larger amount ofmaterial is removed
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Machined helical 
groove area

Unmachined 
area

Area of sub section 
= 200 X 200 µm2

Average Ra =
(14.2+12.13+10.27)/3

=12.27 μm

High pass filtered 
cut off λ c = 2.5mm
465 x 612 μm2

(a) (b) (c)

Fig. 35.7 Sample surface scan from optical profiler showing three subsections

as the wire electrode is in close proximity with a larger area of the cylindrical rod.
This is in agreement with the proportionality of the surface roughness and depth
of cut seen in conventional EDM process and also many unconventional machining
processes. Even though from Fig. 35.9b it is seen that the surface roughness shows a
decreasing trend with the increase in pulse on time, the least and maximum surface
roughness are both obtained at the same setting of the pulse on time of 30 μs. So it
can be concluded that the effect of the pulse on time on surface roughness is rather
overshadowed by the effect of the depth of cut factor. The best surface finish obtained
is 12.27 μm (Ra) and it is obtained at a setting of 75 μm depth of cut, 50 μs pulse on
time, and a pulse off time of 186μs. To further reduce the value of surface roughness
it is required to conduct the machining in two steps, a rough cut and finish cut in
which the depth of cut can be considerably reduced.

35.5 Conclusions

The experimental study of helical geometry and surface roughness of helical grooves
machined on mesoscale cylindrical rods by WEDT was carried out for the first time.
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Surface statistics:
Ra = 12.13μm
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Fig. 35.8 Sample 2D plot of surface roughness at section a-a and b-b

Investigation of the geometrical deviation of helical form and surface roughness
were carried out. It was observed that the pulse on and off times and depth of cut
influences the helix angle apart from the ratio of the feed to the rotational speed. The
most relevant finding of the investigation is that the best geometrical characteristics
are obtained at the least value of pulse on time which is 30 μs and highest pulse
off time which is 186 μs. The geometrical deviation shows an increasing trend
with the increase in pulse on time and decrease in depth of cut. The smallest helix
angle obtained is 34.12° and highest pitch is 2.22 mm which are both obtained with
a standard deviation of the ratio of the helix curvature to torsion as 0.77. This is
obtained at the highest value of the depth of cut of 150 μm and pulse off time of
186 μs and a pulse on time of 30 μs. The best average surface roughness obtained
is 12.27 μm Ra and it shows an increasing trend with the increase in depth of cut.
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Table 35.2 Average values of Ra

Sl. no. Depth of
cut (μm)

Pulse on
time
(μs)

Pulse off
time
(μs)

Ra (μm) Average
Ra value
(μm)

Standard
devia-
tion of
Ra

Trial 1 Trial 2 Trial 3

1 75 30 174 13.98 14.52 13.06 13.85 0.60

2 75 40 184 13.52 21.24 14.62 16.46 3.40

3 75 50 186 14.42 12.13 10.27 12.27 1.69

4 100 30 184 16.72 31.17 8.49 18.79 9.37

5 100 40 186 23.96 30 28.14 27.36 2.52

6 100 50 174 19.09 13.74 11.01 14.61 3.36

7 150 30 184 57.64 38.63 19.53 38.60 15.56

8 150 40 174 27.24 26.63 25.67 26.51 0.65

Fig. 35.9 Variation of surface roughness with a depth of cut and b pulse on time

The geometry of the cylindrical electrode with helical grooves is greatly influenced
by the pulse on time as well as the depth of cut. The surface roughness is highly
influenced only by the depth of cut.

It is also observed that the initial run out of the rod used for machining has a
significant effect on the form and if not eliminated, can cause undesired geome-
tries on the workpiece. The work carried out in the present paper demonstrates that
helical grooves can be manufactured on mesoscale cylindrical rods by WEDT. The
feasibility of extending the same process to machine helical grooves on microrods
can also be explored. Moreover, further studies can be carried out to investigate the
machinability of high aspect ratio holes in difficult to machine materials using the
electrodes fabricated in the present work.

Other Related Information The authors have provisionally filed a part of this research idea for
an Indian patent under the application number “201841047112”.



35 Fabrication and Characterization of Helical Grooved … 449

References

1. Barman, S., Hanumaiah, N., Puri, A.B.: Investigation on shape, size, surface quality and ele-
mental characterization of high-aspect-ratio blind micro holes in die sinking micro EDM. Int.
J. Adv. Manuf. Technol. 76(1–4), 115–126 (2013)

2. Yu, Z., Zhang, Y., Li, Y., Lua, J., Zhao, F., Guo, D.: High aspect ratio micro-hole drilling
aided with ultrasonic vibration and planetary movement of electrode by micro-EDM. CIRP
Ann.—Manuf. Technol. 58(1), 213–216 (2009)

3. Plaza, S., Sanchez, J.A., Perez, E., Gil, R., Izquierdo, B., Ortega, N., Pombo, I.: Experimental
study on micro EDM-drilling of Ti6Al4V using helical electrode. Precis. Eng. 38(4), 821–827
(2014)

4. Sun, Y., Gong, Y.: Experimental study on fabricating spirals microelectrode and micro-cutting
tools by low speed wire electrical discharge turning. J. Mater. Process. Tech. 258, 271–285
(2018)

5. Kumar, R., Singh, I.: Productivity improvement of micro EDM process by improvised tool.
Precis. Eng. 51, 529–535 (2018)

6. Dhake, H.G., Samuel, G.L.: Machining of axisymmetric forms and helical profiles on cylin-
drical workpiece using wire cut EDM. Int. J. Mach. Mach. Mater. 12(3), 252–265 (2012)

7. Hasan, M., Zhao, J., Jiang, Z.: A review of modern advancements in micro drilling techniques.
J. Manuf. Process. 29, 343–375 (2017)

8. Li, L., Gu, L., Xi, X., Zhao, W.: Influence of flushing on performance of EDM with bunched
electrode. Int. J. Adv. Manuf. Technol. 58(1–4), 187–194 (2012)

9. Mohammadi,A., Tehrani, A.F., Abdullah,A.: Investigation on the effects of ultrasonic vibration
on material removal rate and surface roughness in wire electrical discharge turning. Int. J. Adv.
Manuf. Technol. 70(5–8), 1235–1246 (2014)

10. John, V., Harshit, M., Keyur, K.D.: Experimental investigations on EDM of Ti6Al4V with
planetary tool actuation. J. Braz. Soc. Mech. Sci. Eng. 39(9), 3467–3490 (2017)

11. Mahendran, S., Devarajan, R., Nagarajan, T., Majdi, A.: A review of micro-EDM. Proc. Int.
Multi Conf. Eng. Comput. Sci. 2, 21–26 (2010)

12. Janardhan, V., Samuel, G.L.: Pulse train data analysis to investigate the effect of machining
parameters on the performance of wire electro discharge turning (WEDT) process. Int. J.Mach.
Tools Manuf. 50(9), 775–788 (2010)

13. Masuzawa, T., Fujino, M., Kobayashi, K., Suzuki, T., Kinoshita: Wire electro-discharge grind-
ing for micro-machining. CIRP Ann.—Manuf. Technol. 34(1), 431–434 (1985)

14. Janardhan, V., Samuel, G.L.: Investigations onmaterial removal rate inwire electrical discharge
turning (WEDT) using pulse train data analysis. J. Mechatron. Intell. Manuf. 2, 17–39 (2011)

15. Barros,M.: General helices and a theorem of Lancret. Proc. Am.Math. Soc. 125(5), 1503–1509
(1997)



Chapter 36
A Study of Wire Electrical Discharge
Machining of Carbon Fibre Reinforced
Plastic

Hrishikesh Dutta , Kishore Debnath and Deba Kumar Sarma

Abstract The need for nonconventional machining of carbon fibre reinforced plas-
tics (CFRPs) has emerged due to several problems encountered during their con-
ventional machining. Wire electrical discharge machining (WEDM) is a potential
nonconventional machining process having the ability to produce delamination and
damage-free features in CFRP laminate. But machining of CFRPs by means of
WEDM is a challenging task due to their low electrical conductivity characteristic.
The present work focuses on the feasibility study of machining of CFRP laminate by
WEDM process. Sandwich assisting electrode method was applied to improve the
machining performance of the chosen material. The influence of three input factors,
namely, (i) pulse on time, (ii) pulse off time, and (iii) current on machining time
has been investigated. The experiments were performed according to full factorial
design by taking three levels of each input factor. It was found from the experimental
results that the machining time increases marginally with an increase in the pulse on
time at a lower level of current (current level of 2). However, the machining time is
almost constant for a higher level of current (current level of 4 and 6). The results
also showed that the machining time increases with pulse off time and decreases with
the current.

Keywords Wire electrical discharge machining · Carbon fibre reinforced plastic ·
Sandwich assisting electrode

36.1 Introduction

CFRP composites possess some superior properties, viz., (i) high strength, (ii) high
stiffness, (iii) good toughness, (iv) good fatigue, creep,wear, and corrosion resistance,
(v) low friction coefficient, and (vi) good dimensional stability [1]. Due to these
properties, CFRPs are being extensively used in various applications like aerospace,
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commercial aircraft, sports items, automobile parts, robotic arms, bridges, chemical
storage containers, tripods, golf clubs, fishing rods, etc. [2]. Recently, manufacturers
have used CFRP up to 25% and 53% in two aircrafts, namely, (a) Airbus 380 and (b)
A350 XWB, respectively. CFRP is extensively used to manufacture fuselage, wing,
and empennage assemblies in these aircrafts. It is possible to achieve a stronger and
stiffer structure with the application of CFRP in these aircrafts. Also, the overall
weight of the aircraft is reduced due to the use of CFRP. This led to more efficiency
in terms of fuel consumption [3]. While manufacturing different components from
CFRP, it is necessary to perform machining operations in order to get the product
with the required dimension and tolerances. Cutting is an important operation among
all the machining operations to get the required size and shape of CFRP laminate.
Damages like delamination, fibre breakage, fibre pull out, etc., frequently occur
during conventional cutting of CFRP laminate by hack saw, power saw, milling, etc.
These damages can be avoided by adopting nonconventional machining processes
during cutting or trimming of CFRP laminate. WEDM is such a nonconventional
machining process bywhich electrically conductivematerial can be cut withminimal
surface damage. Another advantage of WEDM is that any intricate shapes which are
difficult to achieve by conventional machining processes can be easily obtained by
this process. CFRPconsists of electrically conductive carbonfibre and nonconductive
epoxy matrix. Therefore, it is quite challenging to machine CFRP by WEDM. A
comparative study between laser cutting andWEDMprocess presented while cutting
CFRP [4]. The important factors under consideration were cutting rate, edge quality,
and damage to the workpiece. It was observed that the WEDM resulted in better
cutting edge profile and better control of the process parameters for lesser damage
to the workpiece. But it was not discussed how the spark is initiated during WEDM
of CFRP laminate which has low electrical conductivity. Also, the material removal
mechanism was not discussed thoroughly.

In the present work, sandwich assisting electrode is used to initiate the spark while
performing WEDM on CFRP laminate. Also, the mechanism of material removal is
discussed comprehensively. The cutting length is kept constant to 4 mm under each
experimental trial to study the effects of input factors such as pulse on time, pulse
off time, and current on the machining time.

36.2 Materials and Methods

36.2.1 Fabrication of CFRP Laminate

CFRP laminate was prepared using hand layup process. 3k plain weave carbon fibre
mats were used as reinforcement and epoxy resin was used as matrix. A steel mould
with a nut and bolt fastening mechanism was used to prepare the laminates. The
fibre mat was placed over the lower mould plate after cutting to the required size.
Epoxy (Lapox L12) in liquid form was then mixed properly with the recommended
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hardener (K6) in a weight ratio of 10:01. The mixture was uniformly distributed over
the fibre mat. Then the second layer of fibre mat was placed over it. This process
was repeated until the required number of fibre mats was incorporated. A hand roller
was used to remove the trapped gas bubbles between the fibre mats and excess resin
as well. Finally, the top mould plate was placed over the layup stack and pressure
was applied. The whole setup was kept at room temperature for 24 h for curing. The
thickness of 1 mm of the composite plate was achieved by maintaining a distance
between the upper and lower mould with the help of nuts and bolts used for fastening
the mould plates.

36.2.2 Experimental Work

AWEDM (Model: DK7732C and Make: Concord Limited, Bangalore, India) setup
was used to machine the CFRP laminates, as shown in Fig. 36.1. The schematic of
machining operation is shown in Fig. 36.2.

Based on the literature survey, three input factors, namely, (i) pulse on time, (ii)
pulse off time, and (iii) input current were considered for the experimentation. For
each factor, three levels were considered. The full factorial experimental design was
carried out as shown in Table 36.1. A total of 27 experimental runs were carried out.
The values of input parameters that were fixed during the experiments are listed in
Table 36.2. CFRP laminate of 1 mm thickness was held between two metallic plates
of the same thickness (2 mm) and then this arrangement was clamped in the WEDM
table for cutting, as shown in Fig. 36.3. Figure 36.4 shows the CFRP specimen after
machining by WEDM.

1. Controller 2. Working area 3. Roller 4.  Regulators 5. Table
6. Wire 7. Wire guides 8. X axis 9. Y axis 10. Z axis

Fig. 36.1 Experimental setup



454 H. Dutta et al.

Metallic plates
(Assisting electrodes)

Starting position of wire

Wire movement

End position of wire

Cutting direction

Length of cut (4 mm)

CFRP laminate

Fig. 36.2 Schematic of cutting of CFRP laminate by means of WEDM

Table 36.1 Input parameters and their levels

Input factors Level 1 Level 2 Level 3 Unit

Pulse on time 30 40 50 µs

Pulse off time 15 25 35 µs

Input current 2 4 6 –

Table 36.2 Values of fixed
machine parameters

Parameters Values

Voltage 70 V

Wire speed 2 (level)

Wire material Molybdenum

Wire diameter 0.18 mm

Polarity Straight

Conductivity of the dielectric 0.70 µS/cm

36.3 Results and Discussion

36.3.1 Mechanisms of Material Removal

In the present study, sandwich assisting electrode method was adopted in order to
machine CFRP laminate by WEDM. The CFRP laminate was placed between two
metallic plates while performing WEDM. CFRP consists of electrically conductive
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Fig. 36.3 Experimental
setup with the workpiece
held by clamp for machining

1. Clamp 2. Additional clamp   3. Workpiece 4. Wire

Fig. 36.4 CFRP specimen
showing the length of cut
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carbon fibre and nonconductive epoxy resin which makes it a heterogeneous mate-
rial. It is quite difficult to initiate the spark generation during WEDM of CFRP
laminate because of the presence of nonconductive epoxy resin over the surface of
the composite laminate. Therefore, the approach of usingmetallic plates as sandwich
assisting electrode was adopted so that the spark could be initiated efficiently in spite
of the partial conductive nature of the CFRP laminate. The length of cut achieved
after machining is shown in Fig. 36.4. The length of cut is kept constant to 4 mm
during the experimentation at all parametric settings. The schematic of heat genera-
tion and material removal during WEDM of CFRP laminate is shown in Fig. 36.5.
Initially, the spark is generated on the surface of the metallic plates due to their supe-
rior electrical conductivity. The initial sparking zone on the surface of the metallic
plates (zone 1 and 2) where intense heat is generated is shown in Fig. 36.5. This heat
then propagates throughout the thickness of the CFRP laminate. Finally, a sparking
zone is developed on the surfaces of both metallic plates and laminate (zone 3), as
shown in Fig. 36.5. Thus melting and evaporation of both the composite constituents
and metallic plates take place which eventually removes some amount of material
from the metallic plates and composite laminate. This process is continued until the
required length of cut is achieved. The heat-affected zone (HAZ) is detected over the
surface of the workpiece during machining, as shown in Fig. 36.5. The HAZ may
be controlled by optimizing the amount of heat produced through proper selection
of the level of input parameters. Also, the cooling effect produced by the dielectric
during machining should be maximized in order to control the HAZ.

1

2

Initial heat generation zonesHeat propagation
through CFRP lamiante

3

Overall heat affected zone

Metalic plates

CFRP laminate

Wire

Fig. 36.5 Mechanism of material removal in WEDM of CFRP
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Fig. 36.6 Variation in machining time with pulse on time at pulse off time of a 15 µs, b 25 µs,
and c 35 µs

36.3.2 Effect of Input Factors on Machining Time

The machining performance of the CFRP laminates has been studied considering
machining time as the output response. The variation of machining time with various
input factors are represented graphically and comprehensively discussed. From the
experimental analysis, it was observed that the machining time does not follow any
specific trend with an increase in the pulse on time, as shown in Fig. 36.6. Generally,
the net heat flux is increased when the pulse on time is increased due to longer spark
duration. This eventually leads to a higher amount of material removal from the
workpiece. In the present study, it can be observed that the machining time increases
marginally with an increase in the pulse on time for current level of 2 in each level
of pulse off time (15, 25, and 35 µs), as shown in Fig. 36.6. However, the machining
time is almost constant for the current level of 4 and 6. Therefore, the influence
of pulse on time on the material removal rate is not clearly understood at a higher
level of current during WEDM of CFRP laminate. The variation in machining time
with pulse off time is shown in Fig. 36.7. It can be observed from the figure that the
machining time tends to increase with an increase in the pulse off time. The pulse off
time is the time required for re-establishing the insulation in the working gap (gap
between the wire electrode and workpiece) at the end of each discharge cycle [5].
There is no sparking during this period. Hence, machining will not occur during this
period. Therefore, the machining time will increase when the level of pulse off time
is increased. Thus the material removal rate will decrease with the higher level of
pulse off time. It can be seen that the machining time is increased by 105.95% for the
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Fig. 36.7 Variation in machining time with pulse off time at pulse on time of a 30 µs, b 40 µs,
and c 50 µs

pulse off time of 35 µs as compared to pulse off time of 15 µs at the constant current
level of 2 and pulse on time of 30 µs. The corresponding values at the current level
of 4 and 6 are 78.94 and 69.38% at pulse on time of 30 µs. It can be observed in
Fig. 36.8 that the machining time tends to decrease with the increase in current level
in all instances. The total heat flux is increased with the increase in input current. The
more amount of material is melted and removed due to this intense heat generation
at a higher level of current making the machining process faster for a required length
of cut. Therefore, machining time will decrease with increase in the current level
while machining CFRP. The machining time is seen to be decreased by 52.02% for
a current level of 6 as compared to current level 2 at a pulse off time of 35 µs and
pulse on time of 30 µs. For pulse off time of 25 and 15 µs, the corresponding values
are 49.63 and 41.66% at a pulse on time of 30 µs.

36.4 Conclusions

It can be concluded from the present study that it is feasible to machine CFRP
laminate by WEDM process. While performing WEDM of CFRP, metallic plates
should be used as assisting electrodes to initiate the spark. Initially, intense heat is
generated on the metallic plates and then this heat propagates to the CFRP laminate.
This eventually creates an overall heat-affected zone and causes removal of material
from the workpiece. It was observed that the machining time increases with the pulse
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Fig. 36.8 Variation in machining time with current level at pulse on time of a 30 µs, b 40 µs, and
c 50 µs

on time for current level of 2 (lowest) in each level of pulse off time. But machining
time is almost constant for other levels of current (level 4 and 6). Therefore, it can
be concluded that the machining time does not follow any specific trend with an
increase in the pulse on time at a higher level of current. It can also be concluded
from the study that the machining time increases with an increase in the pulse off
time. Whereas machining time was found to be decreased with input current. The
machining time is decreased by 52.02, 49.63, and 41.66% for a current level of 6 as
compared to the current level of 2 at pulse off time of 35, 25, and 15µs for a constant
pulse on time of 30 µs. However, further study is needed to optimize the different
parameters affecting the machining performance while cutting CFRP laminate by
WEDM.
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Chapter 37
Development of a Bore Using Jet
Electrochemical Machining (JECM)
in SS316 Alloy

J. Deepak , N. Vivek , B. MouliPrasanth and P. Hariharan

Abstract Jet Electrochemical Machining (JECM) has established itself as one of
the major alternatives of machining conductive materials that are difficult to machine
and to generate complex contours. Some of the components used in aerospace and
gas turbine blades are to be machined without any defects, residual stress, and tool
wear which is not possible or is difficult to achieve using conventional machining
processes. In electrochemical machining, the workpiece and tool are submerged in
electrolyte, it is observed that while machining, metal oxide is formed in between
the electrode and workpiece, that negatively affects the geometrical features of the
hole produced. In this paper, the effect of producing a jet of electrolyte using a
hollow electrode and their effect on material removal rate, circularity, and conicity
(geometrical quality of holes) is studied. Experiments were conducted in two dif-
ferent modes, one set of experiments were conducted with flushing and the other
set is done without flushing. Experiments were performed by varying the follow-
ing input parameters—voltage, electrolyte concentration, duty ratio, and the output
parameters considered ismaterial removal rate, circularity, and conicity. The flushing
experiments were conducted at a constant velocity. From the results, it is observed
that experiments conducted using flushing operation showed higher MRR, lower
circularity, and lower conicity. Experiments are analyzed and optimized by Taguchi
optimization Technique.

Keywords Jet electrode flushing technique (JEFT) · Passivation layer ·Material
removal rate (MRR) · Circularity · Conicity
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37.1 Introduction

Over the years, Electrochemical machining (ECM) has gained importance as one
of the important unconventional machining processes. It works on the principle of
anodic electrochemical dissolution of the workpiece (i.e., principle based on Fara-
day’s law of electrolysis but not electroplating). It is one of the best technologies and
an economical process for the fabrication of complex shapes and counters on difficult
to cut materials. Some basic advantages are better process efficiency and superior
surface integrity primarily due to the absence of detrimental thermal residual stress
[1–4]. Electrochemical machining has found wide applications in automobile indus-
tries, ordinance, aerospace, and general engineering industry [5]. Factors affecting
the quality of machined surface in electrochemical machining process is dependent
on the type of machining process involved and selection of optimal parameter set-
ting [6]. It is observed that with increase in material removal rate the surface quality
decreases. So, optimum parameters are required in getting good surface finish and a
good amount of material removal rate. Feed rate, electrolyte concentration, voltage,
and interelectrode gap are the input parameters that have major influence on MRR
and surface roughness [7–9]. In electrochemical machining process, the workpiece
is connected to anode and tool is connected to cathode. The reaction that occurs
within the solution depends mainly on the selection of electrolytes. The most com-
monly used electrolyte is sodium nitrate or sodium chloride. Material removal rate is
mainly affected by the formation of passive layer. Different electrolyte types such as
passivating and non-passivating electrolyte are used in ECM process [10]. Different
flushing flow rates of electrolyte were taken as input parameters to machine copper
and Inconel and the effect of oxide layers formed in and around the tool–workpiece
interface are studied [11]. Taguchi method is carried as an optimization to find the
optimal parametrical combinations in the chosen input parameters and also ANOVA
is carried out to find the percentage contributions of the chosen input parameters
[12]. Various methods are available for providing flushing that is used to remove
the metal oxide layer formed between the workpiece and tool during the machining
process so as to improve the machined features.

37.2 Experimental Procedure

37.2.1 Experimental Setup

The experimental setup consists of an electrolyte supply tank, PLC controller, and
power supply as shown in Fig. 37.1. In addition, separate electrolyte storage tank,
pump, and flushing tube are used to provide flushing. The flushing tube of 2 mm
is used to circulate electrolyte to provide flushing. The electrolyte is made to flow
through a hollow copper tube. The tool is connected to the cathode and the workpiece
is connected to the anode of the power supply. In this work, a set of experiments
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Fig. 37.1 Experimental setup

with flushing and another set of experiments without flushing is carried out. The
experiments are conducted using flushing mode of operation, the electrolyte is made
to flow at a constant velocity. Both the effect of with and without jet flushing is taken
into account for the study.

37.2.2 Selection of Tool, Workpiece, and Electrolyte

Hollow copper rod is used to provide jet electrode flushing. The hollow copper tube
with an outer diameter of 3 mm and an inner diameter of 2 mm is used. The length
of the copper tube used is 150 mm. SS316 alloy material of 0.4 mm thickness is
used as an anodic workpiece. In this study, an electrolytic solution of sodium nitrate
at different concentrations is used. Sodium nitrate is a passivating electrolyte and is
made to flow at a velocity of 0.1327 m/sec.

37.2.3 Design of Experiments

The selection of orthogonal array (OA) is an important factor in the design of exper-
iments, Taguchi method is used to conduct experiments. Three input process param-
eters—voltage, electrolyte concentration, and duty ratio as shown in Table 37.1 has
been chosen for conducting experiments with and without flushing. The number of
levels is equal to three and L9 orthogonal array has been selected as per Taguchi’s
design of experiments theory. With these input parameters, the output parameters
such as MRR, circularity, and conicity have been observed. The machining parame-
ters for with and without flushing experiments are listed in Table 37.1.
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Table 37.1 Input parameters Parameters Level-1 Level-2 Level-3

Voltage (V) 30 35 40

Electrolyte concentration (g/l) 15 20 25

Duty ratio (%) 60 70 80

37.3 Results and Discussion

37.3.1 Without Flushing Experiment

For experiments without flushing operation, MRR, circularity, and conicity are
obtained and analyzed to find themost influencing input parameters. Response graphs
for MRR, circularity, and conicity are also shown in Fig. 37.2. From Table 37.2, the
most influencing input parameters over output parameters are observed. The most
influencing parameter for MRR is voltage followed by electrolyte concentration and
duty ratio. However, the most influencing parameter for circularity is electrolyte
concentration, followed by duty ratio and voltage. Moreover, the most influencing
parameter for conicity is duty ratio followed by voltage and electrolyte concentration.

Fig. 37.2 Response graphs of without flushing for a MRR, b circularity, and c conicity
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Fig. 37.3 Response graphs of with flushing for a MRR, b circularity, and c conicity

37.3.2 Flushing Experiment

For experiments conducted using flushing operation, MRR, circularity, and conic-
ity are obtained and analyzed to find the most influencing input parameters.
Response graphs for MRR, circularity, and conicity are also shown in Fig. 37.3.
From Table 37.3, the most influencing input parameters over output parameters are
observed. Themost influencing parameter forMRRwith flushing condition is voltage
followed by electrolyte concentration and duty ratio. The most influencing param-
eter for circularity is electrolyte concentration followed by duty ratio and voltage.
The most influencing parameter for conicity is duty ratio followed by voltage and
electrolyte concentration.

37.4 Comparison of with and Without Flushing
Experiment

37.4.1 Effect of Flushing on MRR

The material removal rate for experiments without and with flushing is compared
and is shown in Fig. 37.4. In experiments conducted without flushing operation,
insoluble by-products (metal hydroxides) is formed between the workpiece and tool
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Fig. 37.4 Comparison of MRR for the holes machined with and without flushing operation

Experiment With flushing Without flushing

Top view (mm)

Bottom view (mm)

MRR (mg/min) 2.46 2.03 

Fig. 37.5 VMS images of machined hole with highest MRR for experiments with and without
flushing operation

which act as a barrier in machining, thus reducing material removal rate compared
to flushing condition. In case of experiments conducted using internal flushing oper-
ation the flow of electrolyte did not allow the formation of passive layer, thus the
unstable passive layer becomes transpassive. Hence, MRR is higher in experiments
performed with flushing operation compared with experiments conducted without
internal flushing operation. In addition, more ionic displacement occurs as the elec-
trolyte is made to flow continuously. Increase in applied voltage leads to an increased
current density in the interelectrode gapwith the consequent rapid anodic dissolution,
thereby increasing material removal rate. At the parameter setting of 40 V, 25 g/l,
and 70% duty ratio, the highest MRR of 2.46 mg/min is obtained for flushing exper-
iments and at the same parameter setting highest MRR of 2.03 mg/min is obtained
for experiments conducted without internal flushing operation. Figure 37.5 shows
the machined holes at 40 V, 25 g/l, and 70% duty ratio for experiments with and
without flushing operation.

37.4.2 Effect of Flushing on Circularity

Figure 37.6 shows the effect of circularity on experiments conducted without and
with flushing operation. In experiment conductedwithout flushing operation, because
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Fig. 37.6 Comparison of circularity for experiments with and without flushing

Experiment With flushing Without flushing

Top view (mm)

Bottom view (mm)

Circularity 0.01 0.02 

Fig. 37.7 VMS images of machined hole with lowest circularity for experiments with and without
flushing operation

of the stagnation of electrolyte, the metal oxide formed were not removed from
the machining zone, which resulted in higher circularity compared to experiments
conducted with flushing operation. In the experiment done using flushing operation,
the metal oxides formed are removed by the continuous flow of electrolyte between
the tool andworkpiece and hence decrease in circularity is observed.At the parameter
setting of 30V, 15 g/l, and 60%duty ratio lowest circularity of 0.01mmwas observed
for experimentswithout flushing operation and at the parameter setting of 30V, 25 g/l,
and 80% duty ratio lowest circularity of 0.02 mm was observed for experiments
conducted without flushing operation. Figure 37.7 shows the images of the machined
holes with lower circularity for experiments conducted with and without flushing
operation. It can be observed from Fig. 37.6 that the samples machined with flushing
operation has decreased circularity compared to experiments done without flushing
operation for the same conditions.

37.4.3 Effect of Flushing Experiment in Conicity

The results of experiments conducted without and with flushing operation are com-
pared and are shown in Fig. 37.8. In the experiment without flushing operation,
hydrogen bubbles that are generated helped in improving removal of themetal oxides
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Fig. 37.8 Comparison of conicity for experiments with and without flushing

formed as they cause disturbances that aided in the removal of metal oxides formed.
In the experiments conducted with the flushing operation, the bubbles did not have
a major effect and the flowing electrolyte caused the electrode to reach the exit of
hole, thereby decreasing conicity in experimentwith flushing.Moreover, in the exper-
iments done using flushing operation, the metal oxide layers formed are pushed out
from the machining zone thereby reducing conicity. At the parameter setting of 35 V,
25 g/l, and 60% duty ratio lowest conicity of 1.13 is observed for experiments con-
ducted using flushing operation and lowest conicity of 2.15 is observed obtained for
experiments conducted without flushing operation. Figure 37.9 depicts the machined
holes at 35 V, 25 g/l, and 60% duty ratio for experiments with and without flushing.

Experiment With flushing Without flushing

Top view (mm)

Bottom view (mm)

Conicity 1.13 2.15 

Fig. 37.9 VMS images of machined hole with lowest conicity for experiments with and without
flushing operation



37 Development of a Bore Using Jet Electrochemical Machining … 471

37.5 Conclusions

The output parameters MRR, circularity, and conicity are obtained and analyzed.
The optimum parameter for MRR in with and without flushing is 40 V, 25 g/l, and
80% duty ratio. The most influencing parameter for increase in MRR is voltage. The
optimum parameter for circularity in without and with flushing is 35 V, 20 g/l, and
70% duty ratio. Electrolyte concentration is the cause for decrease in circularity. The
optimum parameter for conicity in without and with flushing is 35 V, 20 g/l, and 70%
of duty ratio. Duty ratio is the influencing parameter for improved conicity in without
and with flushing experiment. In experiment with flushing, provides an increase of
41.87% in MRR, decrease of 50% in circularity, and decrease of 44.19% in conicity
when compared to the experiment without flushing.

References

1. Mount, A.R., Clifton, D., Howarth, P., Sherlock, H.: An integrated strategy for process char-
acterisation and simulation in electrochemical machining. J. Mater. Process. Technol. 138,
449–454 (2003)

2. Klocke, F., Zeis, M., Harst, S., Klink, A., Veselovac, D., Baumgärtner, M.: Modelling and sim-
ulation of the electrochemical machining (ECM) material removal process for the manufacture
of aero engine components. Proc. CIRP 8, 265–270 (2013)

3. Rajurkar, K.P., Zhu, D.,McGeough, J.A., Kozak, J., De Silva, A.: New developments in electro-
chemical machining. CIRP Ann. Manuf. Technol. 48(2), 567–579 (1999)

4. Mount, A.R., Howarth, P.S., Clifton, D.: The electrochemical machining characteristics of
stainless steels. J. Electro-chem. Soc. 150(3), 63–69 (2003)

5. Mc Geough, J.A.: Advanced Methods of Machining. Chapman and Hall, London (1988)
6. Ross, P.J.: Taguchi Techniques for Quality Engineering, international edn. McGraw Hill Book

Company, New York (1985)
7. Bhattacharya, B., Munda, J.: Experimental investigation on the influence of electrochemical

machining parameters onmachining rate and accuracy inmicromachining domain. Int. J.Mach.
Tool Manuf. 43(13), 1301–1310 (2003)

8. Neto, J., Da Silva, E., Da Silva, M.: Intervening variables in electrochemical machining. J.
Mater. Process. Technol. 179, 92–96 (2006)

9. Singh, A., Anandita, S., Gangopadhyay, S.: Micro structural analysis and multi response opti-
mization during ECM of Inconel 825 using hybrid approach. Mater. Manuf, Process., 1–10
(2015)

10. Datta, M.: Anodic dissolution of metals at high rates. IBM J. Res. Dev. 37, 207–226 (1993)
11. Pooranachandran, K., Deepak, J., Hariharan, P., Mouliprasanth, B.: Effect of Flushing on Elec-

trochemical Micromachining of Copper and Inconel 718 Alloy. Advances in Manufacturing
Processes. Lecture Notes in Mechanical Engineering. Springer, Singapore (2019)

12. Sadagopan, P.,Mouliprasanth, B.: Investigation on the influence of different types of dielectrics
in electrical discharge machining. Int. J. Adv. Manuf. Technol. 92, 277 (2017). https://doi.org/
10.1007/s00170-017-0039-1

https://doi.org/10.1007/s00170-017-0039-1


Chapter 38
Machining and Characterization
of Channels on Quartz Glass using
Hybrid Non-conventional Machining
Process µ-ECDM

J. Bindu Madhavi and Somashekhar S. Hiremath

Abstract Electrochemical Machining (ECM) and Electro Discharge Machining
(EDM) are commercialized non-conventional machining processes due to its high
accuracy of machining advance engineering conductive materials which are other-
wise difficult with conventional processes. On combining ECM: etching and EDM:
erosion, a hybrid technique called Electro Chemical Discharge Machining (ECDM)
is used to machine non-conductive engineering materials like soda-lime, borosili-
cate, pyrex glasses, etc. Quartz glass is one of the hardest glass materials to pro-
cess features on it and it widen the scope of its application in the field of microfluidic
devices. Hence, machining of channels was carried out with 350 µm diameter tung-
sten carbide (WC) tool on 4000 µm thickness quartz glass for a length of 10,000 µm
using developed micro-ECDM (µ-ECDM) experimental setup. The machining con-
dition chosen was Voltage (V) of 60 V, Duty Factor (DF) of 60%, 20 wt% Sodium
Hydroxide (NaOH) Electrolyte Concentration (C), and 0.01 mm/s feed rate (FR).
Investigation was carried out to know the effect of varying number of machining
passes for 200 µm depth on responses like material removed (MR), surface rough-
ness (Ra), tool wear (TW), depth and width of the channel. Channel machined with
2 machining passes (100 µm/pass) showed better responses of a higher depth of
290 µm, MR of 2.77 mg, and lower Ra of 1.786 µm with a width of 480 µm and
tool wear (TW) of 1.36 mg as compared to channels machined with 1 machining
pass (200 µm) and 4 machining pass (50 µm/pass). Further machining of channels
with 2 pass was carried out to engrave letters and square wave channels formed on
quartz glass may be used as microfluidic channels.

Keywords Micro-Electro Chemical Discharge Machining · Voltage · Duty
Factor · Electrolyte Concentration
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38.1 Introduction

Non-conventional manufacturing processes are developed to machine very hard to
fragile materials like nitralloy, carbides, waspaloy, nimonics, glass, etc. which are
otherwise difficult to machine by conventional machining. Commercialized EDM:
erosion and ECM: etching, are utilized to process such advance conductive engi-
neering materials. Both these processes fail to machine non-conducting material.
To address this issue EDM and ECM are combined to form a hybrid process called
ECDM.

Figure 38.1 shows the schematic diagram of µ-ECDM cell. It mainly consists of
a tool and counter electrodes connected to a DC power supply and a non-conductive
workpiece kept just below the tool electrode where sparking occurs. All immersed
in an electrolyte solution in a chemical resistant beaker. An anode with a larger sur-
face area than the cathode approximately of ratio 100:1 is used to limit the anodic
dissolution and ensures high current density at the cathode. As the voltage increased
from 0 to 10 V, the electrolysis process begins. From 10 to 26 V, electrolysis pro-
cess accelerates and isolates the tool from the surrounding electrolyte. On further
increasing the voltage above 30 V, spark discharge occurs between the tooltip and
the surrounding electrolyte [1]. The discharge energy and chemical energy is utilized
to melt, vaporize, and etch the material to be removed [2]. Melting and vaporization
process predominates for material removal than chemical effect.

Researchers have investigated on process parameters like spark duration, electrode
material, electrolyte, voltage, duty factor, workpiecematerial, feed rate onmachining
performances such as material removal rate (MRR), tool wear rate (TWR), width,
Ra, depth, and quality of features machined.

According to Crichton and McGeough [3], on applying shorter spark duration
with a maximum frequency of sparking results in maximizing MRR. Wuthrich et al.
[4] have reported on platinum, aluminum, copper, silver, gold, tungsten, tungsten
carbide, and nickel in use as cathode tool electrode materials and platinum foil,
graphite plate as auxiliary anode electrode materials. Bhattacharyya et al. [5] found
that NaOH as electrolyte solution yields higher MRR. They reported that this was

Fig. 38.1 Schematic diagram of µ-ECDM cell
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due to higher conductivity of NaOH which causes chemical reactions and gas bub-
ble generation at a faster rate. Madhavi and Hiremath [6], machined channels on
borosilicate and soda-lime glasses with 60 V, 25 wt% C NaOH, 70% DF, 300 µm
diameter tungsten alloy tool and found the machining performance to be different.
They found for borosilicate glass: MRR was 0.359 mg/min, TWR was 0.42 mg/min,
and width was 340 µm and for soda-lime glass: MRR was 0.215 mg/min, TWR was
0.155 mg/min, and width was 630 µm. Lijo and Hiremath [7] performed experi-
ments to machine channels on soda-lime glass with tungsten carbide tool of 300 µm
diameter and results were modeled with response surface methodology. MRR and
Ra were found to be increased from 1.08 mg/hr to 2.11 mg/hr and 0.614 µm to
1.512 µm, respectively, with an increase in voltage of 35 to 45 V. Wuthrich et al. [4]
machined channel at 30 V on 1000 µm thick borosilicate glass. They found that the
machined channel width of 1000 µm was more than the tool diameter, i.e., 700 µm.
They also observed that the obtained depth of the channel of 72 µm was more than
the given depth of cut (DOC) of 50 µm. Didar et al. [8] machined channels with
30 wt% NaOH, 500 µm diameter 316 L stainless steel (SS) tool, optical glass as a
workpiece of 1000 µm thickness for a machining length of 15,000 µm. They found
that with an increase in machining time and voltage resulted in increased depth of the
channel. Increase in feed rate and standoff distance (SOD) resulted in a decreased
depth of the channel.

From literature, it can be observed that in-depth investigated has been carried out
on µ-ECDM of soda-lime, borosilicate, and pyrex glasses. Besides, quartz glass,
which posses considerable processing challenge as it composes pure SiO2 and is
one of the hardest glass materials. Machining features like holes and channels would
widen the scope of its application in the field of microfluidic devices. Microfluidic
devices are sets of microchannels which are used for channelizing, delivering, sep-
arating, blending, stirring, and processing the working fluids. Hence, an attempt is
made to machine channels on quartz glass using µ-ECDM process. Most of the
researchers have focused on the effects of parameters like V, DF, C, FR, and SOD on
enhancing performances like MRR, TWR, width, and DOC. However, lacks study
on performances of the machining channel as a result of varying number of passes.
Considering this fact into account, the present paper reports on the investigation car-
ried out on channels machined on quartz glass for MRR, TWR, width, depth, Ra,
and shape of the channel concerning with the number of machining passes.
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38.2 Experimentation

Figure 38.2 shows the schematic diagramof developedµ-ECDMexperimental setup.
In present work, the beaker used was made up of a chemical resistant acrylic material
of 100 mm diameter and 50 mm height. NaOH aqueous solution of 20 wt% C is used
as an electrolyte. The workpiece used to machine channels having dimension of (20
mm× 20 mm× 4 mm) and was immersed in the electrolyte solution. The auxiliary
electrode graphite material having dimension of (50 mm × 50 mm × 5 mm) was
also immersed in the electrolyte solution.

Tungsten carbide (WC) tool of diameter 350 µm is used as cathode. The inter-
electrode gap was kept fixed at 30 mm throughout the experiments. A voltage of
60 V with 60% DF was applied across the electrodes. A linear motorized actuator
obtained z-direction movement of the tool and X, Y directions movements of the
workpiece were achieved by XY scanning stage with 0.01 mm/s feed rate. Channels
were machined for 10,000 µm length with an objective to know the effect of varying
number of machining passes.

The machining performances of interest were MR, TW, width, depth, Ra, and
shape of the channels. The amount of MR and TW are obtained from measuring
weights of workpiece and tool before and after each machining by Mettler Toledo
electronic balance. BRUKERContour GT profilometer was used to obtain the width,
depth, Ra, and shape of the channel. Confocal microscope images analyzed the
machined surfaces of the channels and tool profiles before and after machining were
analyzed using optical microscope images.

Fig. 38.2 Schematic diagram of developed µ-ECDM experimental setup



38 Machining and Characterization of Channels … 477

38.3 Results and Discussion

Figure 38.3(a), (b), (c) shows the machined channel width, depth, Ra, surface, and
edges of 1 pass, 2 pass, and 4 pass. Channel was machined in one pass as shown
in Fig. 38.3(a). The obtained material removal from the workpiece was 2.62 mg,
the tool wear was 0.55 mg. The machined channel width was 400 µm, depth was
220 µm, and Ra was 3.733 µm. The obtained shape of the channel was tapered walls
with a “V shape” at the bottom surface of the channel. This obtained shape can be
due to eroding of the tool resulted from the high discharge of 60 V for a longer
duration of 60% DF. Which in turn increases the temperature and conductivity of
electrolyte at the tooltip accelerating the etching process and wearing the tool to
lose its cylindrical surface and flat tip as shown in Fig. 38.4(a) and attaining tapered
surface with a pointed tip as shown in Fig. 38.4(b). Thus, the material removed from
the workpiece takes the replica shape of the continuously wearing out tool during
the channel machining. The edges of the channel are found to be linear.

Channel machined with 2 pass is as shown in Fig. 38.3(b). The obtained material
removal from the workpiece was 2.77 mg and the tool wear was 1.36 mg. The
machined channel width was 480 µm, depth was 290 µm, and Ra was 1.786 µm.
The obtained shape of the channel was tapered walls with a “U shape” at the bottom
surface of the channel. The material removed from the workpiece and the tool wear
was higher than the one-pass machining. This can be due to the exposure of the
material to high-intensity discharge [9] which erodes and etches the material for the
longer duration for every pass. The obtain shape of channel depicts that the tool
wears out to become tapered but attains a curved tip and hence the bottom surface
of the channel attains the shape of “U” and a reduced Ra value. The availability of
electrolyte around the tool during the second pass of machining increases the depth
of the channel as well as the widths at the top and bottom of the channel [4]. The
edges of the channel are found to be linear and jaggy.

Channel machined with 4 pass is a shown in Fig. 38.3(c). The obtained material
removal from the workpiece was 2.31 mg and the tool wear was 2.48 mg. The
machined channel width was 500 µm, depth was 202 µm, and Ra was 1.94 µm. The
tapered shape of a channel was obtained with an “irregular flat shape” at the bottom
surface of the channel. Compared to one and two passes, the material removed from
the workpiece was lower and tool wear was higher in 4 pass. Increase in tool wear
can be due to high-intensity discharge for the longer duration with the increased
number of machining passes. Which results in reduced length of the tool, increasing
the gap between the tool and workpiece. Thus, the amount of sparking effect on
the workpiece is comparatively less than that of 1 pass and 2 pass machining. This
resulted in the decreased material removal of the workpiece and lower depth of the
channel per pass. The obtained shape of channel depicts that the tool does get tapered
but retains some flatness at the tip resulting in a channel with tapered walls and an
“irregular flat shape” bottom surface. However, the irregular surface of the channel
increases the Ra value as compared to the 2 pass channel. As described earlier, the
availability of electrolyte around the tool during each successive passes of machining
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Fig. 38.3 Machined channel width, depth, Ra, surface, and edges of (a) 1 pass, (b) 2 pass, (c) 4
pass
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results in an increase in the top and bottomwidth of the channel. At the bottom surface
this channel, dints with the formation of rims around it can be observed. During the
duration of sparking, the melted lump of the material gets pileup around the tool
forming a rim and during the duration of no spark, this lump cools and solidifies,
resulting in trapping of the tool. As the machining feed continuous, this trapped tool
is forced to jump over the rim, leaving its impression in the form of a dint [10].
Throughout the length of the machined channel, such dints with the formation of
rims around occurs. The machined channel was found to be linear with jaggy and
contour edges.

From the above discussions, it is clear that the channel machined with 2 pass
showed a higher depth of 290 µm, higher MR of 2.77 mg, and lower Ra of 1.786 µm
with a width of 480 µm and TW of 1.36 mg as compared to channels machined with
1 pass and 4 pass.

Hence, considering 2 pass, sets of channels were machined on quartz glass
to engrave letters of “FPSI” and square wave microfluidic channel as shown in
Fig. 38.5(a) and (b), respectively.

38.4 Conclusion

Channel on quartz glass was machined using µ-ECDM process. Following observa-
tion was made during machining:

Two passes of machining channel showed the higher depth of 290 µm, higher MR
of 2.77 mg, lower Ra of 1.786 µm with a width of 480 µm and TW of 1.36 mg as
compared to channels machined with 1 pass and 4 pass.
Taper and over cut are inherent properties of this machining process.
Reduced DOC with an increase in the number of machining passes resulted in the
flat bottom surfaced channel.

Fig. 38.4 Optical microscopic image of tool with 1 machining pass (a) before machining, (b) after
machining
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Fig. 38.5 Photographic image of (a) letter engraving, (b) square wave microfluidic channel

Successful machining of channels with two pass was carried out to engrave letters
and fabricate square wave microfluidic channel.
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Chapter 39
Parametric Study of a Newly Developed
Magnetorheological Honing Process

Talwinder Singh Bedi and Anant Kumar Singh

Abstract A new magnetorheological honing process is developed to fulfill the
requirement for finishing the internal surface of ferromagnetic workpieces. In this
process, the electromagnetic tool with retained MR polishing fluid moved inside the
ferromagnetic cylindrical-type workpiece as similar to traditional honing tool for
precise surface finishing. Response surface methodology is carried out to plan and
evaluate the effect of different process parameters for determining the percentage
change in surface roughness (Ra) values. The experimental analysis revealed that
the higher percentage change in Ra values is determined by magnetizing currents
followed by tool linear speeds, mesh sizes of CIPs, tool rotational speeds, and mesh
sizes of SiC abrasive particles. The surface roughness (Ra) value is found as 96 nm
from initial 401 nm after 90 min of finishing with the optimum process parameters.
The application of present magnetorheological honing process is found in internal
surface finishing of injection barrel, bearings, etc.

Keywords Magnetorheological fluid · Honing · Response surface methodology

39.1 Introduction

At present, the various cylindricalmold cavitiesmade ofEN-24 die steel are of greater
demand in today’s industry. The traditional finishing operations such as internal sur-
face grinding and honing are commonly used to finish the internal cylindrical surface
of such components [1]. The larger surface roughness (Ra) values produced on the
internal cylindrical surface after traditional finishing operations results into decrease
in the functional and operational capability of the machine. This is because, during
finishing, the solid abrasive stones of finishing tool which is in touch with the inter-
nal cylindrical surface produce various surface defects, such as deeper grooves and
sharp edges, on the workpiece surface [2, 3]. The prime examples such as various
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Cylindrical ferromagnetic 
workpiece 

Micro chip

SiC abrasive particles

Magnetic CIPs forming a 
chain structure

Fig. 39.1 Surface finishing mechanism using present MR honing process

final-made parts like plastics caps, oil seals, etc. produced by injection barrel through
injectionmoldingmachine result in the lesser surface quality and appearance of prod-
ucts which ultimately results in rejection of these parts [4]. The challenge to finish the
internal cylindrical surface has been overcome by the different finishing processes
such as magnetic abrasive finishing (MAF) [5], magnetorheological abrasive flow
finishing (MRAFF) [6], and rotational–magnetorheological abrasive flow finishing
(R-MRAFF) [7]. These processes utilize magnetorheological (MR) fluid for precise
surface finishing under the magnetic field effect [8]. The MR polishing contains a
mixer of nonmagnetic abrasive particles, magnetic iron particles, and base fluid. The
base fluid consists of grease, mineral oil, silicon oil, water, etc. [9]. The finishing
process such as MAF [5] is developed for internal finishing of non-ferromagnetic
cylindrical workpiece like SUS-304 steel. MRAFF [6] and R-MRAFF [7] are devel-
oped and mainly found useful for internal finishing of non-ferromagnetic cylindrical
workpiece such as stainless steel and brass materials. Above-said finishing processes
based onMRfluid are likely less efficient to finish the internal ferromagnetic surface.
This is because of their tool design structure. Later, a magnetorheological honing
process has been developed [10] for internal cylindrical surface finishing of ferro-
magnetic materials. The mechanism of surface finishing using present MR honing
process is shown in Fig. 39.1. The axial force (Faxial) is developed by the tool ver-
tical reciprocation movement. The indentation force (Findentation) is developed along
the magnetic force. The active abrasives indent into the cylindrical ferromagnetic
workpiece through a CIPs chains structure. The shear force (Fshear) is developed by
the continuous rotation of active abrasives on the internal workpiece surface. During
finishing, the peaks of roughness cutoff to microchips due to combined effect of
Faxial, Findentation, and Fshear as shown in Fig. 39.1.

39.2 MR Honing Process Variables

Magnetorheological (MR) honing process [10] is useful for fine finishing of internal
cylindrical surfacemade of ferromagneticmaterial. On the basis of experimentations,
the controlled variables are selected such as mesh sizes of SiC abrasive particles



39 Parametric Study of a Newly Developed Magnetorheological … 485

(S), mesh sizes of carbonyl iron particles (CIPs) (C), magnetizing currents (I), tool
rotational speeds (R), and tool linear speeds (L).

39.3 Design of Experiments

To examine the influence of different process parameters on the percentage change in
surface roughness (% �Ra) values, the design of experiments was used. The exper-
iments were conducted on the newly developed magnetorheological (MR) honing
process [10]. The material used for finishing the cylindrical internal surface was EN-
24 die steel (ferromagnetic in nature) which is mainly used in injection barrels. The
initial surface roughness (Ra) values of the key-type workpieces were found in the
range of 669–692 nmwhichweremeasured by SJ-210 surftest. The value of 0.25mm
was taken as cutoff length during surface roughnessmeasurements. The response sur-
face methodology (RSM) is the combination of both numerical and statistical data
which is helpful for analyzing the engineering models. RSM determines the rela-
tion between the independent controlled variables and the final response surfaces.
At present, five factors and five levels with six central and axial runs were selected
for experimentations. The regression analysis was carried using central composite
design (CCD). Further, from the analysis of variance (ANOVA), the F-test was per-
formed to determine the consequence of regression equation. The regression equation
helps to evaluate the relationship among independent controllable variables and the
improvement in surface finish. The effect of five process variables was examined on
the % �Ra values by the full factorial design. The process parameters represented
by its coded levels and along with its actual values used for finishing of internal fer-
romagnetic surface using MR honing setup is given in Table 39.1. The MR polishing
fluid composition was taken by vol. i.e. 20% of SiC abrasive particles, 20% of car-
bonyl iron particles (CIPs), 60% of base fluid (80% paraffin oil + 20% AP3 grease
by weight). The total 50 experiments were conducted using design of experiments.

Table 39.1 MR honing process variables

Parameter along with units Coded levels

−2 −1 0 1 2

SiC abrasives (S) in mesh size 400 600 800 1000 1200

CIPs (C) in mesh size 200 300 400 500 600

Magnetizing current (I) in Amp 0.4 0.8 1.2 1.6 2.0

Tool rotational speeds (R) in rpm 200 300 400 500 600

Tool linear speeds (L) in cm/min 10 20 30 40 50
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39.4 Response Surface Regression Analysis

The responses in terms of % �Ra values were analyzed using Eq. (39.1).

