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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 iTech, 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. Selected papers from the conference are being pub-
lished by Springer in the series Lecture Notes on Multidisciplinary Industrial
Engineering infivevolumes, namelyVolume1—AdditiveManufacturing and Joining,
Volume 2—Forming, Machining and Automation, Volume 3—Unconventional
Machining and Composites,Volume 4—Micro and NanoManufacturing and Surface
Engineering and Volume 5—Simulation and Product Design and Development.

Chennai, India M. S. Shunmugam
December 2018 M. Kanthababu
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Chapter 1
Fabrication and Experimental
Investigation of Micro-fluidic
Channel-Based Mixing System Using
Micro-electric Discharge Machining

Mamilla Ravi Sankar, Abhishek Sharma, Nuthi Dinesh Kumar,
Siddharth Vikram, Mamidi Siva Kumar, Alokesh Pramanik
and Kishor Kumar Gajrani

Abstract Electric discharge machining (EDM) is an advanced machining process,
which harnesses the energy of series of electrical sparks for material removal from
the workpiece. EDM is not only limited to machining of mechanical components
but also finds its applications in aerospace, biomedical and other fields. Owing to
the miniaturization of components, the fabrication at micro level paved the way for
the development of micro-EDM (µ-EDM) process. In this study, the principle of
µ-EDM has been used for machining open micro-channels for the efficient mixing
of different fluids using micro-fluidic system. Micro-fluidic channels are fabricated
using a stainless steel tool and the effect of peak current, pulse-on time and spark time
has been investigated. Channel width, channel depth and its surface roughness are the
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response parameters. Input parameters are identified for minimum surface roughness
of micro-fluidic channels to provide efficient mixing while achieving desired mixing
time and homogeneity.

Keywords Micro-EDM · Micro-fluidic channels · Channel width · Channel
depth · Surface roughness

1.1 Introduction

Micro-channel is defined as a channel having a dimension in the range of 1–500 µm.
It is widely used in biological and chemical industries in order to analyse the bio-
logical structure and chemicals reagents [1–4]. Owing to their application, they are
also known as “lab-on-chip” devices. The working of veins and arteries allowing for
movement of blood through them can be considered as an example of micro-fluidic
channels. Bioreactors are also considered as one of the applications of micro-channel
that has been used for growth of bacteria and their analysis, as well as for exami-
nation [5]. Another important application of micro-channel is its utilization for heat
exchange reactions due to the advantage provided by its high surface area to volume
ratio. The major benefit provided is the increase in sensitivity and resolution of anal-
ysis of material along with the minimum amount of material wastage and reduced
experimental cost [6]. They also find their application in micro-electromechanical
systems (MEMS) as well as semiconductor industries [7–10]. Micro-channels also
find their utility in devices like pipes and mixers along with some other compo-
nents like pumps and valves [11–15]. They are also known as micro-reactors as they
provide low volume for testing of some hazardous as well as expensive materials.
Currently, they are mostly used in micro-jet printers, CD drives, hard disk devices
and some other electronic devices.

There are various methods that are used for the fabrication of micro-channels,
including conventional methods, like embossing, micro-cutters, moulding, and some
advanced fabrication techniques, like photolithography, laser beammachining, ultra-
sonicmachining, micro-electrical dischargemachining (µEDM), and so on. [16–21].
Among all, the method of die sinking EDM is considered as an economic technique
for the fabrication of micro-channels due to low setup cost as well as ease of machin-
ing. Also, the method helps in generating a replica of the tool onto the workpiece,
especially in the cases where the workpiece material is harder than that of the tool
material [22]. Another benefit of using this method is the fabrication of intricate and
complex shapes along with close tolerance on the workpiece.

The major disadvantage associated with the usage of EDM is its limited applica-
tion to conducting material only due to which non-conducting materials cannot be
machined by this method. The principle of this process is that it utilizes a series of
electric discharge that takes place between the tool and the workpiece in the presence
of a dielectric medium. Tool movement is controlled using a servo control mecha-
nism for maintaining a gap between the workpiece and the tool, which is of the order
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of 25–50 µm [23]. These electric discharges are of pulsed mode types consisting of
an ON and OFF time, which can be varied by changing the duty cycle and pulse-on
time. The dielectric present between the tool and the workpiece gets ionized due to
the applied voltage, which provides necessary medium for the spark to occur. As the
material removal in this unconventional machining process mainly occurs because of
erosion, a small amount is also attributed to cavitation. This process not only affects
the workpiece but also affects the tool while the machining is carried away. Accord-
ing to Mohri et al., the precipitation of carbon due to dielectric breakdown onto the
electrode surface and its inability to reach the difficult areas caused an increase in
tool wear [24].

In the present work, die sinking µ-EDM method is used to fabricate open micro-
fluidic channels. The effect of peak current, pulse-on time and spark timeon thewidth,
depth and surface roughness of micro-channels is investigated. These are affected
by various factors, such as the electrode material used and the different process
parameters. Optical microscope and non-contact surface profilometer is used for
investigating the surface morphology of micro-fluidic channel.

1.2 Experimentation

1.2.1 Design of Experiments

The experiments to be performed are planned and designed in such a way that useful
inferences are easily determined by performing a minimum number of experiments
using the design of experiments. The methodology used is central composite rotat-
able design (CCRD), which helps in determining the number of experiments to be
performed as:

Number of experiments = 2k + 2k + central run (1.1)

where k is the number of input parameters chosen which are three: peak current (I),
pulse-on time (P) and spark time (S). Therefore, the total number of experiments
required to be performed is calculated as per Eq. (1.1):

Number of experiments = 23 + (2 ∗ 3) + 6 = 20 (1.2)

Six central runs were selected in order to reduce the error and to easily evaluate
the repeatability. Based on the preliminary examination, the value of peak current (I)
is varied in the range of 2–10 A, while the values of pulse-on time (P) and spark time
(S) are varied in the range of 18–28 and 1–5µs, respectively. The coded as well as the
original values of the input parameters as per CCRD are listed in Table 1.1. All the
experiments are repeated thrice and the average values are reported. The influences
of these parameters on the output responses are also evaluated.
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Table 1.1 Coded and original values of input parameters as per the central composite rotatable
design

Coded value −1.414 −1.000 0.00 1.000 1.414

Peak current (A) 2 3.171 6 8.828 10

Pulse on time (µs) 18 19.464 23 26.536 28

Spark time (µs) 1 1.585 3 4.415 5

1.2.2 Experimental Setup

An EDMmachine (Make: Sparkonix®) is used to fabricate a Y-shaped micro-fluidic
system. Figure 1.1a illustrates the overview of experimental setup. The desired width
of micro-channel is in microns. Therefore, 0.1 mm thick tool was used for fabrication
of micro-channel. However, it cannot be directly mounted on EDMmachine. Hence,
a separate tool-holding device was fabricated to hold the tool. The holding device
or the fixture should be fabricated in such a way that when this thin-walled tool is
subjected to flowing dielectric, the tool holder must hold the grip of the tool firmly so
that the tool is able to bear the force exerted by the shocks aswell as sparks generating
simultaneously during the machining operation. The tool edge has to be perfectly
straight in such a way that it is parallel to the plane of the workpiece. As the stray

Sharp-tipped tool (c) 

Tool holder 

Tool coated with 
polymeric insulation  

Tool holder 

Workpiece 

Z-axis movement 

(a) (b) 

Fig. 1.1 a Overview of experimental setup, b tool holding assembly with polymeric insulated tool
for micro-channels, and c sharp-tipped tool for fabrication of micro-holes
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Table 1.2 Materials and
equipments

Workpiece Stainless steel 316 L
(thickness = 0.6 mm)

Tool Stainless steel (13% Cr, 0.6% C)

Equipment Sparkonix-S35 EDM machine

Surface analyser Taylor Hobson surface profilometer

Optical microscope Zeiss, AxioCam MRc

currents generated during machining operation results in an increment in channel
width and subsequently poor finishing at the channel boundary, they were minimized
using a polymeric insulation on the side of tool cutting edge. Polymeric insulation-
coated stainless steel tool is used for fabrication ofmicro-fluidic channel. Figure 1.1b,
c illustrates the tool holding assembly for fabrication of micro-channels and micro-
holes, respectively. Stainless steel material is chosen asworkpiecematerial. Table 1.2
illustrates the tool and workpiece materials as well as equipment used for this study.

1.2.3 Fabrication of Micro-fluidic Channel

Micro-fluidic channels of different channel width, channel depth and having varying
surface roughness are fabricated by varying the input parameters such as peak current
(I), spark time (S) and pulse-on time (P). These input parameters were kept low in
order to have a good surface finish and lesser channel width. The peak current was
varied from 2 to 10 A, the spark time from 1 to 5 µs and pulse-on time from 18 to
28 µs. The low pulse-on time facilitates proper flushing of the eroded debris. Each
of the above parameters was varied in discrete steps. I represents current in Ampere,
P is pulse-on time (µS), S denotes spark time (µS), Cw represents channel width
(µm), Cd denotes channel depth (µm) and Ra is surface roughness of channel (µm).

A total of 20 experiments with different input parameters keeping a constant
duration of 150 s were conducted. The channel width, channel depth and channel
surface roughness were measured using the non-contact surface profilometer and
opticalmicroscope. The input parameters and corresponding responses are illustrated
in Table 1.3. Fig. 1.2a illustrates the fabricated micro-fluidic channels and Fig. 1.2b
shows the fabrication of micro-channels. From the experiment conducted, it was
found that at 8 A peak current, 20 µs pulse-on time and 2.0 µs spark time, the
average value of channel surface roughness (Ra) was found to be the lowest among
others (2.9 µm). For the same parameter, the channel width and depth were 170 and
38.2 µm, respectively.

These values of input parameters were then selected for the fabrication of a Y-
shaped micro-fluidic system. At the starting point of micro-channels, a micro-hole
is also fabricated. Micro-holes at the outer end of each micro-channel are used to
deliver the fluid into the channel. Two different fluids are delivered from each of the
two limbs of the Y-shape channel system and the mixture was collected through the



8 M. R. Sankar et al.

Table 1.3 Input parameters and corresponding responses

Channel no. I P S Cw Cd Ra

1 6 23 3 152 25.10 4.23

2 6 23 5 136 22.00 4.49

3 10 23 3 171 45.30 4.88

4 8 26 4 165 37.40 4.92

5 6 23 3 152 25.10 4.23

6 6 23 3 152 25.10 4.23

7 4 26 2 140 13.10 3.87

8 8 20 2 170 38.20 2.90

9 6 23 3 152 25.10 4.23

10 4 20 2 138 24.10 3.18

11 4 26 4 134 25.05 2.81

12 6 23 1 150 25.80 2.38

13 6 23 3 152 23.40 4.23

14 6 18 3 160 31.00 2.51

15 8 20 4 172 35.90 4.47

16 6 28 3 166 32.00 4.72

17 8 26 2 199 41.60 3.60

18 6 23 3 152 25.10 4.23

19 4 20 4 99.10 16.90 2.01

20 2 23 3 56.70 10.90 2.00

Micro-
channel 

(a) (b) 

Fig. 1.2 a Fabricated micro-channels and, b sparks produced during micro-channel machining
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Micro-channel 

(a) (b) 
Micro-holes 

Fluid input 

(d) (c) 

Fig. 1.3 a Setup for fluid delivery into the micro-fluidic channels, b Y-shaped micro-fluidic system
for micro-mixing, c schematic flow of fluids in micro-fluidic system and d rear side of the setup

third outlet limb. This system is used as a prototype to show a typical application
of micro-fluidic channels fabricated through die sinking EDM. After the fabrication
of this Y-shaped channel, the feasibility of this channel for the efficient mixing of
the fluids were analysed. Two different coloured fluids were injected using syringes
through two upper limbs. The necessary turbulence needed for the efficient and
proper mixing of these fluids was provided by the surface roughness of the channel.
This roughness has to be optimized depending upon the nature of fluids to be mixed,
for example, specific gravity and miscibility. The setup for liquids flow through the
micro-channels is shown in Fig. 1.3.