%�Ra = (Initial Ra value − Final Ra value)

(Initial Ra value)
× 100 (39.1)

The sequential sum of squares was evaluated to choose the elevated order of
polynomial. The extra terms are regarded as significant and the model is not aliased.
At present, the significant level, i.e., α = 0.05, was taken for the given hypothesis
for which a p-value which is ≤0.05 is considered as significant. The ANOVA after
eliminating the insignificant terms is given in Table 39.2. The model F-value is 59.84
suggests that the model is significant, i.e., the value of Prob > F is less than 0.05
which clearly indicates that the model terms are considered as significant. The R2

for the given model is 0.9599. A ratio of 36.968 (i.e., greater than 4), is considered as
desirable. The following Eq. (39.2) represents the quadratic equations which define
the empirical relations between the process parameters. The final equation as per the

Table 39.2 ANOVA for % �Ra values after eliminating the insignificant terms

Source Sum of
squares

df Mean square F-value P-value Prob
> F

Remarks

Model 2008.12 14 143.44 59.84 <0.0001 Significant

S 28.90 1 28.90 12.06 <0.0001

C 62.50 1 62.50 26.07 <0.0001

I 372.10 1 372.50 155.23 <0.0001

R 57.60 1 57.60 24.03 <0.0001

L 72.90 1 72.90 30.41 <0.0001

S2 182.41 1 182.41 76.09 <0.0001

C2 61.61 1 61.61 25.70 <0.0001

I2 1017.01 1 1017.01 424.26 <0.0001

R2 61.61 1 61.61 25.70 <0.0001

SC 15.13 1 15.13 6.31 0.0168

SI 15.13 1 15.13 6.31 0.0168

SR 18.00 1 18.00 7.51 0.0096

SL 28.13 1 28.13 11.73 0.0016

IL 15.13 1 15.13 6.31 0.0168

Residual 83.90 35 2.40

Lack of fit 73.90 28 2.64 1.85 0.2042 Not
significant

Pure error 10.00 7 1.43

Cor total 2092.02 49
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actual factors is represented in Eq. (39.2)

%�Ra = −111.62500 + 0.096250S + 0.09600 + 90.46875I

+ 0.15300R + 0.71625L − 0.0000596875S2 − 0.000138750C2

− 35.23438I2 − 0.000138750R2 + 0.0000343750SC + 0.00859375SI

− 0.0000375000SR − 0.000468750SL − 0.17187I (39.2)

The contribution of each process parameters on % �Ra values was S as 1.43, C
as 3.09, I as 18.34, R as 2.85, L as 3.61, S2 as 9.03, C2 as 3.05, I2 as 50.39, R2 as
3.05, SC as 0.74, SI as 0.74, SR as 0.89, SL as 1.39 and IL as 0.74.

39.5 Results and Discussion

39.5.1 Effect of Mesh Sizes of SiC Abrasive Particles

The effect of mesh sizes of SiC abrasive particles on % �Ra values is shown in
Fig. 39.2. At 800 mesh size of abrasive particles, the % �Ra values increases. The
abrasive particles have an optimum size which finally gripped strongly by the CIPs
chains structure. This gripped abrasive particle helps to remove the roughness peaks
from the internal ferromagnetic surface.

39.5.2 Effect of Mesh Sizes of CIPs

The effect of mesh size carbonyl iron particles (CIPs) on % �Ra values is shown
in Fig. 39.3. With 400 mesh size of CIPs, the SiC abrasive particles gripped by
these CIPs chains structure provided a feasible or gentle indentation of gripped SiC

Fig. 39.2 Effect of mesh
size of SiC abrasive particles
on %age change in surface
roughness (Ra) value
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Fig. 39.3 Effect of mesh
size of CIPs on %age change
in surface roughness (Ra)
value
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abrasive particles onto the internal ferromagnetic cylindrical surface. This results in
higher % �Ra from the internal ferromagnetic cylindrical surface.

39.5.3 Effect of Magnetizing Currents

The effect of magnetizing currents on % �Ra values is shown in Fig. 39.4. At 1.2 A
of magnetizing current, the CIPs provided a strong bonding chains strength. This
further helps to grip the SiC abrasive particles more strongly by the strong bonding
strength of CIPs chains structure. As a result, the % �Ra values increase.

39.5.4 Effect of Tool Rotational Speeds

The effect of tool rotational speeds on % �Ra values is shown in Fig. 39.5. At lower
tool rotational speed, i.e., 200 rpm, the tangential shearing force provided by the
SiC abrasive particles was lower which resulted in a smaller % �Ra values. The
tangential shearing force increased with the higher tool rotational speed. The %�Ra

value increased gradually up to the tool rotational speed of 400 rpm. At 500 rpm, the

Fig. 39.4 Effect of
magnetizing currents on
%age change in surface
roughness (Ra) value
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Fig. 39.5 Effect of tool
rotational speeds on %age
change in surface roughness
(Ra) value
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Fig. 39.6 Effect of tool
linear speeds on %age
change in surface roughness
(Ra) value
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% �Ra values were likely almost constant. This is because the effect of centrifugal
force was withstood by the strongly bonded CIPs chains up to 500 rpm of tool
rotational speed.

39.5.5 Effect of Tool Linear Speeds

The effect of tool linear speeds on % �Ra values is shown in Fig. 39.6. As the tool
linear speed increased, the %�Ra values also increased. Therefore, the SiC abrasive
particles provided a sufficient axial shearing strength at higher tool linear speed, i.e.,
at 50 cm/min. As a result, the higher % �Ra values were found.

39.6 Confirmatory Experiments for Validating Results

The five different experiments were conducted in order to confirm the validity of
regression model as obtained in Eq. (39.2). From this analysis, percentage among
the experimental and predicted data was from −5.71 to 5.40%.
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Ra= 0.401 μm, Rq= 0.507 μm, Rz= 2.419 μm Ra= 0.096 μm, Rq= 0.179 μm, Rz= 0.899 μm

(a) (b)

Fig. 39.7 Surface roughness profiles of a initial ground surface and b final finished surface after
90 min of finishing

Deeper groove Sharp edges
(a) (b)

Fig. 39.8 Scanning electron microscopy images at 1000× of a initial ground surface and b final
finished surface after 90 min of finishing

39.7 Optimization of Process Parameters

After analyzing, the optimum process parameters were found as S = 800 mesh size,
C = 400 mesh size, I = 1.2 A, R = 400 rpm, and L = 50 cm/min. The initial ground
and final surface roughness profiles followed by SEM images are shown in Figs. 39.7
and 39.8.

39.8 Conclusions

In the present work, the magnetorheological (MR) honing process was used for
internal finishing of EN-24 cylindrical ferromagnetic workpiece. Using response
surface methodology, the effects of mesh sizes of SiC abrasive particles, mesh sizes
ofCIPs,magnetizing currents, tool rotational speeds, and tool linear speeds on%�Ra

values were analyzed. From the response surface regression analysis, the maximum
contribution was made with magnetizing currents followed by tool linear speeds,
mesh sizes of CIPs, tool rotational speeds, and mesh sizes of SiC abrasive particles.
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The lowest surface roughness (Ra) value was found as 96 nm from 401 nm after
90 min of finishing with optimum parameters as 800 mesh size of SiC abrasive
particles, 400 mesh size of CIPs, 1.2 A of magnetizing current, 500 RPM of tool
rotational speed, and 50 cm/min of tool linear speed. The surface defects like deeper
grooves and sharp edges left out on the internal surface by grinding operation were
completely removed by the present MR honing process and can be clearly correlated
by the scanning electron microscopy images at 1000×.

The present developed magnetorheological (MR) honing process is useful in sig-
nificant finishing of the internal ferromagnetic cylindrical surface after the traditional
finishing operations in order to improve its functional applications in today’s manu-
facturing industries. The fine finishing of different internal ferromagnetic cylindrical
surfaces is required even after traditional honing or grinding operations of various
mechanical components such asmolds and dies of cylindrical types, connecting rods,
and bearings. which can only be possible by using the present MR honing process.
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Chapter 40
Investigation on Surface Roughness
During Finishing of Al-6061 Hybrid
Composites Tube with Traces of Rare
Earth Metals Using Magnetic Abrasive
Flow Machining

V. K. Sharma , V. Kumar and R. S. Joshi

Abstract This paper studies the effect of magnetic abrasive flow machining pro-
cess on internal finishing of the Al-6061-based hybrid composites tubes reinforced
with SiC, Al2O3, and rare earth particulates. The characteristics of internal finishing
for getting a mirror-like surface are influenced by the nature of magnetic abrasive
particles. A novel systematic methodology to identify the optimal MAF process
parameters is presented in present work. Moreover, effects of process parameters,
namely, extrusion pressure and number of cycles on surface roughness, have also
been investigated. An experimental study was carried out on Al-6061 hybrid com-
posites containing wt% of SiC and Al2O3 from 5 to 15% and CeO2 from 0.5 to
2.0%. The results obtained from the roughness profile curve shows that at extrusion
pressure of 20.68 bar least percentage improvement in surface roughness occurred
whereas, at 48.26 bar, maximum improvement in surface roughness occurred with
the use of magnetic field intensity.
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40.1 Introduction

The mechanism of magnetic abrasive finishing process is entirely different from the
conventional abrasive finishing process. The magnetic field-assisted finishing pro-
cess depends on the utilization of slurry comprising of ferrous particles blended with
fine rough particles (Diamond, Aluminum Oxide (Al2O3), Silicon Carbide (SiC),
Cubic Boron Nitride (CBN), and so on. These nonmetallic abrasives have hard sharp
edges with unpredictable shapes. This blended mixture consolidates along the lines
of the magnetic field (created by poles connected to magnets) and forms flexible
magnetic abrasive brush. The brush performs like a multipoint cutting apparatus for
completing procedure since it can adjust itself as indicated by surface forms. The
magnetic field is sufficiently solid to beat the inalienable erosion between the abrasive
and an objective surface; the movements of the rough brush complete the surface.
In this procedure, ferromagnetic particles sintered with previously mentioned non-
metallic abrasives (diamond, Al2O3, SiC, or CBN); what’s more, such particles are
called magnetic abrasives. The principle goals of AFM process are to accomplish
high dimensional accuracy, great surface characteristics, and MRR. Surface com-
plete of an item is a vital angle as it can influence the item life. The innovative move
from large scale to small scale and nanolevels has additionally expanded the pushed
on different completing procedures. Also, the improvement in materials has made
certain interest in new propelled completing procedures. Among the different pro-
pelled completing procedures, magnetic-based completing procedures are picking
up significance in view of their ability to deliver great surface finish with slightest
surface harm. Another reason that magnetic abrasive-based finishing procedures are
getting consideration by the scientists has been that the completing powers in these
procedures can be controlled effectively amid wrapping up. They have revealed an
astounding change in surface unpleasantness over the traditional approach in which
a static direct current was provided to the electromagnet. In another approach sub-
jected a SUS 304 example to three methods of vibrations [1]. It was watched that
the vibration along the course of feed brought about a smoother surface while the
vibrations at opposite heading of feed brought about a superior cleaning adequacy.
They likewise detailed that the blend of both the vibrations yielded a superior clean-
ing viability and in addition a smoother surface. In an ongoing endeavor subjected a
diligent workpiece AISI 52100 to ultrasonic vibrations while performing MAF [2].
It brought about a critical change in cleaning viability as a result of expansion of
ultrasonic vibrations. Likewise, it estimated the machining powers if there should
arise an occurrence of MAF and UAMAF and called attention to that the utilization
of ultrasonic vibrations brought about an expansion in distracting cutting power,
which yields in creating better surface wrap up [3]. Magneto Abrasive FlowMachin-
ing (MAFM) procedure enhances the material removal rate and diminishes surface
harshness by applying a magnetic field around the workpiece [4]. Enhanced surface
roughness and MRR are seen in MAFM over AFM. It was investigated double disc
magnetic finishing (DDMAF) process for finishing of the two paramagnetic materi-
als is used and finally compare their finishing components [5, 6]. It was proposed that
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Magnetic Abrasive Finishing Technique (MAF) utilized for the burrs evacuation on
the surface of little parts produced using ferromagnetic or non-attractive materials
[7, 8].

In this experiment, two process parameters including extrusion pressure and num-
ber of cycles were considered that affects magnetic abrasive finishing process on the
surface finish of aluminum hybrid composites reinforced with cerium oxide (CeO2)
rare earth particulate. Based on literature review, it was analyzed that very less work
has been conducted on the MAFM for the finishing of hybrid composites reinforced
with rare earth particulate. Generally, MAFM was used for the finishing of metals,
nonmetals, alloys, and metal matrix composites. So, an approach will be planned to
finish the hybrid composites based on rare earth particulates.

40.2 Experimental Details

40.2.1 Material Selection

The test set of connections was planned and created in the lab. Process variables can
be altered in the setup (e.g., extrusion pressure may differ up to 48.26 bars). The
material utilized for the pressure-driven barrels of double-acting hydraulic cylinders
was EN8. Inside barrel measurement was 90 mm and stroke length was 250 mm
and water-driven oil no. 68 was utilized. A nylon fixture with openings was utilized
to hold the workpiece. This was used due to easy machinability so that the slots
could easily be cut to match the shape of the work piece. Entry cross area was
progressively lessened in the apparatus permitting the smooth section of medium
with least pulsation. Subsequent to the coveted number of cycles, the workpiece and
installationwere evacuated and anotherworkpiece put in the openings. Twovertically
flexible plates were joined so the installation may possibly be held firmly with no
spillage of medium. Workpiece materials are taken as Al-6061 hybrid composites
with 5, 10, and 15wt%of SiC andAl2O3 each as a reinforcedmaterial. Littlemeasure
of cerium oxide as rare earth metal (with average particle size 5 µm) normally 0.5–2
wt% likewise utilized with the mixture of reinforcement.

40.2.2 Stir Casting

RE-based hybrid composites were fabricated with the help of bottom pouring stir
casting route. The mixture of measured amount of reinforced particles was preheated
into the furnace at temperature of 350 °C in order to remove the moisture content
in it. Now, the mixture was slowly poured into the Al-6061 melt to 900 °C with the
help of conical hoper by utilized stirrer speed which was kept constant of 300 rpm.
The different compositional solid bars of SiC and Al2O3 reinforced particles with
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5, 10, and 15% by weight were fabricated. Small amount of cerium oxide rare earth
particulate with wt% 0.5–2 was also used as reinforcement materials. The fabricated
specimens had dimension of 150× 15mmand 5mm in thickness. Finally, the surface
finish of all fabricated specimens was evaluated with the help of talysurf instrument
called Mitutoyo Surftest SJ201P (made in Japan).

40.3 Finishing Mechanism of Magnetic Abrasive Finishing
Process

The finishing mechanism of magnetic abrasive finishing process depends upon the
amount of force created by the magnetic field. Figure 40.1a, b demonstrates the two-
dimensional circulation of magnetic field and its sum on the ferromagnetic particles.
It is clear from Fig. 40.1a that the force “F” is the value of magnetic force intensity
on the ferromagnetic particles (A) due to magnetic field. The value of magnetic force
intensity can be further resolved into two parts say Fx and Fy. The power intensity
of magnetic force (F) which follows up on the single volume of magnetic abrasive
molecule at the position “j” which is for the most part arranged at the outside of the
working zone can be composed as

F = V0B∇B/µ (40.1)

where B = Magnetic Induction.
∇B =Gradient of magnetic induction at the “j” position of the abrasive particles.

It was found that the magnetic permeability of the magnetic particles used in the
MAF process has larger value as compared to the permeability of free space, i.e.,
(μ > μo). Subsequently, the estimation of magnetic force in condition (40.1) can

Fig. 40.1 Mechanism of MAF process, a distribution of magnetic field, b magnetic force acting
on ferromagnetic particle [9]



40 Investigation on Surface Roughness During Finishing of Al-6061 … 497

be settled into two-dimensional magnetic field dispersion conditions as composed
beneath:

Fx = V0 Xmµo H
∂H

∂x
(40.2)

Fy = V0Xmµo H
∂H

∂y
(40.3)

Component of magnetic force in x-direction is Fx and in y-direction is Fy . Volume
of the magnetic particle is denoted by V0. Xm is the magnetic susceptibility of the
magnetic particles and permeability of free space is μo. Magnetic field strength at
point “j” is given by H. The values of magnetic gradient in x- and y-directions are
indicated by ∂H

∂x and ∂H
∂y . It is especially obvious from the condition 40.2 and 40.3

that the magnetic forces in x- and y-directions are corresponded to the volume of
the rough abrasive particles, magnetic susceptibility, strength of magnetic field, and
magnetic gradients in x- and y-directions also. The estimations of magnetic force in x
and y courses keep the sprinkling of attractive particles in the finishing process of the
parts which are generally caused by the value of high speed of rotation of magnetic
poles. The rotational speed of poles is used from 200 to 300 rpm. In the completing
procedure ofMAF strategy, substantial number of amagnetic abrasive rough particles
toward magnetic lines of force shaping an adaptable magnetic abrasive brush inside
the working zone, which at last causes the pressure “P” on the free frame surface
and this pressure will follow up on the work surface to evacuate the burr or scratch
on it. The estimation of pressure “P” is given by

P =
[
µoH

2

(
1 − 1

µm

)]
/2 (40.4)

In Eq. (40.4), μm represents the relative magnetic permeability of the magnetic
abrasive particles.

40.4 Results and Discussions

Percentage improvements in surface finish (PISF %) and material removal per cycle
(MRC) are taken as the measure of execution of MAFM process. The principle pur-
pose of this experiment was to investigate the significant effect of extrusion pressure
and number of cycles on surface finish of an Al-6061 hybrid composite tube rein-
forced with rare earth particulate. The preliminary experiments were done thrice on
each pressure value on different specimens on MAFM setup. The readings of the
preliminary experiments are recorded on micrograph Fig. 40.2a–e. As it is clearly
illustrated from the plotted graph that there has been a steep increase when the pres-
sure value switched from 20.68 bar to 34.47 bar is slightly greater in case where
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Fig. 40.2 R-Profile of Al-6061 Tube at different cycles and extrusion pressure on MAFM, a after
10 cycles at 20.68 bar, b after 20 cycles on 20.68 bar, c after 15 cycles at 34.47 bar, d after 15 cycles
at 48.26 bar, e after 20 cycles at 48.26 bar
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Fig. 40.2 (continued)

magnetic field is applied. The improvement beyond the 34.47 bar appeared to be of
much significance as compared to before and on 48.26 bar value. One factor has to be
constant for finding the range of the other parameter. It is further observed that after
48.26 bar pressure value there has been little rise in the value of surface finish. More-
over, after the 48.26 bar value there have been insignificant surface finish results as
it appeared to attain stagnant value but in case of MAFM value is increasing even at
48.26 bar. So the selected range of the extrusion pressure from these 12 experiments
was from 20.68 bar to 48.26 bar.

40.4.1 Results from Optical Micrograph

Themicrostructure of the Al-6061 rare earth-based hybrid composite aluminum tube
samples before and after MAFM finishing to differentiate the surface roughness was
observed using the optical micrograph. In Fig. 40.3, inner surface micrograph of alu-
minum tube is shown, which clearly indicates scratches, pullouts, and irregularities
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Fig. 40.3 Optical micrograph of Al-6061hybrid composite tube before MAFM

Fig. 40.4 Optical micrograph of Al-6061 hybrid composite tube after MAFM

in the surface, i.e., surface roughness was more. On the other side in Fig. 40.4, with
the use of optical micrograph, MAFM finished surfaces are shown, having charac-
teristics like homogenous structure, continuous line patterns, mirror-like shine and
least scratches. Hence, MAFM helps to reduce tool marks and increase surface finish
which leads to plain visible surface.

40.5 Conclusions

This paper presents the finishing characteristics ofMAF applied to an internal surface
of Al-6061 hybrid composite tubes reinforced with cerium oxide as rare earth par-
ticulate using diamond powder magnetic abrasive in special prepared media. MAF
process was successfully applied to remove the burrs from the internal surface of
RE-based hybrid composites tubes without damage of its original surface. It was
observed that percent improvement in surface roughness mostly influenced by the
interaction effects of abrasive mesh size and rotational speed of the poles. Better
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surface characteristics were achieved with the increase in the percentage of the mag-
netic abrasive particles as well as with the rotational speed of the poles. But, the most
dominant polishing factor which helps significantly in the percent improvement of
the surface roughness was found to be magnetic flux density produced by the mag-
nets. On observed percentage improvement in surface roughness, extrusion pressure
has the optical impact at higher rate as compared to lower value of pressure with
varying number of cycles. The ploughing and rubbing marks are seen amid tradi-
tional machining, i.e., boring and reaming of RE-based hybrid composites tubes and
these have been effectively evacuated by the MAF procedure. Fewer deeper marks
visible even after magnetic abrasive finishing, it may be due to micro level cutting
by up and down movement of magnetic abrasive particles. The proposed mechanism
of material removal at higher values of pressure and magnetic flux density lucra-
tively justifies the actions of process parameters during MAF of RE-based hybrid
composites tubes and energized mechanically bounded diamond abrasive particles
are capable to clean the surface irregularities of the hybrid composites.
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Chapter 41
Part Program-Based Process Control
of Ball-End Magnetorheological
Finishing

F. Iqbal , Z. Alam , D. A. Khan and S. Jha

Abstract Ball-end magnetorheological finishing (BEMRF) process is an advanced
finishing process which produces roughness up to nanometers. The BEMRF process
also involves complicated process parameters along with other subprocesses (work-
piece cleaning and roughness measurement) which make the automation of this
process difficult. This paper presents automatic process control of BEMRF based on
CNC part programming, i.e., each parameter and subprocess control of BEMRF is
mapped on to standard CNC codes (G and M) and newly defined codes wherever
necessary. Integrated part program is developed and tested for control of BEMRF.
Results show good and proper functioning of BEMRF parameters and subsystems.

Keywords Automation · CNC · Part program · Process control

41.1 Introduction

Automation of machining processes came to existence many years ago and changed
production processes; similar was the case with conventional finishing processes.
With the advent of advanced finishing processes, final quality of products increased
but at the cost of time due to the involvement of many process parameters which
were difficult to control automatically and their manipulation required time and
human intervention. BEMRF process is developed as an ultra-advanced process for
nanofinishing in recent times. Over the years during the development of this process
various research works were carried out for analytical and qualitative behavior of
this process. Primarily, the research on BEMRF process has focused on its finishing
capabilities on different materials such as mild steel, silicon, copper and aluminum
[1], glass, polycarbonate [2], etc.Other than thematerials researchers have focused on
studying the effect of varying constituents of magnetorheological polishing (MRP)
fluid [3] while some other experimental attempts are on studying the parameters in
BEMRF process [4]. Some attempts have been made to mathematically model the
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BEMRF process [5], while a very few attempts were also made to automate the
BEMRF process [6, 7].

41.2 i5-B CNC BEMRF Machine Tool

This process was first developed at IIT Delhi. The setup developed was a three-axis
system which could finish flat and inclined surfaces but had limited applications
in finishing of freeform surfaces, irregular curves, intricate geometries, etc. Apart
from the limited applications to difficult geometries, the automation of the three-axis
setup was limited and only the manual control of motion and process parameters was
available. To deal with the existing limitations of automatic solutions to BEMRF
motion and process parameters and also to address the finishing of complex geome-
tries which was difficult to obtain until now, a five-axis CNC BEMRF system is
designed and developed [8].

The system is termed as i5-B CNC BEMRF and is a thorough solution to all
automation needs of the BEMRF process. The five-motion axes of the machine tool
thus developed are X-Y-Z (linear movement) and B-C (rotary movement); these are
controlled in coordinated interpolation through CNC part programs. Other than the
motion parameters, themachining parameters, viz., electromagnet current, work gap,
and spindle speed, are controlled in the same way. To make the developed machine
tool an advanced automatic system, a workpiece cleaning system is integrated which
cleans the remaining polishing fluid from the work surface at the end of finishing
cycle. A roughness metrology system is also integrated with the BEMRF system.
This provides the in situ feedback of roughness parameters which is then used for
closed-loop controlling of the process. The developed five-axis system governs the
functioning of all three cycles, viz., finishing, workpiece cleaning, and measurement
by a single part program. The operation of BEMRF machine tool is divided into
functioning cycles as follows.

41.2.1 The Surface Finishing Cycle

The surface finishing cycle governs the control of motion control hardware for the
five-axis arrangement, the BEMRF tool head for magnetizing current control, the
MRP fluid delivery system, and the refrigerated water bath for coolant to the elec-
tromagnet.
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41.2.2 Work Piece Cleaning Cycle

In the automation of the BEMRF process, it is required to eliminate the need of
removing theworkpiece every time the finishing cycle is completed andmeasurement
of roughness parameters is to be carried out, this ensured that the complete finishing
process is carried out till the desired finish is achieved with the workpiece being fixed
in its place throughout the process. To carry out measurement of surface finish within
the BEMRF setup the workpiece must be cleaned automatically. Manual removal of
MR fluid cannot be done in an automatic system. To achieve this, workpiece cleaning
systemwasdevelopedwhichhad certain controls that are also to be controlled through
part programming.

41.2.3 Roughness Measurement Cycle

The measurement of surface roughness in BEMRF process can only be conducted
in situ. For in situ surface roughness measurement, the chromatic confocal sensor
being light in weight and compact in size is used with the BEMRF tool head. The
controls for roughness measurement cycle are also mapped with CNC part program
codes for better control.

41.3 Manual Controls of the Developed System

In all the automatic CNC machine tools that are developed and used in the industry,
a certain degree of manual operations is always in use. For the BEMRF process, also
manual controls are available which are as follows:

• JOG mode: The motion axes are required to be moved manually for applications
such as setting the zero for different workpieces and to have precise incremental
stepwise movement of the required axis. The jog movements of the axes are linked
with the F-keys of the keypad which are inbuilt into the industrial panel PC.

• Manual button controls: Push buttons and selector switches are used for the fol-
lowing manual operations:

– Key switch: For main machine access to authorized users.
– Machine ON: To power on the machine.
– PC on: ON/OFF control of the panel PC.
– Drives ON: To power on the servo drives.
– FDS ON: Manual push button to deliver the MRP fluid to the tooltip manually.
– Stirrer ON: To switch on the stirrer at a fixed speed.
– Emergency stop: NC push button for emergency purposes.
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• Cleaning system controls: Similar manual push buttons and selector switches are
used for manual operation of the workpiece cleaning system.

41.4 CNC Part Program Control of Each Cycle

The BEMRF process automated through the combined use of finishing cycle, work-
piece cleaning cycle, and roughness measurement cycle is governed by the motion
and process parameters of each cycle. These parameters are all controlled by the
CNC part programs by carefully using the conventionally available CNC codes (G
and M codes) and associating the new and BEMRF specific parameters with newly
defined M codes and H codes.

41.4.1 Part Program Codes for Finishing Cycle

The finishing cycle is the main central operation of the BEMRF process. It consists
of the motion control of all five axes, spindle control, and the feed table control using
conventional CNC codes. Apart from the conventional operations, the in-process
control of the magnetizing current has also been developed. Table 41.1 gives a listed
overview of the parameters of finishing cycle and the CNC codes associated with
them.

The finishing cycle thus developed will govern primarily the motion part which
relates to the geometry of the workpiece, the basic process controls and the magne-
tizing current controls to the electromagnet. Following is an example of a standalone
part program for finishing cycle.

%Main 
N05 G00 X0 Y0 ; Move to workpiece zero position
N07 M12 ; Enable stirrer and deliver MRP fluid to tool tip
N08 G04 X05 ; Delay of 5 seconds for fluid delivery
N09 M13 ; Disable MRP fluid delivery system and stirrer
N10 M03 S300 ; Start spindle at 300RPM
N15 M10 H45 ; Electromagnet enabled with 4.5A current
N20 G01 Z0.8 F10 ; Move to the defined working gap
N25 G90 G01 X10 ; Move x-axis to 10 units
N30 X0 ; Move x-axis back to 0
N35 M05 M11 H0 ; Spindle stop, electromagnet disable, current 0
N40 G01 Z35 ; Move tool upwards after finishing
N45 M30 ; program end

*The above program is a simple example of finishing cycle and not a fully fledged
finishing CNC code.
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Table 41.1 Finishing cycle parameters and CNC codes

Parameter CNC code syntax Function

X-axis motion X The x-axis coordinates are taken from the
number that follows the X in the CNC part
program

Y-axis motion Y The y-axis coordinates are taken from the
number that follows the Y in the CNC part
program

Z-axis motion Z The z-axis coordinates are taken from the
number that follows the Z in the CNC part
program

B-axis motion B The b-axis coordinates are taken from the
number that follows the B in the CNC part
program

C-axis motion C The c-axis coordinates are taken from the
number that follows the C in the CNC part
program

Spindle speed S Defines the magnitude of spindle speed in RPM

Feed rate F Defines the work table feed rate

Magnetizing current H Controls the magnitude of magnetizing current
(× 100 mA), i.e., H5 means 500 mA. For a
considerable change in magnetic field, the
resolution of magnetizing current is kept at
500 mA which means the H codes are defined
at a minimum interval of 5. E.g., H5, H10, H15.
.. H150. The maximum limit of current to the
electromagnet is 15 A

Standard M codes M02, M03, M05, etc. Spindle rotation direction, spindle start/stop,
etc.

Defined M codes M10, M11 Electromagnet current enable/disable

M12, M13 MRP Fluid delivery enable/disable

41.4.2 Part Program Codes for Work Piece Cleaning Cycle

The workpiece cleaning cycle requires movements of the enclosure box and the jet
nozzles along with the air and kerosene jet pump controls. Motion of worktable
which moves the workpiece along with it is also required at the beginning and end of
the cleaning cycle. As soon as the workpiece cleaning cycle is called the worktable
after ensuring safety from BEMRF tool, is moved to the cleaning station. At clean-
ing station, enclosure box moves to enclose the workpiece, kerosene jet is started
and nozzle to and fro motion begins for a fixed period of time. After cleaning from
kerosene the air jet is started and nozzle again moves to and fro to clean the residual
kerosene droplets. The workpiece is moved away from cleaning station after com-
pletion of cleaning process. Automated cleaning process using part programming is
achieved here by especially associating the movements of enclosure box, jet nozzles,
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and jet pump; air pressure controls with the M codes. New M codes are defined for
each action required in cleaning process. Table 41.2 gives a list of M codes specially
defined for workpiece cleaning system.

The newly defined M codes specific to workpiece cleaning system are used in the
part program for workpiece cleaning cycle. An example CNC code for the workpiece
cleaning cycle is shown below.

%Main 
N05 G90 G01 X70 Y-70 F100    ; Move worktable to cleaning station
N10 M15 ; Enclose workpiece
N15 M17 M21     ; Start kerosene jet, nozzle forward
N20 G04 X5 ; Delay
N25 M18 ; nozzle backward
N30 M22 ; Stop kerosene jet
N35 M17 M26     ; Start air jet, nozzle forward
N40 G04 X5 ; Delay
N45 M18 ; nozzle backward
N50 M27 ; Stop air jet
N55 X0 Y0           ; Move worktable to finishing station
N60 M30 ; Program end

In the above example, only single stroke of nozzle each for kerosene jet as well
as the air jet is shown for indicative purposes; however, in actual practice this is
multiple strokes and the CNC code is written accordingly.

Table 41.2 Cleaning system
parameters and associated M
codes

Cleaning
parameter

Associated CNC
code

Function

Enclosure box M15 Moves the
enclosure box
down

M16 Moves the
enclosure box up

Jet nozzle M17 Moves the jet
nozzles forward

M18 Moves the jet
nozzles backward

Kerosene jet M21 Starts the kerosene
jet

M22 Stops the kerosene
jet

Air jet M26 Starts the air jet

M27 Stops the air jet
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41.4.3 Part Program Codes for Roughness Measurement
Cycle

The roughness measurement cycle requires movement of the confocal axis and the
ON/OFF triggering of data acquisition by confocal sensor. Once the workpiece
cleaning cycle is completed immediately the measurement of surface roughness
is required. For this purpose, the roughness measurement cycle is called soon after
the workpiece cleaning cycle. First at the start of roughness measurement cycle, the
worktable is moved to the roughness measurement station, i.e., the area on the work-
piece under consideration for finishing and measurement is moved underneath the
confocal sensor. The confocal sensor controlled by a stepper axis is moved toward
the workpiece and reaches the measuring range.

The measuring range (6 mm approx.) once reached stops the confocal axis move-
ment. At this point, data acquisition is switched on and movement of the worktable
is also started for the sampling length on which roughness is to be measured. As
the end of sampling length is reached, the data acquisition is also stopped. The data
acquired is saved in an MS Excel file which is used by the roughness measurement
software for calculation of surface roughness parameters. Similar to the workpiece
cleaning cycle, the roughness measurement cycle also required defining of new M
codes for roughness measurement cycle-specific tasks such as movement of confocal
axis and triggering of data acquisition, etc. (Table 41.3).

An example CNC code for the roughness measurement cycle is shown below.

%Main
N05 G90 G01 X-50 Y0 F100 ; Move worktable to measuring station
N10 M24 ; Move sensor in range
N15 M32 ; Start data acquisition
N20 G01 X-54 ; Sampling length movement
N25 M33 ; Stop data acquisition
N30 M25 ; Move sensor up
N35 X0 Y0 ; Move worktable to finishing station
N40 M30 ; Program end

Table 41.3 List of M codes for roughness measurement cycle

Measurement cycle parameter Associated CNC code Function

Confocal axis M24 Moves the confocal axis to bring
sensor in range

M25 Moves the confocal axis up to idle
position

Measurement M32 Starts the data acquisition

M33 Stops the data acquisition



510 F. Iqbal et al.

41.4.4 Integrated CNC Part Program for All Three Cycles

Individual control of each cycle as explained earlier is used when any of these actions
are required separately. However, the automated performance of BEMRF process
requires these cycles to operate in tandem and therefore it is required to have an
integrated CNC code which can have all these tasks performed in a single program.
A program can be written which will contain all these codes in the sequence required
to get the required automated sequence of the BEMRF process. But such a program
will become too long and prone to errors. Thus, automation of BEMRF process is
obtained using certain subroutine calling functions which are explained as follows.

The CNC code files are used with an extension.nc (read as dot NC), the cycles
are called as a subroutine by their file names. The sequence call subroutine function
termed as “L SEQUENCE” is used in the main program from which the subroutines
are called. The main program file is uploaded to the CNC program reader and the
program is then started. The CNC code of the main file is executed line by line and
whenever it encounters the following line:

L SEQUENCE [NAME = ′′filename.nc′′, REPEAT = 06, N05, N25]

The program then jumps to the subroutine file name of which is given in the L
SEQUENCE call and the subroutine is repeated the number of times specified in the
call line, also a specific section of the subroutine file can be called by specifying
the serial number of the start and stop lines of subroutine file. For example in the L
SEQUENCE line mentioned above the filename.nc file will be called as a subroutine
and lines N05–N25 all will be executed six times as specified. For an automated
BEMRF cycle, individual cycles of finishing, cleaning, and measurement are to be
called in a similar manner. An example of the integrated CNC code for automated
BEMRF cycle is given below.

N10 G00 X0 Y0 Z0 ; Rapid positioning
N20 M10 H30 ; Enable magnet, set current to 3A
N40 G01 Z0.8 F10 ; Move to machining zone
N50 M03 S300 ; Start spindle, set spindle speed
N60 L SEQUENCE [NAME="Finishing.nc", REPEAT = 20, N01, N02]

; Finishing cycle,
N70 L SEQUENCE [NAME="Cleaning.nc", REPEAT = 1, N01, N12]

; Cleaning cycle
N80 L SEQUENCE [NAME="Measurement.nc", REPEAT = 1, N01, N08]

; Measurement cycle
N90 G01 X0 Y0 Z0 F200 ; Return to zero
N100 M11 ; Magnet disable
N110 M30 ; Program end

The above is an example of the integrated CNC code for automated BEMRF
cycle; in this, the finishing cycle named as finishing.nc will only have the movement
of five axes according to the geometry of workpiece. The cleaning.nc and measure-
ment.nc files are same as examples given in Sects. 4.2 and 4.3, respectively. Thus, the
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integrated CNC code executes all three cycles in tandem to achieve the automated
BEMRF process.

41.5 Testing and Results

A freeform knee prosthetic shown in Fig. 41.1a is finished along the path shown in
Fig. 41.1b for testing of the integrated part program.

The positional coordinates of three linear axes (X-Y-Z) and one rotary axis (B)
are altered to finish the work surface. It must be noted that during the finishing of the
knee prosthetic the position of rotary C-axis is unchanged while X-Y-Z and B vary
as shown in Fig. 41.2.

The position data of X-Y-Z and B axes are continuously logged and is plotted
at selected points along the paths 1–4 as shown in Figs. 41.3, 41.4, 41.5 and 41.6,
respectively.

Fig. 41.1 a Knee prosthetic, b CAD model of knee prosthetic

Fig. 41.2 Different positions of BEMRF tooltip during BEMR finishing of knee prosthetic work-
piece: a C-axis: 90o, b first sampling point, c second sampling point, d workpiece zero, e fifth
sampling point, f sixth sampling point—end of path 1, g path 2: after movement of Y-axis and
h eighth sampling point on path 3
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Fig. 41.3 Position of X-axis
along paths 1–4
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Fig. 41.4 Position of Y-axis
along paths 1–4
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Fig. 41.5 Position of Z-axis
along paths 1–4

-4

-3

-2

-1

0
1 2 3 4 5 6 7 8 9 1011

Po
sit

io
n 

in
 m

m

Sampling points

Z-axis

Fig. 41.6 Position of B-axis
along paths 1–4
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Figure 41.7 shows actual photographs of the i5-BCNCBEMRFsystemat different
stages of the integrated part program.
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Fig. 41.7 Different stages of integrated part program of i5-B CNC BEMRF system

41.6 Conclusions

A part program-based BEMRF process control is achieved which includes control
of surface finishing cycle (governing the motion aspects of the process), workpiece
cleaning cycle (governing the process controls of workpiece cleaning system), and
the surface roughness measurement cycle (governing movements of the confocal
axis and data acquisition from the confocal sensor). Such control allows the user to
control the motion axes through an NC part program in coordinated five-axis motion
along with the process parameters which are all linked to newly defined H codes and
M codes wherever necessary.
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Chapter 42
Modelling and Analysis of Change
in Shape of sintered Cu–TiC tool tip
during Electrical Discharge Machining
process

Arminder Singh Walia , Vineet Srivastava , Vivek Jain
and Mayank Garg

Abstract Electrode wear is a major problem in electrical discharge machining pro-
cess. Due to electrode wear during machining, the required geometrical dimensions
and form of the electrode are not reproduced on the workpiece. In the present study,
change in shape of the copper–titanium carbide tooltip during the electrical discharge
machining of hardened EN31 steel workpiece has been carried out at different pro-
cessing conditions. The process parameters selected for the study are peak current,
pulse on time, pulse off time, gap voltage and dielectric flushing pressure. Buck-
ingham’s dimensional analysis has been used to model the change in shape, and the
required coefficients are calculated based on the experimental data. The physical and
electrical properties chosen for the study are density of the material, thermal conduc-
tivity, hardness, electrical resistivity and linear thermal expansion coefficient. The
developed empirical model based on dimensional analysis has been validated and
was found to be in good agreement with experimental findings.

Keywords Electrical discharge machining · Dimensional analysis · Buckingham’s
π-theorem · Tool shape · Out of roundness
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42.1 Introduction

There aremanymodernmachining processes inwhichmetal removal is based on ther-
mal principles and Electrical Discharge Machining (EDM) is one of them. In EDM,
consecutive series of electrical sparks of very small duration, between the work-
piece and the tool electrode, are used to remove material. The electrical discharges
generated in the liquid dielectric gap create a plasma channel and the temperature
reaches up to 8000–20,000°C, thus removing the material from the electrodes by
heating, melting and evaporation [1]. The plasma channel breaks down as the supply
of pulsating direct current supply is stopped, thus allowing the circulating dielectric
fluid to implore the plasma channel and flush the molten material from the electrode
surfaces in the form ofmicroscopic debris. The performance of EDMprocess is influ-
enced by many input parameters such as discharge current, gap voltage, breakdown
voltage, pulse on time, pulse off time, duty cycle, polarity, and dielectric flushing
pressure. Various techniques like dimensional analysis, Artificial Neural Network
(ANN), Finite Element Method (FEM) and thermal modelling have been used to
analyse the effects of these process parameters and predict the output of the process
in terms of Material Removal Rate (MRR), Electrode Wear Rate (EWR) and surface
finish. From these models, it is quite evidence that no single property of the tool or
workpiece material can predict its eroded volume and change in the shape. Thus, it
is required to consider both the thermal and physical properties to assess precisely
the volume of material removed and change in the shape of electrodes. Dimensional
analysis has been used by many researchers to determine material removal rate, tool
wear rate and surface finish for the EDM process.

Jeswani [2] applied dimensional analysis to analyse the erosion in EDM process.
An empirical equation was generated which related the eroded material volume
from the tool electrode with the thermal conductivity, latent heat of vaporization,
pulse, density and specific heat of tool material. Using dimensional analysis a semi-
empirical model was developed by Tsai and Wang [3] to study the surface finish
during EDM process. The average error for the surface finish for the experimental
results and predicted results was found less than 10%. Gu et al. [4] used semi-
empirical model and predicted MRR with 12.7% error, EWR with 6.8% error and
surface finish with an average error of 9.6%. The model predicted the response with
more than 99% accuracy. Talla et al. [5] developed semi-empirical model for the
powder mixed EDM of aluminium and alumina metal matrix composite. Principal
component analysis-based grey technique was used for the optimization. Bobbili
et al. [6] applied the Buckingham π-theorem to study the effect of input variables on
MRR and surface roughness during wire EDM of aluminium alloy7017 and rolled
homogeneous armour.

From the literature review, it has been found that various techniques have been
applied for the prediction of MRR, EWR and SR. However, there is no model avail-
able to predict the change in shape of tool during EDM. In view of the above research
gap, the objective of this paper is to present a model for the change in shape of the
copper–titanium carbide tooltip during the EDM of hardened EN31 steel workpiece.
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The change in the roundness of the tool has been selected as a response. Dimensional
analysis has been used to correlate the analytical results with experimental data. The
process parameters for this study are peak current, pulse on time, pulse off time, gap
voltage and dielectric flushing pressure. The physical and electrical properties cho-
sen are density of the material, thermal conductivity, hardness, electrical resistivity
and linear thermal expansion coefficient. The results estimated by the model were
compared with the experimental results.

42.2 Experimental Procedure

Hardened EN31 workpieces were spark eroded using die-sinking EDM (Reliable,
55,300) machine with copper–titanium carbide tooltip. The machining was per-
formed for 30 min for all the experiments. Central Composite Rotatable Design
(CCRD) was used for the design of experiments. In this work, five controllable
variables, namely, discharge current, gap voltage, pulse on time, pulse off time and
flushing pressure, have been examined. By keeping each independent variable at five
different levels, 52 experiments were performed. The discharge current (Ip) was kept
in a range from 3 to 11 A (step size 2 A), the pulse off time (Toff ) was kept between
10 and 50 μs (step size 10 μs), the pulse on time (Ton) was selected in the range
of 100–500 μs (step size 100 μs), gap voltage (Vg) was varied from 40 to 80 V
(step size 10 V) and flushing pressure (P) ranged from 12 to 20 kgf/cm2 (step size 2
kgf/cm2).

High electrical and thermal conductivity makes copper (Cu) one of the most
desirable materials for the tool in EDM. However, low melting point of copper
leads to a higher amount of tool wear during the machining of hard metals. This
problem raises the requirement of such a reinforcement material which can enhance
the copper’s melting temperature, hardness and wear resistance. Titanium carbide
(TiC) has highmelting temperature, high hardness, excellent thermal shock and wear
resistance, thus making it a very good choice for the hybrid tooltip [7]. The cermet
tooltip was fabricated by the mixture of copper powder (75%, 99.9 wt% purity, and
particle size 44 μm) and titanium carbide powder (25%, 99 wt% purity, and particle
size 44 μm). The pellets were fabricated by the cold compaction of the powder
mixture uniaxially in a hydraulic press at a load of 12 tonnes in a die followed by
sintering. The polished pellets were brazed to the copper rods as shown in Fig. 42.1a.
Measurement of the out of roundness of the tool has been performed, both before
and after machining. The difference between the two observations has been taken as
the response in this study. Coordinate measuring machine (Accurate, model Spectra
564) was used for the measurement of the out of roundness. The roundness of each
tool wasmeasured at 12 points before and aftermachiningwith coordinatemeasuring
machine. The measured values of out of roundness for all the conducted experiments
are shown in Fig. 42.1b.
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Fig. 42.1 a Cermet tooltip electrode. b Measured out of roundness

42.3 Dimensional Analysis for Electrode Shape Using
Buckingham’s π-Theorem

42.3.1 Buckingham’s π-Theorem

The Buckingham π-theorem is a very important theorem in dimensional analysis.
According to the theorem, if there is a physically meaningful equation involving
a certain number, n, of physical variables, and these variables are expressible in
terms of r independent fundamental physical quantities, then the original expression
is equivalent to an equation involving a set of p = n − r dimensionless variables
constructed from the original variables: it is a scheme for non-dimensionalization
[8]. The required relations connecting the individual variables are determined as the
algebraic expressions relating the πs. Hence,

f (π1, π2, π3, . . . πn−k) = 0 (42.1)

42.3.2 Modelling for Electrode Shape Using Buckingham’s
π-Theorem

The change in the shape of the tool is expressed in terms of out of roundness (OOR)
and is dependent upondischarge current (Ip), pulse on time (Ton), pulse off time (Toff ),
gap voltage (VG), dielectric flushing pressure P, density ρ, thermal conductivity κ,
hardness HV, linear thermal expansion coefficient ∝ and electrical resistivity ρe of
the material. So the equation may be written as

OOR = f (Ip,Ton,Toff , VG,P, ρ, k,HV, α, ρe) (42.2)
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In EDM, the material is removed primarily by melting and evaporation and a
small amount of molten metal remains in the crater. Part of it may be ejected owing
to the various forces operating in the spark region. Therefore, the effect of the latent
heat of melting and the melting temperature has been neglected in this study [2]. The
density and thermal expansion coefficient of tool material is very important property
because it affects the shape factor of tool. The wear characteristic of a material is
directly related to its hardness. Therefore, hardness has been considered as a factor
in this study. Thermal conductivity of the tool plays an important role in the material
removal. The dimensions of the quantities given in Eq. (42.2) are expressed in the
most widely used Mass (M), Length (L), Time (T), Temperature (θ) and Charge (Q)
systems given in Table 42.1.

[L]k1[T−1Q
]k2[T ]k3[T ]k4[ML2T−2Q−1]k5[ML−1T−2]k6[θ−1]k7[ML−3]k8

[MLT−3θ−1]k9[ML−1T−2]k10[ML3T−1Q−2]k11 = [M 0L0T 0θ0Q0] (42.3)

Powers of the fundamental units on both sides of Eq. (42.3) were compared and
a set of simultaneous linear equations was obtained which was later solved to obtain
the magnitudes of the constants. The values of the power indexes on the dimensional
parameter are listed inTable 42.2. The rank of the dimensionalmatrixwas determined
by solving the determinant formed from the square matrix of last five columns. Since
this is a fifth-order determinant and is not equal to zero, the rank of the dimensional
matrix is five. It has been shown that the number of dimensionless products in a
complete set is equal to the difference between the total number of variables and the
rank of their dimensional matrix. Therefore, in the present case, since there are 11
variables and the matrix is of rank 5, there will only be 6 dimensionless products in
the complete set of equations.

Table 42.1 Physical quantities, symbols and dimensions

Characteristic Factor Symbol Dimensions Units

Quality Out of roundness OOR L M

Parameter Discharge current Ip T−1Q A

Pulse on time Ton T μs

Pulse off time Toff T μs

Gap voltage VG ML2T−2Q−1 V

Dielectric flushing pressure P ML−1T−2 kg/ms2

Material Linear coefficient of expansion ∝ θ 1/k

Density of the material ρ ML−3 kg/m3

Thermal conductivity K MLT−3θ−1 W/mk

Hardness HV ML−1T−2 MPa

Electrical resistivity ρe ML3T−1Q−2 �m
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42.3.3 Dimensionless Products

Based on the homogenous linear algebraic equations for the dimensions, the coeffi-
cients are the numbers in the rows of the dimensional matrix as simultaneous equa-
tions. After solving those simultaneous equations [9], the solutions are arranged in
the form of a matrix as shown in Table 42.3. Since the matrix of solutions contains n
− r row where n = 11 is the number of variables and r = 5 is the rank of the matrix,
it constitutes a fundamental system of solutions. Each row in the matrix of solutions
is a dimensionless product. Therefore, in the present study the following complete
set of dimensionless products is obtained

π1 = OOR × α × HV
3
2

ρ
1
2 × K

, π2 = IP × α
3
2 × HV

5
2 × R

1
2

ρ
1
2 × K

3
2

,

π3 = Ton × α × HV 2

ρ × K
, π4 = Toff × α × HV 2

ρ × K
, π5 = VG × α

1
2

K
1
2 × R

1
2

,

π6 = P

HV

The relation between the dimensionless products can be written as

f (π1, π2, π3, π4, π5, π6) = 0

Or

π1 = f (π2, π3, π4, π5, π6) (42.4)

OOR = Z ×
(

ρ
1
2 × κ

α × HV
3
2

)

×
(
Ip × α

3
2 × HV

5
2 × R

1
2

ρ
1
2 × κ

3
2

)a

×
(
Ton × α × HV 2

ρ × κ

)b

×
(
Toff × α × HV 2

ρ × κ

)C

×
(

VG × α1/2

κ1/2 × R1/2

)d

×
(

P

HV

)e

(42.5)

42.4 Results

The calculated values of thermal, physical and electrical properties of the electrode
material have been given in Table 42.4. The dimensionless constant Z and exponents
a, b, c, d and e have been determined by nonlinear estimation of experimental data
and found to be 0.3867, 1.2381, −0.2898, −0.1441, −0.1604 and −0.230, respec-
tively. Therefore, Eq. (42.5) is simplified and rewritten as Eq. (42.6) and the results
for out of roundness are predicted. In Fig. 42.2, the comparison of experimental
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Table 42.4 Thermal, physical and electrical properties of tooltip

Factor Symbol Value Units

Density of the material ρ 7439.6 kg/m3

Thermal conductivity K 75.96 W/mk

Hardness HV 116 MPa

Electrical resistivity ρe 9.45 * 10−8 �m

Linear thermal expansion coefficient ∝ 13.41 * 10−6 1/k

Fig. 42.2 Comparison of experimental and predicted values of the out of roundness

results and predicted values for out of roundness is shown. The predicted results are
showing good agreement with the experimental observations. The error recorded for
the prediction of out of roundness varied from +5.89% in trial 21 to −6.91% in trial
9. The developed model has been validated by conducting experiment at different
processing conditions and it can be concluded from Table 42.5 that the developed
model is able to predict the out of roundness with good accuracy.

Table 42.5 Validation of the developed model

Ip (A) Vg (V) Ton (μs) Toff (μs) P
(kgf/cm2)

Experimental
out of
roundness
(mm)

Predicted
out of
round-
ness
(mm)

Error (%)

4 45 150 15 13 0.0065 0.0068 4.62

10 65 350 45 17 0.0177 0.0183 3.38
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OOR = 0.3867 ×
(

ρ
1
2 × κ

α × HV
3
2

)

×
(
IP × α

3
2 × HV

5
2 × R

1
2

ρ
1
2 × κ

3
2

)1.2381

×
(
Ton × α × HV 2

ρ × κ

)−0.2898

×
(
Toff × α × HV 2

ρ × κ

)−0.1441

×
(

VG × α1/2

κ1/2 × R1/2

)−0.1604

×
(

P

HV

)0.23

(42.6)

The out of roundness continuously increasedwith the increase in discharge current
as shown in Fig. 42.3a. With the rise in the discharge current, results in the formation
of more energy in the gap between the electrodes. This results in removal of material
from both electrodes causing distortion of tool electrode along with material removal
[10]. The effect of change in pulse on time on out of roundness is shown in Fig. 42.3b.
Large pulse on time results in increased diameter of plasma channel thus reducing
the available energy at the discharge spot. There is more deposition of carbon on
the surface of electrode due to the decomposition of hydrocarbon-based dielectric.
The deposited layer enhances the wear resistance of electrode and reduces the shape
distortion. The effect of pulse off time on out of roundness is shown in Fig. 42.3c. The
change in roundness of tool decreased with the increase in pulse off time. At lower
pulse off time, more frequent discharges are generated leading to more discharge

Fig. 42.3 Variation of out of roundness with a discharge current b pulse on time c pulse off time
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energy in the discharge column. Due to this there is greater tool wear resulting in
more distortion of tool shape. As the pulse off time increases, the spark contact time
decreases resulting in reduction in out of roundness of the tool.

42.5 Conclusions

In this work, a model of the tool shape has been formulated using dimensional anal-
ysis by correlating the input parameters, namely, discharge current, pulse on time,
pulse off time, gap voltage and flushing pressure. It is found that the changes in
the shape of tool during EDM are proportional to the discharge current Ip, flushing
pressure P, density ρ, linear thermal expansion coefficient α, hardnessHV, electrical
resistivity ρe and inversely proportional to thermal conductivityK, pulse on time Ton,
pulse on time Toff and Gap Voltage VG. The individual influences of all significant
process parameters on the shape of tool were analysed based on the developed math-
ematical models. Results from the model show good agreement when compared to
the experimental findings. The model can thus be used to predict the change in shape
of tool for a die-sinking electrical discharge machining process.
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Chapter 43
Experimental Investigations on C-263
Alloy by Electrochemical Milling

K. Mishra , S. Sinha, B. R. Sarkar and B. Bhattacharyya

Abstract Electrochemical machining has great potential ofmachining of anyHSTR
metals due to its various advantages like free of tool wear, thermal, and residual
stresses. The process of electrochemical milling is similar to conventional electro-
chemical machining (ECM). Here, a simple shaped tool follows a pre-identified
tool path and material is removed by electrochemical reactions in a layer-by-layer
approach.Electrochemicalmilling (ECmilling) is extensively used for the fabrication
of complex shaped features on various HSTR alloys so far due to its process simplic-
ity and many superior advantages than conventional ECM process. Present research
work looks into the influence of EC milling characteristics, e.g., tool feed rate and
milling layer depth on various responses, e.g., overcut, surface roughness, and qual-
ity of machined profile by EC milling process. It was observed that EC milling with
one molar solution of sodium chloride and sodium nitrate along with tool rotation
generates accurate machined profiles with excellent surface finish on Nimonic-263
alloy.