1.3 Results and Discussion

The width and depth of micro-fluid channel were measured using a Zeiss optical
microscope at 5× magnification and non-contact surface profilometer. Figures 1.4
and 1.5 show the channel no. 8 and 13 as per CCRD inputs (Table 1.3). The first
channel corresponds to I = 8 A, P = 20 µs and S = 2 µs. The micrograph and
profilometer images for this channel are shown in Fig. 1.4a and b, respectively.
The same is depicted for channel no. 13 along with its channel width and depth
measurements in Fig. 1.5a–c, respectively. Channel 8 has different peak current and
spark time as that were used to fabricate channel 13; however, it was fabricated using
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Micro-channel 

(a) (b)

Fig. 1.4 Micro-fluidic channel no. 8: a surface micrograph and b 3D surface profile

a lower pulse-on time. Channel 8 recorded a lower Ra (2.9 µm) value than channel
13 (3.6 µm), which shows that surface roughness increases as the pulse-on time is
increased. It is also observed that the channel width and depth increased with an
increase in the value of pulse-on time.

1.3.1 Channel Width

As per CCRD, the following relation was obtained for the channel width with the
input parameters;

Channel width (Cw) = 305.68 + 43.17I − 28.67P − 2.61S

− 0.32IP + 0.77IS − 0.11PS − 2.08I2 + 0.71P2 − 1.01S2

(1.3)

with coefficient of determination (R2) value of 0.9217, where I = peak current (A),
P = pulse-on time (µs), S = spark time (µs).

It was observed from Fig. 1.6 that the channel width increases when more current
is applied during the machining process. As heat produced is proportional to the
square of input current value, the crater size produced is more leading to greater
roughness, which also results in increased channel width. The slope becomes less
steep with increasing value of current. Figure 1.7 illustrates that the value of pulse-on
time increases, channelwidth first decreases and then begins to increase in a parabolic
fashion. Here the largest channel width is obtained for the channel with highest peak
current value. It is evident from Figs. 1.6 and 1.7 that channel width increases with
peak current. It may be attributed to the increment in thermal energy which further
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(a) (b)

h = 23.4 μm 

(c)

w = 152 μm
(d)

Fig. 1.5 Micro-fluidic channel no. 13: a surface micrograph, b 3D surface profile, c channel depth
measurement and d channel width measurement

causes increase in working temperature. This causes more metal to melt and forms
a wider crater, thereby increasing the channel width.
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Fig. 1.6 Effect of peak
current on channel width for
constant spark time
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Fig. 1.7 Effect of pulse-on
time on channel width for
constant spark time
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1.3.2 Channel Depth

As per CCRD, the channel depth is related to the input parameters as follows:

Channel depth (Cd) = 214.16 + 0.26I − 16.14P − 11.8S + 0.16IP

− 0.7IS + 0.72 PS + 0.22I2 + 0.28 P2 − 0.18S2 (1.4)

with an R2 value of 0.9573, where I = peak current (A), P = pulse-on time (µs), S
= spark time (µs).

It is observed that the effect of input parameters on channel width is somewhat
similar to that on the channel depth. The increase in channel depth with increasing
current and pulse-on time can be seen in Fig. 1.8. Also, the slope of the curve
increases with increasing value of current. Figure 1.9 shows the effect of peak current



1 Fabrication and Experimental Investigation of Micro-fluidic … 13

Fig. 1.8 Effect of peak
current on channel depth for
constant spark time
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Fig. 1.9 Effect of pulse-on
time on channel depth for
constant spark time
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on channel depth which first decreases and later increases with increasing value of
pulse-on time.

1.3.3 Average Surface Roughness (Ra)

For getting a smooth channel, all the three parameters need to be optimized. From
the data obtained, the dependence of Ra (µm) with peak current, pulse-on time and
sparking time is studied and is given as follows:

Ra (µm) = 16.4I + 0.14I + 1.51P − 0.2S − 7.08e−3IP

+ 0.32IS − 5.84e−3PS − 0.053I2 − 0.03P2 − 0.21S2 (1.5)

with R2 value of 0.9175, where I = peak current (A), P = pulse-on time (µs), S =
spark time (µs).
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This relationship of Ra with each input parameter is discussed subsequently. It is
observed from Fig. 1.10 that when the peak current is increased, the channel surface
roughness increases initially, and then it decreases. The increase in peak current
causes an increase in the discharge heat energy at the point where the discharge takes
place. At this point, a pool of molten metal is formed and overheated.

The molten metal evaporates and the forming gas bubbles explode when the
discharge takes place, so taking the molten material away. Successive discharges
will result in craters, thus increasing the surface roughness. The channel roughness
increases with increasing pulse-on time, as shown in Fig. 1.11. Figure 1.11 also
reveals that roughness value for I = 10 A is the highest. The slope of the curve
decreases with increasing value of pulse-on time. Also, the effect of current becomes
less pronounced on roughness at its higher values. Sparking time affects Ra in an
inconsistent manner. The Ra value increases up to a spark time, which lies between
4 and 5 µs; after which it decreases.

Fig. 1.10 Effect of peak
current on surface roughness
for constant pulse-on time
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Fig. 1.11 Effect of pulse-on
time on surface roughness
for constant spark time
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(a) (b)

Red Blue 

Black 

Fig. 1.12 Y-shaped micro-fluidic system. a Optical micrograph of the junction and b fluid flow
and mixing in the micro-channels

1.3.4 Flow of Fluids in the Micro-fluidic System

In the present study the input parameters that yielded optimal and low roughness,
channel width and depth for fabricating the micro-fluidic device were selected (Ra
= 2.9 µm, Cw = 38.2 µm, Cd = 170 µm).

The mixture was collected through another syringe at the outlet. Figure 1.12a
shows an image of the junction where the three channels meet, and is taken using
an optical microscope at 5×. The flow in the micro-channel device is crucial to the
three micro-channels being concurrent. Figure 1.12b shows the flow of two miscible
liquids in the device. The mixing of a blue and a red liquid to yield a black mixture
was studied. It can be clearly seen that the blue fluid mixes more readily than its
red counterpart. This device was designed keeping in mind a typical biomedical
application of liquid testing and mixing. Varying the roughness of mixing channel
can alter the homogeneity of the mixture and mixing time.

1.4 Conclusion

Micro-fluidic devices have seen rapid development in the present years. In this paper,
micro-channels of dimension within the micrometre scale were fabricated using
EDM. Y-shaped micro-fluidic system was also developed for mixing of different
fluids. The salient findings are as follows:

• Micro-channels and micro-holes were successfully fabricated using die sinking
EDM.
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• Peak current has considerable effect on channel width, depth and its surface rough-
ness.

• At 8 A peak current, 20 µs pulse-on time and 2 µs spark time, lowest surface
roughness of micro-channel was obtained.

• Y-shaped micro-fluidic system was fabricated using optimized parameters to mix
different fluids.
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Chapter 2
Compression and Diametral Tensile
Strength Analysis of Graphene–Al2O3
Reinforced AA 2024 and AA 2219 Hybrid
Nanocomposites

P. Ashwath and M. Anthony Xavior

Abstract Aluminum-matrix nanocomposites (AMNCs), in particular the graphene
particle reinforced AMNCs, have received considerable attention due to their attrac-
tive physical and mechanical properties, such as high strength, tensile strength, com-
pressible property, improved wettability and improved tribological characteristics.
Carbon and ceramic filler reinforcement is an active method to enhance the strength
of aluminum and its alloy, nevertheless, the homogeneous dispersion, and controlled
interfacial reactions in the matrix during processing. In the current research work,
composites with graphene of average particle size 10 nm and Al2O3 of particle size
10 μm as reinforcement combinations in various proportions (wt%) in aluminum
alloy (AA) AA 2024 and AA 2219 matrix materials are carried out through pow-
der metallurgy approach. Homogeneous dispersion of reinforcement in the matrix is
achieved through ultrasonic dispersion followed by ball milling. Thus, the prepared
precursors are consolidated by uniaxial hot compaction in a universal tensile testing
machine and microwave sintered in inert gas atmosphere. Rockwell hardness studies
were carried out on the samples as per ASTM standards. SEM, X-ray diffraction
analysis, and microstructure analysis were done on developed composites. Further,
compression and diametrical tensile strength were evaluated on developed compos-
ites according to the standard testing conditions. Enhancement in the bulk strength,
strengthening mechanism and probable motives for crack initiations were widely
examined to study the effect of graphene–Al2O3 addition and its combinations in the
composites matrix. The addition of fine particles of Al2O3 enhances the nanocom-
posites reinforced with graphene to further improve the strength properties.
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2.1 Introduction

Today, one of the active areas of researches in materials engineering field is that of
fabrication of new class of advanced materials. The advanced materials should pos-
sess high strength with improved material and mechanical stiffness properties. The
fabrication of the composites with ceramic particle reinforced is purely based on the
level of homogeneity achieved while processing the powder samples. In particular,
focusing on nanocomposites, the nature of nano-reinforcement material used and the
homogeneous mixing and the bonding of the nano-reinforcement with the matrix are
the key factors governing the outcome of the composites developed. At nanocom-
posite level, various application challenges like micro and nanometer range can be
used to achieve specific properties required. These metal–matrix composites and
nanocomposites can be engineered with different fabrication methods and process-
ing methods without sacrificing specific engineering properties [1–3]. It was delicate
for the recent researchers to take extra effort in narrowing the selection of type of
reinforcing material used in line with the aluminum alloy matrix used. Selection and
using of the reinforcement is the key factor that determines the overall property of
the composites [4]. Most of the recent research works are focused on developing
hybrid composites by varying the nano reinforcements, like nano alumina, graphene
nano platelets and carbon nano tubes at different combinations. More frequently,
carbides and oxides of ceramic materials are reinforced and studied for mechanical
andmicrostructural improvements [5], of which alumina ismajorly used as a ceramic
reinforcement in line with aluminum matrix for engineering application. Alumina
because of the good thermal stability and good load-bearing capacity was used more
in structural application and frictional application [6]. Carbon-based reinforcements
such as graphene andCNT exhibitmixed challengeswhile processed through powder
metallurgy method because of low surface contact area and wettability [7, 8].