Keywords Electrochemical milling · Feed rate ·Milling layer depth · Tool
rotation · Overcut · Surface roughness · Nimonic-263

43.1 Introduction

Due to the excellent material properties, e.g., resistant to corrosion, retaining higher
strength at elevated temperature and excellent machinability, Nickel and its different
alloys are more suitable materials for the different modern manufacturing applica-
tions. The mechanism of material removal of electrochemical milling is alike to
the conventional ECM process which can produce any types of three dimensional
shaped features, free form surface profiles with precision. This can machine any
electrically conducting materials without depending on their mechanical properties
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by simple shaped tool. Using sodium nitrate based electrolyte and DC power sup-
ply, researchers had produced an intricate shaped products by EC milling process in
macro domain [1]. During fabrication of microgroove features by EMM, researchers
had reported the influence of various process parameters, e.g., voltage, on time, and
electrolyte flow, etc. on different performance characteristics, e.g., MRR and accu-
racy of the machined features [2]. For the fabrication of blind microchannel, two
methods had been reported by the researchers, one is the scanning machining mode
in a layer-by-layer approach and another is the sinking and milling mode [3]. A
mathematical model had been developed by the researchers to predict the volumet-
ric material removal for various complex shapes generation on Ti6Al4V during EC
milling and after experimental verification researches had successfully revealed a
good correlation with the theoretical predictions [4].

So, from the literature survey, it can be stated that till date very few studies have
been done in the area of EC milling, no literature has been found especially on
Nickel and its different alloys. So, it is the time when in-depth study is necessary
for EC milling technique not only to understand the rising trend of EC milling but
also to fabricate any three dimensional free form surfaces on HSTR Nickel and its
different alloys. Thus, present research work looks into the influence of EC milling
characteristics, e.g., tool feed rate and milling layer depth on various responses, e.g.,
overcut, surface roughness, and quality of machined profile by EC milling process
followed by comparing these effects with the tool rotation on Nimonic-263 alloy.
Finally, more accurate shaped features have been produced on Nimonic-263 alloy to
study the capability and acceptability of the EC milling at macro domain in modern
manufacturing industries.

43.1.1 Scheme of EC Milling

Strategy of ECmilling with a pre-identified tool path is shown in Fig. 43.1. Here, the
desired shape can be fabricated by simple shaped tool which follows that tool path
by controlling the tool as well as the job in a CNC controlled system. In EC milling,

Fig. 43.1 Strategy of EC
milling
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electrolyte is supplied through a hollow tool with the high pressure to the machining
gap for better removal of debris as well as for achieving optimal machining condition
instead of crossed flow. Any profiles can be generated on the job by controlling the
simultaneous movement of three axis of the CNC stage.

The complications of tool fabrication prior to ECM operation can be overcome
if machining can be done using a simple geometric tool. Desired shaped profile
over the workpiece can be achieved only by controlling the simultaneous movement
of three axis of the CNC stage. By EC milling, with the help of simple shaped
smaller dimensional tool relatively bigger area can be milled which is one of the
major advantages. For this, in EC milling the same amount of current density can
be achieved with relatively lesser amount of current than sinking ECM due to the
smaller electrode surface area.

43.2 Experimental Details

43.2.1 Experimental Setup

For carrying out this research activity as well as to achieve desired shape on various
HSTR alloys by EC milling process, an indigenous EC milling setup needs to be
developed which is shown in Fig. 43.2. The main units of the setup are X-Y-Z
nonlinear CNC stage, a constant DC power supply, rotary union, pump, and a filter.
Pulse DC power supply is basically used where effective sludge removal is not
possible, e.g., in case of micro-ECM. In this research work effective sludge removal
is possible by means of internal flushing as well as by tool rotation thus; continuous
DC supply has been used instead of pulse DC power supply. A rotary union has
also been designed and developed indigenously to facilitate not only to supply the
electrolyte but also current at the rotating condition of the tool. The developed setup
makes EC milling process capable to vary the process parameters such as voltage,
tool feed rate, rotational speed, and flow of electrolyte during experimentation.

Fig. 43.2 EC milling setup
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43.2.2 Scheme of Experiments

As no literature have been found in EC milling of Nimonic-263 alloy, several pilot
experimentations need to be carried out to select the best types of electrolytewith their
most favorable concentrations for high accuracy machining of Nimonic-263 alloy.
Experiments have been carried out with a pure copper cylindrical tool with 10 mm
OD and 4 mm ID on 5 mm thick C-263 alloy plate. After several pilot experiments,
all ranges of process parameters have been selected. It has been observed that EC
milling of Nimonic-263 alloy is suitable for using one molar sodium chloride and
sodium nitrate mixed electrolyte as far as accuracy and the quality of the profiles are
concerned [5].

In this research work, the two most significant process parameters of EC milling
have been chosen. One is feed rate and another is milling layer depth. In EC milling,
feed is defined as the velocity of the tool at which it moves over the workpiece,
expressed in mm/min. Milling layer depth is the depth which is given to the tool after
completing each pass to achieve the desired depth, expressed in mm. Experiments
have been conducted at different feed rate and milling layer depth to produce a
groove on the workpiece as depicted in Table 43.1. Entire experimentation has been
performed on the basis of one-factor-at-a-time method to investigate the influence of
one factor on the responses of EC milling. In this study feed rates have been varied
from 5 to 8 mm/min with the increment of 1 mm/min and milling layer depth has
differed from 0.15 to 0.3 mm with the increment of 0.05 mm and total machining
depth has been kept constant at 1.2 mm. During entire experimentation, feed rate has
been fixed at 8 mm/min while tool milling layer depth has been varied and similarly,
tool milling layer depth has been kept constant at 0.3 mm while tool feed rate has
been varied. Other process parameters have been kept constant during entire EC
milling operation as depicted in Table 43.2.

Table 43.1 Varied process
parameters

Parameters Ranges

Tool feed rate (mm/min) 5, 6, 7, 8

Milling layer depth (mm) 0.15, 0.2, 0.25, 0.3

Table 43.2 Other
considered fixed process
parameters

Parameters Ranges

Input DC voltage (V) 20

Initial machining gap (mm) 0.3

Type of power supply Constant DC

Types of electrolyte NaCl(1M)+NaNO3(1M)

Type of flushing Through tool

Tool rotational speed (R.P.M) 500
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43.2.3 Evaluation of Response Variables

In this research work two most significant responses of ECmilling have been chosen
which mostly affects the quality of the machined profile, one is width overcut and
another is surface roughness. Width Overcut (WO) is measured with the help of
Contourscope made by Mitutoyyo, Japan by the following equation:

WO = Width of the groove − Diameter of the tool

2
(mm). (1)

Ra value of surface roughness of the grooves has been calculated by Telysurf also
manufactured by Mitutoyyo, Japan. All the responses values have been taken from
the average of five samples on the same machining condition and the error graph has
also been plotted accordingly.

43.3 Experimental Investigations

Experiments have been conducted to find out the influence of feed rate and milling
layer depth with tool rotation (WR) on various responses like overcut, surface rough-
ness, and quality of the surface of the profile. Subsequently, experimentations have
been done by altering tool feed rate as well as milling layer depth and after that the
consequent outcomes of tool rotation on different responses have been studied.

43.3.1 Influence of Tool Feed Rate and Milling Layer Depth
with Tool Rotation on Width Overcut

In ECM, due to the stray current effect for the bare portion of the tooltip, overcut
occurs. At a constant milling layer depth of 0.3 mm, it can be observed from the
Fig. 43.3 that overcut gradually decreases with the increment of tool feed rate. The
reason behind this is with the increment of tool feed rate, reaction time in between

Fig. 43.3 Effect of tool feed
rate on width overcut
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Fig. 43.4 Effect of milling
layer depth on width overcut

workpiece and the tool shortens.As a result, decrement of total amountmetal removed
from the job which leads to decrement of width overcut.

Figure 43.4 shows that when feed rate has been fixed at 8 mm/min, width overcut
is varied considerably for differing milling layer depth. The almost same trend has
been followed as in case of feed rate. The reason behind that is, with the increment
of milling layer depth, more material gets removed in a single pass, which leads to
decrement of total machining time. As themilling layer depth increases, total number
of passes to achieve the desired depth decreases which result in decrement of total
machining time as well as total interaction time in-between tool and the workpiece.

From theFig. 43.3 and43.4 it has alsobeenobserved that the valueofwidthovercut
is less in case of without tool rotation compared to tool rotation. The electrolyte
present in the neighbor of the machining zone and current flux concentration is
mainly responsible for stray current effect which leads to machining in the undesired
zone.Availability of excess amount of electrolyte at the surrounding of themachining
zone and higher current flux associated with always results in higher overcut than
stationary tool. The lowest value ofwidth overcut, i.e., 0.62128mmhas been achieved
at 8 mm/min feed and milling layer depth of 0.3 mm without any rotation at the tool.

43.3.2 Influence of Feed Rate and Milling Layer Depth
with Tool Rotation on Surface Roughness

Unlike the previous response, from the Fig. 43.5 and 43.6, it has been observed that
surface roughness has been increased with the increment of tool feed rate andmilling
layer depth. With the increment of feed, the time required to complete a pass reduces
and due to lesser tool workpiece interaction time, inhomogeneous electrochemical

Fig. 43.5 Effect of feed
rate on surface roughness
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Fig. 43.6 Effect of milling
layer depth on surface
roughness

dissolution may occur. As total machining time is lower, higher amount of material
removal rate gives lower surface finish. So, surface irregularities have been increased
with the increment of tool feed rate. These graphs have been plotted from the data
which is average of Ra values and have been taken from ten different positions of
the machined profile and accordingly error graph has been incorporated. The surface
roughness of the machined surface also depends on various factors, e.g., rate of
material removal, material removal mechanism (homogeneous or inhomogeneous),
quality of the sludge produced (sticky or nonsticky, soluble or insoluble), etc. The
sludge produced by NaCl+NaNO3 mixed electrolyte is insoluble and light but little
sticky in nature.A thin sticky sludge layer has been observed duringmachiningwhich
is the main reason for higher value of roughness in case of without tool rotation.With
high rotational speed, the outward radial force of electrolyte removes that layer of
sludge and makes dissolution homogeneous and generates better surface finish.

From the Fig. 43.6, it can also be stated that the value of surface irregularities are
less with the tool rotation up to 0.25 mm of milling layer depth but, as the milling
layer value increases, further the value of roughness of themachining zone is rougher
than the without tool rotation. The reason behind it is the material removal rate. It is
well known that surface roughness is the inverse to the MRR. It has been observed
that at 0.3 mm of milling layer depth, the value of MRR has been increased with
compare to no tool rotation which results in a higher value of surface roughness.

During the experimentation, with a variety of tool feed rate, milling layer depth
has been kept constant at 0.3 mm and that is the reason behind the value of surface
roughness which gets higher with the tool rotation in all the value of tool feed rate
as shown in the Fig. 43.5. In this experiment, excellent surface finish with Ra value
of 0.0676 µm has been achieved at 8 mm/min feed rate with 0.15 mm milling layer
depth.

43.3.3 Influence of Tool Rotation on Quality
of the Machined Surface

Apart from the various quantifiable responses like overcut and surface roughness of
the machined profile, tool rotation has also influenced the quality of the machined
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Fig. 43.7 Photographic view of the EC milled profile using NaCl(1M)+NaNO3(1M) electrolyte
at a tool feed rate of 8 mm/min with 0.15 milling layer depth. a Without tool rotation. b With tool
rotation. c Contourscopic profile

surface which cannot be measured but identifiable only by the observations. Photo-
graphic view of the machined profile at different experimental condition and con-
tourscopic image using NaCl(1M)+NaNO3(1M) electrolyte at feed rate of 8 mm/min
with 0.15 milling layer depth has been depicted in Fig. 43.7. Figure 43.7a represents
the photographic view of the EC milled profile without any tool rotation and photo-
graphic view of the machined profile with tool rotation has been shown in Fig. 43.7b.

During EC milling on Nimonic-263 with the tool having an internal hole at the
flat end, some undesirable flow lines are clearly visible which has been shown in
Fig. 43.7a. During experimentation, the initial gap between tool and the workpiece
has been kept at 0.3 mm and amount of electrolyte flow and flow pressure has been
kept at 4 LPM and 0.2 kgf/cm2 respectively. At this high pressure and narrow gap,
electrolyte produces some flow lines and make a similar impression on the machined
surface which is clearly shown in Fig. 43.7a. This phenomenon definitely hampers
the quality of the machined surface profile and should be overcome. The edge of the
machined profile has also been deteriorated when machining without giving any tool
rotation. The phenomena can be overcome by introducing the rotation at the tool
which is clearly observed from the Fig. 43.7b. As the distribution of the electrolyte
is homogeneous with the rotation of the tool and the previously stated flow lines
are always moving for the rotation of the tool thus, no unwanted impression of the
flow lines and excess depth slot at the vicinity of the internal hole of the tool has
been observed. A countourscopic profile of the combination of with and without
tool rotation machined profile has been shown in the Fig. 43.7c. From this figure it
has been observed that machined surface generated by the tool rotation gives most
nearer to the desired depth, more flat, and even surface with compared to without
tool rotation.
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43.4 Conclusions

In this study, lowest value of width overcut, i.e., 0.62128 mm has been achieved at
8mm/min feed andmilling layer depth of 0.3mmwhereas, best surface finishwithRa

value of 0.0676 µm has been achieved at 8 mm/min feed rate with 0.15 mm milling
layer depth without any rotation of the tool. From the contourscopic image, it can be
concluded that ECmilling of Nimonic-263with tool rotation ismore preferable as far
as accuracy and the surface qualities of the machined profiles are concerned. Finally,
authors feel that this study could help for the effective utilization of EC milling at
various modern manufacturing industries like defense, power, and aerospace, etc.
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Chapter 44
Influence of Discharge Energy
on Electrical Discharge Machining
of Ti-Foam Material

S. Avinash, Karthick Chetti, M. Haribaskar, S. Jeyanthi,
Abimannan Giridharan and R. Krishnamurthy

Abstract Titanium foams are most widely used in aircraft filters and in biomed-
ical application as an implant material. Electro discharge machining (EDM) is an
electrothermal non-traditional machining process used to generate intricate profiles
on difficult to machine material including Titanium alloys. In this paper an attempt
has been made to study the influence of EDM process parameters such as pulse
ON time, peak current and gap voltage on discharge energy and hole dimensions
which are taken as output parameter. Among these input parameters, peak current is
having dominant effect on discharge energy. The effect of discharge energy on hole
dimension viz. overcut and depth of hole is also analysed. Increasing the discharge
energy overcut is mostly maintained between 0.035 and 0.104 mm. A mathematical
model is proposed using regression analysis to identify the significant parameter that
affects discharge energy and effective machining time. The proposed model predicts
discharge energy and effective machining time with an error of 12.73% and 14.98%
respectively.

Keywords Electro discharge machining · Titanium foam · Discharge energy ·
Hole overcut · Regression analysis

44.1 Introduction

Materials with unique metallurgical properties such as high strength, thermal resis-
tance, reactivity, corrosion and wear resistance has become important in various
industries such as aerospace, automotive, marine, etc. Titanium and its alloys are
most commonly used in aircraft, marine and biomedical application for its high cor-
rosion resistance and strength. Titanium alloys have proven to be difficult to machine
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material by conventional methods owing to high temperature involved and rapid tool
wear. Electrical discharge machining (EDM) is most widely used for machining of
difficult to machine material such as titanium alloys. EDM works on the principle
of electrothermal erosion. A high potential difference is applied between the tool
and electrode immersed in a dielectric medium (most commonly hydrocarbon oil)
separated by a small gap (spark gap). The ignition of the discharge is initiated by
the applied potential difference, by overcoming the dielectric breakdown strength of
the small gap filled with dielectric medium. Incidence of discharge starts melting
and vaporizing of both electrode (tool and workpiece) and dielectric medium. As
the discharge continues, a vapour bubble is formed. As the discharge ceases, the
rapid burst of vapour bubble ejects the molten material from the surface. The ejected
molten material (called as debris) present in the gap is flushed away by the dielectric
medium [1].

Many researchers have attempted to study the machining characteristics of EDM
on titanium alloys. Furutani et al. proposed a surface modification method by EDM
with a green compact electrode to generate thick TiC layer using titanium alloy pow-
der in kerosene-like dielectric medium [2]. Chow et al. attempted to study the effect
of SiC and aluminium powder mixed in kerosene dielectric medium for machining
micro-slit in titanium alloy and stated that higher material removal rate is achieved
while using dielectric mixed with SiC compared to that of aluminium powder [3].
Authors studied the effect of grain size and concentration of SiC abrasive powder
mixed in kerosene dielectricmediumduringEDMfinishmachining of titaniumalloys
[4]. Yan et al. attempted to study the surface characteristics of titanium machined
using urea solution in water as a dielectric medium during EDM process. Authors
proposed that the nitrogen element decomposed from urea dielectric and migrated
into workpiece material forming TiN hard layer possesses improved wear resistance
on EDM machined surface [5].

Authors studied the effect of EDM process parameters such as pulse on time, gap
voltage, discharge current and duty factor on machining characteristics of Inconel
718 material. Antar et al. attempted to study the influence of discharge current on
recast layer thickness (RCLT) during EDM drilling of Inconel 718 material. Authors
stated increasing discharge current RCLT increases and decreases by increasing
discharge current. Authors attempted to study the influence of different tool electrode
material such as copper, brass and zinc on machining characteristics of Ti-5Al-
2.5Sn material. Authors proposed that varying the process parameters, copper tool
electrodes produces better machining characteristics compared to brass and zinc
[6–9]. Chen et al. studied the influence of EDM process parameters such as pulse on
time, pulse off time and discharge current on machining of TiNiCr and TiNiZr shape
memory alloys. Authors stated that during machining the formation of oxide and
carbides on the machined surface exhibit higher hardness compared to that of parent
material [10]. Kliuev et al. used EDM process for creating cooling hole on Inconel
718 turbine blades [11]. Authors proposed a hypothesis using CFD simulation for
the effect of dielectric flow velocity on high aspect ratio hole drilled using EDM
process [12].
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From literature, it is observed that researchers have attempted to study the influ-
ence of EDM process parameters on titaniummaterials and not much work is carried
out in studying the influence of EDM process parameters on discharge energy and
hole dimension during machining of pure Titanium foam material. In this paper, an
attempt has been made to analyze the influence of EDM process parameters on dis-
charge energy and hole dimension of pure titanium foammachined surface. A model
is proposed using regression analysis to predict discharge energy during EDM pro-
cess.

44.2 Experimentation

Experiments were conducted on ELECTRONICA Smart ZNC die-sinking EDM
machine with three controllable axes (X, Y and Z). The pulses are generated from
MOSFET pulse generator circuit (Technology manual, M/s. Electronica India Lim-
ited). A solid Brass of 8 mm diameter is used as the tool electrode and hydrocarbon
oil (named ELEKTROL supplied by M/s. Electronica India Limited) is used as the
dielectricmedium. Pure titanium (Ti) foam sheet of pore size 100μmwith dimension
100 × 100 × 2 mm is taken as the workpiece material. Among the various EDM
process variables, parameters such as pulse on time, peak current and gap voltage
are having significant influence on machining characteristics. The process parame-
ters such as pulse on time can be varied from 0 to 2000 μs, peak current from 0 to
100 A and gap voltage from 0 to 250 V. Preliminary experiments were conducted
to study the effect of EDM process parameters on machining characteristics of Ti-
foam material. It is observed from preliminary experiments, by increasing pulse on
time beyond 200μs and peak current beyond 12A tool electrode undergo rapid wear.
Therefore, the process parameters are varied at four levels and L16 is used for con-
duct of experiment as given in Table 44.1. Parameters such as retraction distance,
sensitivity, anti-arc sensitivity, duty factor and depth of cut are maintained constant
at 2.5, 3, 3, 6 and 1 mm respectively.

The effect of these input process variables on discharge energy and hole dimension
is analysed. The discharge energy is calculated using Eq. (44.1).

Energy = te∫
0
u(t)i(t)dt (44.1)

Table 44.1 Machine setting parameters

Parameters Level 1 Level 2 Level 3 Level 4

Pulse on time (μs) 50 100 150 200

Peak current (A) 6 8 10 12

Gap voltage (V) 30 45 60 75
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Fig. 44.1 Complete view of
experimental setup

Digital storage 
oscilloscope 

Die sinking 
EDM machine

where

u(t) instantaneous voltage (V)
i(t) instantaneous current (A)
te effective machining time (s).

The input to Eq. (44.1) is obtained from the voltage and current pulse train data
acquired during machining using digital storage oscilloscope for a time duration
of 1 s. The hole dimensions such as overcut and depth are measured using optical
microscope. The machined samples are cut using wire cut EDM process for analysis
of overcut and depth. The experimental setup used for conduct of experiment and the
micrograph of Ti-foam workpiece (before and after machining) is given in Fig. 44.1
and Fig. 44.2 respectively.

44.3 Results and Discussion

44.3.1 Effect of Process Parameters on Discharge Energy

The discharge energy is calculated using Eq. (44.1) and the effect of process parame-
ters on discharge energy is given in Table 44.2. Varying gap voltage and peak current,
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Before machining

2 mm

After machining

Fig. 44.2 Micrograph of Ti-foam material

discharge energy show an increasing trend for a pulse on time of 50, 100 and 150
μs. A pulse on time of 200 μs, discharge energy reduces and then increases. For all
pulse on time, increasing the gap voltage discharge energy increases. As the peak
current is increased from 6 to 12 A, there is no significant change in current mag-
nitude is observed. Figure 44.3 shows the typical pulse train acquired for pulse on
time of 200 μs at different peak current. It is seen from the pulse train for same
pulse on time at 6 A of peak current input, the discharge current magnitude is ~ 2 A
and for 12 A of peak current input the discharge current magnitude is ~ 2.2 A. It
is observed that the occurrence of low magnitude of discharge current at high peak
current input is due to the resistance offered by the tool material. Titanium is one of
the highly reactive and difficult to machine material. During EDM, Titanium reacts
with dielectric medium resulting in deposition of the Ti compound on tool electrode.
The deposited Ti compounds on the tool electrode offer electrical resistance to the
tool during discharge and consequent reduction in erosion. The deposition of work-
piece material on the tool electrode can be seen from snapshot taken at magnification
of 2X as shown in Fig. 44.4. This resulted in reduced current magnitude for higher
peak current input that leads to have insignificant effect on discharge energy. It is
observed from Table 44.2, for given peak current and gap voltage increasing the
pulse on time number of pulses acquired per second decreases. At smaller values of
pulse on time the number of pulses is large but the average effective machine time
per pulse is small that resulted in reduced discharge energy. For larger values of pulse
on time the average effective machining for each pulse is large that resulted in high
discharge energy with less number of pulses. Metal erosion phenomena in EDM
process are highly transient, stochastic and complex in nature. A model is proposed
using regression analysis for better understanding of the influence of process param-
eters on discharge energy and effective machining time. In conducting regression
analysis it is assumed that factors and the response are linearly related to each other.
The regression Eq. (44.2) as follows
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(a) Peak current 8A and gap voltage 30 V (b) Peak current 12A and gap voltage 60 V

Voltage pulse

Current pulse

Effective 
machining time

Fig. 44.3 Voltage and current pulse trains acquired for pulse on time 200 μs

Fig. 44.4 Snapshot of
machined tool electrode

Ti compound 
deposited on the 

tool electrode

Tool electrode

Y = β0 + β1x1 + β2x2 + · · · βnxn + C (44.2)

In which Y is the response and ‘βi’ is the regresses of i-th factor and denotes
residual. A mathematical model using regression analysis is proposed for discharge
energy and effective machining time. The discharge energy and effective machining
time is a function of input process variables. However, during EDM nearly one-third
of the total discharge energy is dissipated into workpiece material. The remaining
energy is conducted by the tool electrode and dissipated in the machining gap. The
effective machining time (EMT) is the time for which spark exists in the gap [1]. It
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is also important to know the parameter that influences EMT. Therefore, regression
analysis is performed to identify the process variable significantly affects discharge
energy and effective machining time. The derived regression equation for discharge
energy and effective machining time is given in Eqs. (44.3) and (44.4) respectively.

Discharge energy = 1.413 + 0.00818TON + 0.3266IP + 0.04784Vg (44.3)

Effective machining time = −0.78 + 0.0953TON + 0.178IP − 0.0087Vg (44.4)

It is observed from the regression equation that discharge energy is mostly influ-
enced by peak current compared to that of pulse on time and gap voltage. The regres-
sion model predicts the discharge energy and effective machining time at 87.27%
and 85.02% respectively.

44.3.2 Effect of Discharge Energy on Hole Dimension

The influence of discharge energy on hole dimension such as overcut and depth
is given in Table 44.2 and Fig. 44.5. The overcut in this paper is defined as the
difference between the hole entry diameter and the tool electrode diameter. The data
in Table 44.2 shows that over cut is maintained around 0.05–0.07 mmwith low order
discharge energy and tends to cloud around 0.06mmwith higher energy (around 9 J).
As the discharge energy increases more amount of material is removed from the

Fig. 44.5 Effect of discharge energy on overcut and depth of hole
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machined surface that resulted in increased overcut. The increase in overcut may
be due to the flow velocity of dielectric fluid at the workpiece surface. At discharge
energyof 7.19 J and7.75 J themeasured overcut values are at 0.224mmand0.254mm
respectively. This is due to the increase in effective machining time for these two
discharge energies as given in Table 44.2. Effectivemachining time is the time during
which current pulse exists in the gap, which is responsible for erosion as shown in
Fig. 44.4. Higher the effective machining time more material is eroded from the
machined surface that resulted in increased overcut of the machined hole diameter.
At discharge energy of 7.5 and 7.93 J, undercut is observed on the hole diameter,
i.e., the hole diameter is smaller than the tool electrode diameter. This may be caused
due to the wear of tool electrode. As the spark begins, the generated debris particle
(harder than the soft brass tool electrode) carried away by dielectric fluid erodes the
tool electrode at outer periphery. As the machining continues, tool electrode wears
rapidly which resulted in reduced tool diameter at entry that leads to undersized
hole diameter. It is observed from Table 44.2 and Fig. 44.5 as the discharge energy
increases the depth is varied between 0.69 and 0.94 mm. Figure 44.6 shows the
micrograph of machined hole on Ti-foam workpiece at different discharge energy.
It is observed from Fig. 44.6, discharge energy of 5.95 and 9.37 J the hole bottom
is almost straight, whereas at 7.39 J of discharge energy there is a bulge observed
at the bottom of hole. This may be due to improper flushing of the debris from the
machining gap by dielectric medium. As the workpiece material is having pore size

2 mm

(a) 5.95 J (b) 7.39 J

2 mm

(c) 9.37 J

2 mm

Left Middle Right

Fig. 44.6 Micrograph of machined hole cross section for different discharge energy (a–c)
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of 100 μm the machined debris particle gets accumulated due to poor flushing of the
dielectric medium. This resulted in bulged edge at bottom of hole.

44.4 Conclusions

Experiments were conducted on Ti-foam material of average pore size of 100 μm
by varying input process variables such as pulse on time, peak current and gap
voltage. The effect of these parameters on discharge energy and hole dimensions
was analysed. The following are the important conclusions arrived

1. Discharge energy increases with increase in pulse on time, peak current and
gap voltage. Among the input parameters, the effect of pulse on time and peak
current shows a dominant effect. As the pulse on time increases the number of
pulse decrease and the average effective machining time increases that resulted
in increased discharge energy.

2. Varying the input peak current from 6 to 12 A, the magnitude of discharge
current acquired from the machining gap is between 2 and 2.2 A. The deposition
of titanium oxide and titanium carbide on the tool electrode offers electrical
resistance that resulted in reduced discharge current magnitude.

3. Overcut of the hole increases with increase in discharge energy. Undercut in
hole diameter is observed due to rapid erosion of tool electrode caused by debris
present in dielectric fluid. Due to improper flushing of dielectric medium a bulge
is observed at the bottom of hole.

4. Amathematical model is developed for predicting discharge energy and effective
machining time. The proposed model predicts discharge energy and effective
machining time with 87.27% and 85.02% respectively.

Erosion of Titanium foam with medium discharge energy could facilitate with a
progressive rise in overcut with discharge energy, constrained depth and effective
machining time. The work can be extended in performing detailed experiments and
perform ANOVA analysis for understanding the effect of EDM process variables on
discharge energy and machining characteristics of Ti-foam material.
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Chapter 45
Gang Drilling of Square Micro-Holes
on Glass Using USM

T. Debnath , K. K. Patra and P. K. Patowari

Abstract The industry needs to develop faster and efficient production for the
increase in demands of the society, without compromising the cost. Sometimes, gang
operations are performed to generatemultiple profiles on aworkpiece at once to fulfill
the demand. On the other hand, ultrasonic machining (USM) is one of the advanced
machining processes used to machine brittle materials or ceramics like glass. This
paper focuses on the drilling of multiple square micro-holes at a time on glass using
USM. Initially, arrays of square micro-rods have been prepared using wire electri-
cal discharge machining (Wire EDM) method. Using these micro-tools/micro-rods,
arrays of square micro-holes have been drilled on the glass slides. In addition, the
effect of the control parameters on the performancemeasures has also been observed.

Keywords USM ·Micro-hole · Array ·Micro-rods ·Wire EDM

45.1 Introduction

Ultrasonic machining (USM) is one of the mechanical type advanced machining
processes that does not change the physical and chemical properties of the workpiece
while machining. Here, a slurry (abrasive particles mixed with water) is used to
machine the workpiece and the machining phenomenon takes place because of the
brittle failure of the workpiece material. The abrasive particles are propelled by
the tool and strikes on to the workpiece, creating micro-indentations resulting in
precision machining and finer chip formation. This machining process is suitable
than other machining processes for the reason of minimal effect on the workpiece.
On the other hand, glass is being used in many day-to-day applications. Also, glass
is highly brittle, so to machine glass, USM is highly preferable.

Researches have been conducted on the machining accuracy of the holes gener-
ated using USM. Parameters such as, static load, machining time, type of abrasives,
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and grit size have been considered for the dimensional accuracy of holes. It has been
reported that fine abrasives increased the hole’s accuracy [1]. The material removal
rate (MRR) and tool wear rate (TWR) are the most important performance measures
which describe the machining efficiency and accuracy. The removal of material from
workpiece takes place by abrasive hammering caused by the tool and the impact of
high velocity of abrasives on work material [2]. It has been observed that abrasive
hammering has more significance for material removal as compared to the impact
mechanism; also the glass has higher MRR. On the contrary, tool material also gets
affected due to the abrasive hammering, resulting in deformation of the tool shape.
Types of tool material also influence machining accuracy. It has been reported that
stainless steel and high carbon steel can retain its shape than other materials while
machining using USM [1, 3]. Several experiments have been conducted on a variety
of work materials like glass, ferrite, and alumina. It has been reported that workpiece
materials which are highly brittle in nature have high MRR and are also associated
with higher surface roughness [4]. Other than traditional glass, the investigation has
been carried out on Zr60Cu30Ti10 metallic glass by drilling micro-holes using micro-
USM [5]. Performance parameters like overcut, edge deviation, taper angle, MRR,
and TWR have been analyzed by varying input parameters such as feed, abrasive
grit size, and concentration of abrasive slurry. It has been reported that the amor-
phous structure of metallic glass remained the same even after drilling micro-holes.
The abrasive tool materials and its type along with the slurry concentration can also
influence the ultrasonic machining. Three types of abrasives have been considered,
viz., aluminum oxide, silicon carbide, and boron carbide for machining of Satellite 6
[6]. The tool materials that have been used are Titan12, Titan15, and Titan31 for the
experimentation. The effectiveness of the USMprocess has been determined in terms
of MRR and surface finish and at optimum conditions, the MRR and surface rough-
ness have been found as 0.198 mm3/min and 0.582 µm, respectively. The ultrasonic
machining is not limited to the traditional circular drilling only; 3-D microstructures
having high aspect ratios have been fabricated using micro-ultrasonic machining [7].
The micro-tool (tungsten carbide) for USM has been formed using a combination
of wire electrical discharge grinding (WEDG) and electrical discharge machining
(EDM). An attempt has been made to drill multiple holes on a glass slide [8], but the
intermediate hole wall fails due to inefficient spacing in between the tools.

From the literature, it has been observed that a lot of work has already been
found on the drilling on glass using USM. Most of the drilling operations have been
observed to be a circular hole and very minimal work is found on the drilling of
square micro-holes on the glass. Moreover, the gang operations/multiple operations
at a time have not been observed in USM. In this paper, arrays of square micro-holes
have been drilled on glass (microscopic slides) slides by preparing an array of tools
using Wire EDM.
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45.2 Methodology and Experimentation

Initially, the glass slide of thickness 0.33 mm has been chosen as workpiece material
and square stainless steel (3 mm × 3 mm) as the tool material. To drill multiple
holes on the glass, multiple tools need to be fabricated. Arrays of square micro-
rods have been fabricated on the stainless-steel tool material using wire electrical
discharge machining (Wire EDM). A computer numerical control (CNC) code has
been generated for monitoring the wire path using RR-CAD software, to fabricate
square micro-rods in Wire EDM. The fabrication of arrays of micro-tools has been
accomplished by two runs/cuts and both the cuts follow the same wire path (CNC
code). After the first cut, the workpiece has to rotate 90° (in any direction) to perform
the second cut. Debnath et al. [9] fabricated an array of 625 (25 × 25) square micro
pin fins/rods on stainless steel and copper rods using Wire EDM. The similar wire
path has been followed to fabricate thesemicro-tools for ultrasonicmachining. As the
generated features are in microscale, the minimum possible spark energy is applied
while fabrication to reduce the surface roughness and corner roundness.

Arrays of 9 (3 × 3) square micro-rods/extruded pins have been fabricated. The
generated cross section of the micro-rods is around 200 µm× 200 µm. Figure 45.1a
depicts the desirable dimensions taken for themicro-tool fabrication and the designed
tool is shown in Fig. 45.1b. Based on these dimensions, the USM tool has been
fabricated usingWire EDM. Figure 45.1c visualizes the fabricated micro-tool which
is soldered onto a tool holder as shown in Fig. 45.1d. The optical image of the
fabricatedmicro-tool is shown in Fig. 45.1e. The solderedmicro-tool is then attached
to the ultrasonic horn for the experimentations. Figure 45.2 shows the ultrasonic

(a) (b)

(c) (d) (e)

Fig. 45.1 a Desired dimensions of the micro-tool; b Designed array of square micro-rods; c Actual
micro-tool after fabrication usingWire EDM; d Attachedmicro-tool on the tool holder; e Magnified
image of the micro-tool
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Fig. 45.2 Ultrasonic
machining setup: 1. Cutting
tool, 2. Horn, 3. Transducer,
4. Acoustic head, 5. Abrasive
flow pipe, 6. Magnetic plate,
7. Control unit

1
2

5

3

4

6 7

Table 45.1 Chosen variables
and their corresponding levels

Sym. Parameters Levels Values

GS Grit size (Mesh
number)

3 600, 400, 220

SF Slurry flow rate
(cm3/s)

3 125, 100, 75

FR Feed rate (µm/s) 3 75, 50, 25

machine and its different parts. The inset image in Fig. 45.2 shows the attached
micro-tool to the horn and ready for ultrasonic machining.

Initially, the glass slide is fixed on the heat plate using heat glue and this heat plate
is then attached to the workbench with the help of a magnetic medium. After each
experimentation, the workpiece samples are removed from the heat plate by applying
heat. Then the samples are cleanedusing acetone andobservedunder amicroscope for
measuring desired dimensions. For machining, a mixture of water and B4C abrasive
particles is used as a slurry, which is kept constant at 50%. While machining, the
effect of control parameters are observed on the performance measures. The control
parameters which have been varied are abrasive grit size (mesh number), feed rate
(µm/s), and slurry flow rate (cm3/s), and the other parameters are kept constant. The
chosen variables along with their levels are shown in Table 45.1.

Taguchi L9 orthogonal array has been chosen to conduct the experiments.
Table 45.2 shows the chosen parametric combinations for the experimentation.
The effect of the control parameters on material removal rate (MRR), tool short-
ening rate (TSR), and the overcut (OC) has been observed while machining. Equa-
tions (45.1)–(45.3) represent the calculations for the performance measures. Based
on the measured parameters and using Eqs. (45.1)–(45.3), the performance measures
have been calculated for each experimentation.
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Table 45.2 Experimental
combinations based on
Taguchi L9 orthogonal array

Exp. No. GS (Mesh number) SF (cm3/s) FR (µm/s)

1 220 75 25

2 220 100 50

3 220 125 75

4 400 75 50

5 400 100 75

6 400 125 25

7 600 75 75

8 600 100 25

9 600 125 50

Material removal rate:

MRR (mm3/min) = Total volume of the drilled holes

Machining time
(45.1)

Tool shortening rate:

TSR (µm/min) = Initial height − final height of tool

machining time
(45.2)

Overcut:

OC (µm) = Averagewidth of hole − average edge of tool

2
(45.3)

45.3 Results and Discussion

Based on the microscopic images and the experimental results, the performance
measures have been calculated. The images of the drilled array of square micro-
holes are shown in Fig. 45.3. Figure 45.4 represents the drilled image under an
optical microscope. Table 45.3 shows the obtained performance measures after the
experimentations.

The variation of response measure with the control parameters is shown in
Figs. 45.5, 45.6, 45.7. With the increase in mesh number actual grit size decreases,
resulting in smaller indentation by the abrasive particles on the workpiece. For this
reason, the material removal rate (MRR) decreases. Figure 45.5 shows the variation
of MRR with the control parameters. On the other hand, with an increase in slurry
flow rate, the total number of active particle increases in the slurry, which results in
higher MRR due to a higher number of indentations. Also, with the increase in feed
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1. 2. 3.

4. 5. 6.

7. 8. 9.

Fig. 45.3 The drilled glass samples after experimentations

Fig. 45.4 Drilled micro-hole
under an optical microscope

Table 45.3 Average
performance measures after
experimentation

Exp. No. MRR (mm3/min) TSR (µm/min) OC (µm)

1 0.39 96 92

2 0.41 79 85

3 0.53 60 84

4 0.37 63 69

5 0.39 69 66

6 0.33 72 74

7 0.32 66 41

8 0.33 54 61

9 0.39 59 58
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Fig. 45.5 Variation of
material removal rate with
control parameters
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Fig. 45.6 Variation of tool
shortening rate with control
parameters
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Fig. 45.7 Variation of
overcut with control
parameters

600400220

90

80

70

60

50
12510075 755025

GS

O
C

 (µ
m

)

SF FR

Variation of OC with control parameters



556 T. Debnath et al.

rate, the tool progresses toward the workpiece at a faster rate, minimizing the total
machining time consequences in higher MRR.

From Fig. 45.6, it is clear that, with the increase in mesh number, slurry flow rate,
and feed rate, the tool shortening rate (TSR) decreases. With the increase in mesh
number, the smaller abrasive particles create a smaller indentation to the workpiece
as well as micro-rods, hence reducing the tool wear consequences lower TSR. But
with the increase in slurry flow rate and feed rate, faster material removal takes place
resulting in the lower machining time consequences minimum TSR.

Figure 45.7 shows the variation of overcutwith the control parameters. The overall
overcut (OC) decreases with the increase in mesh number and the feed rate but
increases with the increase in slurry flow rate. With the increase in mesh number, the
overall size of the abrasive particle decreases, creating a smaller indentation resulting
in lower OC.With the increase in feed rate, faster machining takes place, resulting in
minimum abrasion and striking to the work surface by the abrasive particles. On the
other hand, the number of striking particles increases with an increase in slurry flow
rate; also, overlapping of particles takes place, creating a bigger hole size, which
results in higher OC.

45.4 Conclusions

Initially, arrays of micro-tools were fabricated using Wire EDM and these micro-
tools have been used for drilling multiple square holes using USM on glass slides.
From the results and discussions, the following conclusions have been drawn.

• Finer abrasive particles produce lower MRR, TSR, and OC.
• With the increase in slurry flow rate, MRR and OC increase providing minimum
TSR.

• Higher feed rate is suitable for better MRR, TSR, and OC.
• The drilled hole quality is precise and accurate. Although corner roundness has
been observed on the holes, these are very minimum. The overall quality of the
drilled square micro-hole is very much acceptable.
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Chapter 46
Parametric Optimization of Micro
Ultrasonic Drilling of Quartz Based
on RSM

S. Kumar , B. Doloi and B. Bhattacharyya

Abstract Micro ultrasonic machining is the process for micro hole drilling on hard
and brittle materials like ceramic, glass, quartz, silicon, etc. Quartz has wide appli-
cations in microelectromechanical systems (MEMS), lenses, pressure and flow sen-
sors, and micro-optical systems. In the present research work, optimization of the
process parameters for responses such as material removal rate, overcut, and taper
angle during micro ultrasonic drilling has been performed utilizing the developed
empirical relationship between the responses and process parameters. Three different
process parameters— power rating, abrasive slurry concentration, and tool feed rate
were considered for this experimental investigation. The parametric studies have also
been made based on response surface plot. Based on multi-objective optimization,
optimal parametric setting for maximum material removal rate, minimum overcut
and minimum taper angle have been obtained.

Keywords Micro ultrasonic machining · Quartz · Material removal rate ·
Overcut · Taper angle · Optimization

46.1 Introduction

The employment of hard and brittlematerials has been increased largely in industrial-
ized fields such as the optical component, aeronautic, automotive, and semiconductor
sector, for uniqueness. The uniqueness of hard and brittle materials, including their
high hardness, high strength at superior temperatures, high heat resistance, low wear
rate, and lightweight in comparison to metals [1], are precious in the making of
meticulousness mechanical equipment. Yet, the machining of these materials left-
overs pose a big for this superior uniqueness. For these materials, it is not easier to
make tools that can machine with no compromise in profile accuracy.
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Micro ultrasonic machining (micro USM) is the emerging and effective machin-
ing technology among all the mechanical energy-based micromachining techniques
to generate μ features with high aspect ratio in hard and brittle materials such as
quartz, silicon, glass, and ceramics [2, 3]. In micro USM, the material is removed
by the repetitive shock through abrasives particles into the workpiece with ultra-
sonic vibration. Micro USM has been applied to make micro holes in micro products
and components of quartz. Demand for micro apparatus from different engineering
sectors such as electronics, optics, medical, biotechnology, automotive, communica-
tions, and avionics industries where micro USM can be applied for micromachining.

Generally, material removal rate in micro USM raise with the rise in the size of
abrasive particle for both water-based abrasive slurry and oil-based abrasive slurry,
but material removal rate is higher using water as a slurry medium [4]. Micro drills
produce on borosilicate glass utilizing micro USM. The MRR is more affected by
static load and at the same time, tool wear rate (TWR) affects by abrasive size [5].
Ultrasonic micromachining is much affected by abrasive slurry concentration which
judges against the power rating and tool feed rate during the generation of micro hole
on quartz [6].

It has been analyzed from the previously published works that the performance of
micro USM has to be optimized to enhance the ability of micromachining of quartz.
The present research work is to establish the empirical model between machining
performance and convenient machining parameters such as power rating, abrasive
slurry concentration, and tool feed rate using response surface methodology (RSM).
Multi-objective optimization of micro USM process has also been performed utiliz-
ing the developed empirical models.

46.2 Fundamentals of Micro USM

Micro USM process initiates the conversion of low-frequency electrical energy to
high mechanical frequency, which is then fed to acoustic system. For this, tool
vibrates along its longitudinal axis at high frequency. In micro ultrasonic machin-
ing, tool of desired shape pulsates at ultrasonic frequency (20–40 kHz) and with
less than 25 μm amplitude over work piece. Machining region is recirculated with
abrasive particles mixed in a liquid medium. In micro USM, the abrasive particles
are vibrated between the tool and workpiece by a high-frequency vibratory system.
The vibrated abrasive particles hit the workpiece and material removal takes place
due to microcrack. Figure 46.1 shows the schematic diagram of micro USM system.
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Fig. 46.1 Schematic
diagram of micro USM
system

46.3 Experimental Planning and Methods

Experiments have been done inmicro ultrasonicmachine systemmade by SonicMill.
The frequency of vibration of the ultrasonic machine was set at 20 kHz. The quartz
material was set on the fixture made of magnetic material. Tool feed rate was given
along longitudinal axis. B4C fine particles (24 μm) were flooded around workpiece
surface after being mixed with liquid medium. Stainless steel (SS304) cylindrical
tools of 20 mm long with tip diameter 350 μm were chosen for micro tool and fixed
to the hexagonal head. The microscopic view of micro tool tip is shown in Fig. 46.2.

Design of experiments (DOE) is used to conduct the experiments. The design of
experiments (DOE) is a proficient technique for setting up conduct test so that the
data can be able to be analyzed to yield value. The picking of an experimental design
depends on the goal of the experiment and the number of issues to be investigated.

With 20 runs, central composite half design (CCD)was chosenwith an alpha value
of 1.68. CCD is an extremely proficient technique to fit a second-order form. Three
factors and five levels were taken for investigational goal. After carrying out some
pilot experiments, the range of each factor was decided. The actual and coded values
are given in Table 46.1. The real values of process parameters as per experimental
design and corresponding values of responses of micro USM are given in Table 46.2.

Fig. 46.2 Micro tool tip
used in USM
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Table 46.1 Real and coded values of ultrasonic micromachining

Factor Unit Symbol Level

−1.68 −1 0 1 1.68

Abrasive slurry concentration g/l X1 20 25 30 35 40

Power rating W X2 200 250 300 350 400

Tool feed rate mm/min X3 0.8 0.9 1 1.1 1.2

Table 46.2 Values of parameters with corresponding outcomes

Exp No. Abrasive
slurry con-
centration
(g/l)

Power
rating (W)

Tool feed
rate
(mm/min)

MRR
(mm3/min)

Overcut
(μm)

Half taper
angle
(deg.)

1 25 250 1.1 0.3661 62.30 1.2864

2 35 250 1.1 0.3673 63.01 1.3000

3 20 300 1.0 0.4931 66.91 2.5200

4 30 300 1.0 0.1912 54.00 0.7540

5 30 300 1.0 0.2111 58.00 1.0100

6 30 300 1.0 0.3156 54.00 1.2070

7 30 300 0.8 0.4543 64.09 2.0400

8 30 300 1.0 0.3661 62.00 1.3020

9 30 200 1.0 0.6436 66.19 2.8190

10 25 250 0.9 0.1977 55.00 0.7540

11 35 350 1.1 0.2127 52.00 1.0000

12 30 400 1.0 0.3881 62.00 1.2200

13 35 350 0.9 0.3690 62.00 0.9000

14 35 250 0.9 0.1511 51.00 0.6640

15 30 300 1.2 0.4739 66.00 2.6909

16 25 350 1.1 0.3673 62.78 0.9200

17 30 300 1.0 0.3661 62.98 1.2520

18 25 350 0.9 0.3432 66.03 1.3200

19 30 300 1 0.3002 64.16 1.1890

20 40 300 1 0.3517 67.99 1.8862

46.3.1 Empirical Model

Response surface modeling has been done to create the practical model between
the responses and the different machining parameters. The second-order polynomial
equation, that is used to analyze the different response criterion, is given below
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Yu = βo +
n∑

i=1

βixiu +
n∑

i=1

βiix
2
iu +

∑ n∑

i< j=2

βij xixj+ ∈u (46.1)

In the above Eq. (46.1), Yu: corresponding response. Xiu: coded values of the ith
machining process parameters. The terms β0, βi, βii, and βij: the regression coeffi-
cients and the residual, ∈u measures the experimental error of the uth observations.
The process limitations have been chosen from the proposed analysis. The range of
each process parameter has been chosen from the outcome of preliminary experi-
ments. In this experimentation, three factors with five levels were considered. The
mathematical relationship has been established to follow Eq. 46.1. Hence, the cor-
responding empirical equation for the responses is represented as material removal
rate (YMRR), overcut (YOC), and taper angle (YTA). Based on RSM, an empirical
relationship have been established and given as follows:

The equation corresponding to material removal rate (YMRR) is given as

YMRR = 0.359999 + 0.040065X1 + 0.092684X2 + 0.058961X3

− 0.011284X2
1 + 0.004091X2

2 − 0.009714X2
3 + 0.007618X1X2

+ 0.009332X1X3 − 0.005557X2X3 (46.2)

The equation corresponding to overcut (YOC) is given as

YOC = 62.6051 + 1.3681X1 + 3.8956X2 + 1.6281X3 − 0.4556X2
1

− 0.9319X2
2 − 0.4669X2

3 + 1.0260X1X2 − 2.0035X1X3 − 2.0110X2X3

(46.3)

The equation corresponding to taper angle (YTA) is given as

YTA = 1.12257 + 0.33050X1 + 0.39814X2 + 0.24824X3

+ 0.12185X2
1 + 0.12661X2

2 + 0.10048X2
3 + 0.16977X1X2

+ 0.03273X1X3 − 0.04152X2X3 (46.4)

46.4 Parametric Analysis Found on Response Surface Plots

The effects of different process parameters of micro USM like abrasive slurry con-
centration, power rating, and tool feed rate on responses like material removal rate,
overcut, and taper angle duringmicro hole drilling of quartz plate have been analyzed
based on the response surface plots.
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46.4.1 Parametric Effects on Material Removal Rate (MRR)

Abrasive slurry concentration is one of the important parameters which influences
the machining characteristics. The response surface graph as shown in Fig. 46.3
illustrates the influence of abrasive slurry concentration and power rating on material
removal rate at the same preset values of tool feed rate. Higher MRR can be obtained
with higher value of abrasive slurry concentration and power rating because more
material is removed with higher abrasive slurry concentration in micro ultrasonic
machining. As power rating is higher, the abrasive particles strike on the workpiece
with high applied force and as a result, material removal rate becomes higher at
higher abrasive slurry concentration and higher power rating.

Figure 46.4 shows the influence of power rating and tool feed rate on MRR at
the same preset value of abrasive slurry concentration. From the figure, it is clear
that MRR increases with an increase in power rating and also with an increase in
tool feed rate. As tool feed rate increases, the momentum of the abrasive particles
increases, and as a result, MRR increases.

Fig. 46.3 Effects of abrasive
slurry concentration and
power rating on MRR

Fig. 46.4 Effects of power
rating and tool feed rate on
MRR
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46.4.2 Parametric Effects on Overcut of Micro Hole

Figure 46.5 illustrates the influence of abrasive slurry concentration and power rating
on overcut of hole at the same preset values of tool feed rate. From the graph, it is clear
that lower value of overcut of hole have been observed at the lower value of abrasive
slurry concentration and power rating. Overcut gradually increases from lower value
to higher value of abrasive slurry concentration while the rate of increase of overcut
is more with power rating during micro USM drilling operation.

Figure 46.6 shows the influence of power rating and tool feed rate on overcut of
hole at the same preset value of abrasive slurry concentration. From response graph,
it is observed that lower value of overcut of micro hole has been observed at the
lower value tool feed rate and lower value of power rating. Overcut increases rapidly
with an increase in tool feed rate at low power rating but overcut slowly increases
with tool feed rate at a high power rating.

Fig. 46.5 Effects of abrasive
slurry concentration and
power rating on overcut

Fig. 46.6 Effects of power
rating and tool feed rate on
overcut
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46.4.3 Parametric Effects on Taper Angle of Micro Hole

Figure 46.7 illustrates the effects of abrasive slurry concentration and power rating on
taper angle at the same preset values of tool feed rate. The lower value of taper angle
can be obtained with lower abrasive slurry concentration and power rating. At low
abrasive slurry concentration, machining rate is also less. The cause of taper angle is
that the time taken during machining at the entrance surface is more and accessibility
of abrasive at the entrance of the micro hole is also more. Hence, entrance width of
the micro hole is more. The presence of abrasive slurry is not as much at the bottom
surface of the workpiece, so exit diameter of micro hole is less.

Figure 46.8 illustrates the influence of power rating and tool feed rate on taper
angle of generated hole at the same preset values of abrasive slurry concentration.
From response graph, it is clear that lower value of taper angle of generated hole has
been observed at the lower value of tool feed rate and lower value of power rating.
The taper angle of generated hole sharply increases with an increase in tool feed rate
while power rating is high.

Fig. 46.7 Effects of abrasive
slurry concentration and
power rating on taper angle

Fig. 46.8 Effects of power
rating and tool feed rate on
taper angle
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46.5 Multi Objective Optimization of Micro Ultrasonic
Machining of Quartz

Multi-objective optimization of micro ultrasonic machining process parameters for
generating micro hole on quartz plate has been performed based on desirability
function analysis using MINITAB software. Multi-objective optimization has been
done to obtain the best possible combination of process parameters for maximum
material removal rate, minimum overcut, and minimum taper angle. Figure 46.9
demonstrates the result of multi-objective optimization of material removal rate,
overcut, and taper angle. The optimal values of process parameters are obtained as
abrasive slurry concentration of 23.43 g/l, power rating of 290.84 W, and tool feed
rate of 0.80 mm/min. The maximum value of MRR, i.e., 0.2008 mm3/min, minimum
value of overcut, i.e., 50.29μm, and minimum value of half taper angle, i.e., 0.7880°

were achieved. The value of overall composite desirability (d) is obtained as 1.
The experiments have been performed at optimal parametric combination and the

actual responses were observed. Figure 46.10 shows the micro hole on quartz.

Fig. 46.9 Multi objective
optimization of material
removal rate, overcut, and
taper angle during micro
ultrasonic machining of
quartz
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Fig. 46.10 Micro hole on
quartz

46.6 Conclusions

The investigational results emphasize that the micro USM characteristics like mate-
rial removal rate, overcut, and taper angle for generating micro hole on quartz are
influenced by the various major machining parameters such as abrasive slurry con-
centration, power rating, and tool feed rate. Based on the response surface plot and
optimization analysis in the present investigation, the following conclusions have
been drawn:

(i) Micro USM process can be effectively used to generate micro hole on quartz.
(ii) The developed empirical models on MRR, overcut, and taper angle are found

as adequate to examine the effects of process parameters on response charac-
teristics of micro hole on quartz by micro ultrasonic machining process.