In carbon-based composites where graphene is allotrope of carbon and actively
used in the fabricating hybrid composites for recent research work in structural
and frictional-based application, choosing graphene as a reinforcement is driven
by its specific higher physical and mechanical properties, such as tensile strength
130 (GPa), elastic modulus (0.5–1 TPa), and thermal conductivity (5.3 × 103 W
m−1 K−1). In addition, it exhibits strong sp2-hybridized 2D-nanomaterial (sheet-like
morphology) which is a key factor as a unit of composites with extreme strength [9].
In the past decades, a few or no attempts were tried to characterize on the aluminum
metalmatrix hybrid composites reinforcedwithAl2O3 andgraphene.Recent research
works have reported the difficulties in achieving the homogeneous dispersion of nano
graphene in the matrix, which is achieved by several methods such as ultrasonication
and magnetic stirring methods.
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2.2 Experimentation and Methods

2.2.1 Dispersion of Graphene and Al2O3

The aluminum alloy powder AA 2024 and AA 2219 manufactured by gas atomized
method with average particulate size 30–35 μm (from Ampal Inc.) was taken as a
matrix material and the corresponding chemical composition is given in Tables 2.1
and 2.2: Al2O3 with density 3.20–3.70 g/cm3 and graphene 1.5–2.0 g/cm3 (from
Angstron Materials) are used as reinforcements. Ultrasonic liquid processor and ball
milling is used to achieve homogeneous dispersion of reinforcements into the metal
matrix. The structure and morphology of all precursors are shown in Fig. 2.1a–d.
Table 2.3 shows the combinations of various reinforcements and matrix materials
(reinforcements and matrix blending parameters) used for the current research work
in weight percentage (wt%). Initially, dispersion of graphene particulates is achieved
by using ultrasonic dispersion method. Graphene with various weight percentage
(0.25, 0.5, 0.75 and 1.0 wt%) were added into the acetone and sonicated for 1 h.
Later, calculated quantity of Al2O3 (8.0 wt%) were added to solvent containing
graphene which is dispersed in an acetone and continued the sonication for 30 min
by keeping the slurry beaker on magnetic stirrer to avoid the sedimentation due to
difference in densities. Figure 2.2 explains the processing of precursors, and thus the
obtained mixtures are ball milled by adding aluminum alloy powders (AA 2024 and
AA 2219) separately followed by drying the powder mixtures in oven at 90 °C for
24 h.

2.2.2 Composite Preparation

Powder metallurgy method was used to fabricate the metal matrix composites. The
fabricated composites are compacted according to ASTM standard B925-08. The
dies are made up of carbide material and die case with chromium hot-work tool steel
(40–48 HRC). Compaction was performed with compaction pressure of 460 MPa
(holding the pressure for 15 min) for all the samples and high temperature lubricant
such as boron nitride is used between the die walls. Subsequently, the samples were
sintered using microwave sintering furnace at 610 °C in an inert gas atmosphere for
30 min followed by furnace cooling.

2.2.3 Testing and Characterization

A portion of the alloy powder (AA 2024 and 2219), graphene and Al2O3 was ana-
lyzed under scanning electron microscope (SEM). XRD analysis is carried out on
sintered composites. Vickers hardness (VH) values are measured for all the sintered
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Fig. 2.1 Scanning electron microscope (SEM) image of a Al 2024, b Al 2219, c graphene and
d Al2O3 particulates

Table 2.3 Powders blending
parameters

AA alloy Al2O3 (Weight %) Graphene (Weight %)

AA 2024 0.8 0.25, 0.5, 0.75 and 1.0

AA 2219 0.8 0.25, 0.5, 0.75 and 1.0

(Sonication time, ball milling time: 30 min for each sample)

Fig. 2.2 Schematic
illustration of a diametrical
tensile strength and
b compressive strength
analysis

t (D)
tᴓ ᴓ

(a) (b)
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composites samples after fine polishing. Minimum of five measurements were done
on different surface areas on the composites surface and average of the measured
values are reported. Densities are measured on each sample by calculating mass and
volume for all the fabricated composites. Theoretical densities (g/cm−3) of various
configurations are calculated according to ground rule illustrated by hybrid mix-
ture relation (RoHM) applied to composite fabricated and sintered density (g/cm−3)
calculated by Archimedes’ principle adapting an electronic density measurement
equipment with measuring sensitivity of 0.0001 mg for graphene composites. Dia-
metrical tensile test samples (∅ 25 mm × 50 mm) are polished (mirror finish) and
checked for the cracks. Thus, the checked samples are positioned vertically, and the
test was performed using universal axial loading at cross-head rate of 0.5 mm/min, as
illustrated in Fig. 2.2a. Destructive-type (procedure) compressive strength analysis is
adapted to characterize the powder metallurgy sample. Compressive strength testing
of the alloy (AA 2024 and 2219), graphene, Al2O3 and the three composites was
conducted at room temperature in INSTRON-8801 axial loading testing machine,
using samples of dimensions 25 mm dia × 50 mm long and lubricating compres-
sion loading cells (plates) by boron nitride spray (from Momentive, USA) to reduce
the friction. The tests were carried out at a constant strain rate (v = 0.04 mm/min)
with controlled compressive load rating perpendicular to its central axis of the solid
composite sample, as illustrated in Fig. 2.2b.

Diametrical tensile strength (DTS)R = 2P

πDt
(2.1)

2.3 Results and Discussion

The SEM micrographs observations of Al 2024 and Al 2219 alloy powders show
that most of the particles have smooth curved edges and also layered morphology
of the graphene which are loaded one over the other and curl-free. Ultrasonicated
followed by ball milling powder mixture exhibits, most of graphene exist in flake
form, mono-layered wrapped on other particles and homogeneously dispersed in
the matrix. The predecessors are hot compacted and thus fabricated compacts are
successfully sintered using microwave sintering furnace in which the mixed powder
samples are heated at higher heating rate. Figure 2.3 shows theXRDanalysis of (a)Al
2024–graphene–Al2O3 and (b)Al 2219–graphene–Al2O3. It is clear that the presence
of graphene peaks at 2θ equal to 26.50° (related to graphene shown by arrow mark).
Diffraction phase is found only in the samples with higher graphene concentrations
(>0.5 wt% and above) and also it depends on the level of sensitivity of the XRD
apparatus used. The aluminum carbide peaks are not detected in any of the aluminum
hybrid samples of any compositions which are sintered through microwave heating
method. Theoretical densities (g/cm−3) of hybrid compositions measured according
to ground rule are illustrated by hybridmixtures (RoHM) relation, as shown inEq. 2.1
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Fig. 2.3 X-ray diffraction
analysis of a Al
2024–graphene–Al2O3 and
b Al 2219–graphene–Al2O3
composite after microwave
sintering

Al 2219 – Graphene – Al2O3

2θ (degree) 

Al 2024 – Graphene – Al2O3

(a) 

(b) 

[10]. Experimental values of theoretical and sintered density (g/cm−3) are shown in
Tables 2.4 and 2.5, respectively.

DTheoretical = DMatri x ∗ VMatri x + DParticulate ∗ VParticulate

+ DGraphene ∗ VGraphene... (2.2)

where D = density and V = volume fraction.
Comparison of densities demonstrates that adding graphene would not give sig-

nificant difference but combination with Al2O3 leads to slightly higher than the theo-
retical values. Theminor improvement in the density values is attributed to the strong
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Table 2.4 Theoretical and experimental densities with graphene

Composition Al
2219–Al2O3–graphene (graphene
in various concentrations A-0.0,
B-0.25, C-0.5, D-0.75, E-1.0 wt%)

Theoretical density (g/cm−3) Sintered density (g/cm−3)

A 2.7 2.378 ± 0.02

B 2.69 2.454 ± 0.03

C 2.68 2.501 ± 0.03

D 2.66 2.447 ± 0.02

E 2.64 2.501 ± 0.03

Table 2.5 Theoretical and experimental densities with graphene

Composition Al
2024–Al2O3–graphene (graphene
in various concentrations: A-0.0,
B-0.25, C-0.5, D-0.75, E-1.0 wt%)

Theoretical density (g/cm−3) Sintered density (g/cm−3)

A 2.7 2.356 ± 0.04

B 2.69 2.546 ± 0.03

C 2.68 2.461 ± 0.04

D 2.66 2.567 ± 0.02

E 2.64 2.651 ± 0.04

interfacial bonding with homogeneously dispersed Al2O3 and graphene in combina-
tion with themicrowave sintering process. This is in good consistency with improved
hardness values, which is discussed further in this paper. Moreover, the graphene
weight fraction is varied and highest density is achieved in the range 0.25–0.75 wt%
in bothAl 2024–graphene–Al2O3, andAl 2219–graphene–Al2O3. Themarginal vari-
ation or lesser in densities for higher weight fractions (>0.75 wt% graphene) may
be due to occurrence of graphene cluster and oxidation of aluminum [11]. Further,
addition of Al2O3 in the composite decreases the compressibility of the precursor
due to higher hardness value. Also, difference in huge melting point may lead to
inadequate sintering mechanism. Vickers hardness measured for various concentra-
tions of graphene in Al 2024–graphene–Al2O3, Al 2219–graphene–Al2O3 hybrid
composites and same values are summarized in Fig. 2.4. From the hardness values
comparison (Fig. 2.4) of microwave sintered composites, significant improvement
is witnessed when compared to monolithic alloy, as reported in the literatures [12,
13]. Graphene is evoked with excellent potential candidate for microwave absorption
[14] and when it is encapsulated/coated with alumina at lower concentrations (<1
wt%) improved microwave absorption is witnessed, which is attributed to change of
dielectric properties. The micro particle size Al2O3 and graphene flakes also possess
higher surface area, which helps in effective interfacial bonding, better densification
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Al 2024 – Al2O3 - Graphene (A-0.0, B-0.25, C-0.5, D-0.75, E-1.0 wt.%)   
Al 2219 – Al2O3 - Graphene (A-0.0, B-0.25, C-0.5, D-0.75, E-1.0 wt.%)   

Fig. 2.4 Hardnesswith varying graphene content inAl 2024–graphene–Al2O3,Al 2219–graphene–
Al2O3 hybrid composites

and decrease in the porosity. The improvement in the hardness values is due to for-
mation of aluminum carbide in the developed composite. But XRD analysis reveals
the formation of no such peaks to confirm [8] due to usage of pristine Al2O3 and
graphene in the matrix combination with microwave sintering. From the hardness
comparison, it reveals that the Al 2024–graphene–Al2O3 hybrid composites have
significant improvement in the hardness compared to Al 2219–graphene–Al2O3 due
to difference in the percentage of copper content and same trend of hardness values
are seen in various weight fractions of graphene.

Figures 2.5 and 2.6 show the comparative study of compressive behavior and
diametrical tensile strength of Al 2024–graphene–Al2O3, Al 2219–graphene–Al2O3

Fig. 2.5 Compressive behavior of Al 2024–graphene–Al2O3, Al 2219–graphene–Al2O3 hybrid
composites due to addition of graphene (wt%)
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Fig. 2.6 Diametrical tensile strength behavior of Al 2024–graphene–Al2O3, Al 2219–graphene–
Al2O3 hybrid composites due to addition of graphene (wt%)

hybrid composites, respectively. The tests are carried out at room temperature to
study the influence of Al2O3 (8.0 wt%) and graphene addition (0.25–1.0 wt%)
on the composites which are processed through ultrasonic liquid processor and
microwave sintering. Maximum strengths (compressive strength—140 MPa for
AA2219 and 126 MPa for AA 2024, diametrical tensile strength—128 MPa for
AA 2219 and 123 MPa for AA2024 at 0.75 graphene and 8.0 Al2O3) are achieved
for the hybrid composite. A significant improvement in compressive and diametrical
tensile strength of the hybrid composites is observed on increasing the concentration
of the graphene. The increasing trends of strengths which are seen in both the AA
alloys hybrid composite is due to combination of Al2O3 and graphene, compared
to monolithic alloy and microwave sintering method. Also, it is observed that the
strength of AA 2219 with the 5.8 wt% of Cu content exhibits more strength com-
pared to AA 2024 with 4.0 wt% of Cu. Typically, the presence of lower percentage
(0.1–6.0 wt%) of Cu provides a substantial improvement of the strength in the devel-
oped composites, which are found to be promising data with the current research
work. In AA alloy hybrid composites, improvement in bulk properties during bulk
microwave sintering is attributed to heat developed from inside, and the material
flow is supported by diffusion mechanism that takes place due to vacancy concen-
tration gradient. This criterion similarly depends on time temperature and chemical
potential gradient. For the active grain, great amount of high energized movement of
atoms should be present at the matrix vacancies but this movement is suppressed by
graphene platelets by making barrier against grain growth by covering. So, densifi-
cation increases due to increase in the diffusion rate and it is directly proportional
to sintering temperature, which can be related by Arrhenius equation as shown in
Eq. 2.3.
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N = N◦e−q/RT (2.3)

where N is the number of vacancy sites, N◦ is the total number of lattice sites, q is
the activation energy and RT is the average kinetic energy.

During testing and analysis, the error percentage is considered more due to dis-
crepancies in the flakes orientations and unavoidable clustering or agglomerations
in the developed composites, which occurs at higher concentrations (>0.75 wt% and
above). Since graphene possess high tensile strength and being 2Dmaterial, process-
ing of these materials and incorporating into the matrix is very challenging. Under
compressive testing condition, graphene nano particulates are experiencing perpen-
dicular buckling and deformation as the reinforced particle is aligned parallel to the
direction of the load. Also, no effect in strength values are noted for the graphene
flakes aligned perpendicular to loading direction. In both the cases composites are
exposed to more strain rate during deformation compared to parent alloy and this
can be detained by the addition of Al2O3 particles (ceramic particle) in both com-
pressive and diametrical loading conditions. It is also probable to attain the improved
properties when the graphene flake is inlined approximately at 45° to the loading
direction. The probabilities of attaining the strength are conceivable only in specific
directions but achieving in all directions is quite incredible when graphene alone is
reinforced in the composite. But combination of Al2O3 and graphene is very much
advantageous to bring the strength in the developed Al 2024–graphene–Al2O3 and
Al 2219–graphene–Al2O3 hybrid composites.

Also, experiments are repeated for at least five samples for individual composi-
tions and the highest compressive strength attained is considered for examination. It
is expected that addition of graphene and Al2O3 leads to dislocation pile which gives
rise to increase in strengths. Moreover, flake morphology of graphene is contributing
to the obstruction of the particle movement which leads to narrowing the distance
between them, and this is in good agreement with the increase in hardness and den-
sity, as discussed in the previous section. Also, the improvement in the strengths due
to addition of one or more reinforcing particle/flakes with various combinations can
be related and is shown in Eq. 2.4 [15].

σc = σmfm + σr1fr1 + σr2fr2 (2.4)

where σc = strength of the composites, σm = compressive strength of matrix, fm =
volume fraction of the matrix, σr1 = strength of reinforcement, Al2O3, fr1 = volume
fractionof theAl2O3, σr2 = strengthof reinforcement, graphene, fr2 =volume fraction
of the graphene.

2.4 Conclusion

In this research work study, Al 2024–graphene–Al2O3, Al 2219–graphene–Al2O3

hybrid composites were processed through ultrasonic liquid processing of Al2O3
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and graphene, followed by ball milling successfully. The precursor is preheated and
compacted in the semi-solid regime. Finally, the compacts are microwave sintered.
XRD analysis has exposed the presence of all major alloying elements of aluminum
alloys, including graphene particulate (peak at 26.50°) in the fabricated composite
and no sign of carbide formation at the surface. On comparing AA 2219 with AA
2024, AA 2219 exhibits good hardness characteristics, compressive strength and dia-
metrical tensile strength, where higher amount of copper present in the alloy facili-
tated the processing method. Microwave processing of the hybrid composites leads
to excellent diffusion mechanism in a controlled atmosphere where the oxidation of
the composite samples is prevented, which enhances the properties. Al2O3 at 8.0wt%
leads to increase in hardness and compressive strength. Further, graphene addition
leads to improvement in strength of the composites and the amount of graphene is
kept low (approximate or <0.75 wt%) because of its agglomeration and clustering
in the matrix which reduces the strength of the nanocomposites. Microwave sinter-
ing technique can effectively increase the diffusion of ions and thus speed up the
sintering process, causing the grain growth and the densification of matrix.
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Chapter 3
A New Approach for Fabrication
of Complex-Shaped Arrayed Micro
Electrodes

Hreetabh , C. K. Nirala and A. Agrawal

Abstract This work reports a new approach for fabrication of complex-shaped
arrayed micro electrodes using reverse micro electro-discharge machining (R-
µEDM) in combination with LASER micromachining. The proposed technology
for fabrication of such micro electrodes is evaluated for its process capabilities based
on several responses. The responses which are considered for evaluating the process
capability are—aspect ratio, cross-sectional profile and cross-sectional area of the
micro electrodes.High aspect ratio electrodes find a lot of potential applications in the
miniaturized engineering components, including, biomedical and MEMS devices,
fuel injectors and jewelry crafting. Apart from these applications, the complex-
shaped arrayed micro electrodes act as micro pin-fins heat exchangers for effective
cooling of electronic components. In this regard, a novel aerofoil cross-section of pin-
fins, which are highly anticipated for an effective cooling of electronic components,
is modeled and numerically simulated for higher heat transfer rate.

Keywords LASER micromachining · R-µEDM ·Micro electrodes ·MEMS
devices · Aerofoil cross-section

3.1 Introduction

Requirements of complex-shaped miniaturized metallic products in engineering sys-
tems have risen in recent times. These products includemechanical components such
as micro gears, electrodes, shaft, cam and follower [1]. Micro features such as micro
detailing in jewelry and micro pin-fins for effective heat transfer in micro electronics
are other potential applications. The fabrication processes available for such compo-
nents are mainly—LIGA, Roll molding and R-µEDM. Apart frommany advantages
in fabrication of micro featured components, LIGA has some challenges like highly
expensive setup, limited aspect ratio of the fabricated part up to 1000µm. In addition,
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synchrotron radiation required in LIGA is not easily available and the design proce-
dure itself is very complex [2, 3]. Apart from these limitations, the products fabricated
by this process undergo phase changes (solid–liquid–solid) which may bring metal-
lurgical changes in the fabricated component. The roll molding also has limitations in
fabrication of micro electrodes, as it has potentiality in 1D/2D surface patterns only
and the height of micro fins is also limited to 600 µm [4]. Recent advancements in
micromachining techniques allowmore complex three-dimensional micro-size com-
ponents to be fabricated directly for the material having higher thermal conductivity.
Alternatively, it has been tried to explore the potentiality of micro electro-discharge
machining (µEDM) which is anticipated to be more suitable than the other manu-
facturing methods used for such purpose. µEDM is further derived as R-µEDM to
meet the process requirement of 3D-shapedmicro electrodes. It shows its potential in
fabrication of 3D-shaped micro electrodes dominating over the above-said process.
This process allows effective fabrication of a single and multiple arrayed electrode,
which can be used as a tool for the fabrication of arrayed micro holes or even high
aspect ratio blind holes that are extremely difficult to fabricate. Furthermore, these
electrodes could potentially be used as extended surfaces (arrayed micro pin-fins)
for effective cooling of micro electronic components, an example of which is shown
in Fig. 3.1. The existing R-µEDM process used for fabrication of micro electrodes
is detailed in the next section.

Figures 3.2 and 3.3 demonstrate the basic configuration of R-µEDM processes
with respect to µEDM-drilling. The process is meant for fabrication of single and/or
arrayed micro electrode using a pre-drilled single and/or arrayed micro hole. The
differences between the µEDM-drilling and R-µEDM in various aspects are sum-
marized here. The workpiece of theµEDM-drilling is in the form of a plate, whereas
it is cylindrical in case of R-µEDM. The workpiece in R-µEDM is kept rotating
with certain RPM which is dissimilar from the µEDM-drilling as it is kept station-
ary in this case. The cylindrical workpiece of R-µEDM process is eroded from its
circumference to form a micro electrode of comparatively less cross-sectional area.
In contrast, in µEDM-drilling, the materials are eroded from a flat surface to form a
cylindrical hole by a rotating tool. The debris accumulated on the circumference of

Fig. 3.1 a Arrayed microelectrodes [5], b fabricated micro rods (steel), c partial cylindrical rod [6]
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Fig. 3.2 Tool workpiece orientation in a µEDM-drilling and b R-µEDM [8]
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Fig. 3.3 Representation of a µEDM-drilling and b R-µEDM process and debris removal [10]

the cylindrical workpiece gets removed by centrifugal action, evacuation and grav-
itational effect as the tool plate in this case has a through hole [7]. µEDM-drilling,
on the other hand, provides facility of debris removal mostly by evacuation. Refer to
Fig. 3.3 for comparative schematic of these processes.

The micro-scale fabrication by reverse polarity EDM (R-µEDM) utilizes an
energy lower than that of the conventional EDM to achieve the volume removal
per discharge. The µEDM employs an RC circuit in which the discharge energy for
unit material removal is given as shown in Eq. 3.1.
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Fig. 3.4 Applications of LASER micro machining a slots in control grids. b SEM image of slots
[17]

E = 1

2
CV 2 (3.1)

Here, “V” represents the value of open-circuit voltage and “C” represents the
value of the capacitance. Several researchers have shown the potentiality of micro
electrode fabrication by using R-µEDM. Mastud et al. [9] fabricate similar-textured
surfaces on Ti6Al4V rods using a vibration-assisted R-µEDM process. The textured
surfaces contain micro pillars of 40–50 µm in diameter with inter-pillar spacing of
35 µm. They analyzed process stability and erosion rate depending upon voltage,
capacitance, amplitude and frequency of the anode (plate electrode) vibrations. They
also obtained process stability in terms of variation in the normal, the open-circuit
and the short-circuit voltage–current (V–I) during the process. It was further studied
by Mujumdar et al. [10]. They analyzed the effect of voltage, capacitance and the
threshold of the spark circuit on the erosion rate, dimensional accuracy and the
surface finish during the machining of brass using R-µEDM process. It was found
that voltage and capacitance were dominating factors that affect the erosion rate and
dimensional accuracy. Further studies on material removal during processing were
done by Nirala et al. [11] using the actual volume removal per discharge method
proposed by Bissacco et al. [12], which significantly applied to R-µEDM approach
for the machining of required height micro rods.

The R-µEDMprocess has, however, shown capability in fabrication of significant
micro features but also encounters some challenges such as: (i) it is difficult to achieve
the optimum aspect ratio of micro electrodes; (ii) the height of the micro electrode,
beyond an allowable limit, is difficult to achieve as the height is restricted by the tool-
plate thickness; and (iii) fabrication of a complex cross-sections such as elliptical,
aerofoil andwater droplet arrayedmicro pin-fins is not attempted yet. It requires a tool
plate having pre-drilled holes in a pattern similar to the one which is required for the
3D micro pin-fins. It is worthy to mention here that these arrayed complex-shaped
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pre-drilled holes are not possible to fabricate by using mechanical micro drilling.
LASER micro machining is anticipated as a possible substitute of mechanical micro
drilling in this regard. The capability of the LASER micro machining dedicatedly
for the above purpose is explained in Sect. 3.3.

3.2 Proposed Technology

The proposed technology for arrayed micro electrodes fabrication utilizes two dif-
ferent micro machining processes. The R-µEDM, which is the principle processes
for such fabrication, is discussed earlier whereas the LASER micro machining, as
a supporting process to fabricate complex-shaped pre-drilled tool plate is discussed
in Sect. 3.3. This pre-drilled tool plate is a key component of R-µEDM. It is worthy
to mention that the existing technologies were able to produce only a very regular
shape of cross-sectional profile for the pin-fins heat exchangers. The proposed tech-
nology, on the other hand, is able to produce any irregular cross-sectional profile of
the pin-fins heat exchangers.