(iii) Themulti-objective optimizationwas performed to obtain the optimal paramet-
ric setting for achieving maximum material removal rate, minimum overcut,
and minimum taper angle. The optimal values of abrasive slurry concentra-
tion, power rating, and tool feed rate are obtained as 23.43 g/l, 290 W, and
0.8 mm/min, respectively. The maximum value of MRR has been obtained as
0.2008 mm3/min. The minimum value of overcut and taper angle has been
achieved as 50.29 μm and 0.78800 respectively.

Few research works are reported on micro hole drilling on quartz by micro USM
process. But, further research has to be carried out in the area of generation of
microchannel and array of micro hole on quartz. Investigation of tool wear rate and
surface roughness, etc., during micromachining of quartz by micro USM is also
the area of research interest for wider application in modern micro-manufacturing
industry.
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Chapter 47
Investigations into the Effect of Varying
Electrode Diameter on Cutting Rate
and Kerf Width in WEDM of Varying
Thickness Inconel718

Susheel Ramchandra Dhale and Bhagyesh B. Deshmukh

Abstract Wire electrical dischargemachining of varying thickness Inconel718 plate
of 8, 10, and 12 mm, which is widely used as aircraft turbine material having
extremely good high-temperature characteristics, is done to investigate the effect
of zinc-coated wire electrode diameter of 0.15, 0.20, and 0.25 mm on the cutting rate
which is the most important economic considerations in the manufacturing and kerf
width is known to be dimensional accuracy of theWEDM. The commonly used large
diameter of wire we end with larger kerf width is not desirable in precision jobs. In
the ocean of research on WEDM parametric effects, light is focused on the effect of
using small diameter wire on cutting rate, checking its feasibility with high thick-
ness plates and accuracy it gives. Taguchi L27 array has been used for experimental
design. And further to that, ANOVA is done to find the most influencing factor. It is
found that small wire diameter gives good cutting rate along with promisingly small
kerf width.

Keywords WEDM · Cutting rate · Kerf · Inconel

47.1 Introduction

Nickel-based superalloys are widely utilized in high-temperature applications like
gas turbines in aerospace [1]. It is calculated that nickel-based superalloys compose
over half the materials that are utilized in the aircraft market, particularly for red-hot
segment parts like rotary engine disk, blades, and combustors. WDEM is the most
suitable machine for machining such superalloys. Wire electrical discharge machin-
ing is a nontraditional, noncontact, material removal process that uses a discontinu-
ously sparking wire in dielectric media (Fig. 47.1). WEDM attracts the researchers
all over the world because of its fascinating features and continuously increasing
the spectrum of being able to machine almost anything with little modifications.
Anything challenging is also at the same time proactive for research fraternity. The
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Fig. 47.1 WEDM process and kerf width [3]

challenges ahead are the machining at faster cutting speed with higher accuracy.
Widely accepted theories for material removal rate are an electromechanical theory,
thermomechanical theory, and thermoelectrical theory [2]. But selecting the proper
combination of all electrical parameters for a particular type of workpiece is still a
challenging task and here a lot of research is witnessing today. The researchers have
tried to optimize the process parameters in the recent past.

The parameters such as pulse on time, pulse off time, servo voltage, wire feed,
flushing pressure, and wire tension were studied while cutting of high-strength armor
steel by Bobbili [4]. The impact of WEDM input parameters on cutting speed during
machining of titanium was evaluated. The study concluded that pulse on time, pulse
off time, and servo voltage were the most contributing factors for cutting speed [5].
Voltage and current are dominant factors to determine kerf width along with feed rate
reported by Sulaiman [6]. But for the simultaneous responses such as cutting rate
and kerf width, not only electrical parameters and their setting are important rather
one should look into the insight cause of cutting rate and kerf width. Wire electrode-
related parameters such as material, coating effect, wire feed, and wire tension play
a vital role reported in research work. Wire diameter among all other wire related
parameters is the deciding factor for high cutting rate and kerf width. Pramanik [7]
investigated the degradation of wire electrode by varying the on time and tension
to uncover the interaction between machining parameters. The electric sparks not
only remove the workpiece material but also affect the dimensions of the electrode.
Further, the original circular-shaped became oval after machining regardless of the
workpiece material-type indicating permanent deformation of the wire due to high
temperature and possible interaction with electrolyte andmelted workpiece material.
Antar [8] studied the material effect of the wire electrode, and brass has turned into
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the most usually used electrode material. He explored the impact on the productiv-
ity, workpiece surface, surface roughness, and other surface integrity by comparing
coated with brass wire. Increase in productivity of 40% was recorded with coated
wire, under the same operating conditions. Unune [9] conjointly thought of the result
of assorted conductor materials like copper, copper–tungsten, and metallic element
on material removal rate and conductor wear rate in the micro-EDM drilling of
Inconel718. It absolutely was found that copper electrodes end up in highest MRR
the least bit values of gap voltage and capacitance followed by copper–tungsten
and tungsten electrodes. Prohaszka [10] unconcealed that machinability throughout
WEDM was improved significantly with the correct combination of mechanical,
physical, and geometrical properties of the conductor. Electrode materials ought to
have high melting and evaporation temperature. The coating could increase the cut-
ting potency considerably. Rajurkar [11] used Taguchi technique to analyze the result
high-speed brass wire and zinc-coated wire. The influence of zinc-coated brass wire
on the performance ofWEDMwas compared with high-speed brass. Compared with
high-speed brass wire, zinc-coated brass wire ends up in higher cutting speed and
smoother surface finish. Also, SEM images revealed that uncoated wire produces
a surface finish with more cracks, craters, and liquefied drops. Also, high-speed
brass wire resistance against wire rupture in tough conditions, high pulse width
and low time between two pulses, was rather more than zinc-coated wire since the
durability of zinc-coated wire was less than the high-speed brass durability. Chalis-
gaonkar [5] studied the result of brass and zinc-coated along with other parameters.
The microstructure analysis indicated that zinc-coated wire produced an overlapping
thick layer of debris while uncoatedwiremade an additional number of craters under-
neath similar higher pulse discharge energy conditions. Yadav et al. [12] created a
comparative study of zinc-coated and bare electrode in EDM. It was concluded that
the coated tool electrode has a significant effect on the material removal rate, tool
wear, and surface finish. The copper tool without coating gives poor performance
in machining. It gives high surface roughness value and maximum tool wear rate as
compared to coated tool with the same machining parameters. The coated tool takes
less machining time as compared to the naked copper tool at the constant machining
parameters. Priyaranjan [13] has studied the effect of brass wire diameter on the
surface integrity. It was observed that with smaller diameter wire the cutting speed is
20% higher compared to larger diameter wire under similar experimental conditions.
The surface roughness of larger diameter wire is found to be 8% higher compared to
smaller diameter wire under similar experimental conditions. Smaller diameter wire
is well suited for cutting for the delicate specimen. However, research with varying
diameter is restricted with plain brass wire only. So in this paper, proven zinc-coated
wires of 0.15, 0.20, and 0.25 micron were specifically manufactured to study the
impact of small diameter wire with large wire diameter under the similar operating
conditions. The present research is mainly focused on small zinc wire diameter anal-
ysis for improving the cutting rate and improving the accuracy of WEDM in terms
of kerf width and understanding its feasibility with various thickness jobs.
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47.2 Materials and Methods

1. Workpiece Material

Apeculiar profile cutting of Inconel-718 blocks of (25× 25)mmof varying thickness
8, 10, and 12mm is carried out in this research. The chemical composition of Inconel-
718 tested with a spectrometer from a reputed lab is given in Table 47.1.

2. Electrode Material

The specifically manufactured zinc-coated wire of 0.15, 0.20, and 0.25 mm diameter
are used.

3. Machine Tool

Electronica manufactured Ecocut model is employed to carry out this research.

4. Experimental Design

Taguchi L27 orthogonal array is utilized. Five process parameters, namely, wire
diameter, pulse on time (Ton), pulse off time (Toff), wire feed (Wf), andworkmaterial
thickness were selected as input variables during peculiar profile cutting of Inconel-
718. Four two-way interactions of Wire dia × Pulse on, Wire Dia × pulse off, Wire
dia× wire feed, and Wire dia× work material thickness were selected (Table 47.2).

5. Measurement of Performance Measures

Two machining outcomes, namely, the cutting rate and kerf width, were taken for
the investigation (Fig. 47.2).
Cutting rate is directly recorded from the machine display unit, and also it is found
by total cutting length divided by the time recorded for the cut in mm/min.

Table 47.1 The chemical
composition of Inconel718

Element wt% Element wt%

Ni 54.132 Ti 0.89

Fe 19.6 Co 0.26

Cr 16.5 Si 0.2

Nb 5.13 Mn 0.11

Mo 3.14 C 0.038

Table 47.2 Wire EDM process parameters and their level values

Process parameter (Unit) Parameter designation Level-1 Level-2 Level-3

Wire diameter (mm) A 0.15 0.20 0.25

Pulse on time (μs) B 114 117 120

Pulse off time (μS) C 58 55 52

Wire feed (m/min) D 6 8 10

Work material thickness (mm) E 8 10 12
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Fig. 47.2 Cutting rate and kerf width measurement

kerf width is measured by Mitutoyo toolmakers TM500 microscope. It is a summa-
tion of the wire diameter to two-wire workpiece gap distance [3]. Additionally, the
camera is used for capturing images with Tsview 7 software. Kerf width is directly
recorded in excel to lessen the manual observation error.

47.3 Results and Discussions

To assess the impact of machining parameters on performance measures (cutting rate
and kerf width), a powerful Taguchi’s experimental technique has been utilized for
the plan of the experiment [14]. Taguchi technique helps to find the variability and at
the same time with less no experiment [15]. The L27 orthogonal array has been used.
All the analysis is carried withMinitab17, statistical software. The experiments were
conducted in random order, and each experiment was repeated twice and some few
of them thrice to reduce the experimental error and to confirm respectively. Further
to that, ANOVA is done to find out the most affecting parameters. The experimental
results obtained as per Taguchi’s L27 orthogonal array are tabulated in Table 47.3.

1. Taguchi signal-to-noise ratio (S/N Ratio) is the ratio of signal-to-noise where
signal represents the desired value and noise represents the undesirable value.
Therefore, S/N ratio is the mean to square deviation ratio [3]. The characteristic
that higher observed value speaks to better performance accordingly cutting rate
is taken as higher the better and where lower observed value represents better
performance kerf width is selected as smaller the better.

From the main effects plots as per Fig. 47.3, for S/N ratio of curring rate, it is
observed that small wire diameter of 0.20 mm gives the highest cutting rate than
large wire diameter wire of 0.25 mm. Also, cutting rate is increased with the increase
in pulse on and decrease in pulse off time [5]. Cutting rate increases with an increase
in wire feed and decreases with an increase in work material thickness from 8 to
12 mm.
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Fig. 47.3 Main effects’ plot for SN ratio

From themain effects plots of kerf width, it is clear that aswire diameter increases,
kerfwidth increases and there is no effect ofworkmaterial thickness on the kerfwidth.
A negligible effect of the pulse on, pulse off on kerf width is noticed here.

2. ANOVA: ANOVA (analysis of variance) is a factually based, objective decision-
making tool for identifying anydifferences in the response thatmight be attributed
to the variation in the control parameters considered in the study. The most
important statistic in the analysis of variance table is the p-value. There is a
p-value for each term in the model (except for the error term). The p-value for
a term tells you whether the effect for that term is significant. In this research,
the confidence interval was set at 95% (α = 0.05). Any factor having a p-value
less than set α value is to be considered a significant factor. S, R, adjusted R,
and predicted R are measures of how well the model fits the data. These values
can help you select the model with the best fit. S is measured in the units of
the response variable and represents the standard distance that data values fall
from the regression line. R (R2) describes the amount of variation in the observed
response values that is explained by the predictor(s). Adjusted R is a modified
R that has been adjusted for the number of terms in the model. R2 (pred) is a
measure of how well the model predicts the response for new observations. The
results of ANOVA for cutting rate and kerf width are tabulated in Tables 47.4
and 47.5.

From the ANOVA of cutting rate work, material thickness is proved to be the
main factor deciding cutting rate. Nevertheless to note, wire diameter is the fourth
parameter affecting the cutting rate. Pulse on and pulse off are the major factor for
deciding cutting rate. Among the interactions, Figs. 47.4 and 47.5, wire diameter and
work material thickness interaction is the most influencing interaction and after that
wire diameter and pulse on time interaction is important interaction.

From the ANOVA of kerf width, it is revealed that wire diameter is the most influ-
encing parameter. Next important parameter is wire feed. Among the interactions,
wire diameter and pulse on is the most important interaction.
Discussion on the Experimental Results:
It is found that the smaller diameter wire efficiently cuts the material at the higher
cutting rate [13, 15]. This could be due to the rapidmovement ofwire into thematerial
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Table 47.4 ANOVA for cutting rate

Factor DF Adj SS Adj MS F-value P-value

Wire dia 2 0.84758 0.42379 251.20 0.000

Pulse on 2 1.12378 0.56189 333.06 0.000

Pulse Off 2 1.10440 0.55220 327.32 0.000

Wire feed 2 0.07295 0.03647 21.62 0.000

WM thickness 2 2.74455 1.37227 813.42 0.000

Wire dia * Pulse on 4 0.03402 0.00850 5.04 0.004

Wire dia * Pulse off 4 0.01923 0.00481 2.85 0.043

Wire dia * Wire
feed

4 0.00522 0.00130 0.77 0.552

Wire dia * WM
thickness

4 0.05922 0.01480 8.78 0.000

Error 27 0.04555 0.00169

Total 53 6.05650

Model summery S 0.0410736 R2 99.25% R2 (adj) 98.52% R2 (pred) 96.99%

Table 47.5 ANOVA for kerf width

Factor DF Adj SS Adj MS F-value P-value

Wire dia 2 0.089533 0.044767 388.21 0.000

Pulse on 2 0.000011 0.000006 0.05 0.953

Pulse off 2 0.000038 0.000019 0.17 0.848

Wire feed 2 0.000464 0.000232 2.01 0.153

WM thickness 2 0.000006 0.000003 0.03 0.974

Wire dia *Pulse on 4 0.001484 0.000371 3.22 0.028

Wire dia *Pulse off 4 0.000168 0.000042 0.36 0.832

Wire dia *Wire
Feed

4 0.000401 0.000100 0.87 0.496

Wire dia *WM
thickness

4 0.000162 0.000041 0.35 0.840

Error 27 0.003114 0.000115

Total 53 0.095381

Model summery S 0.0107385 R2 96.74% R2 (adj) 93.59% R2 (pred) 86.94%
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owing to its smaller cross-sectional area. [13]. However, in case of larger diameter
wire, the cutting rate reduces due to themore cross-sectional area of thewire. Further,
the small diameter wire has more resistance and hence more heat generation leading
to larger cutting rate. The surface area that needs to be vaporized is also a deciding
factor.

From the ANOVA of kerf width, also it is confirmed that wire diameter is the
most influencing parameter for kerf width. As 0.15 mm diameter gives maximum
kerf width of 0.22 mm, 0.25 diameter wire gives the kerf width of 0.3105 mm.
The difference in their diameter is almost 0.10 mm, and so accordingly kerf width
increases as an increase in the cross-sectional area of the electrode. Also, there is
a significant effect of the interaction of wire diameter and pulse on. The amount of
current supplied for the moment and the diameter of the wire are crucial factors in
deciding the performance of the WEDM.

47.4 Conclusions

1. The smallwire diameter of 0.20mmgives the highest cutting rate of 1.97mm/min
at the same operating conditions. Work material thickness is the deciding factor
in cutting rate.

2. WEDM accuracy given in manufacturer catalogue is one micron. Small wire
diameter gives the maximum kerf width of 0.22 mm, and hence can be used for
high-precision jobs requiring accuracy of one micron.

3. The 0.15-mm-diameter wire can be easily used to cut Inconel718, 12 mm thick
which is very appreciable.

47.5 Future Scope

Small wire diameter is the future of WEDM. All the parametric effects need to be
explored so as to get maximum cutting speed and minimum kerf width.

Acknowledgements The author wishes to acknowledge the TEQIP-II, Dr. Babasaheb Ambedkar
Technological University, Lonere for the availability of funds for carrying experimentation work.
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Chapter 48
Comparative Evaluation of Drilling
on GFRP Made by Different Fabrication
Techniques

R. Raja and Sabitha Jannet

Abstract Glass-fiber-reinforced plastics (GFRP) are used in engineering applica-
tions such as automotive, aerospace, and industrial applications due to their sig-
nificant advantages over other materials. The optimization is done using Taguchi
method and the influence of process parameters is analyzed using ANOVA analysis
and the corresponding regression equations and graphs are plotted. Fabrication of
GFRP is done by manual layup method and compression molding using glass fiber
and epoxy resin. Acquire tools, drill bits (twisted carbide drill bit). Perform high-
speed drilling on GFRP by varying spindle speed, feed, and drill bit diameter. Find
thrust force and torque associated with drilling using kistler dynamometer. Analyze
and compare delamination at the entry and exit for GFRP made by Manual Layup
and compression molding. Analyze tool wear and matrix composition through SEM
analysis. Optimize thrust force, torque, and delamination at the exit and entry using
Taguchi design of experiment. Find optimal machining parameters for best quality
drilled holes.

Keywords Manual layup · Compression molding · ANOVA · Optimization

48.1 Introduction

Due to the inhomogeneous and anisotropic nature of theGFRP composite,machining
of GFRP is comparatively tricky than metals. GFRP is fabricated using two different
production methods, and high-speed drilling is done on the fabricated specimen.
Glass-fiber-reinforced plastic refers to a composite plastic which has been reinforced
with glass fibers. It consists of a plastic matrix that may be of thermosetting plastic
reinforced by fine fibers of glass [1]. The fiberglass is a lightweight, stable, and
robust material which has broad applications. Its bulk strength and weight properties
are favorable when compared to metals. A lot of research has been conducted to
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achieve efficient drilling of composite materials. Experimental results suggested that
feed rate is seen to make the most substantial contribution to delamination, thrust
force, and tool wear during drilling of composite laminates [2]. The results obtained
showed that twist drill bit produces less cutting pressure and thrust force than jobber
length type drill bit for the same set of cutting parameters. The twist drill delivers less
damage on GFRP than the jobber length type drill and has better efficiency. Lesser
delamination was observed after drilling with the carbide tools with comparison
to cemented tungsten carbide drills. In a twist drill, lower delamination factor was
observed compared to the four flute drill [3]. An increase in spindle speed did not
result in significant elevation of the damage. For HSM, delamination is dictated by
the parameter cutting temperature, i.e., with the softening of thematrix, delamination
will not be affected by feed and speed [4]. Minimum amount of delamination on both
entry and exit of the drilling was observed with a better surface finish and tool life
with high cutting speed and low feed [5]. The increase in the fiber orientation angle
increases the delamination factor in the drilling of GFR–polyester composites [6].
The increase in thrust force increases the delamination factor [4]. Two advanced
drilling methods such as vibration-assisted twist drilling and high-speed drilling
were used to decrease drilling-induced delamination [7]. The peel-up and push-out
delamination of woven/epoxy composite has an inverse relationship with cutting
speed. The delamination enjoys a direct relationship with thrust force and feed. The
delamination associated with push-out is more severe than that of peel-up [8, 9]. It
then describes the principal characteristics of the epoxy resins and how it is possible
to enhance them by adding several fillers to the epoxy system. Production methods
play an important role in the delamination of GFRP, spindle speed is a significant
factor in high-speed drilling, and feed rate is the most influential parameter.

48.2 Materials and Methods

The high-speed vertical milling machine is modified to measure the thrust force and
torque, and for this Syscon dynamometer is attached to the drilling machine. It was
fixed in such a way that the axis of the drill bit passes through the center of the
dynamometer. Based on the literature, spindle speed (rpm), feed (mm/rev), and drill
bit diameter (mm) were identified as significant process parameters which influence
the geometrical and dimensional integrity of the holes. Levels of these parameters
were selected based on the trial runs, which shows the process parameters and their
levels (Table 48.1).

We use the above three sets of spindle speed, feed, and drill bit diameter to
perform nine run experiments on the specimen. The spindle speed, feed rate, and
drill bit diameters are selected based on the references.
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48.2.1 Manual Layup Process

Hand layup is a simple and widely used process. It is treated with vinyl ester resin
for preventing sticking. The mixing is done in 10:1 ratio, i.e., for 100 ml of resin
10 ml hardener is used. The mixture is in gel form. Gel coat layers are placed on the
mold to give a decorative and protective surface. The reinforcement (woven rovings
or chopped strand mat) is placed in a mould and coated with thermosetting resin.

After curing, the part was disassembled from the mold. The equipment used is
simple since pressure and temperature are not employed. Figure 48.1 shows the
laminates which were prepared by hand layup method.

48.2.2 Compression Molding

Compression molding machine is used to mold materials like rubber, plastic, com-
posites, etc. They can be used for wide variety of functions as bounding, laminating,
assembling, etc. The compression molding machine consists of two heated plates
(molds), one at the top and the other at the bottom, which are used for pressing. Uni-
form and constant curing pressure, is an essential requisite for accurate molding, was
achieved by the presses and modern energy-efficient hydraulic system is employed.

Table 48.1 Drilling process
parameters

Spindle speed (rpm) Feed (mm/rev) Drill bit diameter
(mm)

4000 0.005 3

5000 0.015 5

6000 0.025 8

Fig. 48.1 GFRP made of
manual layup method
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Fig. 48.2 Laminated
compression molding

The temperature of the plates can be adjusted. Compression molded laminate is as
shown in Fig. 48.2.

Wax is applied to the polythene sheet, which will help in easy removal of the
molded material from the polythene sheet. An aluminum casing is kept on the poly-
thene sheet. The reinforcement material is placed inside the aluminum casing. Epoxy
resin mixed with hardener in 10:1 ratio is poured over the reinforcement material
and spread using a roller. The reinforcement material is kept layer by layer on top
until the desired thickness is obtained. Another polythene sheet is kept on the top.
The above materials are then held inside the compression molding machine between
the heated pressing plates. Plates are maintained at a temperature of 80 °C. Curing
is done at high temperature and high pressure for 2 h.

48.2.3 Vertical Machining Center

The V33 vertical machining focuses on rapid machining with great exactness, profi-
cient chip expulsion, and simple operation. The shaft includes Makino’s remarkable
center cooling and under-race lubricating framework, limiting heat distortion at high
axle speeds. Coordinated development of the shaft and drive engine rotor diminishes
vibration amid rapid task

Figure 48.3 shows a quick drilling setup with the dynamometer. Very high cutting
speeds, extended tool life, and various materials can be machined with carbide tools.
Long periods of drilling can be achieved with these tools. Figure 48.4 shows the
different drill bits used which are made of carbide and their diameters are 3, 5, and
8 mm in this study.
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Fig. 48.3 High-speed drilling setup

Fig. 48.4 Carbide drill bits used
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Fig. 48.5 Delamination. a Entry. b Exit

48.2.4 Delamination Factor

Delamination is a mode of failure for composite materials. It is caused due to the
weak bonding of constituents. Delamination causes layers of glass fibers to separate
after repeated cyclic stress. Thismakes thematerial to lose themechanical toughness.
The ratio of the maximum diameter (Dmax) of delamination to the diameter of the
hole (D) determines the delamination factor.

Fd = Dmax/D

Figure 48.5a, b shows the delamination at entry and exit, respectively.

48.2.5 Design of Experiment

For the same set of operating parameters, drilling experiments were performed on
the laminates prepared by manual layup method and compression molding method.
Table 48.2 shows results of laminate made by compression molding method and
Table 48.3 shows the results of laminate made by manual layup method.

For the same set of trial conditions, laminate prepared by compression molding
gave desirable results. That is, lesser thrust force, lesser torque, and lesser delami-
nation (both at entry and exit) are achieved in the laminate prepared by compression
molding.
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Table 48.2 Compression molding L9 orthogonal array

Run (rpm) Feed
(mm/rev)

Drill
bit dia
(mm)

Thrust force
(n)

Torque
(nm)

Delamination
factor at entry

Delamination
factor at exit

4000 0.005 3 24 0.03 1.05 1.04

4000 0.015 5 28 0.06 1.12 1.09

4000 0.025 8 44 0.15 1.17 1.11

5000 0.005 5 20 0.02 1.05 1.03

5000 0.015 8 32 0.08 1.08 1.06

5000 0.025 3 35 0.1 1.11 1.09

6000 0.005 8 18 0.02 1.04 1.02

6000 0.015 3 20 0.04 1.09 1.06

6000 0.025 5 26 0.06 1.16 1.12

Table 48.3 Manual layup L9 orthogonal array

Run
(rpm)

Feed
(mm/rev)

Drill
bit dia
(mm)

Thrust
force (n)

Torque
(nm)

Delamination
factor at entry

Delamination
factor at exit

1 4000 0.005 3 20 0.02 1.08 1.12

4000 0.015 5 24 0.04 1.11 1.15

4000 0.025 8 42.5 0.15 1.19 1.22

5000 0.005 5 18 0.01 1.04 1.06

5000 0.015 8 28 0.06 1.09 1.12

5000 0.025 3 30 0.08 1.15 1.17

6000 0.005 8 16 0.01 1.11 1.15

6000 0.015 3 18 0.02 1.13 1.17

6000 0.025 5 24 0.04 1.16 1.20

Tables 48.4 and 48.5 show the significance of each input parameter on the response
delamination factor at the entry. In both cases, feed is the most significant parameter
which is followed by spindle speed and drill bit diameter.

Tables 48.6 and 48.7 show the significance of each input parameter on the response
delamination factor at the exit. In both cases, feed is the most significant parameter
which is followed by spindle speed and drill bit diameter.

Tables 48.8 and 48.9 show the significance of each input parameter on the response
torque. In both cases, feed is the most significant parameter which is followed by
spindle speed and drill bit diameter.

Tables 48.10 and 48.11 show the significance of each input parameter on the
response thrust force. In both cases, feed is the most significant parameter which is
followedby spindle speed anddrill bit diameter. Regression analysis is usedwhenyou
want to predict a continuous dependent variable from some independent variables.
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Table 48.4 ANOVA analysis delamination factor at the entry (compression molding)

Col#/factor DOF (f) Sum of
sqrs. (S)

Variance
(V)

F-ratio (F) Pure sum
(S′)

Percent
P(%)

Spindle
speed

2 0 0 6.219 0 5.167

Feed 2 0.008 0.004 88.227 0.008 86.357

Drill bit
diameter

2 0 0 5.56 0 4.515

Other
errors

2 −0.001 −0.001 3.961

Total 8 0.01 100.00

Table 48.5 Delamination factor at the entry (manual layup)

Col#/factor DOF (f) Sum of
sqrs. (S)

Variance
(V)

F-Ratio (F) Pure sum
(S′)

Percent
P(%)

Spindle
speed

2 0.002 −0.001 9.564 0.002 14.903

Feed 2 0.012 −0.006 43.115 0.012 73.293

Drill bit
diameter

2 0.001 0 3.782 0 4.841

Other
errors

2 −0.001 −0.001 6.963

Total 8 0.016 100.00

Table 48.6 Delamination factor at the exit (compression molding)

Col#/factor DOF (f) Sum of
sqrs. (S)

Variance
(V)

F-ratio (F) Pure sum
(S′)

Percent
P(%)

Spindle
speed

2 0.001 0 6.289 0.001 7.79

Feed 2 0.015 0.007 56.583 0.014 81.86

Drill bit
diameter

2 0.001 0 4.026 0 4.457

Other error 2 0 0 5.893

Total 8 0.018 100.00

Independent variables with more than two levels can also be used in regression
analyses, but they first must be converted into variables that have only two levels.
Usually, regression analysis is adopted for naturally occurring variables.
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Table 48.7 Delamination factor at the exit (manual layup)

Col#/factor DOF (f) Sum of
sqrs (S)

Variance
(V)

F-ratio (F) Pure sum
(S′)

Percent
P(%)

Spindle
speed

2 0.005 0.002 35.274 0.005 29.482

Feed 2 0.011 0.005 72.978 0.011 61.914

Drill bit
diameter

2 0.001 0 7.001 0 5.162

Other
errors

2 0 0 3.442

Total 8 0.018 100.00

Table 48.8 ANOVA analysis on torque (compression molding)

Col#/factor DOF (f) Sum of
sqrs. (S)

Variance
(V)

F-ratio (F) Pure sum
(S′)

Percent
P(%)

Spindle
speed

2 0.002 0.001 8.615 0.002 15.114

Feed 2 0.009 0.004 33.307 0.009 64.122

Drill bit
diameter

2 0.002 0.001 7.461 0.001 12.824

Other
errors

2 −0.001 −0.001 7.94

Total 8 0.014 100.00

Table 48.9 ANOVA analysis on torque (manual layup)

Factor DOF (f) Sum of
sqrs. (S)

Variance
(V)

F-ratio (F) Pure sum
(S′)

Percent
P(%)

Spindle
speed

2 0.003 0.001 4.774 0.002 16.093

Feed 2 0.009 0.004 13.193 0.008 51.994

Drill bit
diameter

2 0.003 0.001 4.483 0.002 14.855

Other
errors

2 0 0 17.058

Total 8 0.016 100.00
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Table 48.10 ANOVA analysis on thrust force (compression molding)

Factor DOF (f) Sum of
sqrs. (S)

Variance
(V)

F-ratio (F) Pure sum
(S′)

Percent
P(%)

Spindle
speed

2 181.555 90.777 116.716 180 31.789

Feed 2 310.888 155.444 199.86 309.333 54.631

Drill bit
diameter

2 72.222 36.111 46.429 70.666 12.48

Other
errors

2 1.555 0.777 1.1

Total 8 566.222 100.00

Table 48.11 ANOVA analysis on thrust force (manual layup)

Factor DOF (f) Sum of
sqrs. (S)

Variance
(V)

F-ratio (F) Pure sum
(S′)

Percent
P(%)

Spindle
speed

2 138.5 69.25 10.519 125.334 23.039

Feed 2 307.167 153.583 23.33 294 54.044

Drill bit
diameter

2 85.166 42.583 6.468 72 13.235

Other
errors

2 13.166 6.583 9.682

Total 8 544 100.00

48.2.6 Manual Layup Method

THRUST FORCE

C4 = 30.61 − 0.00475C1 + 708C2 + 1.316C3

TORQUE = 0.0681 − 0.000023C1 + 3.833C2 + 0.00728C3

DELAMINATION ENTRY = 1.0200 + 0.000003C1 + 64.502C2 + 0.00254C3

DELAMINATION EXIT = 1.0475 + 0.000005C1 + 4.33C2 + 0.00254C3

48.2.7 Compression Molding Method

THRUST FORCE = 37.51 − 0.00533C1 + 717C2 + 1.096C3

TORQUE = 0.0709 − 0.000020C1 + 4C2 + 0.00588C3
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Fig. 48.6 Spindle speed versus delamination factor (manual layup). a Entry. b Exit

DELAMINATION ENTRY = 1.0471 − 0.000007C1 + 3.833C2 − 0.00044C3

DELAMINATION EXIT = 1.0521 − 0.000008C1 + 5C2 + 0.00211C3

These equations give the mathematical relations between the various parameters and
their responses and help to find the unknown parameters from the known values.
These mathematical models also help to predict the responses even without con-
ducting the experiments. The effect of spindle speed on the delamination entry and
delamination exit is as shown in Fig. 48.6.

48.3 Results and Discussion

Figure 48.7 shows the effect of spindle speed on the delamination entry and exit both
for the laminates prepared by manual layup method and compression molding. In
both entry and exit, delamination is high for manual layup method.

Figure 48.8 shows the effect of spindle speed on torque. Spindle speed has an
inverse relationship with torque. Laminate prepared by compression molding gave
better result

Figure 48.9 shows the effect of feed on the delamination entry and exit both for
the laminates prepared by manual layup method and compression molding. Feed
has a positive correlation with delamination. Here, also compression molding gave
better result. It is due to the fact that compression molding produces relatively better
homogenous laminate and a similar trend experienced for delamination exit also.
Feed has direct relation with thrust force and torque. Higher feed causes higher
thrust force and torque.
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Fig. 48.8 Feed versus del-entry (compression molding)

Figure 48.10 presents the response of drill bit diameter on the delamination entry.
Drill bit diameter is directly proportional to the delamination at entry and exit.

48.3.1 SEM Images

It is found from the SEM images in Figs. 48.10 and 48.11 that the glass fibers
and the matrix maintain wall surface roughness to the minimum in GFRP made
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Fig. 48.10 SEM image of compression molding

by compression molding. And hence, hole wall integrity is comparatively better in
GFRP made by compression molding than by manual layup method.
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Fig. 48.11 SEM image of manual layup method

48.4 Conclusions

From the data received after optimizing the output parameters by adjusting the input
parameters, we come to the following conclusions.

When feed rate is kept at lower value minimum delamination can be achieved
in higher cutting speed range. Here, we absorb delamination is highly sensitive to
cutting feed rate. The feed rate is the cutting parameter which has a greater influence
on cutting force, torque, and delamination. In twist drill list, cutting action takes
place at the center of the hole. Due to this, the cut fibers are pushed toward the walls.

When spindle speed increases the machining takes place at an elevated tempera-
ture. Due to the elevated temperature, softening of the matrix takes place. It enables
a smooth drilling operation. Even though the manual glass fibers and soft matrix
are encountered in the alternate layers, the above-softening attribute of the matrix
guides the drilling process and also at higher spindle speed eventually the cutting
speed increases. It is due to this higher cutting speed the chips are pushed toward
the wall of the hole at a faster rate. Hence, chips are removed within a short span of
time. It is also a reason for better holes at higher spindle speed.

From the experimental observations, it has been found that the delamination defect
was found to be minimum for the specimen prepared by compression molding tech-
nique. This is because during compression molding the fibers are tightly packed
together than that in manual layup process due to the high pressure applied. Dur-
ing drilling the fibers do not get entangled with each other and thus delamination is
minimized. And hence, compression molding is a better fabrication technique than
manual layup for minimum delamination.
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Chapter 49
An Experimental Analysis of Square
Stepped Hole Fabrication on Zirconia
Bio-Ceramics

S. Das , S. Kumar , B. Doloi and B. Bhattacharyya

Abstract Hard, brittle, and easily broken materials, such as quartz, ceramics, bio-
ceramics, and inorganic glasses can simply be machined by ultrasonic machining
process. In biomedical engineering application, Zirconia (ZrO2) is used for high-
quality fracture strength property. Stepped hole shape production on zirconia bio-
ceramic with square shape is immensely complicated. The main objective of this
research work is to produce square-type stepped hole on bio-ceramic material, i.e.,
zirconia using USM and also conduct a successful research analysis. The effects of
USM process parameters such as grain diameter of abrasive, power rating, slurry
concentration, and feed rate of the tool have also been studied on responses, i.e.,
material removal rate (MRR), flat to flat overcut (FFOC), circularity error of top
diameter (CETD), and circularity error of bottom diameter (CEBD) of stepped hole
with square shape bio-ceramic material such as zirconia. The effects of USM process
parameters on responses have been shown and explained with the help of some
graphical representation.

Keywords Ultrasonic machining · Bio-ceramic · Circularity error of top
diameter · Flat to flat overcut · Circularity error of bottom diameter

49.1 Introduction

The importance in the use of any brittle and hard materials such as ceramics, glass,
quartz, crystal, etc. grows up rapidly in the recent years owing to their greater prop-
erties like high hardness, corrosion resistance, and strength [1–4]. These noncon-
ductive, brittle, and hard materials are machined only by USM process. USM is also
be used for machining electrical nonconductive materials (which are not machined
by EDM, ECM, etc.) [5, 6]. Zirconia (ZrO2) is extensively used bio-ceramic mate-
rial. It has enough mechanical properties for developing some medical devices. The
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whiteness of zirconia material is useful in clinical situations. White color of tooth
implant materials improves the aesthetic look and at the same time being extremely
biocompatible. It also withstands the forces present in the oral cavity which might
be a solution [7, 8].

The intent of the research work is to develop square stepped tool and produce
stepped hole with square shape on the top and cylindrical circular through hole on
the bottom on zirconia bio-ceramics by ultrasonic machining. In this research paper,
it also includes the influences of USM process parameters such as grain size of
abrasive, feed rate of tool, slurry concentration, power rating on MRR, circularity
error of top diameter (CETD) and bottom diameter (CEBD), and flat to flat overcut
(FFOC) of square stepped hole.

49.2 Details of Experimental Setup of USM

AP-1000 Sonic-Mill ultrasonic machine has been used in this research investigation
with the 20 kHz frequency of vibration and 25 µm amplitude of vibration. The
thinner mixtures are used to promote efficient flow when drilling deep holes and also
for forming complex cavities. Previously, abrasive slurry is prepared with required
concentration and slurry is pumped to tool-workpiece boundary by recirculating
pumps with flow rates up to 26.5 lit/min. The water-based abrasive granules are
hammered on the workpiece surface by the tool, and consequently abrade the small
particle fromworkpiece top surface into a conjugate replica of tool form. Figure 49.1
exhibits the USM setup.

Fig. 49.1 Ultrasonic machining setup
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49.3 Experimentation

For the period of ultrasonic machining, workpiece of zirconia bio-ceramic material
with 57.5 mm length, 57.5 mm width, and 5.2 mm thick has been used. The shape
of the tool is cylindrical and material is stainless steel rod (SS304 grade). This SS
rod is selected for developing the square-shaped stepped and cylindrical circular end
tip of the tool. Then, the tool has been silver-brazed with top of the hexagonal bolt.
Table 49.1 represents the experimental conditions of USM on zirconia. The square-
shaped stepped tool and the machined workpiece later than machining is shown
in Fig. 49.2. The experimental setting of USM process parameters and responses
are listed in Table 49.2. The photographic view of the developed tool is shown
in Fig. 49.3. After machining, the square-shaped stepped holes are also shown on

Table 49.1 Experimental
conditions of ultrasonic
machining

Machining condition Description

(1) Frequency of vibration (kHz) 20

(2) Amplitude of vibration (µm) 25

(3) Static load (kg) 0.9

(4) Workpiece thickness (mm) 5.5

(5) Depth of cut (mm) 5.7

(6) Abrasive type Boron carbide

(7) Abrasive grain diameter (µm) 14–64

(8) Abrasive slurry concentration (%) 30–50

(9) Slurry medium Water

(10) Power rating (W) 300–500

(11) Tool feed rate (mm/min) 0.9–1.3

Fig. 49.2 Schematic diagrams of square shape
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Table 49.2 Values of USM process parameters and observed responses for square-shaped stepped
hole generation on zirconia

Exp. no A B C D MRR
(g/min)

FFOC (mm) CETD (µm) CEBD (µm)

1 14 40 400 1.1 0.017 0.113 29 19

2 24 40 400 1.1 0.026 0.132 38 31

3 34 40 400 1.1 0.038 0.193 58 45

4 44 40 400 1.1 0.052 0.302 69 58

5 64 40 400 1.1 0.069 0.412 75 72

6 34 30 400 1.1 0.029 0.143 49 44

7 34 35 400 1.1 0.033 0.175 52 50

8 34 40 400 1.1 0.038 0.198 60 55

9 34 45 400 1.1 0.042 0.224 63 61

10 34 50 400 1.1 0.049 0.257 72 70

11 34 40 300 1.1 0.019 0.132 53 48

12 34 40 350 1.1 0.028 0.157 60 53

13 34 40 400 1.1 0.038 0.196 64 59

14 34 40 450 1.1 0.042 0.254 69 63

15 34 40 500 1.1 0.051 0.312 77 71

16 34 40 400 0.9 0.027 0.108 40 36

17 34 40 400 1 0.036 0.134 49 42

18 34 40 400 1.1 0.038 0.197 55 51

19 34 40 400 1.2 0.046 0.266 61 59

20 34 40 400 1.3 0.051 0.321 68 65

where A= grain diameter of abrasive, B= slurry concentration of abrasive, C= power rating, and
D = feed rate of tool

Fig. 49.3 Developed square
stepped tool and workpiece
after machining tool for
USM
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zirconia workpiece in Fig. 49.4. MRR, circularity error of top diameter (CETD),
and circularity error of bottom diameter (CEBD) of square-shaped stepped hole and
flat to flat overcut (FFOC) are chosen as responses for USM. The procedure of
measurement is explained here.

49.3.1 Basic Influences of USM Process Parameters
on Responses of Square-Shaped Stepped Hole
Production on Zirconia

Table 49.2 shows the values of USM process parameters and experimental responses
for producing square-shaped stepped hole on zirconia bio-ceramics. The effects of
major process variables such that grain diameter of abrasive, power rating, slurry
concentration of abrasive and tool feed rate on the responses have been discussed
here. The influences of USM process parameters on a variety of responses have been
studied and explained using different plotted graphs.

49.3.2 Influences of USM Process Parameters on MRR

One of the most important parameters in the ultrasonic machining process is abrasive
grain diameter. The experiments have been carried out with changing grain diameter
of abrasive.

Figure 49.5 shows the outcome of average diameter of abrasive grain on MRR.
From the graph, it is achieved that fine abrasive grain diameter, i.e., 14 µm grain
diameter results in lowMRRbut the coarser abrasive grain, i.e., 54µmgrain diameter
causes highMRR. Coarser abrasive grain has sharp corner in every grain particle, and
therefore MRR is more. The material of machined surface is removed by abrasive

Fig. 49.4 Square-shaped stepped hole on zirconia workpiece after machining (a) Top view (b) Bot-
tom view
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Fig. 49.5 Effect of abrasive
grain diameter on MRR

particles which are striking with kinetic energy. When the coarser abrasive grain
sizes are used, the kinetic energy of abrasive particles is high due to their weight. So,
those coarser abrasive grains penetrate the workpiece material very fast.

Figure 49.6 presents the effect of slurry concentration of abrasive on MRR of
square-shaped stepped hole on zirconia bio-ceramics. Hence, the material removal
rate depends on the effective particles of abrasive grains. If abrasive slurry concentra-
tion is high thatmeans the density of the slurry is high. So, themore effective particles
of abrasive grains come to the working gap. So that the more MRR is achieved using
high percentage of slurry concentration of abrasive.

Figure 49.7 presents the effect of power rating on MRR. From the graph, it is
undoubtedly shown that with enhancement in power rating MRR increases. When

Fig. 49.6 Effect of abrasive
slurry concentration on MRR
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Fig. 49.7 Effect of power
rating on MRR

power rating is suppliedmore, then the abrasive particle strikes on the workpiece sur-
facewith higher value of force.When the particles are strikingwithmoremomentum,
it causes rapid fracturing of the work surface due to faster propagation of cracks. For
this reason, the material is removed from the workpiece at faster rate thus promoting
MRR.

It is observed fromFig. 49.8 that the tool feed rate affects thematerial removal rate
during the square-shaped stepped hole generation by USM on zirconia workpiece
very significantly. The tool is stirred downward direction at high value of feed rate
of tool. So that the crack propagation rate from the workpiece is effectively more.
Material is removed from the workpiece at faster rate. For this reason, high value of
tool feed rate gives maximum MRR.

Fig. 49.8 Effect of tool feed
rate on MRR
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Influences of USM process parameters on FFOC of square-shaped stepped hole
Fig. 49.9 shows the outcome of grain diameter of abrasive on FFOC of square-
shaped stepped hole, respectively. From the graph, it is observed that fine abrasive
grain manufactures hole with low value of flat to flat overcut (FFOC) but the coarser
abrasive grain generates hole with high overcut. Average larger grain diameter is 64
micron and average smaller grain diameter is 14 micron. So that the area of average
larger grain diameter is very high compared to the average smaller grain diameter.
The surface contact area is less when the fine or smaller abrasive grain diameter is
utilized. So that flat to flat overcut (FFOC) production by USM is less.

Figure 49.10 exhibits the slurry concentration of abrasive on flat to flat overcut
(FFOC). If slurry concentration is low, then profile accuracy value is good. When
slurry concentration is very small, then total accumulation of abrasive grain in the

Fig. 49.9 Effect of grain
diameter of abrasive on
FFOC for square stepped
hole generation

Fig. 49.10 Effect of slurry
concentration of abrasive on
FFOC for square stepped
hole generation
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working zone is low. So that hammering force is very small. For this reason, flat
to flat overcut (FFOC) value is low due to the usage of low slurry concentration of
abrasive.

Figure 49.11 shows the effect of power rating on flat to flat overcut (FFOC).
From the graph, it is evidently observed that with the increase in power rating, the
flat to flat overcut (FFOC) increases. Actually, high value of power rating means
the tool vibrates with high power and particle of abrasive strikes on the surface of
the workpiece with high energy. So, the overcut is increased. From the graph, it is
undoubtedly shown that if the power rating is increasing, the overcut increases. So
that for attaining low overcut, lower value of power rating is favored.

Figure 49.12 shows the effect on flat to flat overcut (FFOC) with varying tool
feed rate, respectively. From this graph, it is observed that higher value of tool feed

Fig. 49.11 Effect of power
rating FFOC for
square-shaped stepped hole
generation

Fig. 49.12 Effect of feed
rate of tool FFOC for
square-shaped stepped hole
production
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rate gives maximum overcut. With high value of applied feed rate of tool, additional
material is removed by the action of the abrasive grains just below tool tip. Therefore,
overcut is enlarging with increase in applied tool feed rate. Low value of feed rate
of tool is preferred to achieve low flat to flat overcut (FFOC) of stepped hole.

49.3.3 Influences of USM Process Parameters on Circularity
Error

Figure 49.13 illustrates the effect of grain diameter of abrasive on circularity error
of top diameter (CETD) and circularity error of bottom diameter (CEBD) of stepped
hole. From the graph, it is found that fine grain diameter provides the low value of
circularity error but the coarser grain diameter gives high value of circularity error.
Average lesser grain diameter is 14 µm. So that impacting area of smaller abrasive
grain diameter is extremely small compared to the higher grain diameter. So that
circularity error of top diameter (CETD) and bottom diameter (CEBD) of stepped
shape hole generation by USM is less. Figure 49.14 exhibits the influence of slurry

Fig. 49.13 Effect of grain
diameter of abrasive on
CETD and CEBD for
square-shaped stepped hole
generation

Fig. 49.14 Effect of slurry
concentration on CETD and
CEBD for square-shaped
stepped hole production
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concentration of abrasive on diametrical overcut, i.e., CETD andCEBD.When slurry
concentration is extremely low, then whole mass of active abrasive grain is small, so
hitting force is minuscule. Therefore, CETD and CEBD values are low due to the
usage of low slurry concentration.

Figure 49.15 illustrates that outcome of power rating on diametrical circularity
error, i.e., CETD and CEBD. From the graph, it is evidently shown that if the power
rating is increasing the circularity error, i.e., CETD and CEBD are increasing. Actu-
ally, when high value of power rating is provided, the abrasive grains strike with
high kinetic energy on the top surface of the workpiece. The particles are striking
with more momentum causing rapid fracturing of the workpiece face due to faster
propagation of cracks. So, the circularity error is increased. So that for attaining low
circularity error lower value of power rating is favored.

Figure 49.16 explains the effect on circularity error, i.e., CETD and CEBD with
changeable tool feed rate, respectively. From the diagram, it is acquired that high
value of tool feed rate provides higher circularity error. With high value of applied
tool feed rate, material is removed with more quantity by the action of the abrasive
grain particles just below the tool tip. At that time, more fractures are produced
due to side cutting. Therefore, circularity error is raised with enhancement of the

Fig. 49.15 Effect of power
rating on CETD and CEBD
for square-shaped stepped
hole production

Fig. 49.16 Effect of feed
rate of tool on CETD and
CEBD for square-shaped
stepped hole production
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applied tool feed rate. For attaining lower circularity error of top diameter (CETD)
and bottom diameter (CEBD) of stepped hole, low value of tool feed rate is chosen.

49.4 Conclusions

It is concluded that the ultrasonic machining process can be effectively utilized for
fabricating stepped hole in square shape with higher accuracy on zirconia. The exper-
imental study highlights that the USM characteristics like MRR, FFOC, CETD, and
CEBD of stepped hole are influenced by the variety of machining process parameters
such as grain diameter of abrasive, slurry concentration, feed rate of tool, and power
rating for production of stepped hole with square shape on zirconia bio-ceramics.

At higher grain diameter of abrasive, slurry concentration of abrasive, tool feed
rate, power rating, and the high value of MRR can be achieved. The influence of
various USM process parameters on machining performance criteria is exhibited
through graphical representation. For obtaining the better machining accuracy such
as flat to flat overcut (FFOC), circularity error of top diameter (CETD), and circularity
error of bottom diameter (CEBD) of stepped hole, the lower value of grain diameter,
tool feed rate, slurry concentration, and power rating is preferred.
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Chapter 50
Pulse and Work Revolution Parameters
of Wire Electrical Discharge Turning
on Ti-6Al-4V Alloy

S. Ram Prakash , K. Rajkumar and G. Selvakumar

Abstract The present study investigates the effect of process parameters on Wire
Electrical Discharge Turning (WEDT) of Ti-6Al-4V alloy. WEDT is the promising
technique, which is capable of producing precise cylindrical form component for all
electrically conductive materials regardless of its hardness and toughness. This work
discusses the effect of various machining parameters over the responses likeMaterial
Removal Rate (MRR) and surface roughness (Ra). Response Surface Methodology
(RSM)method is adopted to conduct the experiment andANOVA technique has been
employed to identify the significant parameters. From the experimental results, the
maximum MRR obtained is 1.3449 mm3/min and the minimum surface roughness
value is 1.627 μm.Moreover, the ANOVA results indicated that the pulse off current
has significant impact on MRR. In the case of Ra, Ton and Toff played predominant
role on deciding the surface quality.

Keywords Wire electrical discharge turning · Response surface methodology ·
Surface roughness ·Material removal rate

50.1 Introduction

Wire Electrical Discharge Machining (WEDM) process is an emerging technology
in the global market for producing intricate components with high precision. It esca-
lates the growth of tool- and die-making industries to the next level by fulfilling the
demands with its state-of-the-art facilities. Of late, it extends its applications on pro-
cessing micro-tools, micro-electrodes, small diameter pins, and micro-ejectors [1,
2]. Machining of all conducting materials irrespective of its mechanical properties
without burrs and chatters is the advantage ofWEDM process. The material removal
in WEDM is due to the synergized energy of electrical and thermal processes. The
continuous spark between the tool (i.e., the wire) and workpiece melts and vaporizes
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the material. The flushing dielectric medium passed around the wire takes off the
molten materials and further cools the work material [3]. Wire Electrical Discharge
Turning (WEDT) is the derivative of WEDM process by appending an additional
rotary axis with the existing machine to produce axisymmetric cylindrical compo-
nents [4, 5]. The metal removal mechanism of WEDT is very much identical with
the WEDM.

A new hybrid technology has been introduced on combining wire electrical dis-
charge turning assisted with ultrasonic vibration for evaluating MRR of the cylin-
drical component. The results stated that the ultrasonic-vibration-assisted WEDT
produces significant improvement on MRR [5]. Sun et al. [6] studied the effects
of fabrication of micro-electrodes in Low-Speed-Wire Electrical Discharge Turning
(LS-WEDT) by employing multi-cut process and compared the surface characteris-
tics of LS-WEDT with the results of Low-Speed-Wire Electrical Discharge Machin-
ing (LS-WEDM). It is interesting to note that there is a phenomenal improvement
in surface texture of LS-WEDT compared with LS-WEDM. Qu et al. [7] studied
the roundness and surface integrity of the cylindrical parts processed by wire EDM
turning process for carbide and brass work materials. Surface and subsurface char-
acteristics of the machined surface are demonstrated with Scanning Electron Micro-
scope (SEM) images. An investigation on the metal removal rate of cemented steel
cylindrical workpiece on WEDM by turning operation using Taguchi methodology
and optimal condition has been obtained by analyzing the signal-to-noise (S/N) ratio
[8].

LikeWEDT,ElectricalDischargeTurning (EDT) is potential candidate for precise
turning of cylindrical workpiece. Many researchers have investigated the effect of
machining parameters on performance characteristics like MRR, Tool Wear Ratio
(TWR), and Ra on EDT [9–11].

Many researchers have made an attempt on investigating the effect of machining
parameters of performance characteristics of WEDT. Very few research works have
been reported on the machining of Ti-6Al-4V alloy onWEDT.Machining of Ti-6Al-
4Vby conventional process is difficult due to its high hardness and toughness. Ti alloy
has numerous applications inmedical implants, surgical instruments, automotive, and
marine and aerospace industry. From the literature, it is found that the pulse on time
(Ton), pulse off time (Toff), peak current (Ip), and chuck speed are the significant
parameters on deciding the machining performance like machining rate and surface
quality. In this present study, the effect of main controlling parameters on machining
Ti-6Al-4V alloy was studied for the responses of MRR and surface roughness.

50.2 Materials and Methods

The experimentation is carried out in Ratna Parki CNC WEDM, model: smart cut
2530. It consists of a machine tool, a control panel unit, and dielectric supply unit.
An auxiliary device is attached with machine tool to render rotary motion to the
workpiece. A microcontroller-based stepper motor driving unit is used to control
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the rotation of the spindle. Figure 50.1a and b shows the image of the spark erosion
condition. The process parameters chosen for the experiments are based on the trial
experiments and also from the literature. Ti alloy is selected as the work material.
Table 50.1 shows the main controlling parameters used in this study. The other
constant parameters—wire: brass, wire diameter: 0.25 mm, wire feed: 2 m/min,
servo voltage: 40 V, dielectric: deionized water, wire tension: 20 N, water pressure:
99 bar—were used.

The computation of MRR [5] is done by the following expression:

MRR = π
(
R2 − r2

)
Vf (50.1)

where

R and r—radius before and after machining (mm),
Vf—cutting speed which is calculated by Vf = L/t, where L—cutting length, t—
machining time (m/s).

Ra value is measured by Mitutoyo SJ 210 surface roughness tester with aid of
V-block to hold the workpiece.