3.3 LASER Micro machining

LASER in micro machining has significant contributions. Klotzbach et al. [13]
reported that LASER has excellent beam quality which gives high precision for
material micro machining undergoing micro scale other than excellent beam quality.
LASER technology has compact installation, higher efficiency, reasonable system
price and easy to be collaborate with other processes. Typical applications of LASER
micromachining includedrilling, cutting, structuring, lateralmaterial removal aswell
as marking. Other applications were highlighted by Singh et al. [14]. They described
LASER micro machining as a stable process for the fabrication of micro channels to
generate ridge formation along the edges accompanied by ripples. They conducted
systematic experiments using the second harmonics of Q-switched Nd:YAGLASER
to fabricate micro channels having depth of 43.39 µm, width up to 64.49 µm and
surface quality was nano-level finish having average surface roughness (Ra) value
of 370 nm for SS 316L. Another experimental study performed by Caiazzo et al.
[15] achieved the application of the CO2 LASER cutting process to three thermo-
plastic polymers layers of thicknesses ranging from 2 to 10 mm. They examined the
effect of LASER process parameters and the values of kerf widths on top and bottom
thicknesses of solid polymer layers. They also measured melted transverse area, the
melted volume per unit time and surface roughness values (Ra) on cut edges. Recent
studies done by Mishra et al. [16] used short and ultra-short LASER pulses for the
micro machining applications and proved as evolving fabrication technology.
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Fig. 3.5 a Schematic of sub-diffraction-limited fabrication based on multiphoton absorption.
b Beam profile and spatial distributions of LASER energy [18]

They overviewed LASER beam micro machining (LBMM), its capabilities up
to sub-micron size and performed experiments with nanosecond, picosecond and
femtosecond, and critical experimental parameters are involved in LBMM.

The LASER intensity and the profile for LBMMare verymuch defined formicron
and sub-micron level. The reaction between the beam and theworkpiece is defined by
the threshold intensity and spot diameter of the beam.The solid horizontal line depict-
ing the reaction threshold is shown in Fig. 3.5. Micro-ablation due to LASER-based
vaporization of materials has been used in a large number of miniaturized component
fabrications like micro molds, functional components in electronics applications and
so on. Some practical examples of LASER micro machining are shown in Fig. 3.4.
LASER radiation is used as a tool to fabricate at a faster rate by thermal vaporization.

A model of 3D-arrayed micro pin-fins is prepared by using SOLIDWORKS15.
SOLIDCAMmodule of the SOLIDWORKS is further used for generating the respec-
tive CNCmachine codes for micron-level machining. Fabrication of these micro pin-
fins requires highly accurate and precise machine with optimal machining parame-
ters. Subsequently, the LASER micro machining parameters have been defined and
coded for making the holes of desired complex-shaped profile of micro pin-fins
over the tool plate using LASER micro machining. The R-µEDM experiments have
been performed on a multipurpose micro machining setup (Hybrid-µEDMDT-110i,
Make: MikroTools Pte Ltd.). The machine setup has got a LASER micro machining
attachment which is used to fabricate complex-shaped holes profile on the tool plate.
The LASER machining used here produces class IV LASER, where the LASER
type is YLR-150/1500QCW-MN-AC-Y11 having an average power of 150 W and
a wavelength of 1070 nm. The photographic view of LASER along with complete
setup is shown in Fig. 3.6.

The multipurpose hybrid-µEDM machine uses RC-type pulse generator with a
well-established setup dedicated to the fabrication of miniaturized components hav-
ing an accuracy of 1 µm. Ideally, an RC-type pulse generator in µEDM is supposed
to provide the pulses with identical discharge durations and peak values. This process
takes place when the fully charged capacitor is used for the continuous discharges. A
brass rod of 6 mm diameter is used as workpiece which is conductive in nature and
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Fig. 3.6 Experimental setup: a LASER; b R-µEDM

having optimal thermal properties. On the other hand, a SS304 steel plate of 0.4 mm
thickness is used as tool electrode. The fabrication of arrayed micro fins is done by
using R-µEDM technique where the tool electrode is used as cathode (−ve) and
the workpiece electrode is used as anode (+ve), as shown in Fig. 3.6b. In R-µEDM
an arrayed LASER cut micro holes are arranged over the tool electrode which is
directed against the workpiece electrode at controlled feed rate. Hydrocarbon oil is
used as a liquid dielectric for uniform flushing and removal of debris. When the gap
between the workpiece and tool electrode is small, a spark is generated between them
due to the formation of electric field, and hence erosion occurs from the surface of
workpiece electrode at an elevated temperature.

Micro fins are fabricated by eroding the periphery of the electrode that has the
diameter larger than the existing holes fabricated by LASER micro machining. It
is important to mention that the part of the workpiece which is exposed directly
to the holes will not get eroded during discharging, which eventually will lead to
formation of micro fins of the respective cross-section profile. The dimensions of
these fabricated micro fins are comparatively lower than the respective holes. This
is due to the discharge gap which is maintained throughout the surface interface.
These pre-drilled arrayed and complex-shaped holes are used for making protruding
structures of different shapes which has height in the range of 50–1000 µm or more,
depending on the thickness of tool electrode. These fabricated complex-shapedmicro
pin-fins are used as a heat transfer body inside the electronic circuits where escaping
heat is a great challenge. Different shapes of micro pin-fins arrangement of inline
and staggered pattern is fabricated for verifying the process capability and process
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parameters. Micro fins can be made of several materials but it should be conductive
in nature. Figure 3.7 shows a complete flowchart of proposed methodology.

Feasibility Test
First, the tool plate is micro machined using fiber (Nd:YAG) LASER having min-
imum spot size of 50 µm. Further different profile pre-drilled holes are generated
in stainless steel plate and cleaned using liquid acetone. The complex-shaped micro
pin-fins profiles are fabricated using R-µEDM process, which consists of two parts:
the tool plate and the rod of cylindrical shape. The rod used is of 6 mm diameter,
which is held at spindle side and the tool plate was screwed in the fixture facing
each other. The R-µEDM process showed its salient potential features for actual
fabrication of the micro pin-fins array. The machining has been done at the optimal
parameter obtained by different test runs. Different micro pin-fins profiles with tool
plates have been shown in Fig. 3.8. The SEM image of aerofoil pin-fin (APF) is

(a) Flow Chart of the Proposed Methodology 

Identifying R-μEDM as a potential technique for fabrication of 
arrayed micro-electrode of any metallic materials

MODELLING AND SIMULATION
• Of R-μEDM dynamic discharge gap 
• Modelling and simulation for heat transfer in micro-

electronics component 

DESIGN                                                                                  
• Of fixtures for the tool and the workpiece 

FABRICATION
• Of fixture for the tool and the workpiece 

MANUFACTURING PROCESS DEVELOPMENT
• Of arrayed micro electrodes of complex cross-section 

profiles

TESTING AND VALIDATION
• Test Rig Design and Fabrication 
• Testing and Validation of Micro Pin-Fins for effective heat transfer 

Fig. 3.7 Process flowchart of present work
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Fig. 3.8 Different fabricated micro fins profiles with tool plate

also provided in the same figure. Characterization of these fabricated micro features
could be a future work plan.

3.4 Results and Discussions

3.4.1 Influence of Pin-Fins Aspect Ratio

In order to understand the heat transfer behavior through arrayed micro pin-fins,
the simulation and experimental studies of different literature have been analyzed.
Based on the analysis, this work found to be suitable to simulate numerical domain
consisting of micro pin-fins and heated base plate. The thermal performance of the
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domain has been analyzed using five values of aspect ratio “U” in the range of 1.2–
2.2, including both the values. The micro pin-fins with U = 1.5 is simulated here,
for both inline and staggered arrangements and compared their influence on heat
transfer rate. The difference in the simulation results reveals that with the increasing
micro pin-fins aspect ratio up to certain value, thermal performance of the heat sink
in both the arrangements remains enhancing. Beyond U = 2 and up to U = 2.2,
diminishing results have been observed for different shaped micro pin-fins heat sink.
At optimum aspect ratio and arrayed fins arrangement, there has been an enhanced
thermal performance for staggered arrangement by 10–25%, as compared to inline
arrangement.

The simulation results give a clear conception of heat transfer characteristics of
fabricated micro pin-fins at optimum aspect ratio. The numerical simulation proved
to be an alternative solution to analyze the hydraulic and thermal performances of
micro pin-fins used in electronic components. Researchers simulated the model to
study the effect of natural and forced convection on the average heat transfer rate
along the longitudinal direction of the micro fins.

Tuckerman and Pease [19] were the first who studied single-phase fluid flow in
the micro channel in 1981. They reported the highest value of heat flux of 790W/cm2

which was reduced using water. Maximum bulk temperature rise was 71 °C, which is
above the input water temperature and is further analyzed using different fin profiles
defined by Tullius et al. [20] who modeled finned mini-channels to optimize the fins
configuration and increased heat transfer dissipation by convection from a heated
base plate surface. They used six pin-fins shapes, that is, circle, square, triangle,
ellipse, diamond and hexagon in their staggered arrangement placed upon the heated
base surface.

In this paper, a novel pin-fin named aerofoil pin-fin is introduced and shown
in Fig. 3.9a. With the addition of these micro pin-fins in a micro heat sink plate,
the heat transfer area of electronic components has increased. At the same time,
arrangement of pin-fins can change the fluid flowand enhance the heat transfer further
using larger surface area involvement, as shown in Fig. 3.9b. Also, the asymmetrical
profile design in the body of aerofoil pin-fin (APF) can realize large-scale surface
impingement ofworking fluid based on operating conditions. Table 3.1 shows various
parameters used for simulation study. Furthermore, in consideration of dissipating

Fig. 3.9 Representation of model and its dimensions and APF array. a Single micro airfoil design
with dimensions; b inline and staggered arrangement of the APF array
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Table 3.1 Simulation
parameters

S. no. Parameters Range/values

01 Reynolds number Re < 200

02 Heat flux 2–3 × 106 W/m2

03 Inlet temperature 293 K

04 Fluid velocity 0–0.353 m/s

05 Degree of freedom 6–7 × 106

06 Outlet temperature 300–350 K

even higher heat flux, this profile can be utilized in convective heat flow region and
increase in frictional resistance of flow. For the following part, theANSYS18.2 fluent
module has beenused for simulation [21].Goodagreement between experimental and
numerical results has beenobtained.Theheat transfer characteristicswith their proper
explanations for convective heat transfer through aerofoil micro pin-fins profile are
analyzed numerically.

Figure 3.10a, b shows the temperature profile of the two different obligatory
arrangements of pin taken from one side of the imaginary box inscribing the array
of pin-fins. The temperature profile ranges from 300 to 350 K shown here through
legend color from dark blue to red. The inlet temperature was set at 293 K at the
inlet surface of the domain. The rise in temperature starts from leading part of APF
domain, and the fluid flow layer gets heated and denser as it approaches nearer to
the trailing side (outlet). The temperature profile and fluid flow behavior get changes
in the longitudinal direction according to the APF configuration. At low Reynolds
numbers Re < 200, wake regions at the interaction point between flowing fluid and
pin-fins are not desired. Therefore, symmetrical unit cell has been used in which
the flow velocities changes from one MPFs row to another due to developed flow
conditions as it may result in more possibility for pressure drop at the outlet wall.

(a) Inline arrangement (b) Staggered arrangement

Fig. 3.10 a and b Temperature (in K) distribution in different APF array arrangement. a Inline
arrangement, b staggered arrangement
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3.4.2 Heat Transfer Characteristics

The simulated results are shown in Fig. 3.11. The variation of convective heat transfer
increases in the regions at the pin-fins cross-sectional surface around its periphery
in both the arrangements. The local convective heat transfer in the rear wake regions
of aerofoil pin-fins shows higher values due to the strong interaction of fluid with
its curvature. Dimensional average heat transfer rate (h) has been represented here
against the dimensionalmassflow ratewhich ismore dominant than the one simulated
with dimensionless Reynolds number (Re). TheAPFwith staggered arrangement has
the highest heat transfer rate over the mass flow rate in comparison to their inline
arrangement. The former has 13% higher performance than the latter one. The heat
transfer rate increases with the fluid flowing through both the arrangements. The
amount of h depending on total mass flow rate is developed due to the profile of
micro pin-fins. This phenomenon in APF is stronger than other profiles due to its
configuration. During the validation of model, there is observed difference in the
values of h in experimental and simulation results which were possibly because of
the difference in the model setup and parametric conditions.