Fig. 50.1 a Spark erosion condition, b Driving unit

Table 50.1 Process
parameters with its levels

S. No. Parameter Min. value Max. value

1 A: Ton (μs) 102 106

2 B: Toff (μs) 40 50

3 C: I (A) 1 3

4 D: Chuck speed (rpm) 5 15
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50.3 Experimental Results and Discussion

50.3.1 Effect of Process Parameters on MRR

The experimental results for all the 28 experiments are shown in Table 50.2. Further,
the response factors were analyzed in ANOVA to identify the influence of individual
parameters. It is perceived that the optimum MRR (1.345 mm3/min) was achieved
at Ton 104 (μs), Toff 40 (μs), current 2A, and chuck speed 15 RPM. Table 50.3
presents the ANOVA of MRR. It is observed that the effect of interaction between
pulse off and chuck speed is the predominant factor for yielding higher material
removal rate. It is due to the fact that if the values of pulse off time and chuck speed
are lesser, it produces more sparks which tends to increase the MRR. Followed by
this, current plays the significant role on the machining rate where the increase in
current, increases the energy level of the spark which enables the material to sudden
melting and vaporization. Next to current, Ton has meager effect on the MRR. It
shows a reverse proportionality to the MRR. All the other parameters have almost
null significance on the MRR. From Table 50.2, the optimum parameter setting for
acquiring maximum surface quality (1.63 μm) is identified as Ton 104 (μs), Toff
45 (μs), current 2A, and chuck speed at 10 rpm. Table 50.3 presents the ANOVA
analysis for surface roughness.

50.3.2 Effect of Process Parameters on Ra

Surface roughness determines the surface quality of the material. Minimum the sur-
face roughness value the higher the surface quality of the material. Table 50.3 shows
that the pulse off time is the major influence on surface roughness. Followed by pulse
off time, pulse on time plays a significant role on deciding the surface quality of the
machined surface. Increase in Toff enables the dielectric medium to transport the
micro molten metal chip particles produced during the sparking process which in
turn produces smoother surface on the machined region. Increase in Ton generates
more electrical discharges during this interim period, and gas bubbles were formed
and entrapped in the dielectric medium. These gas bubbles form small pockmarks
on the surface on the machined region.

50.3.3 3D Surface Analysis Plots for MRR

These plots are the graphical representation of the potential variables which influence
the machining processes.

Figure 50.2a represents the estimated response surface for MRR by varying the
parameter’s chuck speed and the peak current. It is revealed that the MRR increases
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Fig. 50.2 3D surface plot for MRR

with the increase in current and decrease in chuck speed. Figure 50.2b shows the
estimated response surface of MRR by considering the parameters Ton and Toff. It
is indicated that lowering the value of Ton and Toff is preferred for attaining higher
MRR. Figure 50.2c represents the surface plot for MRR with the factors Ton and
current. It can be understood that decreasing the value of Ton and increasing the
value of current maximize the MRR. Figure 50.2d shows the surface plot for MRR
by considering the factors Ton and chuck speed. MRR is increased by decreasing the
chuck speed and increasing the Ton value.

50.3.4 3D Surface Analysis Plots for Ra

Minimum surface roughness value indicates the surface is so smooth. The estimated
surface plot of surface roughness for various parameters is shown in Fig. 50.3. From
Fig. 50.3a, it is evident that the increase in current and chuck speed increases the
surface roughnesswhich leads to poor surface quality.As can be seen fromFig. 50.3b,
increase in Ton and decrease in Toff produce irregular surface on the machining
region. Increase in Toff provides an appropriate time for flushing the debris and
possible reduction of recast layer. The surface plot for Ton and current fromFig. 50.3c
indicates that decreasing the values of both Ton and current minimizes the surface
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Fig. 50.3 3D scatter plot for Ra

roughness. Figure 50.3d shows the surface plot for variables Toff and current. It
points out that increasing the value of current and Toff increases the value of surface
quality.

50.3.5 Regression Analysis of MRR and Ra

Linear regression analysis was used to determine the relationship between dependent
variables to independent variables. The predicted values for MRR and Ra were
obtained using Eqs. 50.2 and 50.3.

Regression analysis for MRR.

The predicted value for MRR was derived using Eq. (50.1)

= 333.829−6.199A−0.387B−2.007C+ 0.412D+ 0.002AB+ 0.012AC

−0.00099AD+ 0.01009BC−0.01067BD+ 0.0206CD+ 0.029A2 + 0.00226B2

+ 0.0244C2 + 0.0666D2 (50.2)
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Table 50.4 Confirmatory test validation

S. No. A B C D Actual value Predicted value Confirmatory test

μs μs A RPM MRR
(mm3/min)

Ra (μm) MRR
(mm3/min)

Ra (μm) MRR
(mm3/min)

Ra (μm)

1 104 40 2 15 1.345 2.76 1.32 2.96 1.326 2.92

2 104 45 2 10 0.861 1.63 0.767 1.74 0.782 1.68

The correlation coefficient (R2) describes the relationship between actual and
predicted values. For MRR and Ra, the R2 was calculated as 83.20% and 87.75%,
respectively. Regression analysis is used to develop the predictive equation.

Regression analysis for surface roughness.

The predicted value for Ra was derived using Eq. (50.2)

= 1.82+ 0.2325A− 0.6498B− 0.0940C+ 0.0644D− 0.1648AB+ 0.2465AC

− 0.0218AD+ 0.2985BC− 0.0182BD+ 0.1156CD+ 0.1662A2 + 0.1968B2

+ 0.2208C2 + 0.1205D2 (50.3)

From Table 50.4, it is evident that the predicted value from regression is in good
agreement with the confirmatory test results. Hence, it can be deduced that the pro-
posed regression model fits with minimal deviations.

50.4 Conclusion

The experimental work reports that the WEDT is a viable technique to process
cylindrical components used in dental implants and surgical instruments. Following
conclusions were drawn from the investigation:

1. All the factors investigated in the study are statistically significant for their impact
on the MRR with major contributions from current and Toff.

2. In case of surface roughness, pulse off time and pulse on time play a major role,
and increase in pulse off time enables proper flushing which removes the molten
material completely from the surface and reduces the occurrence of recast layer.

3. The 3D surface plots for MRR revealed that current >2 A and pulse off >40 μs
produce optimum value of MRR >1.345 mm3/min in optimization domain. For
surface roughness, to improve the quality of the cut surface, the value of surface
roughness should always be minimum, when chuck speed <10 rpm and current
<2 A achieves the optimum surface quality <1.63 μm.
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Chapter 51
Modeling of Areal Surface Roughness
Using Soft-Computing-Based ANN
and GA to Estimate Optimal Process
Parameters During Wire Electrical
Discharge Turning of Inconel 825

Jees George , G. Ravi Chandan , R. Manu and Jose Mathew

Abstract Wire electrical discharge turning (WEDT) is a nontraditional machining
process, which is used to generate accurate cylindrical components from difficult-
to-cut materials. A model was developed to predict these parameters from the exper-
imental data. In the present work, cylindrical workpieces of Inconel 825 are used
as work material. The process parameters, viz., spark gap, rotational speed, pulse
on time, and pulse off time were considered while conducting the experiments. The
areal surface roughness was measured as the output response for quality improve-
ment. Soft-computing-based artificial neural network (ANN) model was developed
to predict the areal surface roughness value with the given data. The model predic-
tion was compared with the experimental results for verifying the model and present
good agreement with them. Genetic algorithm (GA) is used to estimate the optimal
process parameters. The results of this study show that the computational approach,
viz., GA, managed to estimate the optimal process parameters, leading to the mini-
mum value of machining performance when compared to the result of experimental
data.

Keywords WEDM · WEDT · ANN · Inconel 85 · Areal surface roughness

51.1 Introduction

Wire electric discharge machining (WEDM) is a well-renowned nonconventional
manufacturing process widely used in industries nowadays. It has a distinct attrition
technique ofmaterial removal inwhich the erosion of thematerial is caused by repeti-
tive electric sparks between thewire and theworkpiece. The removedmaterial is then
washed away by the dielectric (normally de-ionized water or kerosene). The wire is
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mostlymade of brass, zinc-coated brass, and tungsten carbide whose diameter ranges
from 0.05 to 0.25 mm. Wire electrode discharge turning (WEDT) is an innovative
alteration of WEDM in which a rotating platform is fabricated to make it feasible
for turning. Inconel 825 is a nickel-based alloy having high strain-hardening ten-
dency, high dynamic shear strength, and poor thermal diffusivity making it difficult
to machine using conventional machining processes.

Researchers have led their pursuit of developing the WEDM and WEDT pro-
cesses. Sun et al. [1] have analyzed the surface damage in low-speed-wire electric
discharge machining (LS-WEDM) by introducing a multiple cutting strategy into
LS-WEDT to improve surface quality and minimizing the surface defects. Aspin-
wall et al. [2] have employed multiple trim cut strategies for roughing and finishing
operations using pulse generators to minimize surface integrity damage. Das and
Pradhan [3] have attempted to bring forth three different classes of artificial neu-
ral network (ANN) models, given by backpropagation network (BPN), radial basis
function network (RBFN), and recurrent neural network (RNN) for the prediction
of the surface roughness values (Ra) in EDM. RBFN model has shown a better case
of accurate prediction compared to other two models used. Assarzadeh and Ghor-
eishi [4] developed a new integrated neural network approach for the optimization
of the parameters and prediction in die-sinking EDM. In the present work, a back-
propagation neural network is used with inputs as input current (I), period of pulses
(T), source voltage (V) and material removal rate (MRR), surface roughness (Ra) as
output parameters of the model.

Sun and Gong [5] worked on the fabrication of microelectrode and spiral micro-
cutting tools with the help of LS-WEDT. In their work, the effects of parameters
like rotating speed on surface roughness, surface microstructure, elemental changes,
and material removal rate in LS-WEDT are analyzed in great detail. Janardhan and
Samuel [6] have provided an insight into theWEDT process by evaluating the effects
of machining parameters on material removal rate (MRR), surface roughness (Ra),
and roundness error with the use of pulse train data obtained at the spark gap. The
authors found that the rotation of the workpiece significantly influences the nature
of discharges occurring at the spark gap. It has been perceived from the results
that the surface roughness and roundness error of WEDT components are influ-
enced by the arc regions, width of arc, and average ignition delay time. Krishnan
and Samuel [7] in their work proposed that the WEDT process modeling is done
using an artificial neural network (ANN) with feedforward backpropagation algo-
rithm using adaptive neuro-fuzzy inference system. A non-dominated sorting genetic
algorithm-II, a multi-objective optimization method is used to optimize the process.
The output parameters arematerial removal rate (MRR) and surface roughness which
are conflicting in nature. Kuriakose and Shunmugam [8] have developed a multiple
regression model to represent the relationship between surface finish and cutting
speed. They have also considered a multi-objective optimization method based on
non-dominated sorting genetic algorithm (NSGA) to optimize the WEDM process.
Liao et al. [9] employed a feedforward neural network to obtain the height of the
workpiece and distinguish the machining conditions in WEDM. A rule-based strat-
egy is being used to adjust correctly the servo voltage and power settings to suit
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the workpiece profile to get optimal results. Newton et al. [10] have investigated the
main parameters that contribute to the recast layer on the workpiece surface. Energy
per spark, peak discharge current, and current pulse duration are the parameters
considered in this work.

WEDT is an emerging technology by which cylindrical parts with high accuracy
can be produced. Analyzing the parameters and investigating the significant factors
take major priority. WEDT being a noncontact machining process is independent
to the mechanical properties of the workpiece material making it viable to machine
the superalloys and difficult-to-cut materials. Inconel 825 being one such material
has got many applications like micro-shafts in radial motors, corrosion-resistant
parts, sensors, and microelectrodes in aerospace industries, neurosurgical implants,
and so on. From the literature, it has been found that most of the researchers have
worked on Ra value of surface roughness. Study of areal surface roughness is an area
yet not explored while machining with WEDT. Areal surface roughness (Sa) gives a
better picture of topography of the machined surface making the judgment of surface
quality easier and more relevant for us. In the current work, a soft-computing-based
model is developed usingANN to predict the areal surface roughness (Sa) accurately.
Consequently, optimization of process parameters was carried out using GA which
is a novel attempt in the machining of Inconel 825 using WEDT process.

51.2 Experimental Details

51.2.1 Experimental Setup

In the ecocut CNC WEDM machine, an additional platform is fabricated by which
the rotation of the cylindrical workpiece is achieved as shown in Fig. 51.1. WEDT
setup was developed using precise base and high-quality bearings. An ER-16 straight
shank adapter is used as the spindle for the turning setup. A DC-geared motor is used
to drive the spindle with the help of a toothed flat belt. Inconel 825, an aerospace
alloy, is chosen as the workpiece material for conducting the experiments.

10 mm diameter workpieces are taken to conduct the experiments and machining
of 10 mm length was carried out in each experimental run as shown in Fig. 51.2.
The areal surface roughness Sa is measured using Alicona 3D optical profilometer
for each section having a cutoff wavelength of 500 µm.

51.2.2 Design of Experiments

Spark gap, rotational speed, pulse on time, and pulse off time are considered as the
input parameters. The factors and their levels are selected as shown in Table 51.1.
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Fig. 51.1 Experimental setup

Fig. 51.2 Specimen turned

In the current research, Box–Behnken design of experiments was chosen, con-
taining 27 experimental runs. Table 51.2 shows L27 Box–Behnken design along with
the obtained data for areal surface roughness.
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Table 51.1 Factors and
levels

Factor Levels

−1 0 1

Pulse ON time (µs) 10 15 20

Pulse OFF time (µs) 25 30 35

Spark gap (µm) 40 50 60

Rotational speed (rpm) 30 60 90

Table 51.2 L27 Box–Behnken design with the experimental data obtained

Run order Pulse ON
(µs)

Pulse OFF
(µs)

Spark gap
(µm)

Rotational
speed (rpm)

Areal surface
roughness
(µm)

1 10 25 50 60 2.319

2 20 25 50 60 2.932

3 10 35 50 60 2.04

4 20 35 50 60 4.286

5 15 30 40 30 3.862

6 15 30 60 30 3.544

7 15 30 40 90 3.459

8 15 30 60 90 3.521

9 10 30 50 30 3.077

10 20 30 50 30 3.271

11 10 30 50 90 2.358

12 20 30 50 90 4.419

13 15 25 40 60 3.313

14 15 35 40 60 2.433

15 15 25 60 60 2.88

16 15 35 60 60 4.208

17 10 30 40 60 2.492

18 20 30 40 60 3.917

19 10 30 60 60 2.889

20 20 30 60 60 4.56

21 15 25 50 30 2.506

22 15 35 50 30 3.354

23 15 25 50 90 3.393

24 15 35 50 90 3.529

25 15 30 50 60 3.521

26 15 30 50 60 3.614

27 15 30 50 60 3.49
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51.2.3 ANN Modeling

For accurate predictions, the ANN should be trained using the obtained experimental
data. In the present model, a single hidden layer and 12 neurons are taken to run
the training exercise using the TRAINGDX training function and LEARNGDM
adaptation module in MATLAB. So, out of the 27 data entries, we take 22 entries to
train the ANN network using LOGSIG transfer function up to 1000 iterations each
time. The training of the network was continued until the fitting curve converges
with the training and testing datasets.

51.3 Results and Discussion

The ANN model is validated by feeding the network with experimented inputs and
comparing the predicted values to the original values. As discussed in the previous
section, only 22 entries were taken randomly for training and the other 5 entries are
used as samples for prediction using the trained network. The optimal neural network
architecture details including its weights and biases are given in Table 51.3.

This sample matrix is fed to the network and the predicted values are found.
The corresponding entry numbers (order taken), actual values, predicted values, and
error in prediction are tabulated in Table 51.4. The average accuracy of the model is

Table 51.3 Weights and bias obtained

Hidden layer weights and bias (HL)
Transfer function: LOGSIG
Number of neurons: 12

Output layer (OL)
Transfer function:
TRANSIG
Number of neurons: 1

Weights Bias Weights Bias

iw1j iw2j iw3j iw4j lb1j iw2j lb2j

−2.786 −3.683 −0.862 2.494 5.090 0.275 0.346

−3.849 −2.275 −1.581 −2.647 3.930 −1.523

−1.767 −2.597 2.414 −3.157 3.457 −0.357

−3.650 −0.611 3.554 −1.241 2.253 0.823

1.709 −3.361 1.000 −2.815 −2.126 −0.464

−3.548 0.686 −1.841 3.411 −0.202 −0.825

−3.193 −0.097 −3.407 2.550 −0.160 1.101

−4.744 −1.017 1.941 −0.588 −1.258 −1.794

−2.898 2.208 −1.755 −3.273 −2.272 −0.135

−4.175 3.018 −1.495 −0.586 −3.196 0.966

2.332 −4.187 1.435 −1.309 4.561 2.569

−0.166 0.273 −4.882 3.186 4.462 −1.612
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95.54% as calculated from Table 51.4.
Areal surface roughness (Sa) can be accurately predicted using the present ANN

model which can be useful in predicting the surface quality with the given input
parameters before machining. With further training of the network with additional
data, we can increase the accuracy. This can be used for quick inspection based on
the input parameters without actually measuring the roughness of the workpiece,
which would save a lot of time.

51.4 GA Optimization Solution

The genetic algorithm is a search heuristic for solutions of both constrained and
non-constrained optimization problems. This is inspired by Charles Darwin’s theory
of Natural Evolution, which displays the natural selection process. At each step,
genetic algorithm selects an individual randomly from the population and makes
some changes in it to produce another set of results. Over the successive iterations,
the population “evolves” toward an optimal solution.

Target in the current work is to find the optimal combination of input parameters to
get minimal Sa (areal surface roughness) value. The regression equation is developed
using MINITAB software, which is fed to the GA toolbox as objective function in
MATLAB. The regression equation is given as follows:

Minimize Sa = 8.76 − 0.246 Pulse on + 0.243 Pulse of f − 0.3135 Spark Gap

− 0.0437 Rpm − 0.00980 Pulse on ∗ Pulse on

− 0.01663 Pulse of f ∗ Pulse of f

+ 0.01633 Pulse on ∗ Pulse of f + 0.003112 Pulse on ∗ Rpm

+ 0.01104 Pulse of f ∗ Spark Gap (51.1)

Table 51.5 shows the GA parameter rates taken for running the GA program.
The optimal process parameters that lead to minimum Sa value from MATLAB

solver are 10.001 µs for pulse on time, 35 µs for pulse off time, 40.001 µm for
spark gap, and 90 rpm for rotational speed. The optimal value for Sa is found to be

Table 51.4 Result validation Entry no. Predicted value Actual value % Error

6 3.591 3.544 +1.350

11 2.325 2.358 +1.374

15 2.881 2.880 +0.010

22 3.717 3.354 +10.828

21 2.682 2.506 +7.043

Avg: +4.46
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1.853 µm at the 54th iteration. Validation experiment is conducted using the optimal
process parameters obtained from GA technique. Figure 12 shows the best fitness
value of GA as 1.853 µm with the mean fitness value being 1.8595 µm.

Table 51.6 presents the results obtained from GA approach along with the vali-
dation experiment. It shows a close agreement with the predicted value of Sa.

51.5 Conclusions

This studyproposed soft-computing-basedANNmodeling to predict the areal surface
roughness of the workpiece, viz., Inconel 825. From the literature, it has been shown
that areal surface roughness (Sa) is more relevant to describe the surface quality
and topology of a product. From the results, the predicted values of areal surface
roughness (Sa) give an accuracy of 96% using this model. Genetic algorithm is
found to be fairly useful method for obtaining process parameters in order to attain
the required surface quality. From the results of validation experiments, it has been
observed that the predicted optimized value for Sa is in good agreement with the
experimental result. The application of theGA approach to obtain optimalmachining
conditions will be useful at the computer-aided process planning (CAPP) stages in
the machining of high-quality products using WEDT process.

Table 51.5 GA parameter
rates

Parameters Value/function type

Population size 100

Scaling function
Selection function

Rank
Roulette

Crossover function Scattered

Crossover rate 0.8

Mutation function Adaptive feasible

Table 51.6 Results of validation experiment

Optimization
for

Optimal parametric combination Fitness value

Pulse on time
(µs)

Pulse off
time (µs)

Spark gap
(µm)

Rotational
speed (rpm)

Minimization
of areal
roughness
(Sa) using
GA

10.001 35 40.001 90 1.853

Validation
experiment

10 35 40 90 2.010
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Chapter 52
Investigation on the Influence of Process
Parameters on Surface Roughness
and Kerf Properties in Abrasive Water
Jet Machining of Carbon Fibre Vinyl
Ester Composite

Bhavik Tank and Shailendra Kumar

Abstract Abrasive water jet machining is one of the most developed nontraditional
machining process. It is generally used to cut difficult-to-cut materials like compos-
ites. The present work is focused on machining of carbon fibre vinyl ester composite
with abrasive water jet machining. The influence of process parameters, namely,
water pressure, traverse rate and standoff distance on surface roughness and kerf
taper is studied. Design of experiments is done using Taguchi’s L16 orthogonal
array. It is found that water pressure is the most influencing parameter followed by
traverse rate. It is found that surface roughness and kerf taper decrease with increase
in water pressure and decrease in traverse rate.

Keywords Abrasive water jet machining · Carbon fibre vinyl ester composite ·
Process parameters · Surface roughness · Kerf taper

52.1 Introduction

Abrasive Water Jet Machining (AWJM) is one of the most developed nontraditional
machining process. It is generally used to machine difficult-to-cut materials. It is
widely used in industries due to its advantages such as high material removal rate,
no thermal effect, minimal stresses, no chatter and high flexibility. Heat-sensitive
materials like composites can be machined by AWJM due to no heat generation
as well as minimal development of stresses [1]. Carbon fibre vinyl ester composite
is made by embedding carbon fibres in vinyl ester resins. It is extensively used in
aerospace industries, automotive industries, sport goods, marine vehicle and pressure
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vessel parts due to its high strength-to-weight ratio, durability and good mechanical
properties. Vinyl ester provides very high chemical/environmental resistance and
higher mechanical properties than polyesters. Considering the same fibre content,
burst pressure of the pressure vessel by the carbon fibre vinyl ester composite is 20%
higher as comparison with pressure vessel made with carbon fibres and epoxy matrix
[2].

Some researchers have studied the effect of process parameters of AWJM on
composites like glass epoxy composites [3], graphite epoxy composites [4], carbon
epoxy composites [1], aramid epoxy composites [5] and ceramic composites [6] to
study surface roughness and kerf taper.

In the present experimental work, the influence of process parameters on surface
roughness and kerf properties in AWJM of carbon fibre vinyl ester composite is
studied. Three process parameters, namely, water pressure (WP), traverse rate (TR)
and standoff distance (SOD) are considered for present study.

52.2 Experimental Setup

The machine used to cut carbon fibre vinyl ester composite is flying arm AWJM
(Model—DARDI, DWJ1525-FA). Specifications of the machine are given in
Table 52.1. The AWJM machine is equipped with intensifier to pressurise water
up to 240 MPa. Attachment used to feed abrasive particles is gravity based.

Mechanical properties of the work material are given in Table 52.2. Thickness
of the material used is 20 mm. Machining of carbon fibre vinyl ester composite by
AWJM is shown in Fig. 52.1.

Table 52.1 Specifications of
AWJM setup

Structure Flying arm

Cutting table size X-axis 1600 mm

Y-axis 2600 mm

Travel X-axis 1500 mm

Y-axis 2500 mm

Z-axis 150 mm

Max. traverse speed 3 m/min

Cutting head 3 axis

Accuracy Cutting accuracy ±0.10 mm

Linear accuracy ±0.10 mm

Repeatability
accuracy

±0.05 mm

Drive system Drive motor AC stepper

Drive mode Ball screw and
guider rail
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Table 52.2 Properties of
work material [7]

Properties Value

Volume fraction 40%

Density 1.56

Tensile strength (MPa) 938 ± 11.4%

Compression strength (MPa) 328 ± 11.5%

Traverse tensile strength (MPa) 17.8 ± 5.7%

Fig. 52.1 Machining of carbon fibre vinyl ester composite by AWJM

52.3 Experimental Design

In present experiment, three process parameters are selected, namely, water pressure,
traverse rate and standoff distance to measure their effect on kerf taper and surface
roughness. The level of process parameters is selected based on the literature review
and capacity of available machine. Trial experiments are also conducted to select
levels of process parameters. Based on trial experiments and available literature, four
levels of process parameters are selected as given in Table 52.3. Different levels of
process parameters for surface roughness and kerf taper angle are chosen because at
lower pressure, through cut is possible but it is difficult to separate material properly

Table 52.3 Levels of process parameters

Process parameters Level 1 Level 2 Level 3 Level 4

Surface roughness

Water pressure (MPa) 180 200 220 240

Traverse rate (mm/min) 50 100 150 200

Standoff distance (mm) 2 2.5 3 3.5

Kerf taper angle

Water pressure (MPa) 150 175 200 225

Traverse rate (mm/min) 70 125 175 225

Standoff distance (mm) 2 2.5 3 3.5
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at the end of cut in lead-out region. Thus, to study the wide range of kerf taper
angle and surface roughness, two different levels of process parameters are selected.
Water pressure can be varied by pressure-regulating knob provided in the machine.
Traverse rate can be changed from control panel. Standoff distance can be adjusted
by inserting slip gauges between workpiece material and nozzle and then slightly
motion is given to nozzle until it touches slip gauges.

In full factorial design, 64 experiments are required for each response parameters,
i.e., 64 experiments to study the effect on surface roughness and another 64 exper-
iments to study the effect on kerf taper angle. Therefore, total 128 experiments are
required which is neither practical nor economical. Thus, experiments are designed
based on Taguchi’s L16 orthogonal array and total 32 experiments are carried out,
i.e., 16 for surface roughness and 16 for kerf taper angle. Machined samples of
surface roughness are measured at three regions, i.e., top, middle, and bottom and
average roughness is taken into consideration. Surface roughness is measured by
using surface roughness tester (Model—Mitutoyo SJ-310).

Kerf taper angle is calculated by measuring top kerf width and bottom kerf width
by keeping 0.5 mmmargin from top and bottom edges to nullify the effect of jet entry
and jet exit. Kerf widths are measured with the help of vision measurement system
(Model—Sipcon SDM-TRZ 5300). The experimental design along with measured
value of surface roughness and kerf taper angle is shown in Table 52.4. Machined
samples of surface roughness and kerf taper angle are shown in Figs. 52.2 and 52.3,
respectively.

52.4 Results and Discussion

Influence of process parameters, namely, water pressure (WP), traverse rate (TR) and
standoff distance (SOD) on response characteristics, namely, surface roughness and
kerf taper angle is examined using Analysis of Variance (ANOVA) with the help of
MINITAB 16 software. ANOVA is widely used statistical technique to measure the
influence and percentage contribution of process parameters on response character-
istics. Analysis is carried out at 95% confidence level. ANOVA for surface roughness
and kerf taper is given in Table 52.5.

It is found that percentage contribution of water pressure is highest for both
response characteristics while percentage contribution of standoff distance is least
among three process parameters. Effect of traverse rate lies between the effect of
water pressure and standoff distance. Contributions of water pressure, traverse rate
and standoff distance for surface roughness are 47.49%, 35.67% and 9.73%, respec-
tively and for kerf taper angle 46.79%, 33.13% and 9.24%, respectively. Figure 52.4
shows percentage contribution of each parameter on surface roughness and kerf taper
angle.
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Table 52.4 Experimental design with response values

Serial No. Control factors for
roughness

Average surface
roughness

Control factors for
kerf taper angle

Kerf taper angle

SOD WP TR SOD WP TR

1 2 180 50 5.182 2 150 70 0.3430

2 2 200 100 5.032 2 175 125 0.3240

3 2 220 150 4.835 2 200 175 0.3200

4 2 240 200 4.753 2 225 225 0.3178

5 2.5 180 100 5.287 2.5 150 125 0.3840

6 2.5 200 50 4.590 2.5 175 70 0.3150

7 2.5 220 200 5.339 2.5 200 225 0.3296

8 2.5 240 150 4.850 2.5 225 175 0.3112

9 3 180 150 5.825 3 150 175 0.4270

10 3 200 200 6.037 3 175 225 0.4620

11 3 220 50 4.677 3 200 70 0.2960

12 3 240 100 4.203 3 225 125 0.2760

13 3.5 180 200 6.670 3.5 150 225 0.6385

14 3.5 200 150 5.756 3.5 175 175 0.3980

15 3.5 220 100 5.621 3.5 200 125 0.2950

16 3.5 240 50 3.926 3.5 225 70 0.2533

Figure 52.5 depicts main effect plots for surface roughness and kerf taper angle.
With increase in water pressure, kinetic energy of the jet at exit of nozzle increases,
and thus increased kinetic energy of abrasive particles results in increased cutting
ability and it cuts material effectively and produces smooth surfaces. With increase
in traverse rate, abrasive water jet has lesser amount of exposure time with material
and as a result lesser number of abrasive particles took part in cutting action. As
a result, the finishing cut done by abrasive particles reduces and it produces rough
surface. Standoff distance has low impact on surface roughness but it is found that
with increase in standoff distance, surface roughness increases. It is because with
increase in standoff distance, flaring action of jet increases and it loses part of its

Fig. 52.2 Machined samples for surface roughness
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Fig. 52.3 Machined samples for kerf taper angle (a) top view (b) bottom view

Table 52.5 ANOVA table for surface roughness and kerf taper angle

Parameters DoF Surface roughness Kerf taper angle

F P %P F P %P

SOD 3 2.74 0.135 9.73 1.71 0.264 9.24

WP 3 13.40 0.005 47.49 8.64 0.013 46.79

TR 3 10.06 0.009 35.67 6.12 0.030 33.13

Error 6 7.09 10.83

Total 15

DOF—degree of freedom, F—F value, P—P value, %P—percentage contribution of respective
parameters

available energy as it is exposed longer distance to environment, and thus as jet strikes
the material with lesser amount of energy, abrasive particles cannot cut material with
its full potential resulting in generation rougher surface. Thus, surface finish improves
with increase in water pressure and reduction in traverse rate and standoff distance.
Thus, surface finish can be improved by increasing water pressure and decreasing
traverse rate and standoff distance.

Kerf taper angle is the angle formed due to difference in top kerf width and bottom
kerf width. Generally, lower kerf taper angle is desirable. InAWJM, as abrasivewater
jet cuts the material from top to bottom, it uses its part of energy to cut the material.
Due to this, energy available in the jet reduces as it moves from top to bottom which
results in ineffective cutting at the bottom part of cut, resulting in narrower cut at
bottom. With rise in water pressure, abrasive water jet contains higher amount of
energy, as jet moves from top to bottom it reduces certain part of its energy to cut
the material, but as jet has already higher amount of energy, it still possess sufficient
amount of energy to cut the material at bottom part of the material. Thus, it reduces
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Fig. 52.4 Percentage
contribution of process
parameters on kerf taper
angle and surface roughness
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difference between top and bottom kerf widths which resulted in reduced kerf taper
angle. If traverse rate is low, fresh abrasive particles are available at bottom of cut
resulting in efficient cutting at bottom part also. With increase in traverse rate, ratio
of cut surface area to the number of abrasive particles exposed to cut surface area
decreases. As a result, lesser amount of abrasive particles is available to cut material
which results in ineffective cut at bottom.Further, lack of availability of fresh particles
to cut the material at bottom resulted in narrower bottom cut and difference between
top kerf width and bottom kerf width is more resulting in increased kerf taper angle.
Standoff distance has negligible effect on kerf taper angle but the increase in standoff
distance resulted in narrower bottom kerf width due to reduced energy of jet because
of flaring action. Thus, kerf taper angle can be reduced by increase in water pressure
and decrease in traverse rate and standoff distance.

52.5 Conclusion

In the present work, experimental investigation has been done to study the influence
of process parameters, namely, standoff distance, water pressure and traverse rate in
AWJM of carbon fibre vinyl ester composite. On the basis of experimental results,
the following conclusions are drawn:

1. Water pressure is the most influencing process parameters for surface roughness
and kerf taper angle followed by traverse rate.

2. Surface roughness and kerf taper angle decrease with increase in water pressure.
3. Surface roughness and kerf taper angle increase with increase in traverse rate.
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Fig. 52.5 Main effects plot for surface roughness and kerf taper angle
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4. Standoff distance has negligible effect on response characteristics, namely, sur-
face roughness and kerf taper angle.

5. Surface roughness andkerf taper angle increasewith increase in standoff distance.
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Chapter 53
Fluidized Bed Hot Abrasive Jet
Machining (FB-HAJM) of K-60 Alumina
Ceramic

B. K. Nanda, A. Mishra, Sudhansu Ranjan Das and D. Dhupal

Abstract This paper is focused on machining of hard and brittle K-60 alumina
ceramic composite material which is widely used as an important insulator in elec-
trical components. The combined effect of hot silicon carbide abrasive particles with
compressed air is investigated on technological response parameters after passing
the mixture through the fluidized bed abrasive jet machining (FB-AJM) setup. The
effect of different machining parameters on material removal rate (MRR), depth
of cut (DOC), and surface roughness (Ra) is studied and analyzed. Experiments
are conducted according to Box–Behnken design of experiment of response surface
methodology to develop quadratic regression models for responses and the model
adequacies are confirmed by analysis of variance (ANOVA). The SEM micrograph
analysis of the machined composite surface is performed to reveal the plastic defor-
mations. The methodology described here is expected to be highly beneficial to
manufacturing industries.

Keywords Alumina ceramic · FB-HAJM · Response surface · SEM

53.1 Introduction

Alumina ceramic (K-60) is a versatilematerial for its use in domestic and engineering
applications, but difficulties arise in its economic machining operation with proper
dimensional accuracy. Abrasive jet machining (AJM) is the most effective technique
that can precisely perform the different machining processes like material removal,
surface finishing, etching, deburring, and polishing operations on hard and brittle
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materials like alumina ceramics, glass, quartz, sapphire, and semiconductor materi-
als. The mechanism in AJM is associated with the high-speed abrasive grits in the
stream of compressed air to impinge on the work surface to create tiny brittle frac-
tures and the following jet takes away the dislodged particles. Machinability in AJM
is associated with the bed pressure, fluid pressure, nozzle tip distance, nature and size
of the grain, hardness of the workpiece, temperature, etc. The uniform, high-speed,
and homogeneous mixture of the hot abrasives and carrier gas is prepared inside a
developed hot mixing chamber of AJM setup known as fluidized bed abrasive jet
machining (FB-AJM).

Many researchers reported about the performance of AJM, design of experiments,
development of empirical models and different techniques of optimization of pro-
cess parameters, numerical and experimental analysis, and necessary modifications
in the different components of the AJM process so that the effectiveness of AJM
can be improved. The names and works of some scientists, researchers, and their
contribution to AJM are summarized and briefly discussed below.

Jafar et al. [1] investigated the roughness reduction of unmasked channel in
borosilicate glass and observed that post-blasting at shallower angles was more effi-
cient and smaller particles resulted in smoother surfaces, and a relatively large particle
significantly increased channel depth. The unwanted consequence of embedding of
erodent particles of aluminum oxide abrasive particles into acrylonitrile butadiene
styrene, polytetrafluoroethylene, polydimethylsiloxane, and polymethyl methacry-
late under cryogenic and room temperature conditions was experimentally studied by
Getu et al. [2] found the significant reduction in fractional area coverage by embed-
ded Al2O3 particles under cryogenic conditions. The surface evolution models for
abrasive jet micromachining (AJMM) of metallic substrates like aluminum alloy and
stainless steel using alumina abrasive powder with an average velocity were inves-
tigated [3] to obtain that the peak erosion rate occurred with jet inclined between
20 and 35°. Using abrasive slurry jet, the mechanism of V-shaped micro-channeling
on glasses was performed [4] to study the surface morphology features with two
types of major and minor wave patterns. Abrasive water jet cutting technology was
used by Ibraheem et al. [5] for production of bolt holes in the assembly of struc-
tural frames of glass-fiber-reinforced plastic (GFRP) and statistically approached
the influence of abrasive water jet machining parameters to find the optimum val-
ues of the process parameters. Li et al. [6] discussed the radial-mode abrasive water
jet turning process to understand the mechanism of material removal process and
the effect of process variables on depth of cut, material removal rate, and surface
roughness. Cárach et al. [7] dealt with tangential abrasive water jet (AWJ) turning of
Incoloy alloy 925 to analyze the impact of AWJ traverse speed on the surface quality
in terms of microstructure formed on the created surface using Australian garnet as
abrasive. Some papers of AJM give importance to the numerical models or statistical
approaches for optimizing the process parameters for proper optimum combinations
of the variables by suitably considering design of experiment (DOE) and applying the
optimization processes like gray-based Taguchi analysis, response surface method,
evolutionary algorithms, etc. Routara et al. [8] performed the machining of glass
workpieces in AJM to obtain the optimal combination of the process parameters for
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themulti-responses, namely,material removal rate and surface roughness by applying
Taguchi-based gray relational analysis. Nanda et al. [9] performed experiments on
fluidized bed abrasive jet machining (FB-AJM) of alumina ceramic and GFRP using
SiC abrasives at normal temperature to analyze the influence of process parameters
on different responses and finally applied the particle swarm optimization technique
for predicting the optimal values.

The hot air chamber is the latest extension to the abrasive jet machine which
replaces the feeder so that the abrasive particles can be heated to the required tem-
perature. Jagannatha et al. [10] carried out the experiments on abrasive hot air jet
machining and studied the effect of air temperature on the material removal rate of
glass etching and grooving along with the roughness to reveal that roughness was
reduced by increasing the temperature of carrier media. The present work represents
the use of hot abrasive mixing chamber in the fluidized bed abrasive jet machin-
ing setup for K-60 alumina ceramic with three different grades of silicon carbide at
various abrasive temperatures with the RSM design of experiment.

53.2 Experimental Setup and Procedure

The experiments are performed on the hot abrasive jet machining (HAJM) setup
where the abrasive feeder is modified to heat the abrasive grits. Jagannatha et al.
[10] performed experiments by mixing of hot air to the abrasive particles, but the use
of hot SiC abrasives are considered in this paper. The pressurized air coming from
the multistage air compressor acts as the carrier medium after passing through the
filter–regulator–lubricator (FRL) unit that produces clean and dry air so as to prevent
blocking of abrasives at the nozzle exit. The high carbon and high chromium alloyed
AISID2 steel is used as the nozzlematerial. The experiments are conducted inside the
properly designed airtight machining chamber of glass fiber materials for preventing
the pollution due to the leakage of fine abrasive particles to the atmosphere.

The hard and brittle rectangular pieces of K-60 alumina ceramic material with
dimension of 25 mm × 25 mm × 4 mm are used as workpiece materials and black-
colored silicon carbide abrasives (SiC) with three different grits sizes 260, 525, and
745µmare used as abrasives for this experiment. Alumina ceramic composite (K-60)
is a dense castable metal which has low iron content and can resist carbon monoxide
attack for which it is generally used in foundries, boiler industries, furnaces, etc.
Silicon carbide is selected as the suitable abrasive for this alumina ceramic material
for obtaining the desired surface finish and material removal rate.

The selection and combination of proper input parameters are important to achieve
the best performance of the experimental setup. Here, the bed pressure (P), nozzle tip
distance (NTD), abrasive size (S), and temperature (T) are taken as input parameters,
each with three different levels as shown in Table 53.1 to measure the output factors
such as material removal rate (MRR), surface roughness (Ra), and depth of cut
(DoC). The range of process parameters setting has been selected after performing
some pilot experiments by inspecting the workpiece for a through-hole of acceptable
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Table 53.1 Parameters and
levels

Parameters Levels

1 2 3

Pressure, P (bar) 4 6 8

Temperature, T (°C) 60 70 80

Abrasive size, S (µm) 260 525 745

Nozzle tip distance, NTD (mm) 3 5 7

quality. Material removal rate is calculated on mass (g/s) basis as MRR = (m1 −
m2)/�t, where m1 and m2 (in gram) are the weights of the specimen before and
after machining for a time span of �t seconds. MITUTOYO 400 roughness tester is
used to measure the surface roughness of the secondary etched surfaces at different
positions of each workpiece and the average is taken as the final surface roughness
(Ra). The machined hole in AJM resembles a truncated cone in which the depth of
cut (DoC) is generated on the surface, which is measured with the help of coordinate
measuring machine (CMM 876, Zeiss MC850 with stylus and a probe attachment)
(Fig. 53.1).

53.3 Results and Discussion

53.3.1 Design of Experiment (DOE)

Experimental design of experiment (DOE) is the quality assurance technique which
explains the conduct of the experiment and analysis of data. Here, Box–Behnken
design (BBD) of response surface methodology (RSM) is implemented to perform
the experiments with four input parameters such as pressure (P), nozzle tip distance
(NTD), grain size (S), and temperature (T), and each with three levels for developing
the required design of experiment to measure the three important responses, viz.,
material removal rate (MRR), surface roughness (Ra), and depth of cut (DoC). The
design matrix, statistical calculations, and surface plots are obtained with the help
of Design-Expert software. All the experiments are conducted on the indigenously
fabricated hot abrasive jet machining setup according to the design matrix as shown
in Table 53.2. These results along with the three levels of process parameters are put
in the Design-Expert software for detailed analysis.

53.3.2 Regression Analysis

The regression analysis for each response is performed by considering quadratic
models, as given in Eqs. (53.1)–(53.3).
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Fig. 53.1 Schematic of experimental setup and methodology presented
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Table 53.2 Experimental design and results

Run no. P (bar) T (°C) NTD (mm) S (µm) MRR
(gm/min)

DOC (mm) Ra (µm)

1 6 60 7 525 0.161475 3.4125 0.074

2 8 70 3 525 0.1485 5.2204 0.071

3 6 80 3 525 0.08235 3.8922 0.0657

4 6 60 5 745 0.13725 3.4351 0.0756

5 4 60 5 525 0.07665 2.4606 0.0887

6 8 70 5 260 0.150375 3.19 0.074

7 8 70 5 745 0.170175 5.118 0.0716

8 6 60 3 525 0.03615 2.2364 0.071

9 6 70 5 525 0.1326 3.2866 0.7016

10 8 60 5 525 0.13665 5.5244 0.027

11 6 80 5 745 0.184125 5.182 0.0676

12 6 70 3 745 0.110625 4.1596 0.069

13 6 60 5 260 0.13605 3.4266 0.0746

14 6 80 7 525 0.26595 3.41 0.851

15 4 80 5 525 0.09165 4.6852 0.074

16 6 70 7 745 0.204 4.3138 0.943

17 6 70 5 525 0.0939 2.3931 0.0753

18 4 70 5 745 0.08415 2.1268 0.0743

19 8 70 7 525 0.16815 4.5408 0.074

20 8 80 5 525 0.209475 6.017 0.071

21 4 70 7 525 0.0369 1.084 0.0713

22 4 70 5 260 0.086325 2.6252 0.073

23 6 70 7 260 0.21375 3.04 0.0743

24 6 80 5 260 0.1296 2.9866 0.723

25 4 70 3 525 0.0132 3.1461 0.0703

26 6 70 5 525 0.12045 3.2533 0.0723

27 6 70 3 260 0.13909 2.0672 0.923

MRR = 1.30692 − 0.023903P − 0.031008T − 0.051640 ∗ NTD

+ 1.0264 × 10−3S + 7.22812 × 10−4PT + 2.5312 × 10−4P ∗ NTD

+ 1.355 × 10−5PS − 7.284 × 10−4T ∗ NTD + 5.966 × 10−6T ∗ S

+ 9.84810−6NTD ∗ S − 0.623 × 10−3P2 + 1.5904 × 10−4T 2

+ 1.875 × 10−3NTD2 + 4.8788 × 10−7S2 (53.1)
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Table 53.3 Results of ANOVA for response model

Responses p-value Lack of fit R-squared Adj R-squared

MRR 0.0169 0.2074 0.8056 0.5788

DoC 0.0076 0.3491 0.8348 0.6421

Ra 0.0461 0.9525 0.7591 0.4780

DoC = 32.7102 − 0.79427P − 0.82814T + 1.29906NTD − 0.02132S

− 0.02165PT + 0.0864P ∗ NTD + 1.2882 × 10−3PS

− 0.02073T ∗ NTD + 2.2973x10−4T ∗ S + 9.848 × 10−6NTD ∗ S

+ 0.1477P2 + 7.0722 × 10−3T 2 − 0.01524NTD2 + 2.23356 × 10−3S2

(53.2)

Ra = −1.45556 + 0.66287 P − 0.07944T − 1.3042 NTD − 8.38135 × 10−4S

+ 7.3375 × 10−4PT + 1.25 × 10−4P ∗ NTD − 2.8141 × 10−6PS

+ 9.77875 × 10−3T ∗ NTD − 6.880 × 10−5T ∗ S

+ 8.9468 × 10−4NTD ∗ S − 0.05967P2 − 6.08 × 10−4T 2 − 0.019NTD2

+ 9.729 × 10−7S2 (53.3)

The results obtained fromTable 53.2 are used inDesign-Expert software to find the
most significant variable, statistical parameters values (p-value, Lack of fit, R2, and
Adj-R2) of the response models from the analysis of variance (ANOVA), as shown
in Table 53.3. It is observed that the p-values of all three responses are less than 0.05
which implies that models are significant. Again, lack of fit value is nonsignificant,
more value of R2 and the Model-F value is significant for each response which
ensures satisfactory validation of the designed models.

53.3.3 Analysis of Surface Plots

The surface plots of material removal rate (MRR) versus input parameters are given
in Fig. 53.2a which depict that MRR increases with increase in pressure (P). MRR
remains almost constant at lower temperatures, but it increases at higher temperatures
as the impinging grains achieve higher kinetic energy. Also, it increases with increase
of standoff distance (SOD) and grain size (GS). From the surface plots of depth
of cut (DOC) in Fig. 53.2b, it is clear that DoC first decreases with pressure and
then increases, but it increases at higher temperatures. DoC slightly decreases with
increase of NTD but gradually increases with increase of grit size. The surface plot of
Ra in Fig. 53.2c shows that Ra increases with increase in NTD, but it first decreases
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Fig. 53.2 Surface plots for material removal rate (a); depth of cut (b); surface roughness (c)

with grain size and then increases. Surface roughness gradually increases with the
increase of temperature and pressure.

The SEM micrograph analysis of the machined ceramic surface is given in
Fig. 53.3. The eroded surface is very rough and nonuniformity of material removal
is visible giving that the erodent particles are not in uniform size and shape as
shown in Fig. 53.3. The plastic deformations are clearly visible by the white lines.
Some abrasive particles are embedded to the machined surface, but the percentage
of embedment is less at higher temperatures. The SEM micrograph also indicates
that maximum erosion occurs at the center.
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Fig. 53.3 SEM micrograph
of machined workpiece

53.4 Conclusions

From the various investigations during fluidized bed hot abrasive jet machining (FB-
HAJM) ofK-60 alumina ceramicmaterials with the three grades of SiC abrasives, the
outcomes of the study present that (1) better material removal rate (MRR) is achieved
at parametric combinations of high pressure, higher standoff distance, higher grain
sizes, and temperature; (2) surface plots of depth of cut (DOC) for this experimental
work shows that DOC increases aftermid-values of pressure, increaseswith tempera-
ture, and gradually increaseswith increase of particle size butDOC slightly decreases
with increase of NTD; and (3) surface roughness, Ra gradually increases with the
increase of temperature and pressure, whereas Ra first decreases with increasing
NTD and then increases with grain size.
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Chapter 54
Performance Evaluation of Abrasive
Water Jet Machining
on AA6061-B4C-HBN Hybrid
Composites Using Taguchi Methodology

A. Gnanavelbabu , K. T. Sunu Surendran and K. Rajkumar

Abstract Aluminum Metal Matrix Composites (AMMCs) have received consid-
erable attention due to their high strength-to-weight ratio, low cost, and high wear
resistance that are appropriate for automotive and aerospace applications. Stir cast-
ing technique has been attempted to fabricate AMMC using boron carbide (B4C)
as hard reinforcement and hexagonal boron nitride (hBN) as the solid lubricant by
varying volume (5, 10, and 15%) method. Experimental investigation on machining
of hybrid composites to study the effect of Abrasive Water Jet Machining (AWJM)
parameters such as mesh size, abrasive flow rate, pressure, traverse speed, and % of
reinforcement on Kerf Taper Angle (KTA) and Surface Roughness (Ra) was carried
out. Taguchi’s L27 Orthogonal Array (OA) and Analysis of Variance (ANOVA) have
been used to determine the significant parameters affecting the responses and results
were validated using Pareto analysis.

Keywords Aluminum hybrid composites · AWJM · Taguchi method

54.1 Introduction

The fundamental challenge faced by the manufacturing industries today is to achieve
economic goals by increasing the production rate, improving the quality of a prod-
uct, lowering the production cost, and making simultaneous reduction in environ-
mental impact through energy conservation. Optimization techniques can be used
for choosing optimum process parameters for economic, effective, and efficient uti-
lization of these processes. Optimization is the process of estimating the potential
minimumvalue ofmachining performance at the optimal point of process parameters
[1]. Modeling and optimization of modern machining parameters through advanced
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optimization techniques are now proving as a milestone for manufacturing industries
and hence focus has been made on various advanced optimization techniques [2].

AMMCs have properties like lightweight, high strength, and ease of machin-
ability, and boron carbide (B4C) being a prominent ceramic material can be added
as reinforcement due to its properties like high strength, low density, extremely
high hardness, good chemical stability, and neutron absorption capability. Hexag-
onal Boron Nitride (hBN) can be used as solid lubricant additives. Further, hBN
solid lubricant at various concentrations on mixing with water reduces the cutting
zone temperature and enhances the efficiency of machining process. Also, it has
been experimentally proved that addition of 10% hBN ensures the optimal condition
[3]. Since the traditional machining of reinforced MMCs is very complex, nontra-
ditional machining techniques such as electro-discharge (EDM), Abrasive Water
Jet Machining (AWJM), Electrochemical Machining (ECM), Electrochemical Dis-
chargeMachining (ECDM), etc. are widely used for machiningMMCs [4]. Abrasive
Water Jet Machining (AWJM) does not induce high temperatures and as a conse-
quence there is no thermally affected zone and AWJM can be considered to be a very
fast machining process for MMCs as very high feed rates are possible in this process
[5].

Mugendiran et al. [6] applied Design of Experiment (DOE) to study the effect of
Ra and wall thickness on AA5052 alloy. The optimal results were predicted using
Response SurfaceMethodology (RSM) andANOVA.Caydas andHascalik [7] devel-
opedArtificial Neural Network (ANN) and the regressionmodel to predict the rough-
ness of surface using Taguchi’s DOE. Azmir et al. [8] studied the characteristics of
abrasive jet machines surface of glass/epoxy composites laminate. Hence, with these
references, Taguchi’s DOE and ANOVA are used to determine the effect of machin-
ing parameters on Ra and Tr. The most significant control factor influencing Ra and
Tr are hydraulic pressure and type of abrasive materials, respectively. Ghodsiyeh
et al. [9] applied RSM to create the optimum situation for verifying the region of
factor space where the operation needs are fulfilled. Gupta et al. [10] investigated
the kerf characteristics in abrasive water jet machining of marble. Experiments were
conducted using Taguchi’s design of experiment and ANOVA, and data were evalu-
ated to determine the process that was significantly affecting the kerf properties. It
was concluded that nozzle transverse speed was the most significant factor affecting
the top kerf width and the kerf taper angle.

Several authors have worked on AMMCs reinforced by SiC, B4C, Al2O3, TiO2,
and ZrO2 which have been successfully fabricated and optimized using various opti-
mization techniques. There is no detailed study concerning B4C-hBN-based partic-
ulate aluminum matrix composites. This article focuses on optimization of process
parameters of AWJM over hybrid AA6061 MMCs with various compositions of
B4C and hBN. The parameters and responses are explored using Taguchi’s DOE and
ANOVA.
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Table 54.1 Composition of
fabricated composites

Composites AA6061 (vol.%) B4C (vol.%) hBN (vol.%)

Comp 1 85 5 10

Comp 2 80 10 10

Comp 3 75 15 10

54.2 Materials and Methods

54.2.1 Materials

In the present investigation, hybrid AMMC has been developed by reinforcing
AA6061 with 5–15 vol.% B4C and 10 vol.% hBN. Table 54.1 indicates the compo-
sition of B4C and hBN in fabricated composite. The size of reinforcement particles
ranges from 10 to 25 μm for B4C and 5 μm for hBN. Aluminum hybrid compos-
ites were fabricated using stir casting method. Presence and uniform distribution
of reinforced particles in aluminum matrix were confirmed by Scanning Electron
Microscopy (SEM).

54.2.2 Experimental Setup

To machine the fabricated AMMC, abrasive water jet machining was deployed with
various compositions of B4C and hBN being reinforced with AA6061 composite.
Fabricated composites were subjected to a T6 heat treatment process to increase the
grain boundary strengths. The constant values of process parameters kept during the
process of machining are given in Table 54.2. Effective process parameters selected
for machining are mesh size, abrasive flow rate, pressure, and traverse speed. The
standoff distance and jet impingement angle were maintained at 1.5 mm and 90°,
respectively, for all cutting conditions.

Table 54.2 Constant values
of process parameters

S.No. Process parameters Values

1. Orifice diameter 0.25 mm

2. Nozzle diameter 0.75 mm

3. Focusing tube length 75 mm

4. Focusing tube diameter 1 mm

5. Impact angle 90θ

6. Abrasive type Garnet

7. Standoff distance 1.5 mm
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54.2.3 Measurement of Kerf Taper Angle and Roughness

To identify the inclination formed in the kerf wall during AWJM, the kerf taper
angle is calculated. The kerf width is measured using a rational Video Measurement
System (VMS). Kerf taper angle was calculated using top kerf and bottom kerf of
each pass as in Eq. (54.1).