The thin edges of micro APFs accelerate separation effects for the fluid flow-
ing results in heat transfer enhancement with inter-mixing of the fluid in the domain.
Despite of it, APFs have larger surface area as compared to other fin shapes. Hence in
this study staggered arrangement has been observed having large wake zone down-
stream of the micro APFs. The downstream wake zone in staggered arrangement
shows higher heat transfer coefficients compared to the inline arrangement.

Fig. 3.11 Average heat transfer coefficient over mass flow rate for different APF array
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3.5 Conclusions

The main objective to establish a promising technology for fabrication of complex-
shaped arrayed micro electrodes has been achieved successfully. The technology
brought the R-µEDM and the LASER micro machining processes together for the
purpose. The methodology discussed has been thoroughly evidenced for such fabri-
cation by feasibility tests. Multiple arrays of micro electrodes (highlighted as micro
pin-fin) explicitly circular, elliptical and aerofoil, all in micron range and aspect ratio
of more than two, have been successfully fabricated and presented as evidence. In
order to highlight the applicability of these fabricated micro electrodes, the numeri-
cal simulation of effective heat transfer for inline and staggered arrangement for the
array of aerofoil cross-section micro electrodes has been performed. Heat transfer
rate using micro fins having aerofoil cross-section has been reported to be enhanced
by a significant figure of 10–25%. The staggered arrangement has shown a heat trans-
fer rate higher (enhanced by 13%) than the inline arrangement of micro pin-fins. A
future scope for improvement in fabrication technology for evenmore complex prod-
ucts has been proposed which further has to be experimentally validated for effective
heat transfer.
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Chapter 4
Fabrication of Micro-holes Array
Through Multiple Electrodes
with Distributed M-Pulsed
Electrochemical Machining

Mahesh Thalkar , D. S. Patel , J. Ramkumar and V. K. Jain

Abstract Electrochemical micro-machining (ECM) has tremendous potential on
account of versatility of its applications in different domains of engineering. Micro-
machining of large surface area by ECM process is one of the challenging tasks on
the current date—such as production of perforated sheets for filtering specific dimen-
sioned micro-particles needs to generate millions of identical micro-holes in small
area. As in the case of electrochemical micro-machining (ECMM), high-resolution
micro-features are achieved when a low duty cycle pulsed voltage is used. When a
low duty cycle pulsed voltage is supplied for machining of micro-holes, the pulse off
time will increase the effective machining time by significant amount. To minimize
themachining timewhenmachining large number of micro-features, we hypothesize
multiple electrodes EC drilling with sequentially distributed micro-second pulses.
By providing the sequential firing-order-based pulse distribution, pulse off time is
zero because at any instant at least one or more number of electrodes would be in
the pulse on mode. This study outlines a numerical and experimental study of micro-
holes array drilling through multiple electrodes in ECM process. A novel approach
of sequential pulse distribution to each electrode is studied to improve the machin-
ing efficiency by reducing the machining time. Simultaneously four electrodes of
65 μm tip diameter are used to pierce micro-holes in stainless steel sheet of 100 μm
thickness. Micro-holes of 121 and 149 μm diameters with spacing of 200 μm are
machined. The study shows there is a close fit between the simulated and experi-
mental diameters of machined holes.
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4.1 Introduction

Over the past several years, in response to the demand of miniatured products, var-
ious industries are developing advanced technologies to fulfil the requirements of
customer of society in order to sustain their growth. The demand of miniatured prod-
ucts is not new for today’s micro-engineering field. Without affecting performance
capability of product or with increased number of functions, its size is decreased to
a much smaller scale, mostly in mechatronics, biomedical and robotics industries.
Most products of these industries are manufactured at the micron, sub-micron or up
to nano level. Endoscopy and micro-neurography are examples of visualizing tech-
niques used in bio-medical field, where micro-products are used [1]. The biggest
advantage of ECM process over all other non-conventional process is the process is
unaffected by the hardness and thermal conductivity of the workpiece material, and
surface properties of base material remain unchanged [2].

Many key structural components in the field of aerospace industries such as tur-
bine engine blades, optical fibre connectors in electronics industry, printer nozzles,
high-density flexible printed circuit boards, gratings for electronic microscopes and
chemical fiber spinneret structures contain array of micro-holes with progressively
smaller sizes. Ink ejector nozzle used in digital printers is typical example of com-
ponents that require array of micro-holes made with a high machining accuracy [3].
Micro-filters with holes ranging from 1 to 100 μm are used in filtration or separa-
tion, and also for sieving of powder in predefined size [4]. Micro-holes with high
precision are used in nozzle plates for the conversion of liquid into mist or in the
form of finely divided droplets [4]. Interference or resonance effect of light is one
of the immensely studied fields in optical science. Aperture of micro-holes is used
to eliminate stray light, and to correct light beam micro-hole structures are mostly
used. But conventional machining produces some burrs on the edge of the hole
which creates obstruction to the light path; therefore, non-conventional machining
processes can be effectively used for the production of micro-apertures with highest
quality [5]. In PVD and CVD process shallow masks are used on the substrate for
the selective deposition of required material. These deposition masks can be made
by ECM in required dimensions. In ink jet printing devices, highly corrosive ink is
used for printing purposes. Therefore, highly corrosion-resistant material is needed
for nozzle plate of printhead. The printhead or nozzle usually consists of an array
of micro-holes with diameters smaller in size [2]. Typical material includes stainless
steel and bronze. Therefore, in this work, stainless steel is used as primary workpiece
material for the machining of micro-holes.

Many researchers have used different methods to fabricate micro-holes. Among
all, micro-EDM is the mostly used process for micro-hole drilling, but this process
has problem of taper and roundness of edges [1]. Use of kerosene and deionized
water shows good results over the processing capability of EDM [6]. Fang et al.
used new method of optimized electrolyte dividing manifolds for electrochemical
drilling of micro-holes (≈1 mm diameter). Flushing efficiency of electrolyte can be
improved by this method in case of multiple-hole drilling [7]. Precision-filled wax
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deposition method is another hybrid process of micro-hole drilling. In this process
initially holes are made on SU8 substrate, and then the holes are filled with wax
and extruded. After extrusion the mold is deposited with required material to make
micro-holes at wax-filled bars, which are later removed by heating [3]. Kim et al.
[8] fabricated multiple electrode of tungsten carbide (WC) material by using reverse
EDM process up to 35μm diameter and used that electrodes as a tool in micro-ECM
process to drill holes and to make grooves. Productivity of machining process can be
increased by this process. Wang and Zhu [9] also fabricated array of square-shaped
tools by using wire EDM process. After fabrication of square-shaped electrodes
they processed through electrochemical bath to make circular cross-section to make
micro-holes on SS304 steel.

In this work multiple electrodes are used to fabricate micro-holes by the elec-
trochemical drilling process. Electrochemical drilling process uses micro-tool with
side wall insulted by an insulating material and fed against workpiece in vertical
direction. Micro-tools are fabricated by electrochemical etching process where ini-
tial diameter of shaft used was 800 μm to obtain micro-tool-tip diameters ranging
from 50 to 90 μm.

Although the use of multiple tool electrodes can help to reduce the machining
time of larger surface areas, it has some disadvantages. As the number of electrodes
increases, it also decreases the impedance of system due to increased area of tools.
As the tool electrode becomes larger, the cell impedance decreases and the actual
rising time of the double-layer potential increases [10]. If the impedance of system
decreases then it increases the rising time of signal from zero to maximum or signal
fluctuates from its original parameters due to mismatching of source impedance and
load impedance. Most of the time high-frequency DC pulse supply is used in ECM
machining process. Mithu et al. [11] showed that charging constant of double layer
increases in case of long tool and decreases for short tool length and the same for
large and small diameter tool—effect of this is to increase in machining time. Owing
to increased capacitance of double layer, pulse voltage across double layer will not
reach to its peak value, which will result in improper machining or formation of
passive layer due to low voltage. It also leads to power loss in circuit resulting in
heating of electrolyte.

Asmentioned above, off time of first electrode is used to switch on other electrodes
serially: considering four electrodes E-1, E-2, E-3 and E-4, switching them serially
with high frequency and keeping duty ratio of 25 to minimize the impedance of
the circuit. Implementing this methodology results in double-layer capacitance of
only single electrode and therefore reduces the rising time of high-frequency pulse.
Charging profile of double layer around the tool surface depends upon the shape of
pulse or rising characteristics of pulse. As pulse rises from zero to some predefined
value, voltage across double layer also increases but it takes finite time to reach up to
predefined value. This rising time of double layer voltage depends on time constant,
that is, product of charging resistance and capacitance of double layer.

Charging equation of double layer is used to find out rising time for particular
capacitance and resistance of electrode and electrolyte, respectively. Rising time is
the time required to fully charge electric double, and time constant value of double
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Fig. 4.1 Charging and
discharging time for pulse

layer can be determined by the inter electrode gap and from size of electrode, hence
frequency of pulse can be easily determined. Equation is given by [12]:

Vc = Vo

(
1 − e

−t
RC

)
(4.1)

Vd = V0 · e( −t
RC ) (4.2)

Considering 0.75 M concentration of NaNO3 in water and conductivity σ = 70
mS/cm, permittivity of space εo = 8.85 × 10−12 F/m, and relative permittivity of
electrolyte solution εr = 48, length of Helmholtz layer, that is, radius of solute ion
is 3.2 Å [13]. The estimated value of Helmholtz capacitance equals 1.32 μF/mm2.
Helmholtz capacitance is given by the following equation [13]. For cylindrical elec-
trode of radius R0

CH = ε0εr

R0 log
(
1 + H

R0

) (4.3)

For high value of voltage (9 V in this experiment) Gouy–Chapman model gives
very high value of capacitance; therefore, it is neglected in stern model. Equivalent
capacitance is equal to 3.07μF/mm2. For conductivity of 70mS/mand IEGof 10μm,
ohmic resistance between two electrodes is 250 �. Plotting profile for charging and
discharging of double layer is shown in Fig. 4.1.

4.2 Numerical Simulation of EC Drilling

COMSOL Multiphysics 5.2 is used for numerical simulation of electrochemical
drilling. Three-dimensionalmodel is studied by using the electric current sub-module
under its AC/DC module; deformed mesh sub-module is used to check deformed
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shape of hole. Electric current and deformed geometry physics are solved simul-
taneously in this simulation process. Electric current physics is applied to all three
domains. Local charge density in electrolyte varieswith divergence of current density
and is given by:

∇ · J = Q j (4.4)

Vector of current density results is given by:

J =
(

σ + ε0εr · ∂

∂t

)
E + Je (4.5)

where σ is the electrical conductivity, ε0εrE is the electric displacement field and Je
is the externally supplied vector of current density.

E in Eq. (4.5) is the electrical field defined by the negative gradient of electric
voltage:

E = −∇v (4.6)

Water as a material for electrolyte is chosen with conductivity equal to 70 mS/cm,
SS304 for workpiece and copper for tools.

Faraday’s equation (Vn = A · J/z · F · ρw) is used to find normal dissolution rate,
that is, Vn, where A is the atomic weight, z is valency, F is Faraday’s constant equal
to 96,500 C/mol, ρ is the density of workpiece material and J is the current density
vector in the normal direction at tool surface, which can be obtained from Eq. (4.5).

Vn = A · J
z · F · ρw

(4.7)

In the above expression, current density J is a variable parameter; all other param-
eters are constants and can be expressed as:

Vn = −(k) · J (4.8)

where k = (A/z · F · ρw) dissolution constant for anode material. We know that most
commercial materials in use are alloys. Thus, the expression of Vn modified for alloy
material is

Vn = − 1

F

(∑
i

( Wi
100

)
Ai

ρwi ·Zi

)
· J (4.9)

where i is the summation index denoting number of elements in the alloy and Wi is
the weight percentage of a particular element in the alloy.

Spacing between two electrodes is fixed to 200 μm. Diameter of tool used in
geometry is 90μm.Boundary conditions are given as follows (illustrated in Fig. 4.2):
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Fig. 4.2 Initial boundary conditions employed to the geometry of multiple electrodes, electrolyte
and the workpiece

At workpiece surface

v|Γ16 = 0 V (4.10)

At tool surface,

v|Γ9,10,11,12 = −Ve pulses (4.11)

Mesh velocity in x-direction is

Vx |Γ1,2,3,4,5,6,7,8,14,15,17,18 = 0 (4.12)

Mesh velocity in y-direction is

Vy |Γ9,10,11,12,13,19 = 0 (4.13)

All the outer surfaces are insulated,

n · J |Γ1,2,3,4,5,6,7,8,17,18 = 0 (4.14)

Feed is given to tool surface,

Vy |Γ20,21,22,23, = 7μm/s (4.15)

Mesh degradation velocity is given by faradays law:

Vn |Γ16 = −k · (ec · nJ ) (4.16)

For SS304 material dissolution constant value, that is, k = 3.35 × 10−11 m3/A s.
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Figure 4.3 shows the domains considered in the simulation through 3-D geometry
of COMSOL. The workpiece and four electrodes are considered to be submerged
in the electrolyte of known electrical conductivity. As shown in Fig. 4.4, individual
pulses of 10 μs pulse width and 25% duty ratio are applied at each electrode. Work-
piece potential is kept at zero and negative pulses are applied on each electrode.
Figure 4.5 shows time-dependent current density plot of each electrode. Current
density is different at electrodes because of distributed pulse at each electrode. Dis-
tribution of current density is Gaussian; maximum at the center of electrode and
gradually decreases along the radial direction. The observed maximum current den-
sity is 2.5 × 106 A/m2 at the center of tool. Figure 4.6 shows the final machining

4 Electrodes 

Electrolyte

Workpiece 

Fig. 4.3 Three-dimensional geometry showing different domains used in simulation process

Fig. 4.4 Sequential distribution of pulses for simulation to four electrodes
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Fig. 4.5 Current density on sequentially distributed pulses to four electrodes during EC drilling

Fig. 4.6 Final simulated
profile of holes drilled by
four electrodes in 15 s

profile of holes. Average diameter of holes obtained is 158.58 μm with the tool of
90 μm at input voltage of 9 V and at other parameters as shown in Table 4.1.
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Table 4.1 Constants and
their values utilized in the
analysis

S. no. Para. Description Value

1 σ Electrical
conductivity

70 mS/cm

2 k Dissolution constant 3.35 × 10−11 m3/A s

3 ρw Density of anode 8000 kg/m3

4 v Applied potential 9 V

5 IEG Inter-electrode gap 10 μm

6 z Valency number
of ions

2

7 F Faraday’s constant 96,500 C/m

8 ε0 Electrical field
constant

1

9 εr Relative permittivity 48

4.3 Experimental Setup

Figure 4.7 shows the experimental setup and parts employed in sequentially dis-
tributed pulsedmultiple electrode electrochemical micromachining center. Setup has
been built by modifying a three-axes CNC stage by mounting a cantilever tool arm,
electrolyte feed tube and an acrylic tank for collecting the electrolyte. Experiments
are performed on SS304 foil of thickness 100 μm. Four parallel tool of tip diameter
90 μm is used for the drilling process. NaNO3 is used as electrolyte of conductivity
70 mS/cm.

Electronic pins connector with female pins is used to hold four electrodes. Ini-
tial spacing between two electrodes used is 1.8 mm. These socket connectors are
fabricated with isolated electrical contacts, which are used to supply pulse voltage.

Fig. 4.7 Experimental setup
used in machining 1 Pulse power unit 

2 Electrolyte tank 
3 Linear slide 
4 Electrolyte nozzle 
5 Controller for   slides
6 GUI 
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Fig. 4.8 a 3-D cad model of b multiple tools used in experiments pulses

Detail image of tool holder is shown in Fig. 4.8a, b. Distributed pulses, as shown in
Fig. 4.10, are used for machining.

4.3.1 Development of the Power Supply

IRFP150N MOSFET is used to generate output pulses. MOSFET is driven by high-
frequency pulse output of Arduino UNO microcontroller through MOSFET driver
TC4429. ATMEGA 328 microcontroller is used to generate switching pulses. Buck
converter is used to power up microcontroller with 5 V DC supply. Detailed circuit
diagram of power supply is shown in Fig. 4.9.

Figure 4.10 shows the distribution of microsecond pulses to the four electrodes.
As it can be seen from the image, at the instant where pulse is being off in first
electrode after 5μs, another pulse is sent to electrode 2. At the same time, sequential
pulses are distributed in all four electrodes continuously. There is no pulse off time
since at least one electrode is machining at any instant. The distribution of pulses can

Fig. 4.9 Circuit diagram of power supply for distribution of four pulses (left) and screenshot of
sequential distribution of pulses at 54 kHz frequency (right)
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Fig. 4.10 Variation in diameters of holes and average (a), and MRR at different feed rates and
voltages (b)

be modified as the number of electrodes increases, such as two alternative electrodes
can get the same pulse in case of large number of tools.

4.4 Experimental Results

Figure 4.10 shows average entrance diameter of drilled hole for different feed rate.
Maximum overcut value observed is 139 μm at 11 V and 0.3 mm/min feed, and
minimum value of overcut is 81 μm; observed at 9 V and 0.5 mm/min feed. For
minimum hole diameter, machining condition of 9 V and 0.5mm/min feed was opted
and array of holes are drilled in SS304 foil with spacing of 200 μm. Micro-holes
of 121 μm diameters are machined by using 65 μm tool tip diameter. Figure 4.12
shows the entrance and exit diameters of holes. Table 4.2 presents the effect of tool
feed rate and input voltage on the diameter of the micro-holes.

It can be seen from Fig. 4.11a, b that entrance diameter and exit diameter of
drilled holes are almost the same. Holes are exact concentric to the center point.
Burrs around the edges of drilled hole is absent. Table 4.3 shows entrance and exit
diameter of selected nine holes shown in Fig. 4.11. Taper angle is 0.001° because of
very less thickness of workpiece foil. Stray current effect is more if the side walls of
tool are non-insulated, and pitting of area nearby to holes can be seen fromFig. 4.12a.
Pitting due to stray current at the back side can be seen from Fig. 4.12b. This is due
to; as tool comes out of foil, stray current from tip starts to machine nearby area.

Figure 4.12b shows the range of diameter for drilled holes is between 120 and
122 μm with maximum deviation of 0.4531 μm from mean value. Figure 4.13
demonstrates the pictorial view of a sieve fabricated through the above process.

Table 4.4 demonstrates the deviation%of the diameters ofmicro-holes at different
input voltages.
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Table 4.2 Experimental results at increasing feed and input voltage

Diameters of micro-holes at varying
feed

Input voltage

9 V 10 V 11 V

Entrance diameter at F =
0.3 mm/min

Exit diameter at F = 0.3 mm/min

Entrance diameter at F =
0.4 mm/min

Exit diameter at F = 0.4 mm/min

Fig. 4.11 Optical microscopy images of micro-holes drilled at entrance (left) and exit (right)

4.5 Conclusions

Simulations and experiments were conducted on the electrochemical drilling by
multiple electrodes. The simulated results of holes drilling fit closely with the exper-
imental drilled holes. The deviation in simulation and experiments observed was
8–11%. The difference in overcut is significantly high due the assumptions made
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Table 4.3 Taper variations of
micro holes

Hole Entrance dia.
(μm)

Exit dia. (μm) Taper angle (°)

H1 120.83 120.70 0.000

H2 121.76 120.96 0.004

H3 120.73 120.40 0.002

H4 121.33 121.33 0.000

H5 120.52 120.25 0.001

H6 120.69 120.28 0.002

H7 121.36 121.10 0.000

H8 121.71 121.71 0.000

H9 121.10 121.10 0.000

Fig. 4.12 a Micrograph of holes array b variation of diameters of holes

Fig. 4.13 Micrographic image of micro-hole array (36 × 5) with diameter of 149 μm and spacing
between two holes of 200 μm

Table 4.4 Comparison of
simulated and experimental
results

Machining
voltage

Simulated
dia.

Experimental
dia.

% deviation

9 158.56 173.3 8.505482

10 179.56 202.53 11.34153

11 195.18 212.97 8.353289
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in the simulations do not consider the effect of electrochemical byproducts such as
gas bubbles, temperature and sludge. Owing to distribution of voltage pulses, load
on power supply is found to be decreased to one-fourth of original. By using opti-
mum voltage and feed rate, micro-hole with precision is machined by the process.
By the use of four electrodes, machining time is reduced by 75% and productiv-
ity is increased by 300%. Different-sized array of micro-holes with high circularity
index are successfully drilled by ECM process. Micro-sieves of 120 and 153 μm are
fabricated with standard deviation of 0.453 μm from mean.
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Chapter 5
Effect of Water and KOH Aqueous
Solution on Micro-slot Grinding
of Silicon

Ashwani Pratap and Karali Patra

Abstract This study deals with the micro-slot fabrication of silicon wafer using
mechanical micro-machining. Polycrystalline diamond micro-grinding tool is used
to create three-dimensional micro-slots in silicon where the effectiveness of water
and KOH is observed in terms of grinding force and surface roughness reduction.
Grinding forceswere lesser onusingKOHas compared topurewater. It is attributed to
increased lubricating property of KOH solution and its reaction with silicon surface
creates a hydrated layer. Surface roughness was compared using water as well as
KOH solution but surface generated with KOH solution shows some heat-affected
marks. This is due to low heat-carrying capacity of KOH solution as compared to
water. KOH aqueous solution shows better performance in terms of force reduction,
whereas pure water shows better cooling property during silicon micro-grinding.

Keywords Micro-grinding · Silicon · PCD tool · KOH · Grinding force

5.1 Introduction

In the present-day advanced manufacturing scenario, the components produced must
strictly adhere to the dimensional, positional and form specifications, in order to have
an edge over competitor’s products [1]. Silicon, being the mostly used bulk material
in solar panels and semiconductor devices, demands a capable and fast process to
create damage-free micro-features on its surface. Owing to its adverse material prop-
erties, micro-machining of silicon is never easy. Many unconventional fabrication
processes such as LBM (laser beammachining) [2], USM (ultrasonicmachining) [3],
FIB (focused ion beam) [4],µ-EDM(electro dischargemachining) [5], LIGA (lithog-
raphy, electroplating and molding) [6] and chemical micro-machining were adopted
in the past to manufacture micro-features or cutting with high accuracy. But these
processes have some process-specific problems such as workpiece thermal damage,
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high cost and low productivity. Mechanical micro-machining is another technique to
create micro-features in silicon but is limited due to probability of early tool failure
and brittle fractures on surface. Tanaka et al. [7] established that amorphous phase
change in silicon is the primary mechanism for inelastic deformation and stable
shearing is required for ductile mode machining. They also emphasized on the use of
sharp cutting edge tool having large negative rake angle for ductile mode machining
of silicon. These works paved the way for more mechanical micro-machining of
silicon using large negative rake angles. Micro-grinding process employs abrasive
tools where sharp abrasives, for example, diamond always cut the material with neg-
ative rake angles. Micro-grinding is progressing as a new alternative technique to
create and finish 3D micro-features. Many recently published literatures show the
increasing acceptability of the process and its capability [8]. Cheng et al. [9] discrim-
inated material removal regimes and performed a parametric experimental study to
correlate the undeformed chip thickness with edge crack length during micro-slot
grinding of silicon. Variation in grinding force with undeformed chip thickness and
material crystal structure was also noticed. Aurich et al. [10] performed micro-slot
grinding in monocrystalline silicon using ultra-small micro-grinding tools where
micro-slots with width 40 and 4 µm were produced. Significant brittle cracks were
observed on the edge of 4µmwide micro-slot. It happened due to limited achievable
cutting speed of 0.03 m/s for 4 µm diameter tool with available spindle speed of
160,000 rpm. Such small setting of cutting speed was not able to excite complete
ductile mode machining. Jin et al. [11] established the surface roughness model for
silicon crystal micro-grinding and verified it with experimentation at various feed
rates and cutting speed combinations.