Kerf Taper Angle, θ = arctan[wt − wb]

2t
(54.1)

(t = thickness of material = 10 mm, wt = top kerf in mm, and wb = bottom kerf
in mm).

The kerf taper is calculated to determine the inclination formed in kerf wall during
machining of a fabricated composite. The development of kerf taper is not desirable
in AWJ cut surfaces since it disturbs the precision of the cut. At lowest pressure and
traverse speed, the jet is able to perform smooth cutting across the whole thickness,
but later increase in pressure and traverse speed reduces the smooth cutting and
there is increase in the rough cutting region throughout the cut. Thus, there is much
difference between a top and bottom kerf due to the change in pressure and traverse
speed. The aimof the presentwork is tominimizeRa. Themeasurements are repeated
three times and the average of these values is taken as the Ra.

54.2.4 Taguchi Methodology

Taguchi defined an experimental design as “off-line quality control” since it is a
method of confirming good performance of a process. While designing experiments
using Taguchi’s DOE, selection of OA is an important factor. To measure the quality
characteristics, Taguchi converts objective function values into S/N ratio, which is
the ratio of mean to standard deviation The performance characteristics in S/N ratio
is categorized in three main divisions such as “Smaller-the-better”, “Nominal-the-
best,” and “Larger-the-better.” Having 5 factors, each varied at 3 levels, one needs to
conduct 35 experiments using full factorial experimental design. The full factorial
design if considered is costly since it hasmany runs. So, lesser number of experiments
saves time and material cost involved in experimentation. An L27 OA was found to
be appropriate and hence it is chosen.
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Table 54.3 Levels and
values of factors

Factors Levels

1 2 3

Mesh size 80 100 120

Abrasive flow rate (g/min) 240 340 440

Pressure (MPa) 125 200 275

Traverse speed (mm/min) 60 90 120

Reinforcement (vol.%) 5 10 15

54.3 Results and Discussion

54.3.1 Experimental Results and Data Analysis

Table 54.3 gives the factors and levels used in the analysis. The experimental results
of kerf taper angle and Ra with their computed S/N ratio using L27 orthogonal array
are presented in Table 54.4. After conducting the trials for various levels of inputs,
namely, mesh size, abrasive flow rate, pressure, traverse speed, and reinforcement,
the responses, Kerf taper, and roughness are plotted as per Taguchi’s design of exper-
iments.

54.3.2 Analysis of Variance (ANOVA)

The effect of control factors is investigated through ANOVA. It is a statistical tech-
nique used to determine the influence of various parameters on the response and to
observe the degree of sensitivity of response to different factors that affect the quality
characteristics. The analysis has been carried out at 95% confidence level on S/N
ratio of kerf taper angle. The ANOVA results of S/N for kerf taper angle is given in
Table 54.5a and from percent contribution, it can be seen that maximum contribu-
tion (23.86, 17.36) % is observed at interactions AFR*Reinforcement and Traverse
Speed, respectively. Thus, it can be concluded that reinforcement along with AFR
plays an important role in influencing the kerf taper angle.

The ANOVA results of S/N for Ra are given in Table 54.5b and from percent
contribution, it can be seen that maximum contribution (32.12, 13.43) % is observed
at Traverse Speed and interactions Mesh Size * Water Pressure, respectively. Thus,
it can be concluded that traverse speed is the most influential factor in the quality of
the surface.

For prioritizing problem-solving, a simple technique—Pareto analysis—can be
used. The Pareto chart provides a graphic illustration of the Pareto principle, a theory
upholding that 80%of the output in a given condition or system is produced by 20%of
the input. It is commonly called as 80/20 rule. A Pareto chart is combined to confirm
the results obtained by ANOVA for S/N parameters. For better comparison, the effect
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Table 54.5 (a) ANOVA for S/N (kerf taper angle). (b) ANOVA for S/N (Ra)

Source DF Adj. SS Adj. MS F-value % Cont. S/I

(a)

x1 1 0.0172 0.0172 0.04 0.08 I

x2 1 1.5102 1.5102 3.32 6.59 I

x3 1 1.6104 1.6104 3.54 7.02 I

x4 1 3.9840 3.9840 8.75 17.36 S

x5 1 1.5435 1.5435 3.39 6.72 I

x1 * x2 1 0.4840 0.4840 1.06 2.10 I

x1 * x3 1 2.2031 2.2031 4.84 9.61 S

x1 * x5 1 0.6193 0.6193 1.36 2.69 I

x2 * x3 1 0.0017 0.0017 0.00 0 I

x2 * x5 1 5.4716 5.4716 12.02 23.86 S

x3 * x5 1 1.9582 1.9582 4.30 8.54 I

x4 * x5 1 3.5343 3.5343 7.76 15.40 S

Error 14 6.3754 0.4553

Total 26 92.835

(b)

x1 1 0.0047 0.0026 229.82 19.16 S

x2 1 0.0028 0.0047 140.40 11.78 S

x3 1 0.0016 0.0016 81.69 6.86 S

x4 1 0.0078 0.0078 382.61 32.12 S

x5 1 0.0005 0.0005 28.05 2.35 S

x1 * x2 1 0.0031 0.0031 153.72 12.90 S

x1 * x3 1 0.0032 0.0032 159.94 13.43 S

x1 * x5 1 0.0002 0.0002 13.60 1.14 S

x2 * x3 1 0.00003 0.00003 0.13 0.01 I

x2 * x5 1 0.00003 0.00003 1.71 0.14 I

x3 * x5 1 0.0001 0.00010 5.22 0.44 S

x4 * x5 1 0.00005 0.00005 2.42 0.20 I

Error 14 0.0002 0.00002

Total 26 0.0320

S = 0.674824, R2 = 93.13%, Adj. R2 = 87.25%, Pred. R2 = 73.28%
Here, x1—mesh size, x2—abrasive flow rate, x3—pressure, x4—traverse speed, x5—% of rein-
forcement, S—significant, I—insignificant
S = 0.0045388, R2 = 99.1%, Adj. R2 = 98.33%, Pred. R2 = 95.41%
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Fig. 54.1 Pareto charts for effect of cutting parameters on a KTA. b Ra

of factors and the interaction on the responses are standardized. The chart aims to
rank the interactions in mesh size, AFR, pressure, traverse speed, and reinforcement
in descending order. The Pareto chart for effect of cutting parameters is represented
in Fig. 54.1a, b.

54.4 Conclusions

The AA6061-B4C-hBN composites were successfully fabricated using stir casting
process andmachined usingAWJMprocess. To check the influence of various param-
eters on responses, ANOVA for S/N ratio is used and it has been found that rein-
forcement along with AFR having the percentage contribution of 23.86 has the most
significant effect on kerf taper angle, while traverse speed along with AFR with the
percentage contribution of 32.12 has the most significant effect on Ra. The results
attained by ANOVA of technological parameters have been confirmed using Pareto
chart.
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Chapter 55
Empirical Modelling and Optimisation
of Bio-Micromachining on Antimicrobial
Copper to Fabricate Micromixing System

Abhishek Singh , Arul Manikandan , M. Ravi Sankar ,
K. Pakshirajan and L. Roy

Abstract Bio-micromachining is upcoming future unconventional manufacturing
process. It has many benefits over other conventional as well as non-conventional
process, some of them are no heat-affected zone, no recast layer, no formation of the
white layer, and many others. In the present paper, bio-micromachining on copper
has been demonstrated. Fabrication of microchannel, as well as optimisation of the
process, is done by using central composite run design (CCRD) in combination with
response surface methodology (RSM). ANOVA analysis shows that the machining
time is the main influencing parameter followed by inoculum size. The maximum
material removal obtained was 0.571 grams, when machining time was 32 h and
inoculum size was 7.5% (v/v). It is suggested to use the inoculum age of microor-
ganism after 5 days of culture and best before 12 days, in order to get the maximum
amount of material removal.

Keywords Bio-micromachining · ANOVA · Machining time · Material removal
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55.1 Introduction

As with the growing population, we require more sustainable and more economi-
cal manufacturing technique with the least wastage of parent material. Although we
have non-conventional manufacturing processes, still these techniques have some
disadvantages like the change of surface morphology, recast layer, porosity, under-
cut, and many others, as well as their machining and setup cost is too high. The
solution to all the above-said disadvantages is bio-micromachining. This process
involves microorganism, which acts as the tool for machining the workpiece surface.
Uno et al. [1] executed pioneer work by using Acidithiobacillus ferrooxidans. They
executed experiments by changing some parameters like pH, temperature, and many
other parameters. They also suggested a method to fast-track the process by appli-
cation of the electric field. Zhang and Li [2] experiment result mainly focused on
the pure iron and copper machining. They also generated micro-gear and grooves on
copper by using the bio-machining technique. Zhang and Li [3] suggest the thermo-
dynamics and kinetic of bio-machining of copper by Thiobacillus ferrooxidans. They
also proposed the microorganism kinetic effect on the ion-cycle between Fe2+ and
Fe3+ as well as thermodynamic effort. Yasuyuki et al. [4] show the practicability of
micro-scale levels of material removal in bio-machining on low carbon steels using
Acidithiobacillus ferrooxidans. Johnson et al. [5] performed experiments to illus-
trate the surface roughness and quantified the material removal in bio-machining,
but they did not clarify the relationship between machining time and surface rough-
ness. Istiyanto et al. [6] inspected the material removal and surface roughness rate
features in the bio-machining of copper for many machining periods. They con-
cluded that the metal removal is inversely proportional to the machining time during
bio-micromachining of copper. Hocheng et al. [7] observed that the indirect mech-
anism is answerable for the oxidation of elements and they concluded that copper
demonstrates advanced MRR followed by Jadhav et al. [8] demonstrated that the
concentration of FeSO4, volume, and shaking speed of culture supernatant presented
the apparent result on surface roughness and specific metal removal rate (SMRR).

In this paper, the bio-micromachining of copper has been demonstrated. By using
bio-micromachining, microchannels are created. Also, optimisation of all the input
parameters is done by using response surface methodology (RSM) in combination
with central composite rotatable design (CCRD).

55.2 Experimental Details

55.2.1 Culturing of Microorganism

Acidithiobacillus ferrooxidans was procured from Microbial Type Culture Collec-
tion (MTCC) and Gene Bank, Chandigarh, India. The microorganism was cultured
in the natural atmosphere with low pH and iron to assist as the electrons source
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for their development. About 5 ml of microorganism is placed and incubated at
35 °C until microorganism development became light yellow. The 9 K + media is
consisting of MgSO4.7H2O–0.5 g/l, KH2PO4–0.5 g/l, HCl–0.1 g/l, FeSO4–44.2 g/l,
(NH4)2SO4–3 g/l, and pH is adjusted to 2.5 with 1 N H2SO4. Afterwards, 100 ml of
recently developed 9 K + media with 0.5 ml of the culture was nurtured at 35 °C
with 180 rpm, until the media became red. Subsequently, the cultured microorgan-
ism was sub-cultured for further use (Fig. 55.1). The bacterial hood with positive
flow high-efficiency particular air (HEPA) filter was used for complete operation in
order to prevent contamination. Then inoculated flasks were incubated at 35 °C with
pH = 2.5 at 180 rpm shaking speed using cultured protocol population which were
cultivated from 5 to 12 days. At last the workpiece was removed and cleaned with
distilled water.

55.2.2 Sample Preparation

The copper workpiece of dimension 10 × 10 × 2 mm was used for experimental
work. One face of the workpiece was selected. The surface roughness of that face
ground to the desired level. Polishing of the selected side carried out by SiC of
320, 600 and 1200 grit sizes each used an array until the preferred level of surface
roughness attained. Afterwards, each sample had been put into the sealed plastic bag
to avoid surface corrosion. By using AutoCAD, micromixer design was prepared.

Acidithiobacil-
lusc ferrooxidans

Plate media Culture flask

Bio-micromachining 
Workpiece covered 
with photoresist 
masking  

Surface morphology 
of copper workpiece 

Fig. 55.1 Overview of bio-micromachining of copper
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Afterwards, LPR E-1020 masking agent was used to coat the copper workpiece.
The workpiece was dipped into photoresist for 10 seconds and dried in the hot air
chamber. After this, workpiece was exposed to ultraviolet (UV) light. Afterwards,
the workpiece was immersed in the developer and dehydrated in an open atmosphere.
Finally, a carbon copy of micromixer was developed on the copper workpiece sur-
face and corresponding surface roughness of uncovered region was measured using
non-contact-type profilometer as well as the optical microscope (Fig. 55.2). The
uncovered area was exposed to the microorganism during the bio-micromachining
process and as a result machining will take place in the uncovered area.

55.3 Experimental Plan

Experiments organized in a manner that beneficial information could be determined
by carryingout the lowest amount of experiments tomaximisematerial removal. Total
sum of experiments in a central composite rotatable design (CCRD) method = 2 k
+ rotatable + central runs.

Hence, for this study, experiments were to be arranged for different variables
(k = 3), i.e., inoculum size, inoculum age and machining time. The entire amount
of experiments to be done for these parameters is 20 (23 + 6 + 6). The rest of
the parameters like pH = 2.5, temperature 35 °C and shaking speed = 180 rpm are
kept constant. The influence of input parameters on output response, i.e., the material
removal rate has been examined. The CCRD-coded input values have been presented
in Table 55.1.

Photoresist masked region Photoresist unmasked region 
Copper workpiece coated with 
masking agent 

Fig. 55.2 Photoresist-masked and photoresist-unmasked regions of micromixer on copper work-
piece surface
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Table 55.1 Coded levels and resultant absolute values of process parameters

Parameters Units Coded variable level

−1.682 −1.000 0.000 1.000 1.682

IV % (v/v) 3.3 5 7.5 10 11.7

IA Days 3.3 5 7.5 10 11.7

MT Hours 5 16 32 48 59

55.4 Result and Discussion

55.4.1 Material Removal

The experiments had been performed according to the CCRD and RSM examined
the outcomes. Inlet parameters (machining time, inoculum size and inoculum age)
and output response (material removal) for bio-micromachining of copper are given
below (Eq. (55.1)):

MR = −2.84576 + 0.35621I V + 0.34588 I A + 0.046874MT + 1.62160−003 I V∗
IA + 3.22937−004 IV*MT − 4.71875−005 I A ∗ MT − 0.025796I V 2−
0.023037I A2 − 7.43500−004MT 2 (55.1)

where IV, IA and MT represent the inoculum size %(v/v), inoculum age (days) and
machining time (hours), respectively, and MR (grams) is material removal.

In the analysis of variance (ANOVA) for material removal using bio-
micromachining process, machining time is found to have the maximum influence
(43.7%), surveyed by inoculum size (31%) and rest is inoculum age (25.2%). The
coefficient of determination (R2) is found to be 0.96 for output response. This results
in excellent agreement between input parameters and output response.

In order to check the validity of the process, few verification experiments had been
conducted (Table 55.2); one at the optimum parametric condition as well as other
three at different conditions within the limit of the parameter (Table 55.1). Designed
for 96% assurance interval the confidence band: lower limit for material removal is

Table 55.2 Validation results of response surface methodology

Experimental condition Experimental results

S. No. IV IA MT MR Desirability

1 7.29 7.64 32.54 0.5711 1.0000

2 7.37 7.61 34.01 0.5703 0.9810

3 7.50 7.81 33.35 0.5707 1.0000

4 7.48 7.79 33.23 0.5709 0.9981
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95% and the higher limit is 96% and Number 1 and 2 drops within the confidence
band for material removal. Therefore, the efficiency of the RSM is comforted.

Figure 55.3 shows the effect of inoculum size on the material removal of copper
for various inoculum ages. The observation shows that thematerial removal increases
as the inoculum age and inoculum size increase. It is because as the inoculum age
increases the microorganism growth also increases and the microorganism growth
helps in the material removal, but inoculum plays a vital role. It is because the
population of Acidithiobacillus ferrooxidans microorganism increases and higher
the population more significant will be material removal rate. It appears that very
higher population of microorganism sometimes may create a problem of hindrance
and this may result in the generation of the random profile as shown in Fig. 55.3.

Figure 55.4 shows the relationship between inoculum size and material removal
for variousmachining time. The observation shows that an increase inmachining time
gives highmaterial removal.Machining timeof 32 h at the inoculum size of 7.5%(v/v)
is the best outcome for this process because as we increase the machining time
randomness of profile or distortionof the profile is observed as shown inFig. 55.4. The
randomness in profile generation is due to higher exposition to themicroorganism that
will leach out more material sidewise and this will cause more randomness of profile
and will result in the undercut. Also, after 32 h of machining, the microorganism
reaches in stationary phase (Fig. 55.6). Therefore, material removal almost becomes
constant.

The effect of inoculum age for various inoculum sizes on material removal is
shown in Fig. 55.5. Therefore, by varying inoculum size, the population density of
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microorganism also varies. This high population density results in a high material
removal of the copper workpiece at 7.5 days of inoculum age. Therefore, Fig. 55.6
shows the full growth graph of Acidithiobacillus ferrooxidans which is done by
growing the microorganism from zero day to their death phase, i.e., 20 days. First,
there is a small increase in the growth of microorganisms, i.e., microorganism is in
lag phase up to 5 days. Afterwards, there is an exponential increase in the growth
of microorganism because they enter into the exponential phase, i.e., from 5 days to
13 days. The microorganism exponentially increases because the generation of new
daughter cells takes place. Then, after 13 days of the exponential phase, the growth
rate becomes stationary and microorganism starts to die because of lag of nutrition
in media as shown in Fig. 55.6. This life cycle of microorganism affects the material
removal of the workpiece and it is suggested that for the high amount of material
removal the growth of microorganism should be in exponential phase, i.e., between
5 and 15 days in order to achieve the higher amount of material removal by this
process.

Figure 55.7 shows the effect of varying inoculum age for various machining
time on material removal. The material removal increases when the inoculum age
increases. The experimental results show that the best suitable machining time is
32 h and best suitable inoculum age is between 5 and 12 days.
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55.5 Conclusion

At inoculum size of 7.5% (v/v), highest material removal of 0.56 g is achieved.
Followed by inoculum age of 7 days and 12 h and machining time was 32 h. The
machining time is themost influencing parameter among all input parameters because
as the machining time increases, the material removal will also increase but after
32 h, the increase in machining time will influence profile of the workpiece and
undercut will occur. The inoculum size is another important parameter because as
the inoculum size increases, the material removal also increases but after 7.5%(v/v)
material removal is notmuchhighbecause the higher concentration ofmicroorganism
creates hindrance effect and that is why the material removal is not much higher. The
least influencing factor is inoculum age and it is suggested to use microorganism
when the age of microorganism is 5 days.

The new future technology is bio-micromachining. There is still more develop-
ment in this process is required and this technique has broad scope inmetal extraction
and waste management field.
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Chapter 56
Investigation on Magnetic Field-assisted
Near-dry Electrical Discharge Machining
of Inconel 600

G. Mannoj Rajkumar, Abimannan Giridharan, R. Oyyaravelu
and A. S. S. Balan

Abstract This paper presents the experimental investigation of magnetic field-
assisted near-dry electrical discharge machining (EDM) process. Experiments were
conducted by varying pulse on time and discharge current. Material removal rate,
surface integrity, and tool wear rate were taken as the performance measures. Results
of magnetic field-assisted near-dry EDM are compared with near-dry and wet EDM.
Magnetic field-assisted near-dry EDM process produces MRR equivalent to that of
wet EDM and 73% compared to that of near-dry EDM process. Better surface finish
and less debris reattachment are observed compared to that of wet EDM and near-dry
EDM process. Among the three process variants, magnetic field-assisted near-dry
EDM possess higher tool wear rate. Scanning electron microscopy images of the
machined surfaces obtained through magnetic field-assisted near-dry EDM is found
to have lesser debris deposition and 9% surface finish enhancement when compared
with other EDM processes.

Keywords Magnetic field-assisted near-dry EDM · Near-dry EDM ·Wet EDM ·
Material removal rate · Surface roughness · Tool wear rate · Surface morphology

56.1 Introduction

Materials such as titanium alloys, nickel-based alloys, and ferrous alloys used in
aerospace, nuclear, medical, and automotive industries are referred to as difficult to
machine materials. Machining these materials using conventional methods produce
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excessive tool wear, heat generation, and higher cutting force that results in low pro-
ductivity and poor surface finish. Electrical discharge machining (EDM) is one of the
nonconventional machining processes used to machine difficult to machine materials
with intricate shapes. The mechanism of material removal in EDM is by means of
rapid repetitive spark occurring in between the tool and workpiece immersed in a
dielectric medium. Tool and workpiece are maintained at constant gap known as a
spark gap.When a high potential difference is applied between the tool andworkpiece
separated by a distance of spark gap, dielectric breaks down and sparks discharge in
the gap. As the discharge begins, melting and vaporization of the tool, workpiece, and
dielectric medium take place. The servo control maintains the constant gap between
the tool and workpiece. As the discharge ceases, the dielectric medium cools the
electrode (both tool and workpiece) and flushes out the molten material, vaporized,
and condensed debris particles from the spark gap [1]. The energy contained in each
spark is transferred to tool and workpiece through the dielectric fluid. The proper-
ties such as dielectric strength, thermal conductivity, heat capacity, and viscosity of
the dielectric fluid affect the machining performance of EDM process. Deionized
water and kerosene/hydrocarbon oil are the most commonly used dielectric fluid
in conventional wet EDM process. Dry EDM, near-dry EDM, and magnetic field-
assisted near-dry EDM are the emerging areas of EDM process which uses gaseous,
mist (liquid–gas mixture), and application of external magnetic field, respectively,
as dielectric fluids.

Several researchers attempted to study the influence of process parameters on
machining characteristics, viz., material removal rate (MRR) and surface integrity
of dry EDM process. In dry EDM process, a high velocity of gas jet (dielectric
fluid) is supplied to the spark gap through a rotating or planetary motion pipe tool
electrode [2]. Authors have attempted to compare the MRR of dry EDM milling
and conventional milling of quenched steel and proposed a hypothesis of achieving
equivalent MRR and better machining accuracy using dry EDMmilling [3]. Machin-
ing of cemented carbide using dry EDM milling exhibits high machining speed and
lower electrode wear compared to that of oil EDM milling and oil die-sinking EDM
process [4]. Saha and Choudhury [5] attempted to study the parametric influence of
dry EDM on MRR of mild steel and stainless steel [6] materials. Authors stated that
the effect of discharge current, duty factor, and air pressure on MRR is dominant.
Govindan and Joshi analyzed the dry EDM machining of SS 304 steel material on
MRR, tool wear rate, and oversize using different shapes of tool electrode [7, 8].
Fattahi and Baseri proposed a hypothesis on the effect of process parameters such as
discharge current, pulse on time, gas pressure, and electrode rotation speed on MRR
and tool electrode wear rate [9]. Authors stated that MRR increases with increase in
pulse duration and tool electrode wear reduces by increasing gas pressure [10, 11].
Researchers have attempted to improve the performance of dry EDM by applying
external magnetic field intensity into the machining zone. Joshi et al. [12] proposed
a hybrid dry EDM process using pulsating magnetic field intensity and studied the
performance and mechanism of material removal using single spark analysis [13].
Teimouri and Baseri studied the influence of magnetic field intensity on rotating tool
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electrode in die-sinking process and stated that the applied external magnetic field
enhances the better flushing of the gap [14].

Near-dry EDM is one of the emerging areas of EDM process that uses mist
(liquid–gas mixture) as the dielectric medium. Researchers have attempted to study
the influence of process parameters onMRR and surface finish on different materials
during near-dry EDM process. Kao et al. studied the influence of process parameters
such as pulse on time and pulse off time on the material removal rate of aluminum
6061 material [15]. Authors proposed that near-dry EDM produces higher material
removal rate, sharp cutting edge, and less debris deposition on the machined surface
compared to that of wet and dry EDM process. The process parameters such as
current, pulse on time, and pulse off time are varied to compare the surface finish
of machined components during dry and near-dry EDM process. Authors stated that
for lower values of pulse on time and discharge current, near-dry EDM produces the
better surface finish on machined component than that of dry EDM process [16].
Increasing the dielectric flow rate in near-dry EDM increases the material removal
rate [17]. From the literature, it is observed that a lot of work has been published
in analyzing the performance of dry EDM process using different gaseous dielectric
fluids. Limited work is been published in studying the effect of process parameters
on MRR and surface integrity of components machined using near-dry EDM and
magnetic field-assisted near-dry EDM process.

In this research work, the effect of the pulse on time and discharge current on
machining characteristics, viz., material removal rate, surface finish, and surface
topography of the machined component, is analyzed during near-dry EDM and mag-
netic field-assisted near-dry EDM (MFAND EDM) process. The results obtained are
compared with the results from normal EDM process. The surface of the machined
components is analyzed using 2D roughness profile and using scanning electron
microscope (SEM) images. The following section presents the experimental proce-
dure and results obtained in detail.

56.2 Experimental Details

Experiments were conducted on Electronica C425 EDM machine. Copper (99.9%
Cu) of 8 mm diameter is used as an electrode material. Inconel 600 plate of 100 mm
length, width 50 mm, and depth of 4 mm is used as workpiece material. The chem-
ical composition of Inconel 600 is given in Table 56.1. The commercial EDM oil,
IPOL spark erosion 450 is used as a liquid dielectric in normal or wet EDM process.

Table 56.1 Chemical composition of Inconel 600

Ni Cr Fe Mn Cu Si C S

72.0 14.0–17.0 6.0–10.0 1.0 0.5 0.5 0.15 0.015
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In near-dry EDM, the dielectric fluid (oil–air mixture) is sprayed through Accu-
Lube precision pump used for minimum quantity lubrication (MQL) in conventional
machining that is adopted. Compressed air at 6 bar pressure is given toMQL setup to
generate oil–airmixture dielectric at a flow rate of 300ml/h. Inmagnetic field-assisted
near-dry EDM process, pulsating magnetic fields are produced by three electromag-
nets arranged in triangular configuration [13] so as to get the resultant magnetic field
tangential to the plasma column. The magnetic field intensity is maintained constant
at 0.3 T [12]. The experimental setup used for conducting experiments is given in
Fig. 56.1. In this work, the pulse on time and discharge current were taken as the
input parameters. The input parameters are varied at three levels, viz., pulse on time
100 µs, 200 µs, 300 µs and discharge current as 12, 16, 20 A. The effects of these
input parameters on material removal rate, the surface roughness of the machined
components, and tool wear rate of the electrode were analyzed. The parameters such
as voltage, duty factor, air pressure, dielectric flow rate (for near-dry and MFAND
EDM), and magnetic field intensity were maintained constant at 40 V, 80%, 6 bar,
300 ml/h, and 0.3 T, respectively. The material removal rate (g/min) and tool wear
rate are calculated using the formulae given in Eqs. (56.1) and (56.2), respectively

MRR = wi − wf

tm
(56.1)

TWR = wi − wf

tm
(56.2)

where

wi and wf Initial and final mass of workpiece (g)
tm Machining time (min).

Fig. 56.1 Experimental setup used for conducting experiments
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The mass of the component before and after machining and loss in mass of tool
electrode is measured by using the weighing balance of 0.1 mg accuracy. The surface
roughness of the machined component is measured using Marsurf XR20. For each
process parameter combination, three experiments were conducted and their average
value is given in Table 56.2.

56.3 Results and Discussion

The input parameters such as pulse on time and discharge current and output param-
eters such as MRR and surface roughness are given in Table 56.2.

56.3.1 Effect of Process Parameters on Material Removal
Rate

The effect of pulse on time and discharge current on the material removal rate of
wet, near-dry, and MFAND EDM are given in Fig. 56.2. Varying pulse on time and
discharge current, MRR is higher for wet EDM process compared to that of near-dry
and MFAND EDM. The dielectric oil used in wet EDM is having a higher viscosity
than oil–gas mixture dielectric used in near-dry and MFAND EDM. The higher the
viscosity of dielectric fluid, the more the material removed from the surface. In wet
EDM process, as pulse on time increases MRR decreases. At low pulse on time, the
discharge energy of the pulse is used effectively that resulted in increased MRR. As
the pulse on time increases, the discharge energy per pulse increases. During pulse on
time, dielectric breaks down and discharge begins in the gap that starts melting and
vaporization the material on the surface. As the discharge proceeds, large portion of
heat is utilized to melt the material. At the end of pulse on time, the discharge ceases
and the molten material gets re-solidified back on to the machined surface, possibly
due to insufficient flushing of the dielectric medium [18, 19]. As the pulse on time
increases, discharge energy per pulse resulted in increased debris concentration in the
gap. Increase in concentration of debris leads to the formation of the arc and short-
circuit pulse. Short-circuit pulses are an inactive pulse which does not contribute to
material removal [20].

In near-dry EDM, the dielectric medium used is an oil–gas mixture. Due to the
low viscosity of the oil–gas mixture, the explosive force generated inside the plasma
channel reduces. This resulted in reduced MRR. For all pulse on time and discharge
current values, the MRR obtained using MFAND EDM is almost equivalent to that
obtained using wet EDM process. In MFAND EDM process, the applied magnetic
field acts tangentially to the plasma that tries to prevents its further expansion. As
the growth of plasma channel is constrained, that increases the pressure inside the
plasma. Increase in pressure of plasma erodes more amount of material from the
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Fig. 56.2 Influence of
process parameters on MRR

surface. As the pulse on time increases, more debris particle generated in the gap
resulted in reducedMRRas explained earlier. Figure 56.3 shows theSEMmicrograph
of component machined under wet EDM, near-dry EDM, and MFAND EDM taken
at a magnification of 300X.

FromSEMmicrograph, the reattachment of debris particle generated due to arcing
can be seen in both wet EDM and MFAND EDM machined surfaces. The surface
generated by near-dry EDMcomposed of shallow craters due to lessmaterial removal
and clean surface due to the better flushing of oil–air mixture dielectric fluid.

56.3.2 Effect of Process Parameters on Surface Roughness

Typically, influence of process parameters on surface roughness is given in Fig. 56.4.
As the pulse on time and discharge current magnitude increases, surface rough-

ness increases. Among the three EDM processes, wet EDM produces a surface with
more irregularities. This is due to higher inertia and viscosity of liquid dielectric com-
pared to that of oil–gas mixture dielectric. High dielectric fluid viscosity prevents the
expansion of plasma channel which builds up more pressure inside plasma and gen-
erates larger explosive force to remove material [15]. As the pulse on time increases,
more debris is generated in the gap. Increasing the concentration of debris in the gap,
the material is removed from the surface at random location. This resulted in the
poor surface finish on surface generated using wet EDM. As the current increases,
the intensity of the spark produced is more which leads to larger and deeper crater on
the work material which increases the surface roughness [21]. The surface roughness
obtained in near-dry EDMandMFANDEDM is low compared to that obtained using
wet EDM. The lower viscosity of oil–gas mixture resulted in a shallow crater in the
region of spark that leads to the better surface finish [16]. Due to lesser entrapment of
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Fig. 56.3 SEM micrograph
of components machined at
300 µs pulse on time and
20 A discharge current
(C—Crater, D—Debris,
G—Spherical globules)

(a) Wet EDM

(b) Near dry EDM

G

C

D

C

(c) MFAND EDM

G

C

D

debris on the work material because of the magnetic force which flushes the debris
from the machined surface and protects the surface from remelting and sticking. The
flushed debris will also ground the rough edge of discharge craters and make the
little surface smooth which further reduces the surface roughness [22]. Figure 56.5
shows the typical 2D roughness profiles of the componentmachined under wet EDM,
near-dry EDM, and MFAND EDM.
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Fig. 56.4 Influence of
process parameters on
surface roughness

Fig. 56.5 Roughness profile
of component machined at
100 µs pulse on time and 16
A discharge current

Ra = 2.9824 µµm 

Ra = 2.5918 µm 

Ra = 2.7863 µm Near dry EDM

Wet EDM

MFAND EDM

56.3.3 Effect of Process Parameters on Surface Morphology

The surface morphology of the work material machined under different dielectric
environments for the condition 300 µs pulse on time and 20 A discharge current
taken at a magnification of 400X is investigated using scanning electron microscope
(SEM) as shown in Figs. 56.6, 56.7, and 56.8 for wet EDM, near-dry, and MFAND
EDM, respectively.

Higher entrapment of debris was seen inWet EDMwhen compared to that of near-
dry EDM and MFAND EDM machined surface. SEM micrograph of the surface is
obtained using near-dry EDM process with less number of debris. In ND EDM
process, the dielectric used is the combination of liquid and pressurized air. The
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Fig. 56.6 Surface morphology of Inconel 600 under wet EDM

dielectric is in the form of mist which flushes the debris away from the machining
gap. Finer surface with lesser debris accumulation was obtained by MAND EDM
process (Fig. 56.8a). In MAND EDM process, the debris is flushed away by both
the pressurized dielectric and magnetic fields. The magnetic force flushes away the
debris from the machined surface and protects the surface from debris reattachment.
Figures 56.6b, 56.7b, and 56.8b show the variation of recast layer under various EDM
processes. The higher order thickness of recast layer was seen in wet EDM process,
due tomore amount of re-solidifiedmaterial adhered onto the surfacewhen compared
with near-dry EDM and MFAND EDM process. Microcracks were observed on the
surface obtained by wet EDM and near-dry EDM processes intersecting each other,
which are shown in Figs. 56.6 and 56.7c. The formation of these microcracks is
mainly due to the abnormal discharges caused by the accumulation of debris in the
machining zone. These regions are subjected to severe residual stress, and hencemore
prone to cracking [23]. No such microcracks were found on the surfaces obtained by
MAND EDM process as shown in Fig. 56.8(c).



56 Investigation on Magnetic Field-assisted Near-dry Electrical … 681

Micro- cracks 
intersect 

each other

Fig. 56.7 Surface morphology of Inconel 600 under near-dry EDM

56.3.4 Tool Wear Rate

The effect of process parameters on tool wear rate is given in Fig. 56.9. As the current
increases, there is an increase in TWR; this is due to the spark produced in the gap
which will be higher which removes more material from the tool as well as work
material. As the pulse duration increases, there is a decrease in TWR; this is mainly
attributed due to higher temperatures prevail in the machining zone to facilitate the
carbon particles present in the dielectric medium to adhere on the tool surface which
protects from erosion [21].

The tool wear rate in MFAND EDM is higher compared to that of other two
processes.Due to rapid ionization and increased explosion force in the plasma created
by external magnetic field, morematerial is melted on the tool electrode. Also, oil–air
mixture dielectric has lower thermal conductivity and heat capacity compared to that
of oil dielectric which resulted in increased tool electrode wear rate. Lower thermal
conductivity and heat capacity of oil–air dielectric resulted in increased tool wear
rate than liquid dielectric used in wet EDM process. Less tool wear in wet EDM,
when compared with MFAND EDM process, is observed. Thermal conductivity and
heat capacity are the important properties of the dielectric medium that controls the
solidification of molten materials and cooling of tool and workpiece surface. The
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Fig. 56.8 Surface morphology of Inconel 600 under MFAND EDM

Fig. 56.9 Variation of tool
wear rate at different
machining conditions
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thermal conductivity and heat capacity liquid dielectric are at least 10 times and
twice that of gas dielectrics [16] which resulted in reduced tool wear in wet EDM
process.

56.4 Conclusion

Electrical discharge machining of Inconel 600 is performed under wet, near-dry, and
magnetic field-assisted near-dry EDM (MFAND EDM) process. Also the effect of
process parameters such as pulse on time and discharge current on MRR, surface
integrity, and tool wear rate is analyzed. The following are the important conclusions
drawn from the work:

• Higher MRR is obtained in wet EDM due to higher dielectric fluid viscosity
of the liquid dielectric. Least MRR is obtained in near-dry EDM process due to
lower viscosity of oil–airmixture dielectric.Magnetic field-assisted near-dryEDM
produces MRR equivalent to that of wet EDM and 73% higher MRR compared to
that of near-dry EDM. The external magnetic field applied during machining aids
in rapid ionization of gap and more material removal.

• Magnetic field-assisted near-dry EDM to produce the better surface finish and less
debris reattachment on the machined surface compared to that of wet and near-dry
EDM process.

• Higher tool wear is observed in magnetic field-assisted near-dry EDM process
due to higher thermal loads generated by spark and lower thermal conductivity
and heat capacity of oil–air mixture dielectric. Least tool wear is observed in wet
EDM due to higher thermal conductivity and heat capacity of liquid dielectric
which cools the tool electrode rapidly.

Using the proposed work, different dielectric mediums can be used to enhance the
material removal mechanism of EDM process. The proposed work can be extended
in online monitoring of EDM process while using different dielectric environments.
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Chapter 57
Selection of Aluminum Hybrid Metal
Matrix Composite Material Using
Additive Ratio Assessment Approach
and Comparing with the Experimental
Results Varying Different Weight
Percentage of the Reinforcements

Soutrik Bose and Titas Nandi

Abstract Propermaterial selection is essential inmanufacturing arenawith superior
product and cost-effectivity. This paper focuses on themulti-criteria approach namely
additive ratio assessment (ARAS) for best material selection of a hybrid composite
using aluminum (Al) and silicon carbide (SiC) with varying reinforcements like
waste carbonized eggshells (WCE), cow dung ash (CDA), snail shell ash (SSA), and
boron carbide (B4C) varying different reinforcement weights by stir casting. There
is an increment in hardness, tensile, fatigue strength while decrement in fracture
toughness, ductility and corrosion rate which gets improved by heat treatment. The
optimum values obtained are 7.5 wt% of WCE and SiC + SSA, preheat temperature
of WCE and SiC as 300 °C and 500 °C, respectively. WCE is obtained to be the best
reinforcement both by ARAS and after experiments at the lowest cost than the other
reinforcements.

Keywords ARAS · Hybrid composite · Corrosion rate · Wettability · Porosity
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ρ Alloy Density (g/cm3)
P Percent Porosity
ρexp Experimental Density
ρtheo Theoretical Density
BHN Brinell Hardness Number

57.1 Introduction

Different public sectors useAMC for their improved physical andmechanical proper-
ties. Recent improvement includes stir casting by using the ceramic reinforcements
but in this manuscript, uncarbonized eggshells (ES), waste carbonized eggshells
(WCE), snail shell ash (SSA), silicon carbide (SiC), and boron carbide (B4C) are
used with different weight fractions by stir casting at squeezed pressure at optimum
controlled conditions. Selection of the best material in an adept material selection
approach depends on the manufacturing scope and to minimize cost while meet-
ing the product performance objectives. Inappropriate material selection leads to
immature product failure with high cost. So proper identification and selection of
appropriate materials with definite functionalities to acquire the best product with
least cost and high performance are the most important criteria. The mechanical
properties like hardness, tensile strength, fatigue strength, porosity, corrosion rate,
and ductility are the prime concern. Therefore, a competent and organized approach
like ARAS [1], based on some strongmathematical establishment, is hence proposed
for the integration of design andmanufacturing objectives but the actual performance
of the material under different conditions may vary from the expected results which
need to be optimized. Strong interfacial bonds are the main criteria for improved
wettability. Better tribomechanical characteristics can be obtained with higher per-
centage of WCE than ES by Deep et al. [2] analyzed aluminum-silicon carbide of
different weight percentages and concluded that mechanical properties increased
with increased weight fractions to an optimum level. Solidification of AMC was
characterized by Kayal et al. [3] by stir casting. Jyothi et al. [4] concluded better
performance of cow dung ash than rice husk ash with Al-5% Si alloy. Emenike [5],
obtained dissimilar corrosion characteristics of Al-MgA535 + fly ash and found
enhanced corrosion rate with the increase of fly ash content. Al-based composites
are vulnerable to erosion–corrosion [6, 7] for automobile cooling sectors, so hybrid
reinforcements are introduced. The main research gap is to compare the physio-
mechanical properties of the best hybrid green composite and to scrutinize the via-
bility of producing this novel Al/WCE composite material using stir casting process
by recycling these hazardouswastes. Themechanical and physical properties of these
hybrid green composites can be compared and the best result can be optimized.
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57.2 Additive Ratio Assessment Method

The ARASmethod is the perceptible measurements and utility theory where a utility
function value designates the relative efficiency of various alternatives. It is directly
proportional to the relative outcome of the criteria values and weightage parameters
of the criteria. The steps of ARAS [1] method is as follows:

Step 1: A definite normalization process is proposed for the beneficial attributes and
reciprocal of all the criteria is considered for non-beneficial attributes and hence, the
normalized decision matrix is determined with respect to all the alternatives:

Xi j ′ = 1

Xi j
(57.1)

Step 2: The normalized values are calculated:

R = [
ri j

]
mxn = Xi j ′

∑m
i=1 Xi j

′ (57.2)

Then the weighted normalized decision matrix, D is determined:

D = [
Yi j

]
mxn = ri jxwj (i = 1, 2, 3, . . . ,m; j = 1, 2, 3, . . . , n) (57.3)

Step 3: The optimality function (Si) for ith alternative is hence determined:

Si =
n∑

j=1

Y i j (57.4)

Greater the Si value, superior is the alternative, which is directly proportional to the
decision matrix values and criteria weights.
Step 4: The degree of utility (Ui) is computed for each alternative and compared with
the maximum efficient alternative (S0). The equation for calculating utility degree
(Ui) is given below

Ui = Si

So
(57.5)

The degree of utility of the alternatives varies from 0 to 100% and the one with the
highest utility value (Umax) is the best choice (Rank 1) among all the alternatives.

By following the above steps, the best hybrid composite material is obtained by
ranking and material number A30 is found to be rank 1 which is Al + Al2O3 at
12.5 wt% addition and material number A24 is found to be rank 2 (Fig. 57.1) which
is heat-treated 12.5 wt% WCE. From this approach, 25 samples were fabricated as
shown in Table 57.1 and experiments were done and best result was obtained to be
A24 experimentally.
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Fig. 57.1 Rank of composite materials by ARAS approach

Table 57.1 Different samples fabricated by varying the weight percentage of the reinforcements

Sample
no.

SiC
(wt%)

Eggshells
(wt%)

Sample
no.

SiC
(wt%)

Eggshells
(wt%)

Sample
no.

SiC
(wt%)

Eggshells
(wt%)

S1 2.5 2.5 S10 5 12.5 S19 10 10

S2 2.5 5 S11 7.5 2.5 S20 10 12.5

S3 2.5 7.5 S12 7.5 5 S21 12.5 2.5

S4 2.5 10 S13 7.5 7.5 S22 12.5 5

S5 2.5 12.5 S14 7.5 10 S23 12.5 7.5

S6 5 2.5 S15 7.5 12.5 S24 12.5 10

S7 5 5 S16 10 2.5 S25 12.5 12.5

S8 5 7.5 S17 10 5

S9 5 10 S18 10 7.5

57.3 Experimental Setup

57.3.1 Material Library

The chemical composition is Si (0.6), Fe (0.5), Cu (4.2), Mn (0.7), Mg (0.6), Zn
(0.25), Ti (0.2), Ni (0.1), and Cr (0.1) with balanced Al in percentage and 25 different
samples varying the weight percentage of the reinforcements are taken as shown in
Table 57.1.
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57.3.2 Composite Development

Figures 57.2 and 57.3 depicts the schematic experimental setup diagram and squeeze
casting in Universal Testing Machine (UTM). Al was heated to 750 °C in a graphite
crucible furnace and cooled approximately at 600 °C. The reinforcements were pre-
heated to 300 °C for 30min to improve wettability by removing dampness and stirred
manually for 5 min. The mixture varying the wt% (0, 2.5, 5, 7.5, 10, 12.5, and 15)
of reinforcements before and after heat treatment was then solidified into the mold.

Where, (1) represents Motor, (2) represents Stirrer, (3) represents Furnace, (4)
signifies Graphite Crucible, (5) stands for Molten Metal, and (6) symbolizes Ther-
mocouple.

Fig. 57.2 Stir casting
experimental setup

Fig. 57.3 Squeeze casting
on UTM
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57.3.3 Porosity Analysis

Porosity, as obtained by Dwivedi et al. [8], is the incremental ratio of theoretical and
experimental density of the composites. The equation is

P = 1 − ρ exp

ρtheo
× 100% (57.6)

57.3.4 Corrosion Test

The corrosion tests of all fabricated composites were immersed in 4% NaCl solution
for approximately 5 days at room temperature. Corrosion rate formula as provided
by Dwivedi et al. [8], where, K = 8.75 × 104, A = 9 cm2, t = 5 days (120 h):

CR = W × K

ρ × A × t
(57.7)

57.4 Results and Discussion

57.4.1 Evaluation of Mechanical Properties

The hardness values augment from 60 BHN (0 wt%) to 101 BHN (12.5 wt%) for
ES and 113 BHN (12.5 wt%) for WCE. It deviates from 61 BHN (0 wt%) to 110
BHN (7.5 wt%) of SiC + SSA according to Aribo et al. [7] and then it decreases to a
constant factor.When it is correlated withMohanavel et al. [10] hardness increases to
200 BHN with Al2O3 + Gr, reaches to 115 BHN when reinforced by B4C by Kumar
et al. [9], but decreases to 87.1 BHNwhen reinforced by SiC by Deep et al. [2] and to
68.2 BHNwhen reinforcedwith LM6/SiC byNandi et al. [3]. Figure 57.4a represents
decrease of hardness beyond 12.5 wt% of reinforcements, which may be due to the
air entrapment indicating larger pore formation resulting in decrease in mechanical
properties. However, when compared with Jyoti and Bharath [4], hardness reaches
to a maximum about 64 BHN at 2.5 wt% addition of CDA with the Al matrix and
then decreases gradually. Hardness of WCE and ES improve to 118 BHN and 112
BHN, respectively, after heat treatment.

Figure 57.4b shows the improvement of the tensile strength up to 12.5 wt%which
progresses from 185 MPa (0 wt%) to 252 MPa and 270 MPa for ES and WCE,
respectively, because uniform eggshells particles are distributed in theAl alloymatrix
and then decreases due to weak particle–matrix interaction, and again it is further
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Fig. 57.4 Mechanical
properties: a Hardness,
b tensile strength,
c comparative analysis of
hardness, tensile strength
and fatigue strength,
d toughness and corrosion
rate, e porosity analysis
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improved to 264 MPa (for ES) and 273 MPa (for WCE) after heat treatment because
of strengthening characteristics of particle–matrix interface. Mohanavel et al. [10]
obtained increase in the tensile strength up to 205 MPa with increased wt% of Alu-
mina (Al2O3) and Graphite (Gr) which then decreases. But with the increase of
reinforcements it gets decreased to 167 MPa by Deep et al. [2] but with the addition
of Al with B4C by Kumar et al. [9] tensile strength increases a maximum value to
153MPa at 2.5 wt% and then decreases resulting in less ductility than with eggshells
reinforcements. The toughness decreases with increase in eggshell particles addition.
S3 proves to be the best sample (2.5 wt% of SiC + 7.5 wt% of ES/WCE) after com-
paring all the 25 samples where the optimum conditions are satisfied. The optimum
values of tensile strength of ES is 274 MPa, of WCE is 295 MPa, fatigue strength of
ES is 135 MPa and WCE is 151 MPa, corrosion rate, and porosity is the least.

57.4.2 Porosity Analysis and Corrosion Rate

Figure 57.4e shows the porosity analysis graph where the best result obtained is (1−
2.69/2.70)× 100= 0.37%.Corrosion rate and loss ofweight ofAl alloy continuously
show a decrement after addition of ES and WCE powder as shown in Fig. 57.4d and
improves after the heat treatment process.

57.5 Conclusion

Recycling of industrial waste is the prime focus of this present investigation for the
fabrication of green hybrid composite as these waste cause serious environmental
hazards. In this paper, ARASmethod is usedwhich is a two-step linear normalization
technique of both qualitative and quantitative criteria to select the bestmaterial (A30),
and it is compared with the results obtained after experiments. Eggshell particles are
much better reinforcements than SiC + SSA at higher weights but B4C shows brittle
failure at much higher reinforcements wt%, while when compared with cow dung
ash it is favorable at much lower wt%. All the mechanical properties improve at
12.5 wt% for WCE reinforcement and further improves after heat treatment, but
decreases on further addition of WCE. Minimum porosity is 0.37% for Al/WCE
at 12.5 wt% which proves that reinforcing with WCE with Al results in a better
composite material. Corrosion rate continuously decreases with the increase ofWCE
addition and improves after the heat treatment process owing to the best result as
4.28 mm/year.
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Chapter 58
The Role of HBN Solid Lubricant
Reducing Cutting Forces of Dry
Machined Al-B4C Composite

M. Rajesh , K. Rajkumar , A. Gnanavelbabu and K. M. Nambiraj

Abstract TheAluminummetalmatrix composites are known as advanced engineer-
ing materials due to their mechanical and thermal characteristics. The machining of
these materials, as extremely hard, required an intrinsic lubrication to reduce the
cutting forces. The present study focuses on the machining of Aluminum–Boron
carbide composites with the effect of solid lubricant hexagonal boron nitride (hBN).
The machining of composites was done with constant B4C-5% and hBN varied from
5 to 15%. The machining performance is characterized by cutting force and tool
wear with the effect of feed, speed, and depth of cut. Polycrystalline diamond (PCD)
inserts were used to perform the machining. The composite microstructure shows
that fairly distribution of hBN and boron carbide particles. The increase in the boron
carbide increases hardness obviously. The depth of cut, feed and cutting speed was
correlated to the cutting forces and tool wear. The rate of flank wear was significantly
reduced with hBN particle concentration due to the smearing of these particles in the
cutting zone. The machining forces were also reduced to an extent with increasing
in hBN particles due to covered soft film over the cutting zone.

Keywords hBN · PCD · Tool wear · Cutting force
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58.1 Introduction

The demands made on materials for better overall performance are so great and
diverse that no one material can satisfy them. That naturally leads to a resurgence of
the ancient concept of combining different materials in an integral composite mate-
rial system that result in a better performance. Particle reinforced aluminum matrix
composites are widely used to engineer several parts of automobiles and many other
mechanical and electrical products. This is because of MMC’s extensive engineering
properties such as wear resistance, fracture toughness, good strength, and stability.
The yield strength and modulus are higher for the metal matrix composites [1]. In
complexity lead by High Speed Steel (HSS) and carbide tools when an encounter
with machining MMC composites, due to higher hardness reinforcing particles and
its abrasive nature, which in many cases, MMC composites are slightly harder than
the commonly used tools [2]. Composite material consists of Al-6061is the matrix
since its lighter and corrosion resistance and easily workable. B4C as the reinforce-
ment added to the matrix since it has extreme hardness, resistance to chemicals,
excellent nuclear properties. Aluminum 6061-B4C composite system dispersed with
solid lubricant particles like hexagonal boron nitride (hBN) has been established
as potential engineering materials for a number of antifriction applications [3]. The
role of hBN in such applications is to reduce the friction, wear and cutting force of
materials by forming a tribo-induced layer of hBN on the interacting surfaces. There
is a significant reduction in direct metal-to-metal contact with the presence of hBN
particles [4]. During machining, the hBN particles are smearing between a cutting
tool and work surface due to weak intermolecular force between the hBN layers. The
concentration of hBN influenced the topography of machined surfaces [5].

The major issue preventing wider use of MMCs is their poor machinability. Since
the soft matrix holding together with very hard particulates, however, it possible
to reduce a tendency of abrasive action to cutting tool by an introduction of softly
layered films between them. Polycrystalline diamond tools (PCD) insert is normally
used for machining MMC composites under dry machining conditions [6]. Many
research studies were undertaken for the machining of aluminum composite the
important observation of BUE formation significantly affects the tool wear at low
speedswhereas thermal softening plays important role at higher speeds and feed rates
[7]. The decrease in the amount of hexagonal boron nitride also affects the formation
of built-up edge thus leading to tool wear. The rate of flank wear and cutting force
are high when machining with a higher depth of cut. Increase the feed rate increases
the flank wear and cutting force [8].

In this present study has been carried out to investigate of high speed turning
parameters like cutting speed, feed rate and depth of cut to thrust force of Al-B4C-
hBNmetalmatrix composites. Tool selection is very important formachiningofmetal
matrix composites. Gallab and Sklad [9] showed that the employability of PCD tools
over composite Al2O3/TiC tools due to higher hardness and thermal conductivity. It
is found that PCD and PCBN tools were much better than WC tools for the MMC
machining. Tomac and Tonnessen [10] experimented that softening of MMC at a
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higher temperature; causes reinforced particles to plow into the workpiece prevents
rapid tool wear. However, no work addresses the machinability of Al-B4C-hBN as
hybrid composite produced by stir casting. Hence, the main objective of the present
work is to study the role of hBN and machining parameters.

58.2 Experimental Procedure

58.2.1 Composite Fabrication

TheMMCconsists of Al 6061was the basematrixmaterial. Initially, it was subjected
to melting for 90 min in an electric furnace to a temperature of about 740 °C. Then
the reinforcement material B4C (16–20 µm) and the solid lubricant hexa boron
nitride (<10 µm) mixture were preheated to 250 °C in a muffle furnace and added
to the base matrix. The three-step addition of reinforcement process is carried out to
avoid agglomeration and better distribution of microparticles. This mixture is then
subjected to stirring at the rate of 90 rpm for 20 min. This is done so that there
is sufficient dispersion of the B4C and hBN. The molten slurry was poured into
the mold; the mold was preheated so that fast cooling of the melt can be avoided.
The mold’s dimensions are 22 mm inner diameter and 110 mm length. After the
solidification of the MMC, T6 heat treatment process was done. The concentration
of reinforcement’s particles in a matrix is shown in Table 58.1.

58.2.2 Machining

The fabricated composites were turned on a medium-duty lathe with a drive motor
power of 1.5 kW. The cutting parameters such as cutting speed, feed and depth of
cut are taken as the control factors and are listed in Table 58.2. The cutting force was
measured using an IEICOS lathe tool dynamometer with a digital force indicator.
The PCD cutting tool was used to perform machining.

The cutting forces generated during machining are noted. The one factor at a
time-based experimentation work helps to understand the mechanics of cutting force
produced in response to the input process parameter. SEM image analysis is done to
understand the cutting surfaces of composites and tool wear.

Table 58.1 Concentration of
Al/B4C/hBN composite in
(vol.%)

Composition Al B4C hBN

C1 80 15 5

C2 75 15 10

C3 70 15 15
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Table 58.2 Machining
parameters

Cutting parameter Units Levels

Cutting speed m/min 25, 85

Feed rate mm/rev 0.15, 0.3

Depth of cut Mm 0.2, 0.6

Dry machining

58.3 Results and Discussion

58.3.1 Microstructure of Composite

The uniform distribution of microparticles investigation on fabricated MMC is car-
ried out by SEM image analysis. There is no agglomeration of the reinforcement
particles, any micro cracks, and voids in the MMC, as observed from SEM image of
composites, as depicted in Fig. 58.1. The relative size of boron carbide and hBNparti-
cles are clearly seen from this figure. These reinforcement’s particles were intact with
an aluminum matrix. EDX spectrum shows peaks of aluminum, boron carbide, hBN
particle, and alloying elements thus confirm chemical composition of the composite.

58.3.2 Effect of Cutting Force to Cutting Speed in Minimum
and Maximum Feed and Depth of Cut

Cutting force measurements are quite complex due to composition, size and uniform
distribution of reinforced particles. Anyway measurement of cutting force makes
understanding the concepts of composite machining. Cutting force analysis with
varying cutting speed, feed, and depth of cut are taken for discussion. For every

Fig. 58.1 Typical SEM image with EDX of Al/B4C/hBN composite microstructure



58 The Role of HBN Solid Lubricant Reducing Cutting Forces … 701

Fig. 58.2 Cutting force versus speed (minimum and maximum feed and depth of cut)

cutting condition, three trailswere availed andmean value is taken for better accuracy.
Figure 58.2 shows a variation cutting force with speeds at conditions of feed rate
0.15mm/rev, depth of cut 0.2mmandmaximum feed rate 0.3mm/rev and depth of cut
0.6 mm are constant. The cutting speed is much influenced at low concentration hBN
particles due to scarcity solid lubricant particles. The boron carbide particle raises
the cutting forces when interacting with a cutting tool. The cutting force is stabilized
with speed at higher concentration of hBN particles. The general observation is that
the cutting force decrease with increasing cutting speed. A similar observation is
made from the machining experiment. The thrust force decrease as a result of low
shear hBN thin-film covered in the machining area. Moreover, to increase the hBN
particle to decrease the magnitude of cutting force. From the graph it is also observed
that with increase in cutting speed, thermal softening of the aluminum MMC makes
the easier flow of chip and results lower cutting force consumption.

58.3.3 Effect of Cutting Force to Feed Rate in Minimum
and Maximum Speed and Depth of Cut

Figure 58.3 shows a variation cutting force with feed rate at conditions of minimum
speed 25m/min and depth of cut 0.2 mm andmaximum speed 85m/min and depth of
cut 0.6mmare constant. From the plot shows is increasing the feed rate to increase the
magnitude of cutting force. This affects the cutting force increases with an increase in
feed rate. Theheat generated is alsomorewhich increase in feed rate and thegenerated
heat is mostly carried away by chip and remaining is present in the material. This
may cause micro dimensional changes in the material. Moreover, considering all the
processing parameters the cutting forces decreased with increasing hBN particles in
the matrix. From the graph, it is also plotted that with increase in feed rate cutting
force is also increased. At higher feed rate, cutting temperature is very high due to
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Fig. 58.3 Cutting force versus feed (minimum and maximum speed and depth of cut)

short period of machining the same length and developed cutting temperature cannot
be taken away completely by the chip.

58.3.4 Effect of Cutting Force to Depth of Cut in Minimum
and Maximum Cutting Speed and Feed

Figure 58.4 shows the cutting force to a depth of cut at conditions ofminimum cutting
speed 25 m/min and feed rate 0.15 mm and maximum cutting speed 85 m/min and
feed rate 0.3mmare constant. From the plot, it shows a depth of increase inmagnitude
force. This is a cause of more materials removed at the same time. The number of
layers to be removed in a single pass is high with increased depth of cut and relatively
inclusion of abrasive particles (B4C) in chip removal also very high. This requires

Fig. 58.4 Cutting force versus depth of cut (minimum and maximum speed and feed rate)
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Fig. 58.5 SEM image of
flank wear for 5% hBN
composite

higher cutting force to remove excess layers of materials. The magnitude of cutting
force is higher when considering the depth of cut with other parameters.

58.3.5 Flank Wear Analysis

Aluminum composite machining is difficult due to the presence of hard particles
inclusion. Though, it is made easier by the addition of self-lubricating powders
(hBN). The tool wear for the turning of the composite was characterized by flank
wear and built-up edge formation. The cutting tool undergoes high stress, cutting
temperature and rubbing action and micro-welding during machining. Both abra-
sive and adhesive wear mechanism stimulates the rapid tool wear at higher cutting
temperature. The SEM image of the worn out PCD insert (at various cutting speed),
is shown in Figs. 58.5 and 58.6. This SEM image shows that occurrence of flank
wear and formation of a built-up edge as in the case of C1 composite. Considering
the built-up edge, hBN reduces the welding of work material over the tool rake sur-
face. Increasing the hBN particles in composite decrease the tool wear as shown in
Fig. 58.6, there is a mild tool wear observed. So, it is evident that hBN reduces the
tool wear.

58.4 Conclusions

The results of turning operation on hybrid metal matrix Al-B4C-hBN composites
using PCD tool by varying machining parameters were presented. From the results
obtained, the following conclusions can be drawn:
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Fig. 58.6 SEM image of
flank wear for 15% hBN
composite

1. Higher depth of cut and feed rate produces more cutting force.
2. Higher cutting speed with lower depth of cut and lower feed rates develop low

cutting forces.
3. Cutting force reduced by adding hBN due to the formation of low shear strength

thin film on the cutting surface. This is possibly reduced friction between tool
and work during machining.

4. Flankwear of cutting tool reduceswith increasing hBNadditionwhich confirmed
by SEM observation.
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Chapter 59
Experimental Investigation on Influence
of Process Parameters of Abrasive Water
Jet Machining on Kerf Taper of Glass
Fiber-Reinforced Polymer Composites

H. J. Prajapati , Puneet Kumar , Shailendra Kumar and Ravi Kant

Abstract The present paper describes an experimental investigation on the influence
of process parameters namely water pressure, stand-off distance and traverse speed
of abrasivewater jet machine (AWJM) on kerf taper of glass fiber-reinforced polymer
composite (GFRP) composite. Design of Experiment is donewith the help of Taguchi
methodology and Taguchi’s L25 orthogonal array is selected for experiments. By
using vision measuring system kerf top width and bottom width are measured and
then kerf taper angle is calculated. Analysis of variance is used to determine the
effect of machining parameters on kerf taper of machined GFRP. It is found that
hydraulic pressure and traverse rate are the most significant parameters to control
kerf taper. A set of optimumprocess parameters is determined on the basis of analysis
of experimental data.

Keywords Abrasive water jet machining · Glass fiber-reinforced polymer
composite · Kerf taper angle

59.1 Introduction

Abrasive water jet machining (AWJM) process is generally used to machine difficult
to cut materials. It is widely used in industries due to its advantages such as high
material removal rate, no thermal effect, minimal stresses, no chatter, and high flexi-
bility. AWJM process is suitable for heat-sensitive materials, especially, composites
because it produces almost no heat and chatter with low stresses. In today’s techno-
logical applications, composite material is very widely used. Glass fiber-reinforced
polymer (GFRP) composite is high mechanical strength and a preferred alternative
once it involves corrosion resistance. Also, GFRP has unique characteristic such as
lightweight, superb temperature resistant properties and offers thermal insulation [1].
It is used in several technological applications including marine, aerospace, sports
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goods, transportation, infrastructure, etc. Even though machining of GFRP compos-
ite is possible by conventional method using diamond edge cutter, but it ends up
in extreme tool wear, high temperature and stresses, fiber pull outs, delamination,
impermissible kerf properties, etc. [2]. In AWJM (Fig. 59.1), abrasive particles are
mixed with a stream of water and forced through the small nozzle at high pressure
so that the abrasive slurry impinges on the work surface at high velocity causing
erosion. There is no heat-affected zone (HAZ) or thermal distortion occur in AWJM,
which can arise in electrodischarge machine (EDM) and laser beammachine (LBM)
[3]. Also, AWJM is nontoxic, can be cut any contour including sharp corner, cheap
and readily available.

Researchers have studied AWJM of various composite materials including
graphite epoxy, kevlar epoxy, ceramic matrix, and natural fiber composite materials
to improve kerf properties and surface quality. For example, Siddiqui and Shukla [4]
studied experimentally and optimize kerf characteristic in abrasive water jet trepan-
ning of thick Kevlar-epoxy composites. It was found that when increasing water
pressure of abrasive water jet machine then its provide high surface finish with low
kerf taper, fine garnet abrasive, and medium value of abrasive flow rate are desirable
for good surface finish. Arora and Ramulu [5] studied the kerf characteristics of abra-
sive water jet (AWJ) machined graphite epoxy composite. It was found that entry
kerf width was more affected by stand-off distance as compared to exit kerf width.
Dhanawade et al. [6] investigated abrasive water jet machining of carbon epoxy
composite. It was found that hydraulic pressure and traverse rate are most major
parameters to control surface roughness and kerf taper. When decreasing traverse
rate, surface finish and kerf taper improve. By using scanning electron microscope
(SEM), microscopic features of the machined surfaces are evaluated and compared

Fig. 59.1 Schematic of abrasive water jet machining setup
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with sample surfaces machined by conventional method using diamond edge cut-
ter. Kumaran et al. [7] studied relation between input process parameters of AWJM
on surface roughness (Ra) for unidirectional carbon fiber-reinforced polymer and a
unidirectional with fabric surface CFRP composites was evaluated using regression
analysis. It was observed that higher pressure resulted in better peeling of carbon
fibers from the matrix, forming a uniform top and bottom kerf width. Good finish
observed on both composites while machining at minimum traverse speed.

Review of the available literature in the area of AWJM of composites reveals that
this process is widely used to machine composites. Most of the researchers have
investigated the cutting performance of AWJM of composites measuring response
parameter including kerf properties, surface roughness,material removal rate (MRR),
etc. some researchers have investigated the effect of various process parameters
such as pressure, traverse rate, stand-off distance, abrasive mass flow rate, grit size
on delamination, depth of cut, etc. and develop mathematical models to predict
kerf characteristics, surface roughness, material removal rate, etc. Very less work is
reported onAWJMofGFRP composites. In the present experimental work, influence
of process parameters of AWJM on kerf taper of GFRP composite is studied. Three
process parameters namely stand-off distance, water pressure, and traverse rate are
considered to study their influence on kerf taper of machined parts.

59.2 Experimental Work

In the present work, experiments are performed on a computer-controlled flying arm
AWJ machine. This machine is equipped with hydraulic pump having maximum
pressure of 240 MPa. Abrasives are supplied through gravity feed abrasive hopper
system. Garnet abrasives with mesh size of #80 are used. The positional and repeat
accuracy of the machine is ±0.05 mm. Mechanical properties of GFRP composite
material are given in Table 59.1. The thickness of workpiece material used in this
work is 16mm. InAWJM, kerf geometry is significant characteristic. In a through cut,
a taper is generated with top width wider than the bottom. Kerf is a machining term
that refers to the material removal during cutting. Figure 59.2 shows that schematic
of kerf geometry. Kerf taper angle is calculated by using the following equation [8]:

Table 59.1 Mechanical
properties of GFRP
composite

Property Value

Volume Fraction 70%

Density (gm/cm3) 1.9

Ultimate tensile strength (MPa) 1000

Ultimate compressive strength (MPa) 600

Young’s modulus (GPa) 40

Hardness (MPa) 3000–6000
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Fig. 59.2 Schematic of kerf
geometry

θ = tan−1 Wt −Wb

2t

where

Wt Top kerf width (mm)
Wb Bottom kerf width (mm)
t Work piece thickness (mm)

The levels of process parameters namely stand-off distance, water pressure and
traverse rate are selected on the basis of literature review and available setup range.
Table 59.2 gives the levels of process parameters. In this present work, process
parameters, namely nozzle diameter, orifice diameter, and impact angle were kept
constant as 0.8 mm, 0.25 mm, and 90°, respectively, during experimentation. A
scientific approach is required to plan experiments in order to conduct and analyze
data efficiently. Design of experiments is generally used to get more information
with few runs. With full factorial design, number of experiments to be carried out for
present study in 125 (i.e. 53= 125),which is time consuming and uneconomical. Also
it may result in high experimental error. So in this study, Taguchi’s L25 orthogonal
array (OA) is selected for experiments.

Table 59.2 Levels of process parameters

Process Parameters Units Levels

1 2 3 4 5

Stand-off Distance (SOD) mm 2.0 2.5 3.0 3.5 4.0

Water Pressure (WP) MPa 160 180 200 220 240

Traverse Rate (TR) mm/min 100 125 150 175 200
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In this work, a total of 25 experiments were carried out using AWJM setup. After
machining with AWJM, by using vision measuring system (Model-Sipcon SDM-
TRZ 5300), kerf top width and bottom width are measured. In this measurement
process, video edge detection with pointer is used for selecting point on cut edge
with active crosshair. Then kerf taper angle is calculated by using equation. L25
orthogonal array along with measured values of kerf taper is depicted in Table 59.3.

Table 59.3 L25 orthogonal array with response measurements

Sr. No. Stand-off
distance
(mm)

Water
pressure
(MPa)

Traverse rate
(mm/min)

Kerf taper
angle
(Degree)

1 2 160 100 0.2454

2 2 180 125 0.3551

3 2 200 150 0.3284

4 2 220 175 0.2365

5 2 240 200 0.2845

6 2.5 160 125 0.4225

7 2.5 180 150 0.3112

8 2.5 200 175 0.3682

9 2.5 220 200 0.3425

10 2.5 240 100 0.1125

11 3 160 150 0.5062

12 3 180 175 0.3885

13 3 200 200 0.4574

14 3 220 100 0.2456

15 3 240 125 0.2345

16 3.5 160 175 0.5088

17 3.5 180 200 0.6099

18 3.5 200 100 0.2145

19 3.5 220 125 0.3075

20 3.5 240 150 0.2012

21 4 160 200 0.6245

22 4 180 100 0.4189

23 4 200 125 0.3251

24 4 220 150 0.3921

25 4 240 175 0.3557
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59.3 Results and Discussion

Influence of process parameters on the kerf taper is investigated through analysis
of variance (ANOVA) using Minitab 14 software. It is a computational technique
to learn about the influence of various factors on response parameters. Table 59.4
depicts theANOVA for kerf taper. The analysis is carried out at 95% confidence level.
F-ratio value is used to test whether the effect due to the factors are significantly
changing or not. Larger F-ratio value indicates that there is a big change in the
performance characteristics. The P-values test the statistical significance of each of
the parameters. The factor that passes the test of significance or having a P-value less
than the significance level (i.e. 0.05) is considered statistically significant.

As depicted in Table 59.4, the P-value of stand-off distance (SOD), water pres-
sure (WP) and traverse rate (TR) is less than significance level i.e. 0.05. Hence all
parameters have passed the test of significance for kerf taper. The P-value of water
pressure and traverse rate is smallest. Therefore, it can be concluded that the water
pressure and traverse rate are the most significant parameter influencing kerf taper
angle of GFRP. The percent contribution of each of the control factor is calculated
by the ratio of the individual parametric sum of square to the total sum of square of
all the parameters. Percentage contribution for water pressure is highest of 42.7%
followed by traverse rate with 32.8% and stand-off distance 14.8%. Residual error
in the process is 9.7%.

Figure 59.3 depicts the main effects plot of process parameters on kerf taper. With
the increase in stand-off distance, kerf taper angle increases. As stand-off distance
increases, it allows the water jet to expand before impingement on the workpiece
which increases susceptibility to external drag from the surrounding environment [9].
Therefore, water jet loses its kinetic energy as it penetrates into the work material,
and diverged jet does not cut effectively in the bottom of kerf. Thus, increases in
stand-off distance results in wider kerf top width than bottom width. Because of at
the same time, the energy of jet decreases at lead exit region.

Water pressure plays a very important role in kerf taper angle of glass fiber-
reinforced polymer by machining of abrasive water jet. Increase in water pressure
results in decrease in kerf taper angle. As water pressure increases, the kinetic energy
of the jet increases and it leads to increased momentum of abrasives. Therefore, the

Table 59.4 Analysis of variance for means

Process parameter DOF F-value P-value %P

Stand-off distance 4 4.60 0.017 14.8

Water pressure 4 13.18 0.000 42.7

Traverse rate 4 10.15 0.001 32.8

Error 12 – – 9.7

Total 24 – –

DOF- degree of freedom; F- F ratio; P- P value; %P- percentage contribution
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Fig. 59.3 Main effects plot for kerf taper

jet is able to retain its energy at the lead exit region and material removal in this
region is effective with increase in water pressure [6]. As a result kerf top width of
work material will be larger and bottom width also may have relatively bigger due
to this obtain lower kerf taper.

With increase in traverse rate, kerf taper angle increases. The minimum value of
kerf taper angle is observed at 100 mm/min of traverse rate as shown in Fig. 59.3.
This is due to the fact that as abrasive water jet passes on work piece surface with
faster moving rate means exposure time decreases and it results in impingement of
less number of abrasive particles on the workpiece material. It causes wider kerf top
width as compared to bottom width [9].

Forminimizing kerf taper, an optimal set ofmachining process parameter as deter-
mined by ANOVA is given as under -Stand-off distance- 2.0 mm, Water pressure-
240 MPa, Traverse rate- 100 mm/min.

59.4 Conclusions

In the present work, an experimental investigation has been done to study the influ-
ence of process parameters namely stand-off distance, water pressure and traverse
rate on kerf taper in AWJMof glass fiber-reinforced polymer composite. On the basis
of experimental results, the following conclusions are drawn:
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i. Water pressure and traverse rate are the most significant parameters influenc-
ing kerf taper angle of AWJM of GFRP. Whereas stand-off distance is least
significant parameter.

ii. It has been found that kerf taper angle varies inversely to water pressure.
iii. Kerf taper angle decreases with decreasing traverse rate and stand-off distance.

The above findings are certainly helpful in effective machining of GFRP compos-
ite by AWJM.
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Chapter 60
WEDM Studies on TiB2-15% SiC
Ceramic Composite Processed Through
SPS Process

K. Jayakumar

Abstract Ceramic matrix composites (CMCs) are also known as the advanced
ceramics or synthetic ceramics, because the major constituent of CMC is basically
synthetically produced ceramic material such as oxide, carbides, titanates. In the
present study, TiB2 microparticle was chosen as a matrix and SiC as reinforcement.
The method selected for the consolidation and fabrication of CMC in this work is
Spark Plasma Sintering (SPS) furnace at IIT, Madras. Synthesis and characteristics
study on TiB2 matrix and SiC reinforcement with varying volume% of 0, 5, 10, and
15 vol.% produced using the SPS furnace at 1100 °C, 40 MPa, and 10 min hold of
time as the initial study. Among four processed CMCs, the CMCwith 15% SiC gave
good fracture toughness of 6.3 MPa

√
m and hardness of 22.1°GPa. Due to difficulty

in machining of CMCs from conventional machining processes, Wire Electric Dis-
chargeMachining (Wire EDM) studies studywas carried out on TiB2-15%SiCCMC
by varying Current (2, 3, and 4 A), Pulse ON (30, 60, and 90µs) and Pulse OFF time
(5, 10, and 15 µs). Results showed that at 4A current, 60 µs Ton, and 5 µs Toff gave
maximum MRR of 0.621 mm3/sec. To reduce material wastage during machining,
kerf is considered for which 3A current, 90 µs Ton, and 5 µs Toff gave least kerf of
0.28 mm for the initial wire diameter of 0.25 mm.

Keywords TiB2-SiC CMC · Spark plasma sintering · WEDM study · MRR · Kerf

60.1 Introduction

Normally ceramic material is rigid, strong, high hardness, good corrosion, and ero-
sion resistance [1]. At the same time, its fracture toughnessmust be enhanced in order
to achieve its full potential possibilities. This problem can be resolved by develop-
ing CMCs by adding reinforcements such as aluminum, copper, titanium, ceramics,
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and nickel to the monolithic ceramics. A composite is called CMC when the rein-
forcement is ceramics and is embedded in ceramic matrix. Since ceramic matrices
often present brittle behaviour, CMCs have been developed to achieve quasi-ductile
fracture behaviour and maintain other advantages of monolithic ceramics at high
temperature.

CMCs can process several methods, which include Hot Pressing, Inductive Heat-
ing, Indirect Resistance Heating, Field-Assisted Sintering Technique, Spark Plasma
Sintering, Hot Isostatic Pressing, Reactive Hot Pressing, etc. Each method has its
own positives and negatives. SPS technique is used in the present study in which uni-
axial force and a pulsed (on-off) direct electrical current (DC) under vacuum atmo-
sphere is used to perform high-speed consolidation of the powder. This direct way
of heating allows the application of very high heating and cooling rates, enhancing
densification over grain growth-promoting diffusion mechanisms, allowing main-
taining the intrinsic properties of micro/nanopowders in their fully dense products.
TiB2 ceramic particle was selected as matrix since its high hardness, melting point,
elastic modulus, and electrical conductivity, relatively lower coefficient of thermal
expansion than common ceramics [2]. SiC was selected as reinforcement due to
closeness of melting point of with TiB2. TiB2 with varying volume% of SiC (0, 5, 10
and 15%) were prepared using SPS process. TiB2–SiC-based CMCs are mainly used
in automotive breaks, Vehicle armor, Automotive clutch, cutting tools, crucibles,
Propulsion Engine Exhaust, etc. [3]. Recently, SPS has been popular in processing
of ceramic-based composites. Huang and Nayak [4] in 2018 used SPS to synthesize
Al2O3–Cr2O3/Cr3C2 nano ceramic composites and demonstrated an increase in hard-
ness and fracture toughness of Al2O3 ceramic with Cr2O3/Cr3C2 s phase addition.
Mechanical and Tribological Properties of Al2O3-TiC composite fabricated through
SPSwas analyzed byKumar et al. [5]. and showed that wear resistance, hardness, and
density were increased with the addition of binders (Ni/Nb). Murty et al. [6] exten-
sively used SPS for CMCs and high entropy alloys. Densificationmechanisms during
reactive spark plasma sintering of Titaniumdiboride andZirconiumdiboridewas car-
ried by his team in 2017 and claimed that Dense ultra-fine-grained high-temperature
ZrB2 and TiB2 CMC. Electrical Discharge Machining (EDM)/Wire EDM (WEDM)
techniques are the suitable machining processes for machining ceramics. In 2014,
Saha et al. [7] tried to use WEDM for machining ZrB2–SiC CMC and explained
that the addition of SiC in ZrB2 increased the surface finish and decreased the MRR.
Modeling and analysis of machinability evaluation in WEDM process of Al2O3 +
TiC based ceramic were attempted by Kung et al. [8]. Effect of WEDM parameters
on surface roughness and MRR was analyzed and predicted. From the literature,
it was observed that machining of high-density CMCs processed by SPS is in the
beginning stage and especially machining of TiB2-based composites needs detailed
investigation to increase its potential application and it was undertaken in the present
study.
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60.2 Experimental Details

60.2.1 Synthesis of Composite

Initially, graphite die with ID of 25 mm and suitable punches were fabricated for
powder compaction. TiB2 ceramic particles of average size 14 µm were used as
matrix and SiC powders (average size of 1 µm) were used as reinforcement with
four different volume percentages (0, 5, 10, and 15%). The composite powder in four
said combinations were weighed and poured separately into the die and compressed
with punch using hands so that the height of the initial specimen is around 10 mm
and the excess powder is removed. The inner layer of die and outer layer of punches
were laced with MoS2 lubricant. The punch and die set were placed inside the SPS
furnace for hot pressure-assisted sintering and sintering conditions were used are
given below.

Max. applied Load: 40 MPa: Max. Temperature: 1450 °C: Hold time: 10 min
Heating Rate: 100 °C/min
The sintering operation is set such that there is gradual increase in loading from 0
to 40 MPa till the specimen reaches 400 °C and after attaining 400 °C, 40 MPa load
was kept as constant till the end of sintering.
Major specifications of the SPS furnace available at IIT Madras are
Current-10,000 A: Voltage-600 V: T −1500 °C. Complete sintering of 4 CMCs was
carried out in vacuum atmosphere and Fig. 60.1 shows closer view of the SPS furnace
with punch and die. Processed CMCs are shown in Fig. 60.4.

60.2.2 Wire EDM Study

Because of the toughness and the brittle nature of CMCs, conventional machining
cannot be done. So, for this reason, the CMCs to be machined using any of the
nonconventional machining methods. For this, wire electric discharge machining
(WEDM) was selected to machine the TiB2–SiC CMC. The WEDM parameters

Fig. 60.1 Die and punch
assembly inside the SPS
furnace used from IIT
Madras

Punch and die
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were selected through the study of literature and the parameters for the machining
experiment is sequenced using Taguchi’s 3 factors-3 levels L9 orthogonal array.

Theminimumnumber of experimentswere conducted due to the limitation in final
specimen size (∅ = 25 and h= 5mm) and holding inWEDMmachine.Wire feed and
voltage values were kept as constant. Current, pulse on time and pulse off time were
selected as variables and these major factors affect the machinability of the given
material in WEDM and also commonly considered in the literature. Other major
WEDM parameters are Wire feed: 60 mm/min, Wire diameter: 0.25 mm (Brass).
Table 60.1 shows the experimental condition in L9 orthogonal array form.

Specifications of WEDM Machine used in this study are given below.
Make: Ratnaparki Electronics Ind. Pvt. Ltd, Chennai, Model: EZEECUT PLUS

X, Y, Z Axis Travel: 300 × 400 × 360 mm, Best Surface Finish: 1–15 µm.
Material Removal Rate (MRR) and Kerf were considered as output measures in

this study. MRR of the CMC is determined by the volume removed by machining
and the time taken for it. WEDM cut was carried for 3 mm depth.

Kerf includes the wire diameter and overcut. For a better machining outcome the
kerf should be minimal. Tool maker’s microscope was used to measure kerf and
there is a cross-hair that can be moved using a micrometer gauge to measure kerf
and Fig. 60.2 shows the kerf of a specimen. Taking the reading of the micrometer
gauge from the start to end of the gap gives the kerf which is listed in Table 60.2.
Figure 60.3a shows the close viewofWEDMwithworkpiece and 3b showsmachined
CMC with 9 slots. For each experiment, kerf is measured at three different locations
and average is considered.

Table 60.1 WEDM process
parameters and experimental
conditions

Exp. No Current (A) T on (µs) T off (µs)

1 2 30 5

2 2 60 10

3 2 90 15

4 3 30 10

5 3 60 15

6 3 90 5

7 4 30 15

8 4 60 5

9 4 90 10
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Fig. 60.2 Cross hair
traveling between the kerf of
a single cut. and Kerf

Table 60.2 WEDM experimental results

Exp.No MRR (mm3/sec) Kerf (mm) Exp.No MRR (mm3/sec) Kerf (mm)

1 0.081 0.31 6 0.371 0.28

2 0.128 0.32

3 0.009 0.3 7 0.294 0.37

4 0.125 0.33 8 0.621 0.38

5 0.264 0.31 9 0.170 0.39

Fig. 60.3 a. WEDM setup with CMC b. WEDM cut (9 cuts) on specimen



720 K. Jayakumar

60.3 Results and Discussions

60.3.1 Microstructure Analysis

Processed CMCs are shown in Fig. 60.4 and relative densities were measured using
Archimedes principle and maximum value obtained as 90% for CMCwith 15% SiC.

Fracture toughness values were measured based on the measurement of Vicker’s
hardness test, measurement of diagonal length and standard formula. Maximum
fracture toughness of 6.3 MPa

√
m was observed for the same CMC with 15% SiC

and hence further WEDM studies were carried out on CMC of TiB2 + 15% SiC.
Figure 60.5 shows the SEM image of the CMCwith 15% SiC in which black colored
bigger size particles are TiB2 and smaller sized white particles are SiC. From the
image it was observed that the reinforcements (SiC) were well distributed over the
matrix surface to give uniform and good properties.

Fig. 60.4 CMC specimens
prepared from SPS (∅ =
25 mm and t = 5 mm)

Fig. 60.5 SEM image of
CMC (85% TiB2 15%SiC) at
1000X magnification
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60.3.2 Effect of Input Variables on MRR

Table 60.2 lists the experimental results and Figs. 60.6 and 60.7 shows the effect of
input variables on responses. In each graph, best-fit line is shown to explain the clear
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trend of responses versus input parameters. In Fig. 60.6a. MRR versus Current, it is
observed that there is an increase in the MMR when current is increased. This is due
towhen the current is at low value, small amount of thermal energy is absorbed by the
surrounding, this keeps the available energy less. Thus, increased power generates
an intense discharge, which impacts the surface of the workpiece and caused more
molten material to be out of the crater [9]. Figure 60.6b (MRR vs. Ton) shows that
there is a rise in MRR as the Ton increased. The increase in Ton time resulted in
the formation of larger craters on the machined surface. The longer period of spark
duration, the number of discharge increases, resulting in increased MRR [9].

In Fig. 60.6c, MRR versus Toff, it can be observed that the MRR is reduced as the
Toff time is increased, this is because Toff time reduced the amount of continuous
discharge of sparks resulting inmoltenmetal cooling downand reduced the additional
metal to be removed [9].

60.3.3 Effects of Input Variables on Kerf

In Fig. 60.7a. Kerf versus Current, it can be seen that there is an increase in the kerf
as the current is increased. Themain reason behind this is the higher the peak current,
higher will be the spark energy. This high spark energy produces larger amount of
debris. This causes the kerf to increase as there is an increase in current and amount
of spark discharged by the increased current [10].

In Fig. 60.7b (kerf Vs Ton), it is observed that the kerf decreased when the Ton
time increased. It may be that with an increase of pulse on time, discharge energy
increases, causing evenly distribute the spark which decreases the kerf [10]. From
Fig. 60.7c (kerf vs. Toff), there is also a dip in the kerf and this may be due to the fact
that the increase in Toff time gave time for molten metal to solidify again reducing
the MRR there by reducing the Kerf [10].

60.4 Conclusions

• TiB2 + SiC CMCs were synthesized using TiB2 as the matrix and SiC as the
reinforcement with varying volume% of 0, 5, 10, and 15 using SPS method.

• Giving more importance to fracture toughness, the specimen with 15% SiC gave
high fracture toughness of 6.3 MPa

√
m among 4 CMCs with maximum hardness

of 22.1 GPa and further machined effectively through WEDM.
• In wire EDM the best parameter is determined by considering the least kerf and the
maximum MRR. From 9 experiments, the experiment number 6, with parameters
3A current, 90 µs Ton, and 5 µs Toff is the second highest in MRR. The same
experiment gave the least kerf of 0.28 mm.
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Chapter 61
Study of Mechanical Properties
and Thermal Conductivity of Carbon
and Basalt Fibre-Reinforced Hybrid
Polymer Composites

V. Durga Prasada Rao , N. V. N. Sarabhayya and A. Balakrishna

Abstract The objective of the present work is to investigate the mechanical proper-
ties, viz., tensile strength and hardness, and thermal conductivity properties of eight
varieties of carbon–basalt hybrid composites, and analyse the microstructure of the
hybrid composite with highest tensile strength using Scanning Electron Microscopy
(SEM). In this work, carbon and basalt fibre-reinforced hybrid composites are pro-
duced through vacuumbagging technique using epoxy resin as thematrix. The hybrid
composites are prepared in different fibre stacking sequences satisfying the prede-
termined volume percentages of carbon and basalt. In each sequence, 90/45 quasi-
isotropic fibre orientations are used. The eight volume percentage combinations of
Carbon (C) and Basalt (B) considered in the study are (0:100), (20:80), (40:60),
and (50:50) with carbon fibres in 450 orientation, (50:50) with basalt fibres in 450
orientation, (60:40), (80:20), and (100:0). The stacking sequences of the aforesaid
eight hybrid composites, respectively, are (B-B-B-B-B-B-B-B-B-B), (B-B-B-C-B-
B-C-B-B-B), (B-B-C-C-B-B-C-C-B-B), (C-B-C-B-C-B-C-B-C-B), (B-C-B-C-B-C-
B-C-B-C), (C-C-B-B-C-C-B-B-C-C), (C-C-C-B-C-C-B-C-C-C), and (C-C-C-C-C-
C-C-C-C-C). It is observed from the results that the average values of tensile strength,
hardness, and thermal conductivity are high, respectively, for (50:50) carbon–basalt
hybrid composite with basalt fibres in 450 orientation and stacking sequence (C-
B-C-B-C-B-C-B-C-B), (80:20) hybrid composite with stacking sequence (C-C-C-
B-C-C-B-C-C-C), and (40:60) hybrid composite with stacking sequence (B-B-C-C-
B-B-C-C-B-B). Finally, the SEM analysis of fractured tensile specimen of (50:50)
hybrid composite with the stacking sequence (C-B-C-B-C-B-C-B-C-B) reveals that
the matrix cracking, fibre breakage, de-bonding, and delamination between fibres
and matrix plays an important role, and they are dominant fracture mechanisms.

Keywords Carbon · Basalt · Hybrid composite ·Microscopy · Delamination
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61.1 Introduction

In present-day research, relatively new fibre-reinforced composite is the hybrid,
which is obtained by using two or more different kinds of fibre in a single matrix.
Carbon fibres are a type of high-performance fibre available for engineering appli-
cation and have high elastic modulus and fatigue strength than those of glass fibres.
On the other hand, basalt fibre has a similar chemical composition as glass fibre but
has better strength characteristics (tensile strengths of glass, carbon and basalt are
1.72, 1.79 and 3.0 GPa, respectively) and unlike most glass fibres is highly resistant
to alkaline, acidic and salt attack. Glass and carbon fibres have their common appli-
cation in the construction industry, and a wide range of applications of basalt and its
products include its uses in civil engineering, automotive, boat building, wind turbine
blades and sporting goods. Taking into consideration these fibres, a brief review of
literature on their composites is presented in the next paragraphs.

RichardParnas et al. [1] investigatedmechanical properties anddurability of basalt
fibre-reinforced polymer composites. To determine the quality of the basalt compos-
ites and glass composites, fibre volume fraction and void content were determined
through the density measurements of polymer matrix and composites. It is found in
tensile test that the modulus of basalt fibre is higher than the glass. Zhishen Wu et al.
[2] presented the fatigue behaviour of various fibre-reinforced polymer composites,
namely, carbon, glass, polyparaphenylene benzobisoxazole (PBO) and basalt fibres,
including the effect of hybrid applications such as carbon/glass and carbon/basalt
composites. Yihe Zhang et al. [3] fabricated the basalt fibre-reinforced compos-
ites with different fibre components by injection moulding method and explained
about tensile, flexural, impact properties and thermal stability. Scanning Electron
Microscopy (SEM) conducted on the fracture structures of the composite reveals
superior linkage between the basalt fibres and PBS matrix. ArySubagia and Yonjig
Kim [4] investigated the effect of incorporation of basalt fibres on the tensile prop-
erties of carbon fibre-reinforced epoxy laminates manufactured by vacuum-assisted
resin transfer moulding. The tensile strength and stiffness of hybrid laminates lin-
early decrease with increase in basalt fibre content, but the fractured strain gradually
increased with the increase in basalt fibre content. Ban Bakir and Haithem Hashem
[5] have evaluated the effect of glass fibre orientation of reinforced composite mate-
rial on mechanical properties: tensile strength, toughness and microstructure were
tested. They used to compare the effect of direction of fibres in order to improve
strength and toughness. Doringato and Pegoretti [6] in their work combined basalt
and E-glass fibre fabrics with carbon fibre fabrics according to the rule of mixture.
Charpy impact tests evidenced that the strength increases as basalt and glass content
increased. ArySubagia et al. [7] fabricated carbon and basalt fibre hybrid compos-
ites by vacuum-assisted resin transfer moulding process, and studied the effect of
stacking sequences of carbon and basalt fabrics on the flexural properties of com-
posite laminates. Jae Lim et al. [8] prepared two types of carbon/basalt/epoxy hybrid
composites in a sandwich form using hand layup method, conducted flexural and
mode-I inter-laminar fracture tests, and studied the effect of stacking sequence on



61 Study of Mechanical Properties and Thermal Conductivity … 727

the flexural and fracture properties. Later, Scanning Electron Microscopy (SEM) is
done on the fractured surfaces.

Prabakaran et al. [9] determined tensile strength, flexural strength and impact
strength of basalt fibre-reinforced vinyl ester composite experimentally. The com-
posite laminates were prepared by mixing chopped strand basalt fibre and vinyl ester
with proper coring agents. It is concluded that shortest fibres have good adhesion
with the vinyl ester resin for tensile properties. Zhongyu Lu et al. [10] have investi-
gated the effect of elevated temperatures on tensile properties of basalt fibre roving
and pultruded basalt fibre-reinforced (BFRP) epoxy plates and compared the results
with that of E-glass fibre roving and pultruded glass fibre-reinforced (GFRP) plates.
The results show that BFRP plates have got better tensile properties and temperature
resistance. Vivekdhand et al. [11] in their work found that the basalt fibre is the best
reinforcement for composites and is as good as carbon fibre. They also asserted that
it has got superior physical, thermal and chemical properties. Irina [12] employed
vacuum-assisted resin transfer moulding method to fabricate the hybrid composite
panels of glass fibre and plain-woven carbonfibre in three different arrangements, and
investigated their mechanical properties. Soares et al. [13] have produced basalt fibre
composite in an unsaturated polyester matrix by Resin Transfer Moulding (RTM)
method, and studied the mechanical properties, viz., tensile, compression, shear and
flexural properties. They observed that the first ply failure of the outermost layer is the
cause for sudden failure in tensile, compression and flexural tests. Aswanikumar et al.
[14] have manufactured thermoplastic composites reinforced with two-dimensional
plain-woven homogeneous and hybrid fabrics of kevlar/basalt yarns by compression
moulding technique with polypropylene as the resin, and studied their mechanical
behaviour. They observed that kevlar and basalt yarns present better tensile and
compression behaviour as compared to their base composites due to hybridization.

ArySubagia et al. [15] investigated the thermal conductivity of carbon/basalt fibre-
reinforced hybrid composite structure based on stacking sequences. They also inves-
tigated thermal impedance of Carbon Fibre-Reinforced Polymer (CFRP) and Basalt
Fibre-Reinforced Polymer (BFRP)with increasing thickness. Research involved pro-
cessing hybrid composites by using injection moulding. Palavan and Sivagamasun-
dari [16] have researched a work which is focused on the tensile properties of Basalt
Fibre-Reinforced Polymer (BFRP) bars of 8 and 10 mm diameters. The properties
were determined according to ASTM D7205/D7205M-06. In this test, each end of
BFRP bar specimen was embedded in steel tube filled with 1:1 mixture of epoxy
resin and hardener. The ultimate tensile strength of BFRP bars was 2.5 times higher
than the conventional steel bars and modulus of elasticity is 4 times lesser than con-
ventional steel bars. Nisini et al. [17] have prepared carbon, basalt and flax fibres in
an epoxy matrix by hand layup method. They were later subjected to tensile, flex-
ural, inter-laminar shear strength test, and to falling weight impact. From impact
hysteresis curves, they suggest the possibility to tailor the mode of fracture of these
hybrids under impact by modifying their stacking sequence, while leaving basically
unchanged the overall impact performance. Vikas and Sudheer [18] investigated
mechanical properties of basalt fibre under static and dynamic loading. They also
investigated tribological and thermal properties. Basalt fibre has been found to be
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a potential candidate to be used as reinforcement material with different polymer
matrices.

Owing to the growingworldwide application of carbon and basalt composites over
automotive, aerospace, construction, defence and sport industries, and due to the fact
that the replacement of glass fibre with basalt fibre can reduce the risk of environment
pollution, focus has been made in this work on hybrid composites containing both
carbon and basalt fibres. Also, it is observed that, though considerable volume of
research has been carried out on carbon and basalt fibre composites, there is less
emphasis on the study of effect of stacking sequences on the properties of their
composites. Thus, in the present work, the carbon and basalt fibre hybrid composites
are prepared in different stacking sequences satisfying certain volume fraction ratios
to study the effect on mechanical properties, viz., tensile strength, hardness and
thermal properties, viz., thermal conductivity.

61.2 Preparation of Carbon–Basalt Hybrid Composites

In the present work, the hybrid fibre-reinforced composite specimens or samples are
fabricated from carbon fibre, basalt fibre, and resin matrix. The carbon and basalt
fibres used are of 0.2 mm thickness each, and the resin used is epoxy resin. The
total number of plies used in each hybrid composite is ten, and the final thickness
of each of the composites is set to be 2 mm. Eight varieties of hybrid composites in
different (symmetric) fibre stacking sequences satisfying the predetermined volume
percentages of carbon–basalt are prepared by vacuum bagging technique. The eight
volume percentage combinations of carbon and basalt considered in the study are
(0:100), (20:80), (40:60), (50: 50) with carbon as the first layer, (50:50) with basalt as
the first layer, (60:40), (80:20), and (100:0). In each sequence, 90/45 quasi-isotropic
fibre orientations are used. The hybrid composites under consideration with their
stacking sequences are

• C:B = 0:100/B-B-B-B-B-B-B-B-B-B, C:B = 20:80/B-B-B-C-B-B-C-B-B-B
• C:B = 40:60/B-B-C-C-B-B-C-C-B-B, C:B = 50:50/C-B-C-B-C-B-C-B-C-B
• C:B = 50:50/B-C-B-C-B-C-B-C-B-C, C:B = 60:40/C-C-B-B-C-C-B-B-C-C
• C:B = 80:20/C-C-C-B-C-C-B-C-C-C, C:B = 100:0/C-C-C-C-C-C-C-C-C-C

where C—Carbon fibre, and B—Basalt fibre.

61.2.1 Vacuum Bagging Process

Vacuum bagging or vacuum bag laminating is a clamping method and is one of
the common methods used for preparing fibre-reinforced composites. It uses atmo-
spheric pressure to hold the adhesive or resin-coated components of a lamination in
place until the adhesive cures. The vacuum bagging system consists of the airtight
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clamping envelope and a method for removing air from the envelope until the epoxy
adhesive cures. A variety of materials are needed to complete the vacuum system and
assist in the laminating process. They include release peel ply, release film, breather
material, vacuum bagging film, mastic sealant, the plumbing system, mylar film,
epoxy resin and fast hardener. The components used in vacuum bagging process are
shown in Fig. 61.1. The vacuum pump used in the process is a two-stage pump of
370 W capacity, has a speed of 1425 RPM and works with a minimum (vacuum)
pressure of 0.3 bar. Figure 61.2 shows the setup of vacuum bagging process used in

(a) sealant- Butyl putty tape (b) Breather cloth (c) vacuum bag

(d) Epoxy resin (e) Basalt fibre (f) Carbon fibre

Fig. 61.1 Components used in vacuum bagging process

Fig. 61.2 Experimental setup of vacuum bagging
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the preparation of the eight varieties of composite sheets. In the present study, while
preparing all the eight varieties of composites, smooth roving interlaced fabrics (bidi-
rectional) of carbon and basalt are used in 90/45 quasi-isotropic fibre orientations.
The final thickness of each of the composites is set to be 2 mm.

61.3 Experimentation

The experimental work involves the tensile testing, hardness testing and thermal
conductivity testing of eight varieties of composites under consideration.

61.3.1 Tensile Test

After the hybrid composite sheets are fabricated, cutting of required number of
specimens of each composite is done in the desired shape and size to test the tensile
properties of the composites. The tensile testing of the samples is done by using
Universal Testing Machine (UTM). Then scanning electron microscopy of the best
composite is to be done to analyse the microstructure. The tensile strength of a
material is the maximum amount of tensile stress that it can take before failure.
During the test, a uniaxial load with a load cell capacity of 50 kN is applied through
both the ends of the specimen. The dimensions of each specimen as per ASTMD638
standards are 200 mm× 20 mm× 2 mm. Five samples of each composite are tested
for obtaining better results.

The results produced by tensometer instruments provide load as a function of
extension. From this data, along with the cross-sectional area of the test piece, a
stress–strain curve can be plotted. The fractured samples of each composite after
performing tensile test are shown in Fig. 61.3.

61.3.2 Hardness Test

After the hybrid composite sheets are fabricated, cutting of one sample of each
composite is done in the desired shape and size to test the hardness of the composites.
The hardness testing of the samples is done using Shore Durometer (SHORED)
which conforms toASTMD2240 standards. The fabricated composites were sheared
according to standards in order to perform tensile test for determining the hardness
of the composites prepared under this study. The samples used for hardness testing
are shown in Fig. 61.4. One sample of each composite is tested at four different
positions for obtaining better results.

Durometer hardness is used to determine the relative hardness of soft materials,
usually plastic or rubber. The test measures the penetration of a specified indentor



61 Study of Mechanical Properties and Thermal Conductivity … 731

Fig. 61.3 Fractured samples
after tensile test

Fig. 61.4 Hardness test
samples
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into the material under specified conditions of force and time. The dimensions of
each specimen are 40 mm× 40 mm× 2 mm. The hardness test is done using Shore
Durometer (Shore D).

61.3.3 Thermal Conductivity Test

After the hybrid composites are fabricated, cutting of one sample of each composite
is done in the desired shape and size to test the thermal conductivity of the compos-
ites. The thermal conductivity testing of the samples is done by using TCi thermal
conductivity analyzer (C-Therm) which conforms to ASTM D7984 standards. One
sample of each composite is tested in four different positions for obtaining better
results.

The thermal conductivity is a measure of the ability of a material to transfer heat.
During the test, a known current is applied to the sensor’s spiral heating element,
providing a small amount of heat to the specimen. The dimensions of each specimen
are 40 mm × 40 mm × 2 mm. The thermal conductivity test is done using thermal
conductivity analyzer (C-Therm). C-Therm TCi Thermal Conductivity Analyzer
employs the Modified Transient Plane Source (MTPS) technique in characterizing
the thermal conductivity and effusivity of materials.

61.4 Results and Discussion

The results of tensile tests, hardness tests and thermal conductivity tests performed
on pure carbon composite, six varieties of carbon–basalt composites under consid-
eration and pure basalt composite are furnished in Table 61.1. The comparison of
tensile strengths of all the eight varieties of composites prepared in different stacking
sequences is shown in Fig. 61.5. It is observed from the bar chart that the average
tensile strength of (50:50) carbon–basalt hybrid composite with basalt fibres in 45°
orientation and stacking sequence (C-B-C-B-C-B-C-B-C-B) is high (372.72 MPa),
whereas the average tensile strength of (50:50) carbon–basalt hybrid composite with
carbon fibres in 45° orientation and stacking sequence (B-C-B-C-B-C-B-C-B-C) is
low (218.60 MPa). It is to be noticed that the average tensile strength of (50:50)
carbon–basalt hybrid composite with basalt fibres in 45° orientation is near to that
of pure carbon composite, i.e. (100:0) composite (442.21 MPa). On the other hand,
the average tensile strength of (50:50) carbon–basalt hybrid composite with carbon
fibres in 45° orientation is near to that of pure basalt composite, i.e. (0:100) composite
(237.37 MPa).

The comparison of hardness of all the eight varieties of composites prepared in
different stacking sequences is shown in Fig. 61.6. It is observed from the bar chart
that the average hardness of (80:20) carbon–basalt hybrid composite with stacking
sequence (C-C-C-B-C-C-B-C-C-C) is high (97.27), whereas the average hardness
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Table 61.1 Tensile, hardness and thermal conductivity test results of carbon–basalt hybrid com-
posites

Sl.
No.

Composite
constituents
volume %

Stacking
sequence

Average
tensile
strength
(MPa)

Average
hardness

Average
thermal
conductivity
(W/m-K)

1 C:B = 0:100
(Pure basalt)

B-B-B-B-B-
B-B-B-B-B

237.37 96.075 0.465

2 C:B = 20:80 B-B-B-C-B-
B-C-B-B-B

234.60 96.72 0.460

3 C:B = 40:60 B-B-C-C-B-
B-C-C-B-B

278.64 96.65 0.532

4 C:B = 50:50 B-C-B-C-B-
C-B-C-B-C

218.60 96.35 0.462

5 B:C = 50:50 C-B-C-B-C-
B-C-B-C-B

372.72 96.45 0.482

6 C:B = 60:40 C-C-B-B-C-
C-B-B-C-C

280.78 96.97 0.490

7 C:B = 80:20 C-C-C-B-C-
C-B-C-C-C

342.39 97.27 0.487

8 C:B = 100:0
(Pure carbon)

C-C-C-C-C-
C-C-C-C-C

442.21 97.07 0.525
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Fig. 61.5 Comparison of tensile strengths of all the eight varieties of composites
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Fig. 61.6 Comparison of hardness of all the eight varieties of composites

of (50:50) carbon–basalt hybrid composite with carbon fibres in 45° orientation and
stacking sequence (B-C-B-C-B-C-B-C-B-C) is low (96.35). It is to be noticed that
the average hardness of (80:20) carbon–basalt hybrid composite is nearer to that of
pure carbon composite, i.e. (100:0) composite (97.07).

The comparison of average thermal conductivity of all the eight varieties of
composites prepared in different stacking sequences is shown in Fig. 61.7. It is
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Fig. 61.7 Comparison of thermal conductivity of all the eight varieties of composites
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observed from the bar chart that the average thermal conductivity of (40:60) car-
bon–basalt hybrid composite with stacking sequence (B-B-C-C-B-B-C-C-B-B) is
high (0.532 W/m-k), whereas thermal conductivity of (20:80) carbon–basalt hybrid
composite with stacking sequence (B-B-B-C-B-B-C-B-B-B) is low (0.460 W/m-k).
It is to be noticed that the average thermal conductivity of (40:60) carbon–basalt
hybrid composite is nearer to that of pure carbon composite, i.e. (100:0) composite
(0.525 W/m-k).

61.4.1 SEM Analysis of Fractured Specimen of Tensile Test

The tensile testing of the samples of eight composites is done by using UTM, the
scanning electron microscopy of the best composite with highest tensile strength,
i.e. (50:50) carbon–basalt composite with the stacking sequence (C-B-C-B-C-B-C-
B-C-B) is done to analyse its microstructure. The SEM images are presented in
Fig. 61.8.

61.5 Conclusions

In the present work, investigation was carried out on the carbon and basalt fibre-
reinforced hybrid composites. The major contributions drawn from the investigation
are summarized as below:

• Except the (50:50) carbon–basalt hybrid composite with carbon fibres in 45°
orientation and stacking sequence (C-B-C-B-C-B-C-B-C-B), the average tensile
strengths of composites having four ormore number of carbon fibres are better than
the remaining composites. That is, the decrease in the number of basalt fibre layers
stacked in between carbon fibre layers led to an increase in tensile strength. Also,
the tensile properties of carbon basalt/epoxy hybrid composites are dependent on
the basalt fibre position.

• Though the average tensile strength of (50:50) carbon–basalt hybrid composite
with basalt fibres in 45° orientation and stacking sequence (C-B-C-B-C-B-C-B-
C-B) is lower than that of pure carbon composite, it can be a better candidate
for engineering applications because it incorporates the features of basalt like
wider temperature range (–269 °C to+650 °C), higher oxidation resistance, higher
radiation resistance, and higher resistance to alkaline, acidic and salt attacks.

• Disregarding the pure carbon and pure basalt composites, as the basalt volume
percentage decreases the hardness of the hybrid composites has got a decreasing
trend up to 50% of basalt and latter an increasing trend is observed for further
decrease in the percentage of basalt.

• The stacking sequence and orientation of carbon and/or basalt fibres has no effect
on hardness and thermal conductivity of hybrid composites.
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Fig. 61.8 SEM images of 50:50 carbon–basalt hybrid composite specimen
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• As far as the two carbon–basalt composites with (50:50) volume percentages are
considered, it has been observed that the three properties are better for the (50:50)
carbon–basalt hybrid composite with basalt fibres in 45° orientation with stacking
sequence (C-B-C-B-C-B-C-B-C-B) when compared to the (50:50) carbon–basalt
hybrid composite with carbon fibres in 45° orientation with stacking sequence (B-
C-B-C-B-C-B-C-B-C). That is to say thatwhen carbonfibres are in 90° orientation,
the properties are better than that when they are in 45° orientation.
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Chapter 62
Design and Fabrication
of Aluminium/Alumina Ultra-fine
Composite and Functionally Graded
Material Using Powder Metallurgy Route

Aravind Tripathy , Rajat Gupta , Saroj Kumar Sarangi
and Anil Kumar Chaubey

Abstract Composites with light metals as the matrix and ceramic particles as the
reinforcements are being acknowledged widely during the past decade for their
superior mechanical properties, the most successful among them have been Alu-
minium/Alumina (Al/Al2O3) composite where Alumina particulates are reinforced
in Aluminium matrix. Present work deals with fabrication and characterization of
Al/Al2O3 ultra-fine composites with 10, 20, 30 and 40% Al2O3. These ultrafine
composites are fabricated using uniaxial hot press under 10−5mbar vacuum pressure
at 400 °C sintering temperature and 3-tonne load for 2 h experimental condition.
Effect of Al2O3 volume fraction on microstructural and mechanical properties of the
composite are studied through optical microscopy. Phase analysis andmicrostructure
investigations revealed that the consolidated material consists of Al as a matrix phase
and Al2O3 phases with size below 1 μm homogeneously dispersed in a continuous
matrix. Taking into consideration the results of above experiment, Al/Al2O3 system
Functionally Graded (FG) Material is successfully hot pressed using powder met-
allurgy (PM) route under similar experimental conditions. It is found that relative
density of the Al/Al2O3 FGMaterial increased with the rise in sintering temperature
and its density range changed quasi-continuously from 2.67 × 103 kg/m3 to 2.71
× 103 kg/m3, while the microhardness value obtained at the top surface was 35.2
HV which gradually increased across its thickness to 74.81 HV at the other surface
with the increase in reinforced Al2O3. This FGM is intended to be a good substitute
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‘low weight high strength material’ with better wear resistance properties at elevated
temperatures.

Keywords Ultrafine composites · Powder metallurgy · Layered structures · Hot
pressing · Functionally graded materials

62.1 Introduction

The need for new materials in automotive and aerospace sector with superior char-
acteristics such as low specific weight, higher strength, Young’s modulus, better
resistance to temperature, corrosion, wear and thermal shock, better recyclability,
environmentally friendly are the areas of focus for researchers worldwide. Such com-
posites have received widespread attention during the past decades and among them,
Aluminium/Alumina (Al/Al2O3) composites are the most successful type Metal
Matrix Composites [1]. The need for advanced materials is to meet the demands
of extreme environments and complex thermomechanical loadings. Materials like
steels, lightweight alloys (Al, Ti and Mg), copper alloys, or cast iron were tried
unsuccessfully for such severe requirements. Metal-ceramic bulk composites which
offer a lot of technological superiority can be the answer to the above challenge [2].
Al/Al2O3 are a class of composites which exhibit characteristics like high strength-
to-weight ratio, good castability and better tribological properties in comparison
to unreinforced alloys [3]. MMCs comprise of lightweight metals like Al or Mg
reinforced with ceramic materials like Al2O3 or SiC in the form of particulates or
fibres [4]. Higher specific strength and stiffness, higher operating temperature and
greater wear resistance, are the hallmark of MMCs. Also, the opportunities to tai-
lor these properties for a particular application give them the added advantage over
unreinforced metals [5]. Nanostructured composites assure high strength, resistance
to wear, hardness and exceptional microstructural stability at high temperatures [6].
Despite the improved properties, some issues in nanocomposite fabrication have
been detected [7]. Ultra-fine composites (UFC) might be the answer to such issues.
Functionally Graded (FG)Material have compositional and microstructural gradient
along its thickness direction and was developed as an answer to delaminating failures
in laminated composites. FG Materials exhibit flexibility regarding the functional
behaviour of a single material as on one side it may exhibit metal-like properties
while on the other side it will exhibit high temperature withstanding characteristics.
Scholars have applied the best methods or combination of several methods depend-
ing on the characteristics of the constituent materials to fabricate these FGMaterials
successfully [8]. Figure-62.1 below depicts the FG Material concept in a very clear
manner. These days, researchers acknowledge the importance of innovative materi-
als in use for economic and environmental reasons [4]. These engineered materials
are designed for an intended function, and the material properties are tailored by
a spatial gradation in structure and/or composition. FGMs exist in nature too. Like
many other human made materials, FGMs occurring in nature such as bamboo have
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Fig. 62.1 Representation of
Functionally Graded
Material (FGM)

Stepwise Graded 
Structure

Continuous Graded 
Structure

been in use for thousands of years for decoration and construction works [9]. The
scientific term ‘functionally graded material’ was first introduced in the year 1984
by the Japanese researchers while developing thermal barrier materials [10].

There has been a lot of research and publications in this area in the last three
decades. A great deal of detailed study of different fabrication processes, a huge
amount of research investments and support by different industries and large-scale
production of FGMs lead to a rise in popularity as well as the application of these
engineered materials in comparison to conventional materials. Powder Metallurgy
process is one such most popular process in the field of FGM fabrication.
Powder metallurgy. In powder metallurgy, four basic steps are followed which are
mixing, stacking, pressing and sintering as explained in the flow chart (Fig. 62.2).
Mixing is powder preparation, (preciseweighing and blending the powder and ensure
proper dispersion of each of them in the mixture which will significantly affect the

Fig. 62.2 Powder
metallurgy process
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structural properties), stacking is putting the powder in the die, pressing is applying
the load through the punch to give shape to the material and in order to provide
strength and integrity to the powder compact, controlled heating of the powder com-
pact is facilitated and is known as sintering. The sintering temperature is usually
below the melting point of the major constituent of the powder mix [8, 11]. PM is
an appropriate technology for both ultra-fine composite as well as FGM fabrication
and is widely being used too [6].

62.2 Methodology

62.2.1 Raw Material

The starting materials were Alumina (Al2O3) powder, (Alfa-Aesar. < 1 μm, purity
99.99%, density: 3.965 g/cc) and Al metal powder, (High-media, < 40 μm, with
impurities such as Iron (Fe):0.5%, Heavy Metals (As Pb):0.03%).

62.2.2 Mechanical Milling

Powders of Aluminium and Alumina were weighed as per the volume fraction con-
stituting each individual sample or layer (for FGM) and were then homogeneously
mixed by using planetary ball mill (Retsch PM 400). Primarily the techniques are
about proper volume fractions of the matrix and reinforcement materials that were
taken for mechanical milling in order to homogenise the mixture. Phase analysis of
the milled powders was done using powder diffraction technique with the help of
X’Pert PRO PAN Analytical’s materials research Diffractometer (λ = 1.54184Å).
The ball mill system consists of one turn disc (turn table) and two or four bowls. The
turn disc rotates in one direction while the bowls rotate in the opposite direction. The
centrifugal forces, created by the rotation of the bowl around its own axis together
with the rotation of the turn disc, are applied to the powder mixture and the balls
inside the milling bowl. The powder mixture is fractured and cold-welded under high
energy impact.

62.3 Experimental Method

First, the hot press machine chamber was thoroughly cleaned manually followed by
portable vacuum cleaner. Nex the frame for die holder was fitted using set of screws.
On this frame the graphite die was fitted. Bottom and top graphite punches were
mounted on to the hydraulically operated bottom and top actuators of the hot press
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machine. First the bottom punch was inserted into the die in such a manner that a
cavity of 55 mm was available for stacking the powder mix. Now measured quantity
of the powder mix was taken in the die. Consolidation of powder to produce samples
was done usingHotUniaxialVacuumPress at 400 °C for ultra-fine compositewhile at
400 °C as well as 450 °C for FGM samples, respectively and in all cases a dwell time
of 5 min was applied after hot consolidation at respective temperatures mentioned
above. After putting the powder mixture into the graphite die and adjusting the
punches appropriately the hot press chamber is cleaned of all dust particles using
portable vacuum cleaner. Then the front door is duly closed and tightened to prevent
any air ingress. Then the hot press is switched on to create a vacuum pressure of
10−5 mbar. Once the vacuum pressure is reached the sintering mode is switched
on to reach the desired temperatures of 400 °C or 450 °C, respectively at a heating
rate of 25 °C/min. Once the sintering temperatures are achieved the consolidation
load of 3 tonnes are applied followed by a dwell period of 5 min at that load and
temperature. Then the machine is allowed to cool and reach room temperature on its
own after switching off the heaters around the graphite die. Then the vacuum pressure
is released and samples are now ready to be taken out for characterization processes.
After preparing the test samples in the above manner, the samples were tested for
density, hardness and microstructure to find an optimum balance between matrix and
reinforcement with the best characteristic for a low weight high strength composite
with many other added characteristics. The figure below shows the raw samples after
being taken out of the die. After fabrication of pellet samples (Fig. 62.3) and density
measurements, samples were ground and polished (mirror finished), followed by
cloth polishing up to 0.1 μm with diamond paste and mounted for characterization
studies as shown in Fig. 62.4. For FGM samples the pellets were cut from the middle

Fig. 62.3 After compaction:
a FGM sample and
b Ultra-fine composite
sample

Fig. 62.4 a Ultra-fine composite and b and c FGM Samples for hardness measurement
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using diamond cutter and the cut surface was ground and polished up to mirror finish
state and were mounted. The mounted samples were cloth polished up to 0.1 μm
with diamond paste for subsequent tests.

62.3.1 Testing

All necessary tests are carried out sequentially to ascertain the characteristics of
the prepared sample before necessary trial is carried out for proving the material
manufactured for a particular cause.

62.4 Results and Discussion

(a) XRD Analysis: XRD patterns of the selected layers are shown (Fig. 62.5) in
different colours to distinguish the pattern of each layer. The pattern shows only
Al and Al2O3 peaks which indicate that there is no new phase formation during
the milling process. All the patterns look identical, the only difference in the
intensity is observed as expected due to difference in the composition of the
layers. The patterns also show a little broadening of the peaks due to fine size
of the particles.

(b) Density Measurement: At different volume fractions of the reinforcing mate-
rial, the density was measured using Archimedes’ principle in distilled water
setup. The theoretical and actual density of the samples and the correspond-
ing densification percentage for the Al/Al2O3 ultra-fine composite specimen is
shown (Fig. 62.6). Similarly, for the FGM, the data is shown in Table-62.1 for

Fig. 62.5 XRD analysis of
powders after milling
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Fig. 62.6 Densification plot for ultra-fine composite samples sintered at 400 °C

Table 62.1 Density and
densification data obtained
for different FGM samples
sintered at 400 and 450 °C

Sintering
temperature
(°C)

Theoretical
density
(Kg/m3)

Actual
density
(Kg/m3)

Densification
percentage
(%)

400 2960 2674 90.3

450 2960 2699 91.2

comparison which shows as the sintering temperature was raised, there was a
rise in percentage of densification.

(c) Hardnessmeasurements: The effect of Al2O3 particulate reinforcement on the
hardness variations of the different ultra-fine composite samples and different
layers of the FGM sample is shown in Figs. 62.7 and 62.8, respectively. For
the FGM samples it was found that a sudden rise in hardness by nearly 33% in
the second layer with respect to that of the first layer (pure Al). Subsequently
thereafter the average hardness increased by 11%with respect to previous layer.
This increase in hardness was the result of strong interfacial bonding between
Al matrix and Al2O3 particulates.

62.5 Conclusions

Ultra-fine composite samples with more than 95% density were fabricated with
desired composition ratios. The hardness of each sample shows different values and
it increases with the increase in the percentage of Al2O3 in the sample. FGM samples
with more than 90% density were also successfully fabricated at different sintering
temperatures with desired composition ratios. Layers sintered are well stacked and
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Fig. 62.7 Hardness of
ultra-fine composite samples

Fig. 62.8 Hardness of FGM
sample at each layer

distinct that confirms uniform gradation. The hardness at each individual layers of
each sample shows different values and it increases with increase in Al2O3 reinforce-
ment.
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Chapter 63
Mechanical and Crystallization
Behaviour of Sisal Fiber and Talc
Reinforced Polylactic Acid Composites

A. Suresh Babu , M. Jaivignesh and D. Poovarasan

Abstract Polylactic acid (PLA) is one of the widely studied renewable resource
based bioplastic material which has huge potential to be on par with the commercial
synthetic plastics. Commercial grades of neat PLA is yet to gain a strong commer-
cial standpoint in applications other than packing and drug delivery system. The
major barrier in the commercialization of PLA based products is its poor toughness
and low heat resistance. This work focuses on the preparation of sisal fiber and talc
reinforced PLA composites and investigates the effect of talc on the natural fiber
reinforced biodegradable PLA composites on mechanical and thermal characteris-
tics. The results indicate that the mechanical and thermal characteristics of the PLA
composites are improved when compared to that of neat PLA. Tensile Strength has
been increased by 16.7%when compared to neat PLA andmaximum impact strength
of about 32 J/m is achieved. Crystallinity of composites has also been improved up
to 5.74%.

Keywords Crystallinity · Composites · Polylactic acid · Sisal fiber · Talc

63.1 Introduction

Plastics derived from petroleum are a challenge due to their harmful effects towards
the environmental issues like greenhouse gas emissions which cause adverse effects
on climate change anddisposal of those synthetic plastics cause damage to the ecosys-
tem. Bioplastics emerge as a new field, focusing on renewability and sustainability.
Replacing the fossil carbon present in plastic products with renewable carbon allows
to reduce the carbon footprint and greenhouse gas emissions. In recent years, nat-
ural fiber reinforced plastics have witnessed an exponential growth in automotive
and aerospace applications. Natural fibers have been considered as an alternative to
synthetic fibers in polymer composites due to their distinct advantages over the syn-
thetic fibers. The traditional fiber-reinforced composites being non-renewable and
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non-biodegradable, pose serious environmental problem and damage the environ-
ment and marine ecosystem after the end of their useful life as they use petroleum-
based polymers as matrix material. The development of bio-based composites has
been of enormous interest in materials science for both ecological and environmen-
tal perspectives. Various efforts have been made to replace the petroleum derived
polymers with renewable source derived from fully degradable biopolymers. Poly-
lactic acid is derived from resources such as corn starch, tapioca roots, chips or
starch, or sugarcane and has the potential to replace the petroleum derived polymer
material. It is biodegradable, thermoplastic, aliphatic and polyester possessing good
mechanical properties. The major barriers of commercialization of polylactic acid
are its high-cost, low toughness and less glass transition temperature [1]. Thermo-
plastic biodegradable polymers are widely used in various applications today such as
disposable products and biomedical materials. Nowadays, applications of biodegrad-
able PLA have been broadened into food packaging, disposable plastic products and
textiles. The poor mechanical properties of the PLA polymer in bulk form restrict
its use as high-performance material [2]. The way to improve the mechanical and
thermal properties of PLA is the addition of fiber or filler materials since PLA is a
heat-sensitive material and its property has been improved with increase in the rate
of nucleation [3]. For many applications, natural fibers have the ability to provide
reinforcement properties at lower cost, lower density, higher strength and stiffness
[4]. Talc is a magnesium silicate material and it has an ability to improve the rate of
crystallization and also acts as a nucleating agent [5]. Melt compounding followed
by injection moulding is preferred to prepare the composites (it is also one of the
widely used methods to develop the polymer matrix composites) [6]. Short fibers are
preferred when compared to the long fibers for melt compounding process, as the
short fibers are uniformly distributed in the matrix material compared to long fibers
[7]. In the past research work, very less effort has been made to study the effect of
talc in hybrid composites. In previous work less percentage of talc is used as rein-
forcement (up to 5%). In this work, the effect of talc in hybrid composites is studied
and talc is used up to 15%. Sisal fiber and talc reinforced PLA composites were
prepared by melt compounding technique with sisal fiber and Talc as reinforcements
and PLA as the matrix. The mechanical and thermal properties and morphology of
the composites were studied.

63.2 Experimental Work

63.2.1 Materials

Polylactic acid (Ingeo biopolymer 3052D) in the pellet form with a specific gravity
of 1.24 g/cm3, Sisal fibers with density of 1.5 g/cm3 and average length of 3 cm
and micro talc powder of 10 to 40 microns particle size are used to prepare the
composites.
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Table 63.1 Composition of
composites

Composite PLA (%) Sisal fiber (%) Talc (%)

A 80 15 5

B 75 15 10

C 70 15 15

63.2.2 Fabrication of Composites

The chopped sisal fibers were washed with distilled water to remove dust and other
impurities present over the surface of the fiber. The Chopped fibers were dipped into
5% concentrated NaOH Solution for 4 h. Then the fiber was washed thoroughly in
the running water to remove the final traces of alkali content present in the fiber.
Fibers were dried until the moisture content was completely removed.

Prior to processing, Polylactic Acid, Sisal fiber and Talc were dried at 50 °C in
order to remove the moisture from the sample. A twin-screw extruder was used to
fabricate the compositeswithPLA,Sisal fiber andTalc bymelt compoundingmethod.
Blending was carried out at a temperature range of 170, 175 and 180 °C, screw
speed was maintained at 150 rpm for all composites. Composite samples which were
extruded from the mould were in the form of strands, which were further chopped
into small pellets with the help of pelletizing unit. Test samples according to ASTM
standard were prepared by using injection moulding technique. The compositions of
the prepared composites are tabulated in Table 63.1.

63.2.3 Tensile Test

Tensile test was done according to ASTM-D638 standard. All these tests were con-
ducted at ambient temperature and an average value of three repeated tests were
taken for each composition.

63.2.4 Impact Test

The Izod impact strength of each samplewas tested as perASTM-D256–88 standard.
Specimens having a thickness of about 3.2 mmwith 10 mm cross section and 64 mm
long were clamped in the base of the pendulum testing machine so that they were
cantilevered upward. The pendulumwas released and the force consumed in breaking
the sample was calculated. All the samples were tested as unnotched so that they
would be more sensitive towards the transition between ductility and brittleness.
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63.2.5 Water Absorption Test

Water absorption behaviour of the composites was determined by swelling the sam-
ples in distilled water at room temperature. The specimens were prepared according
to ASTM-D 750 standard. The weights of the samples were taken before being sub-
jected towater environments.During the first 10 h, the specimenswere taken out from
the moisture environment for every 2 h and before weighing the samples, moisture
present in the sample was removed with a dry cloth and tissue paper. The specimens
were reweighed to the nearest 0.001 mg within 1 min of removing them from the
moisture environment. The specimens were weighed regularly till they attain equi-
librium moisture content for 24 h once. The moisture absorption was calculated by
the weight difference in the specimen. The percentage weight gain of the samples
was measured at different time intervals by using the Eq. (63.1);

%Mt = (Wt − Wo) × 100

Wo
(63.1)

where ‘W0’ and ‘Wt’ denote the dry weight and weight after time ‘t’, respectively.
EquilibriumMoistureContent of the sample is themoisture contentwhen the periodic
change in the weight of the sample is less than 0.1% and thus the state of equilibrium
is assumed to be reached. The thickness swelling (TS) was calculated by using
Eq. (63.2);

T S(t) = (Ht − Ho) × 100

Ho
(63.2)

where ‘Ht’ and ‘H0’ are the composite thickness after and before the water immer-
sion, respectively.

63.2.6 Differential Scanning Calorimetry

TheDSCwas performed on a TADSC-200 differential scanning calorimeter to study
the thermal and crystallization behaviour of PLA composites. Measurements were
performed under a continuous flow of nitrogen (60 ml/min). All samples (about
10 mg in weight) were heated from ambient to 400 °C and the thermograms were
recorded at a heating rate of 20 °C/min. The crystallinity of PLA and composites
was evaluated using Eq. (63.3).

X = �H

�H ◦m.
(
1 − %wt f iller

100

) × 100 (63.3)
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Table 63.2 Tensile
properties of composites

Sample Tensile
strength
(MPa)

Elongation at
break (%)

Tensile
modulus
(MPa)

PLA 62 6.00 1033.33

Composite A 76.36 5.55 1385.34

Composite B 66.09 4.72 1398.13

Composite C 54.22 4.16 1303.18

63.3 Results and Discussions

63.3.1 Tensile Properties of Composites

Three specimens were tested for each composition and the results are tabulated in
Table 63.2. Thus increase in filler content initially increases the tensile strength
and then it decreases the tensile strength. The general observation for any natural
filler containing thermoplastic composites is decrease in the tensile strength. Low
aspect ratio and its inability to transfer stress from matrix are the possible reasons
for decrease in tensile strength with increase in filler content.

63.3.2 Impact Strength of Composites

Effect of talc on the impact strength of the PLA composites is shown in Fig. 63.1.
The impact strength had been increased with increase in filler content, the increase
in impact resistance was due to the presence of sisal fiber and nucleating effect of
talc on the matrix material. Further increase in the concentration of filler material
decreases the impact strength.

Fig. 63.1 Impact strength of
the composites

16

32
27 26

0

10

20

30

40

PLA Composite A Composite B Composite C

Im
pa

ct
 S

tre
ng

th
 

(J
/m

)



754 A. Suresh Babu et al.

Fig. 63.2 Immersion time
versus weight gain
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Fig. 63.3 Immersion time
versus swelling thickness
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63.3.3 Water Absorption Behaviour of Composites

The moisture absorption of the composites increased with immersion time, and got
saturated after a period of time. The time required to attain saturation varied across
different composition. The saturation time was approximately 215 h. Figures 63.2
and 63.3, show the percentage of moisture absorption and the percentage of swelling
thickness of the composites. From the observation, it is noted that the initial rate of
moisture absorption is maximum for all different composition and moisture absorp-
tion increases with increase in filler content. Moisture absorption is maximum for
composites made with 15% talc content. The factors like porosity content and fiber
matrix adhesion play a vital role in the moisture absorption behaviour of natural fiber
composites.

63.3.4 Crystallization Behaviour of Composites

The DSC was performed on a TA DSC-200 under a continuous flow of nitrogen
(60 ml/min). All Samples (about 10 mg in weight) were heated from ambient to
400 °C and the thermograms were recorded at a heating rate of 20 °C/min. DSC
thermograms of composites are shown in Fig. 63.4.

Influence of talc on the crystallization behaviour of composites is tabulated in
Table 63.3. Presence of talc in the polymer matrix increases the rate of crystallization
which is due to the nucleating effect of the talc which makes the crystallization to
occur at a higher rate.
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Fig. 63.4 DSC thermogram of PLA composites

Table 63.3 Thermal characteristics of PLA composites

Specimen Glass transition
temperature (°C)

Melting temperature
(°C)

Crystallinity of
composites (%)

PLA 59.89 143.6 0.93

Composite A 63.12 145.3 2.77

Composite B 62.97 145.2 5.08

Composite C 63.21 146.6 5.74

63.4 Conclusions

In this work, the major aim was to prepare and characterize cost-effective and
biodegradable polylactic acid composites with sisal fiber and talc as reinforcements
to fulfil new ecological needs in connection with environmental issues caused by the
use of synthetic plastics.

Increase in talc content initially increases the tensile strength and impact strength
up to 10%, further increase in filler percentage decreases the tensile strength of
the material, a similar type of results has been obtained in the literature [8]. The
decrease in tensile strength as the filler content increases is due to low aspect ratio of
the composite. Low aspect ratiomakes thematerial hard to transfer stress frommatrix
which makes the material brittle and correspondingly the tensile strength decreases.

Moisture absorption increases with the increase in filler content but there is no
significant change in swelling thickness of the material. Factors like porosity and
fiber matrix adhesion makes the material hydrophilic.

From the results of differential scanning calorimetry, it is clear that the crystal-
lization rate has increased, which is due to the nucleation effect of talc which makes
crystallization to occur at high rate (as PLA is a heat-sensitive material, higher nucle-
ation rate makes thematerial to withstand its property in the polymer matrix but there
is no significant change in the melting temperature of the material). A similar result
has been found in the literature [2].

Proposed applications of PLA composites are associated with structures which
have low-temperature operating conditions like automobile interior structures, since
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PLA Composites have less glass transition temperature and good mechanical prop-
erties. This is a promising research filed with numerous industrial applications [9]
as the natural fibers are considered to be the alternatives to synthetic fibers [10].
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Chapter 64
Assessment on Hole Quality During
Drilling of Al/CFRP Stack

Tarakeswar Barik , Swagatika Sarangi and Kamal Pal

Abstract Carbon fiber reinforced plastics (CFRP) along with metallic stacks highly
used in avionics and other industries. However, assembling of such ancillaries needs
holes for which primarily drilling is necessary. Drilling of such dissimilar material
combinations having different mechanical properties results numerous defects. The
reduction of such defects with acceptable hole quality needs a study on the effect of
variations of the cutting parameters. This paper presents an experimental study on
the interaction effect of different cutting parameters, like spindle speed and feed rate
on delamination, circularity, and surface roughness, which was considered as hole
quality characteristics. Aluminum alloy (7075) was used as the stacking metal with
fabricated CFRP at fiber orientation of 0°/90° and 45°/–45°. Drilling is carried out
using Tungsten–Carbide Twist Drill of point angle 1100°, 1180°, and 1250°. Drilling
defects were found to be minimum for the least point angle, higher spindle speed,
and lower feed rate.

Keywords Drilling · Al/CFRP stack · Delamination · Circularity · Surface
roughness

64.1 Introduction

Fibrous composite like Carbon fiber reinforced plastic (CFRP) has many advanta-
geous applications in aerospace, automobile, defense, and sports goods industries,
due to its various outstanding properties like very high strength to weight ratio high
stiffness to weight ratio as well as resistance to corrosion. Also, dissimilar metal-
lic CFRP stack-ups like Al/CFRP, Al/CFRP/Ti are used in wings and tail of plane
structures. These types of structures need holes for assembly assimilation. Drilling
becomes a complex machining process due to the change in cutting parameters that
varies along the cutting edge. The diametric tolerance lower than or equal to 30 µm
is mandatory for most of the recent applications [1]. There are a lot of problems
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to maintain uniform machined surface during drilling such stack-ups of dissimilar
material. The previous experimental investigation concluded that the parametric fac-
tors such as spindle speed of the drill and machining feed rate play a major role in
the drilling of these metallic stacks. These parametric effects can also be studied by
the monitoring parameters like thrust force and torque [2, 3].

At higher temperature which is generally generated due to the friction between the
drill and the CFRP decreases the epoxy cutting resistance which eventually reduces
the thrust force. Whereas, when drilling of aluminum plates takes place, if there is
an increase in spindle speed it will lead to higher thrust force. The major problem
faced while drilling aluminum is build up edge formation at the drill principle edge
and chisel edge, and this can be decreased by increasing the spindle speed [4]. It
was also established that regardless of drill diameter, there is a very negligible effect
of spindle speed on surface roughness and chip breakability [5]. With the increase
in temperature at elevated cutting speed which leads to the diffusion of aluminum,
and it sticks to the cutting edge of the tool. During drilling as the temperature of
the flank surface increases, there is a possibility of edge breaking which leads to the
wear on that flank surface. As the flank surface got wearied, the thrust force got a
rise, and eventually, the delamination factor, i.e., indication of drilled hole accuracy
also increases. Thus, it may be concluded that with the increase in cutting velocity,
composite damage also increases [4].

Similarly, machining feed rate has a major role in the drilling of these Al/CFRP
stacks. When lower feed rate is employed to drill CFRP/Al stack, there is an increase
in torque and thrust force during drilling aluminumas compared to fibrous composite.
On the other hand, thrust force is one-third at higher feed rates of 0.1 and 0.15mm/rev.
Nevertheless, with the increase in feed rate; there is an increase in circularity error
as well surface roughness [5, 6]. There is a rise in the delamination factor at higher
feed rate. The area of delamination decreases with a reduction in feed rate, and there
will be a sudden rise in delamination when the feed rate reaches a critical value [3,
7].

While drilling the metallic and fibrous composite stack, the drill tool geometry
also has an important role to play. It greatly influences the surface integrity of the
hole drilled. Tool geometry with a higher point angle leads to higher torque (the
tangential force), as it is eventually the orthogonal rake angle of the tool. Therefore,
to reduce the thrust force during drilling of Al/CFRP composite, the point angle
should be kept smaller [2]. Similarly, when aluminum alloy (AA2024) is drilled due
to high temperature and pressure at the contact zone resulted in diffusion, so some
material gets moved from the workpiece and deposited on the tool rake face. It may
be reduced by choosing optimal tool geometry [4]. While drilling CFRP/Al stack,
with the rise in drill diameter there is a rise in thrust force and torque. This is due to
an increase in cross-sectional area of the chip as well as larger chisel edge length at a
larger diameter. Drill diameter also held responsible for the chip breakability which
is nothing but the result of the cross-sectional area of chip [5].

Likewise,while drillingCFRPswith differentCarbide drills fromhis experimental
illustrations, the author [7] confirmed the effect of selecting tool geometry and oper-
ating condition on drilling induced damages. From his exploration he recommends



64 Assessment on Hole Quality During Drilling of Al/CFRP Stack 759

smaller drill diameter, lower point angle [8] and lower feed rate for delamination
free holes. Where [9, 10] clarifies, with smaller point angle the thrust force found
to be reduced and that is the reason behind the lesser hole damage. Different types
of drill tool were used for the drilling of composites like twist drill, step drill, cone
drills, step core drills, candlestick drill, PCD drill, spur drill, etc. The effect of cutting
force and cutting velocity changes with the change in tool material but it remains
unchanged for the same tool material [2]. The carbide drill is fund to be the best
option for drilling CFRP than that of HSS drill which produces less delamination.
The flank wear is found to be negligible using carbide drill than HSS drill where
drill wear value equals to one-fourth the drill diameter [2, 8]. Coatings prevent tool
wear and result in better hole quality. The tool wears reduced significantly using tool
coatings of TiB2 or diamond [1].

Though various works on drilling of aluminum alloy and CFRP composite or
its stack, there is hardly any work of drilled surface quality assessment analysis
influenced by drilling parameters, especially in case of quasi-isotropic CFRP at fiber
orientation of 0°/90° and 45°/–45°. The present work mainly addresses the drill para-
metric interaction effect in detail on the drilled hole surface integrity characterized by
circularity error, delamination as well as surface roughness. The drilling experiments
have been carried out with the full-factorial design of experiments, considering one
geometrical parameter, i.e., point angle along with above stated cutting speed and
feed rate during drilling.

64.2 Experimental Procedure

64.2.1 Machine, Workpiece, and Cutting Tool Details

The drilling of Al/CFRP stack was carried out on MTAB three-axis milling center
(Fig. 64.1) with three rotational spindle speed (1650 rpm, 2250 rpm, and 2850 rpm)
and three longitudinal feed rates (0.05, 0.1, and 0.15 mm/rev). The specimen is
composed of aluminum (7075) and CFRP prepared by hand lay-up technique having
fiber orientation in the manner of 0°/90° and 45°/–45° (quasi-isotropic) and the fiber
volume fraction was 50% [11]. To prepare Al/CFRP stack, first the aluminum and
CFRP laminateswere cut into similar dimension (25× 10mm) using electrical gauge
cutter. The adhesive was prepared using epoxy LY-556 (bisphenol-A-diglycidyl-
ether) and hardener HY-951 (Aliphatic amine) in the ratio of 10:1. This adhesive
used to attach the aluminum and CFRP such that CFRP kept as the bottom-layer
CFRP and aluminum as the top layer. Mechanical fastening was done to avoid the
displacement of the stackwhilemachining.Here, dry cutting conditionswere used for
the machining of the specimen using tungsten carbide twist drill of diameter 10 mm
and point angle of 110°, 118°, and 125°. The effect of cutting parameter on the
hole quality during drilled of Al/CFRP stack was investigated separately using three
drills with different point angles (110°, 118°, and 125°). For experimentation, the
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Fig. 64.1 Experimental setup (MTAB 3 axis milling)

Table 64.1 Machining parameters with levels

Factors Parameters Level 1 Level 2 Level 3

A Point angle (°) 110 118 125

B Spindle speed (rpm) 1650 2250 2850

C Feed rate (mm/rev) 0.05 0.1 0.15

design of experiments has been considered using the full-factorial method in which
the effect of the interaction of the factors has been studied in three-factor three-level
experiments, i.e., a total of 27 drilling experiments was carried out. The process
variable and its limits are presented in Table 64.1. The experimental sequences with
subsequent results are summarized in Table 64.2.

64.2.2 Parameters for Performance Evaluation

64.2.2.1 Thrust Force and Torque Measurement

The significant monitoring parameters thrust force and torques during drilling have
been acquired using digital drilling tool dynamometer attachedwith a data acquisition
system. The signal-related data was stored in the computer for further analyze.
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Table 64.2 Experimental
parametric design

Point angle (°) Spindle speed
(rpm)

Feed rate
(mm/rev)

1 110 1650 0.05

2 110 1650 0.1

3 110 1650 0.15

4 110 2250 0.05

5 110 2250 0.1

6 110 2250 0.15

7 110 2850 0.05

8 110 2850 0.1

9 110 2850 0.15

10 118 1650 0.05

11 118 1650 0.1

12 118 1650 0.15

13 118 2250 0.05

14 118 2250 0.1

15 118 2250 0.15

16 118 2850 0.05

17 118 2850 0.1

18 118 2850 0.15

19 125 1650 0.05

20 125 1650 0.1

21 125 1650 0.15

22 125 2250 0.05

23 125 2250 0.1

24 125 2250 0.15

25 125 2850 0.05

26 125 2850 0.1

27 125 2850 0.15

64.2.2.2 Circularity Measurement

The circularity error of the drilled holes was calculated with CMMmachine (SPEC-
TRA ACCURA). In this process, first the workpiece was placed on the table of the
machine which is procured with a ruby probe of 2 mm diameter. It circulates all over
the hole internal wall continuously at a speed of 1mm/s to capture the points. In order
to have high accuracy results, themeasurements were performed at six locations. The
value of circularity obtained directly from CMM.
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64.2.2.3 Surface Roughness Measurement

Surftest SJ-210- Series 178 is the portable surface roughness tester using a portable
stylus-type profilometer has been used for surface roughness measurement. The
roughness Ra was plotted by having the average value of roughness at six different
locations of the machined component.

64.2.2.4 Measurement of Delamination

In this present work, the delamination factor of the hole was calculated by an image
processing technique using IMAGE J software, in which image analysis procedure
was carried out to extract the diameter from the images of the drilled holes. This
process comprises various steps; first, the RGB (red, green, and blue) image shown
in Fig. 64.1a was converted to the HSV (hue, saturation, and value) and in the second
level, the saturation level was only found to be useful. To convert the second level
(saturation. 0.3) to binary black and white (BW) picture, a mask was applied. This
procedure was done to identify the drilled hole borders, as this task can be easily
performed on BW pictures. After this, a smoothing process was carried out on this
image to eliminate the uncut fibers. The diameter measurement was carried out using
Fig. 64.2b. Hereafter, the border of the hole was located and that separates the black
and white area in the given picture. Laterally, the border also recognized as the
boundary pixels; then mean squared algorithm method was used to calculate the
circumference that best fits the identified boundary pixels and hole diameter was
obtained.

Fig. 64.2 a RGB image b Black and white image
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64.3 Result and Discussions

In the present research work, the interaction effects of two machining parameters,
feed rate, and spindle speed at three different point angles have been studied on the
drilled hole quality of Al/CFRP stack in detail.

64.3.1 Delamination

64.3.1.1 Effect of Spindle Speed

From Fig. 64.3a, b, and c, it was observed that if the feed rate kept constant and the
spindle speed is increased, the delamination in hole decreases. The reason possibly
due to preferential removal of workpiece takes place at high spindle speeds; nev-
ertheless, it produces smoother surface; whereas, on the other hand, if the spindle
speed is kept low due, the surface got rougher producing more delamination. It is
because of the slow penetration of the tool in the workpiece [12].

Fig. 64.3 Variation of delamination with speed at feed rate a 0.05 mm/rev b 0.10 mm/rev
c 0.15 mm/rev
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Fig. 64.4 Variation of delamination with feed rate at spindle speed a 1650 b 2250 c 2850

64.3.1.2 Effect of Feed Rate

Figure 64.4a, b, and c suggests that if there is an increase in feed rate, the delamination
factor produced in the holewill reduced. It can be understood as the feed rate increases
which in turn increase the thrust force as well the temperature, which results in
softening of the matrix. Therefore, it reduces the delamination.

64.3.2 Circularity

64.3.2.1 Effect of Spindle Speed

During drilling at higher spindle speed, the drill tool’s rotational stability is found
to be more in comparison to that of lower speed. It can be because of plowing and
frictional heating. Proving the above statement right Fig. 64.5a, b, and c suggests
that there is a decrease in the circularity error with increase in the spindle speed.
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Fig. 64.5 Variation of circularity with spindle speed at feed rate a 0.05 mm/rev b 0.10 mm/rev
c 0.15 mm/rev

64.3.2.2 Effect of Feed Rate

At low feed rates, the circularity error of hole in the CFRP region was found to be
minimal around 6–8 µm, which increased up to a maximum of 23 µm, when the
feed was increased from 0.05 mm/rev to 0.15 mm/rev. It can be shown from the
graph (Fig. 64.6). From this diametric analysis of the hole in the CFRP part, it was
found that there is an easing of elastic stresses during machining as because there
is a difference in elastics stresses between epoxy and carbon fiber which results in
10–20% diametric tolerance. As the hole diameter decreases, there is a rise in friction
between drill and the surface of the hole in case of drilling aluminum.

Similarly, From Figs. 64.5 and 64.6, it was seen that out of the three drill bits used
in the operation, the circularity error was found to be lowest in drill tool with least
point angle, i.e.,110°. It can be explained as with the increase in point angle, there is
an increase in thrust force. Which in turn increases the circularity error. Therefore,
it can be concluded that in order to reduce the circularity error higher spindle speed,
lower feed rate, and small point angle should be taken asmachining parameters while
performing drilling operation [13, 14].
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Fig. 64.6 Variation of circularity with feed rate at spindle speed a 1650 b 2250 c 2850

64.3.3 Surface Roughness

64.3.3.1 Effect of Spindle Speed

The variation of the surface roughness value is found to be nonuniform with the vari-
ation of drilling parameters. It can be understood as; the nonhomogeneous structural
composition of the composites shows a nonuniform surface throughout the hole from
the entrance to exit. Figure demonstrates the surface roughness (Ra) against feed rate
as well as surface roughness against spindle speed for the three geometrically distinc-
tive drill tools. The outcomes were further used in details study. Intended for CFRP,
the surface roughness values found out to be of about 3–4 µm at low feed rates of, f
= 0.05 mm/rev, which increased up to 6–7 µm against constant speed (Fig. 64.7).

64.3.3.2 Effect of Feed Rate

Although the surface roughness increases with increase in point angle of the tool,
the feed rate remains constant and with an increase in spindle speed. However,
the effect of the spindle speed on surface roughness was found to be negligible.
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Fig. 64.7 Variation of surface roughness with spindle speed at feed rate a 0.05 mm/rev
b 0.10 mm/rev c 0.15 mm/rev

In this experimental study, it was found that there was less surface roughness in
aluminum compared to CFRP. It was primarily due to the isotropic nature of the
material. However, the hole surface finish of CFRP fibrous wall may be deteriorate
during passing of hot machined aluminum particles through drill flutes just after
drilling. The outcomes of the experimentation also suggest that there is less effect of
machining parameters on aluminum in compare to CFRP (Fig. 64.8).

From the Figs. 64.5a–c and 64.8a–c, it can be observed that there is a decrease
in drill induced damages such as delamination, roughness as well as circularity in
the form of delamination, for the smaller point angle tool (i.e. 110°). The possible
reason here can be established that in smaller point angle tool the thrust force is found
to be less in compare to the tool with higher point angle (i.e. 118°, 125°) [12–16].
The drilled hole top views for the Expt #7 and the Expt #21 hole as an indication
of defect-free and defected hole, respectively, are shown in Fig. 64.9a, b. There was
metal burr as well as fiber pullout that have been noticed for the defected hole in 21st
hole, whereas it was absent in 7th hole as shown.
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Fig. 64.8 Variation of surface roughness with feed rate at spindle speed a 1650 b 2250 c 2850 rpm

Fig. 64.9 Drilled hole top view Expt #7 and the Expt #21
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64.4 Conclusion

The present work on drilled hole assessment, some of the remarks regarding the work
are concluded below.

The hole quality is found to be best at higher spindle speed and lower feed rate
at lower point angle. According to the experimental result, the hole condition of
the seventh hole was found to be best which is obtained at the spindle speed of
2850 rpm and feed rate 0.05 mm/rev at point angle 110°. The worst hole quality
was observed for the 21st hole with machining condition 1650 rpm spindle speed
and 0.15 mm/rev feed rate at 125° point angle. It is also studied that the drilling of
aluminum side was better at lower spindle speed because, at higher spindle speed,
the temperature generated results into the formation of adhering on the cutting edge
of the tool which creates a problem in drilling CFRP which resulted in poor hole
quality. But for drilling CFRP, higher spindle speed found to be better, because as
CFRP composites were known for their higher strength, so with higher spindle speed
the material removal becomes easier. However, there was no such discrimination in
the range of feed rate and point angle for CFRP and aluminum.
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Chapter 65
Experimental and Analytical Outcomes
of Carbon Fiber Orientation in Epoxy
Resin Composite Laminate Under Tensile
Loading

A. Rajesh, S. Deva Prasad , B. Singaravel , T. Niranjan
and T. Shravan Kumar

Abstract A composite material is obtained by combining two or more different
materials to achieve a superior quality of characteristics than its constituents. Com-
posite materials are widely accepted and are in use across different engineering
applications, viz., aerospace, marine, defense, and automobiles. Fiber-reinforced
materials are widely used in engineering industries because of their superior perfor-
mance and tailor-made properties. The carbon fiber orientation plays a significant
role in the mechanical properties of the obtained composite, particularly in tensile
properties. In this paper, the orientation of carbon fiber in the composite (prepared
using epoxy resin) is investigated under tensile loading. The analysis reveals that the
experimental studies characterize the type of failure occurs under tensile loading,
which is directly influenced by fiber orientation in a composite laminate.

Keywords Composite laminate · Carbon fiber orientation · Tensile loading ·
Failure types

65.1 Introduction

Composites having two or more reinforced/bonded materials, which can be arti-
ficially made to acquire desired properties as designer wishes for his compo-
nent/structure, without going into any chemical reaction. Laminate composite, a
fiber-reinforced composite, comes under the classification based on reinforcingmate-
rial structure while producing composite. Laminate represents stack of lamina, may
be flat or curved/oriented for achieving targeted property/characteristic in the com-
posite that is fabricated. Individual laminas of the composite are bonded by a curing

A. Rajesh
Advanced Systems Laboratory, Hyderabad, India

S. Deva Prasad (B) · B. Singaravel · T. Niranjan · T. Shravan Kumar
Department of Mechanical Engineering, Vignan Institute of Technology and Science,
Hyderabad, India
e-mail: devaprasad@vignanits.ac.in; sdevaprasad@gmail.com

© Springer Nature Singapore Pte Ltd. 2020
M. S. Shunmugam and M. Kanthababu (eds.), Advances in Unconventional
Machining and Composites, Lecture Notes on Multidisciplinary
Industrial Engineering, https://doi.org/10.1007/978-981-32-9471-4_65

771

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-32-9471-4_65&domain=pdf
http://orcid.org/0000-0002-5034-3226
http://orcid.org/0000-0002-8412-4080
mailto:devaprasad@vignanits.ac.in
mailto:sdevaprasad@gmail.com
https://doi.org/10.1007/978-981-32-9471-4_65


772 A. Rajesh et al.

mechanism based on the laminar preferred in preparing the composite. Multilayer
(angle-ply) composite represents several layers of material structure with differ-
ent fiber orientations in the laminate composite, making it to respond (mechanical
response) differently from that of the individual lamina that is used in preparation of
laminate composite. The laminate characteristic is directly influenced by the prop-
erties of each lamina and the stacking order of laminas [1].

Designer materials, with specific properties, are in requirement due to the
emergence of technologies and ever-expanding product/component in the world
of manufacturing. The conventional materials are failing in these special proper-
ties/requirements such as high in strength and low in density (low packing factor) to
meet the needs of aircraft parts. The research and development behind the develop-
ment of composite materials is to produce a component material, that weighs lesser
than their competitors such as a purematerial, an alloy, and any other that provides the
desired strength and stiffness. The glass fiber-reinforced plastic (GFRP) components
will weigh only one-fourth of steel component if a component is to be manufactured
for addressing a load-bearing capacity. The imperfections happened during prepa-
ration of the composite or inherent flaws, as a crack that lies perpendicular to the
applied load direction weakens the material, may lead to discrepancy in strength
values, i.e., deviation from measured value to theoretical value of most materials
that formed as a composite laminate. The orientation of the molecular structure is
responsible for higher strength and stiffness values in polymeric materials.

Fibers, having smaller in cross-section dimensions, are omitted to use in directly
various applications thus embedded in matrix materials to for fibrous composites.
Properties of some common types of reinforcements such as fibers and nano additions
as well as some conventional materials are important in achieving higher mechanical
properties [2].

Graphite fibers (more than 99% Carbon) or carbon fibers (Carbon in the range
80–95%) are predominant high-strength, high-modulus reinforcement used in the
fabrication of high-performance polymer-matrix composites. Carbon fibers, with
superior mechanical properties and high-temperature tolerance, an important struc-
tural and functionalmaterial, have an irreplaceable role as reinforcement in producing
lightweight structures. Carbon fiber reinforced using epoxy resin composites, used as
a structural material in applications such as construction, automotive, aerospace, and
sports industries, have outstanding properties (high specific strength and stiffness,
high corrosion, and fatigue resistance) as well as easy to handle and fabricate.

65.2 Fabrication of Laminate Composite and Specimen
Preparation

The filament winding manufacturing (FWM-Computer Numerical Controlled with
one spool and temperature can go up to 200 °C) hand lay-upmethod is used to prepare
composite laminate, followed curing and finally cutting is completed using diamond
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wheel composite cutting machine. Different test specimens, laminate composite, for
tensile test are made as per ASTMD3039. Thematerials (Carbon fiber, Epoxy Resin,
Epoxy 5200 Hardener) used for preparation of laminates are procured. Fabrication
of composite laminate and specimen preparation is as follows.
Preparation of mold, involve cleaning the mold using emery paper (Fine Grain
Size) to remove spots and using acetone to remove any dirt followed by applying
wax thoroughly on all parts of the mold including spacers (shown in Fig. 65.1), nuts,
bolts, and threading, for easy release of laminate from mold. Thickness of spacer
used is 14.8 mm, so that the gap is maintained for tensile specimen standard.
Filament winding machine is used for making the laminate. The process in brief
involves following stages:

• First, the carbon fiber rove one wound by an FWM through a rectangular mold.
• Epoxy Resin (heated up to 50 °C to reduce its viscosity) and hardener are mixed
in the ratio 100:27 (weight ratio), and the mixture is poured into the hot bath of
FWM such that the carbon roving should pass through the mixture.

• Using computer numerical code to themachine, the roving getswinded to themold,
after completion of the winding the excess resin is squeezed using the squeezer.

• The mold is removed from the spindle and fix the top and bottom plates to it using
nuts and bolts, a torque of 4 N-m is applied for the uniform load as well as the
closure of the mold.

Fig. 65.1 Mold and spacers
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Mold (Curing Process), with the prepared laminate composite, is subjected to
curing cycle for 7 h in a closed oven (Heat equips make having size –1 m × 1 m,
Maximum temperature –220 °C, Material –V9 fabric with Thermocouple –J type),
which is shown in Fig. 65.2. During curing cycle, shown in Fig. 65.3, in an oven
by raising the temperature to 120 °C over a period of 30 min (hold for 3 h), then

Fig. 65.2 Oven used for curing

Fig. 65.3 Curing cycle graph
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Fig. 65.4 Specifications of composite tensile test specimen (ASTM D3039)

Fig. 65.5 Fiber orientation
angle [3]

increase the temperature to 150 °C and hold the same for 3 h. The mold allowed
to reach normal temperature naturally after completing switch off the heaters. The
mold has taken out from oven and trim the sides of the laminate to separate the top
and bottom laminates. Remove the top mold by unscrewing the nuts carefully such
that laminate should not be disturbed.
Test specimens, as per ASTM D3039 for the tensile test, are shown in Fig. 65.4—a
constant rectangular cross section, of size 15 mm wide × 1.6 mm thickness, is cut
from the laminate (250 mm × 250 mm cut using laminate cutting machine after
removing from mold). Optional tabs to the ends of the specimen are bonded that
prevents damage due to gripping. The specimens are prepared for fiber orientations,
refer Fig. 65.5, having 0°, 2°, 4°, 6°, 8°, 10° to the x-axis.

65.3 Experiments and Modeling

ASTM D3039 defines the crosshead speed, typical value for a standard test is
3.5 mm/min, based on the material specification or time to failure (1 to 10 min).
The specimens, composite laminate, prepared and tested on Universal Test Machine
(UTM – 100 kN) at a specified grip separation, and tensile load are applied until
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failure. An extensometer or strain gauge is used to determine elongation and ten-
sile modulus. Depending upon the reinforcement and type, testing in more than one
orientation may be necessary [4].

65.3.1 Experimental Outcomes from Tensile Loading
Experiments

The experiments to study the characteristics of the composite under tensile loading
are considered in thiswork. Three specimens under each orientation of fiber are tested
to understand the behavior of fiber orientation in component thereby normalizing any
bias to a small extent. Tensile load test, shown in Fig. 65.6 (test sample 1 with fiber
orientation 0°) and in Fig. 65.7 (test sample 1 with fiber orientation 10°), the load
variation during the tensile test, and extension of test sample 1 before failure are
collected and represented. The plotted graphs give the information about maximum
load and maximum displacement of the test specimen for the composite before its
failure. The investigation results are studied, from the data collected, and the failure
or load-bearing capacity of composite is lower as the fiber orientation is increased.

The experiments present clear indication, as fiber has large orientation, that the
composite specimen elongation is lower, i.e., the component is failing with short
elongation at lower load-bearing capacity. The experiments reveal that the broken
specimen has shown three different types of fiber fracture, namely, broom (shown
in Fig. 65.8), explosion and splitting (shown in Fig. 65.9). The outcomes from these
experiments of composite test specimens having fiber orientations, viz., 0°, 2°, 4°,
6°, 8°, and 10° are tabulated in Table 65.1.

Fig. 65.6 Tensile load and extension diagram for test sample 1
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Fig. 65.7 Tensile loading of 10° laminate orientation sample 1

Fig. 65.8 Broom failure of the specimen

Fig. 65.9 Splitting failure of the specimen
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Table 65.1 Tensile test results of composite differing laminate orientation in test specimen

Laminate 
Orientation

Maximum 
displacement 

(mm)

Maximum 
load (kN)

Tensile 
strength 
(MPa)

Failure mode

0°
9.146 43.218 1783 Broom
8.937 36.337 1456 Explosion7.990 42.937 1764

2°
5.654 30.024 1124

Sp
lit

tin
g

4.876 29.426 1094
3.886 24.743 866

4°
2.429 18.206 782
2.768 20.238 826
2.523 18.329 798

6°
1.607 9.084 362
1.736 8.498 367
1.92 9.64 381

8°
1.508 6.550 308
1.421 5.226 298
1.498 6.096 301

10°
1.175 4.480 175
1.328 4.708 185
1.152 4.141 161

65.3.2 Analytical Observations from Finite Element (FE)
Model Using ANSYS—Academic Version

Finite element model is prepared using ANSYS Software (academic version) for
different fiber orientations for further investigation and static analysis has been carried
out as per the loading of the specimen in UTM. Static analysis is used to determine
the displacements, stresses, strains, and forces in structures or components due to
loads that do not induce significant inertia and damping effects. Steady loading
in response conditions is assumed. The static analysis is done to understand the
displacement, longitudinal stress, and traverse stress generated across the composite
specimen structure, thus revealing the respective parameter distribution.

Figure 65.10 showing displacement for a specimen having 0° fiber laminate for
the composite (specimen 1), showing the maximum displacement in X-direction as
7.3614 mm, and maximum stress along X-axis as 7.36133 MPa when the maximum
load applied is 43.2 kN and the corresponding tensile strength as 1173 MPa.

It is observed from Fig. 65.11, longitudinal stress for the same specimen, show-
ing the maximum displacement in X-direction as 7.3614 mm and maximum stress
along normal as 1046.11 MPa, and the maximum stress recorded as 4209.24 MPa.
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Fig. 65.10 Displacement—0° laminate orientation (specimen 1)

Fig. 65.11 Longitudinal stress—0° laminate orientation (specimen 1)
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Fig. 65.12 Transverse stress—0° laminate orientation (specimen 1)

Distribution of transverse stress, shown in Fig. 65.12, for the composite specimen
prepared with 0° laminate orientation is shown in Fig. 65.10, for 43.2 kN applied ten-
sile load, the maximum displacement/elongation in X-direction is 7.3614mm having
maximum stress along normal is –134.555 MPa and corresponding maximum stress
along X-axis is 504.33 MPa.

ANSYS result of specimen 1 having 10° fiber orientations shown in Figs. 65.13,
65.14, and 65.15. Figure 65.13 showing the maximum displacement values in
X-direction as 2.53546 mm and maximum stress developed along X-axis as
1.21769 MPa. Longitudinal stress and traverse stress distribution in the specimen
are shown in Figs. 65.14 and 65.15. Figure 65.14 shows the maximum displacement
in X-direction= 2.53546 mm generating maximum longitudinal stress along normal
as121.97 MPa and corresponding maximum stress along X-axis as 442.541 MPa.
For the value of displacement resulted and given above, the maximum generated
along normal is –17.8363 MPa and maximum transverse stress, Fig. 65.15, along
X-axis is 66.6783 MPa. The variation in result of modeling and subsequent analy-
sis for the composite structure, under static loading in ANSYS, is due to loads that
do not induce significant inertia and damping effects. Steady loading and response
conditions are assumed; that is, the loads and the structure’s response are assumed
to vary slowly with respect to time.
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Fig. 65.13 Displacement—10° laminate orientation (specimen 1)

Fig. 65.14 Longitudinal stress—10° laminate orientation (specimen 1)
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Fig. 65.15 Transverse stress—10° laminate orientation (specimen 1)

65.4 Results and Discussion

Test specimens of epoxy resin composite having carbon fiber with its orientation
having 0°, 2°, 4°, 6°, 8°, and 10° to the x-axis (Fig. 65.5) are prepared and tested
for tensile strength. The composite is investigated for its load-bearing capacity with
respect to influence of fiber orientation is studied using experiments and analytically
using ANSYS—Academic Version. The variation in its strength exists differ and it
is confirming with analysis for the specimen failures. The result can be summarized
as

• It is evident from the graph (load and elongation) that for axial loading, both the
tensile stress and displacement values are decreased by the increase in orientation
of fiber from0° to 10°. The FE analysis results confirm the same as the experimental
data.

• The results obtained can infer as changing the fiber orientation from the axial
direction to transverse direction, the tensile strength of the structure is decreasing.

• The experiments conducted show that the splitting of fiber happens when fiber
orientation is other than 0° and it may be due to gripping length. The other failures
of specimen are broom and explosion of fiber at the end of the experiment.

• There is a scope to study the variation of fiber orientation further wherein the
specimen can be prepared to allow the angle variation of fibers and the length
adjustment to hold the sample fiber ranging in between the two grips.
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