From the available literature, it is evident that silicon micro-grinding is very
challenging andmore efforts are further needed to simplify and optimize the process.
Reduction of feature damage, grinding force, surface roughness and tool wear are
the primary concerns in silicon micro-grinding.

Different chemical media lead to reduction in grinding forces as well as surface
quality improvement. Park et al. [12, 13] proposed chemical-assisted mechanical
micro-machining of siliconwhere 10wt%KOH solutionwas used to alter the surface
hardness and to create ductile hydrated layer on the silicon surface, which could
further help to improve micro-machining performance. But their study was mostly
confined to determine the changes in silicon surface properties due to pre-treatment
and no further examinations were made on machining forces and surface quality.
10 wt% KOH solution was able to create a ductile hydrated layer up to nanometric
depths.

The current study, therefore, is an attempt to investigate the effects of different
media on grinding forces and surface roughness. Micro-grinding performances in
the presence of 10 wt% KOH solution and pure water were compared with those of
dry grinding of silicon surface.
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5.2 Experimental Procedure

To find the effect of medium (dry or wet) micro-grinding on silicon, a systematic
approach is followed consisting of micro-grinding experiments, followed by mea-
surements and post analysis of results. The complete experimental methodology
followed during the study is shown in Fig. 5.1.

5.2.1 Machining Conditions and Methodology

Machining parameters for micro-grinding are adopted in a manner such that ductile
mode machining could be observed. Undeformed chip thickness limit for ductile
mode machining of silicon is instituted as 20 nm in the literature. The undeformed
chip thickness in terms of cutting speed, feed rate and dynamic grit density is given
in Eq. 5.1.

Fig. 5.1 Experimental procedure
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Table 5.1 Machining conditions for single factor experiments

Tool PCD, 0.7 mm dia

Workpiece Silicon

Feed rates (mm/min) 0.6, 1.2, 1.8, 2.4, 3.0, 4.0

DOC (µm) 15

Speed (rpm) 2500

Experimental conditions (1) Dry micro-grinding (DG)
(2) KOH-assisted micro-grinding (KAG)
(3) Water-assisted micro-grinding (WAG)

Total experiments (18) Feed rates (6 values) * Experimental conditions (3)

hm = v

VC
[
1+ (

B
2D

)2]1/2 (5.1)

where v is the feed rate, V is the cutting speed, C is the dynamic cutting edge density,
B is the width to be cut and D is the tool diameter. Rotational speed during all the
experiments was constant at 2500 rpm, whereas feed rate values varied from 0.6 to
4mm/min.Micro-grinding tool used in the study is a 0.7mmdiameter polycrystalline
diamond tool having abrasive grit size of 5 µm. This combination of tool geometry,
feed rate and spindle rotational speed restricts the undeformed chip thickness below
20 nm. The total three conditions were selected for comparison of different param-
eters. All the machining conditions and parameters are presented in Table 5.1. Total
number of experiments performed is 18.

5.2.2 Experimental Setup

Experiments were performed on hybrid micro-machining centre (Model: DT-110,
Make:Mikrotools Pte Ltd, Singapore)which has programmablemulti-axis controller
(PMAC) and maximum allowable movements of 200, 100 and 100 mm in x, y and z
directions, respectively. Positional accuracy of the machine is 1µm/100 mm. Exper-
imental setup used for micro-grinding is shown in Fig. 5.2. The main components
of the setup are machine spindle, cutting fluid injection setup and dynamometer to
capture the grinding force signals. Kistler mini-dynamometer 9256C2 coupled with
charge amplifier 5070 is used. Sampling rate of data acquisition with dynamometer
is kept at 10 kHz.



5 Effect of Water and KOH Aqueous Solution … 65

Fig. 5.2 Experimental setup for micro-grinding

5.3 Experimental Procedure

5.3.1 Grinding Forces

Raw force signature with respect to time is captured and then root mean square of
the data points is taken to compare the grinding forces at different conditions. Force
signature with respect to time for a particular machining condition is presented in
Fig. 5.3. Normal force (z direction) signature ismore complex and noisy as compared
with ‘x’ and ‘y’ due to prevalent friction and rubbing on the tool bottom surface.

Rootmean square values of the grinding forces in x, y and z directionswere plotted
against feed rate and shown in Fig. 5.4a, b and c, respectively, for different conditions.
It can be observed thatmagnitudes of FX and FY arewithin 0.4N andmuch lesser than
that of FZ due tomore rubbing and ploughing force addition between tool bottom and

Fig. 5.3 Grinding force signature in all directions: (micro-grinding with KOH aqueous solution
cutting fluid at speed 2500 rpm and feed rate 1.8 mm/min)
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Fig. 5.4 Comparison of grinding forces at different conditions

workpiece surface. Dry grinding produces highmagnitudes of forces in all directions.
Grinding forces in dry condition are high and even increasing drastically at higher
feed rates as compared to those of wet grinding conditions. Forces with KOH and
water are lesser and increase in force at higher feed rates is gradual as compared
to random increase under dry grinding. Lubrication has higher effect on z direction
force rather than x and y direction forces. It can be inferred that it helps in reducing
frictional and rubbing forces between tool and workpiece at larger scale as compared
to cutting forces. Cutting forces with KOH solution are always lesser than those of
with water lubrication and it is attributed to high lubricating property of KOH pallets
suspended in solution and hydrated ductile layer formation due to KOH reaction with
silicon material.

5.3.2 Grinding Force Ratio

Grinding force ratio is another important parameter which actually indicates the tool
stability and probable tool life during application of miniature-sized micro-grinding
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Fig. 5.5 Comparison of
grinding force ratios

tools. More unbalanced the forces will be, higher are the chances of tool failure.
Grinding force ratio (FY/FX) should be stable and close to unity at all machining
conditions so that radial vibrations of the tool due to force dynamics could be arrested.
Force ratio for all lubricating conditions with respect to feed rate is shown in Fig. 5.5.
It is observed that force ratio is close to unity and most stable when using KOH
solution. Maximum variation in force ratio with KOH solution and water is 0.3193
and 0.4091, respectively. It can be inferred that KOH solution is able to lubricate the
cutting zone, weaken the silicon bonds as well as evacuate the micro-chips from the
cutting zone and makes the process more stable.

5.3.3 Surface Roughness and Topography

Topography and surface roughness of the machined pockets are measured using 3D
profilometer. Average area surface roughness (Sa) values of themachined pockets are
compared and shown in Fig. 5.6a. Surface roughness in dry grinding is hundreds of
nanometers, which is not the acceptable quality for precision components, whereas
roughness values in wet micro-grinding is tens of nanometers which can be accepted
as high quality surface. Surface roughness of surfaces machined in the presence of
KOH solution and water is almost comparable. Better lubrication and reduction in
frictional rubbing between tool and workpiece led to higher surface finish in wet
grinding. Specifically, KOH reacted with silicon and enhanced the machinability
and thereby reduced vibrations and chatter, which in turn helped in achieving lower
surface roughness. Surface roughness with respect to feed rate shows the obvious
increasing trend. On increasing feed rate, undeformed chip thickness gets increased
and brittle mode cutting may prevail. During cutting of brittle materials like silicon
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Fig. 5.6 a Surface roughness comparison at different conditions and surface topography under,
b dry micro-grinding, c KOH lubrication, d water lubrication

and glass, there may be direct transition from ploughing-dominant region to brittle
mode cutting region without showing of ductile mode cutting region.

Three-dimensional topography of the generated surfaces under three conditions is
shown in Fig. 5.6b, c, d. It can be observed that surface formed during dry conditions
is broken and brittle fractures are found, as shown in Fig. 5.6b. These fractures on the
surface are due to high friction and rubbing between tool and workpiece. Secondly,
poor evacuation of micro-chips and their crushing in the machining zone adds to
the indentation and fractures on the surface. On the contrary, surfaces in wet micro-
grinding have lesser breakages and shows throughout consistent nature, which again
shows the effective evacuation of chips and smooth cutting.

Microscopic images of the machined surface are shown in Fig. 5.7a, b. Yellowish
texture on the surface ground with KOH solution is clearly observed as compared to
whitish and clear texture of the surface ground in the presence of water lubrication.
Yellowish texture occurs due to heat generation in tool–workpiece contact and poor
cooling effect of KOH solution. Poor cooling characteristic of KOH solution may be
attributed to the exothermic reaction betweenKOHpallets andwater which increases
the temperature of solution. Moreover, water-assisted grinding produces clear and
smooth surface without any burnt marks due to better cooling property of water.
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Fig. 5.7 Surface condition after micro-grinding in the presence of a KOH aqueous solution and
b pure water

5.4 Conclusions

• 10 wt% KOH solution as a lubricant and chemical reactant during micro-grinding
produced lesser grinding force as compared to that produced with water. It is due
to better lubricating property and chemical reaction of KOH pallets suspended in
solution.

• Grinding force ratio is also most stable with KOH solution, which indicates the
probability of higher tool life and lesser machining vibrations.

• Surface obtained by micro-grinding with water as a lubricant was found to be
consistent and free of thermal damage/burn marks due to high cooling capacity of
water. On the other hand, surface produced using KOH solution got a yellowish
texture due to thermal damage as KOH pallets mixed with water is an exothermic
reaction and results in poor heat capacity of KOH solution.

• Furtherwork in this areawill be characterization of theKOH-dipped silicon surface
and correlating the surface properties with micro-grinding performance. Physical
properties such as zeta potential and mechanical properties such as hardness will
be of utmost important.
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Chapter 6
Magnetic Effect on High-Speed
Electrochemical Discharge (HSECD)
Engraving

Mukund L. Harugade , Sachin D. Waigaonkar , Nikhil S. Mane
and Narayan V. Hargude

Abstract Machining operation of hard and brittle materials is a challenging task
with conventionalmachining processes. Use of electrochemical dischargemachining
(ECDM) for machining of hard materials like glass and composites is a promising
option due to the efficient cutting ability of the process. But the ECDMprocess is also
suffering from limitations like low material removal rates and heat-affected zones.
Material removal rate (MRR) can be increased by providing high-speed rotation of
the tool electrode as high-speed ECDM process showed promising results for an
increase in MRR. Further improvement in ECDM can be done by using magneto
hydrodynamic (MHD) force on the machining zone. With MHD force more stable
gas film can be obtained which will increase the thermal discharge. MHD force also
increases the cooling of the surface around the machining zone which reduces the
heat-affected zone (HAZ) and increases MRR. In this research work machining zone
of high-speed electrochemical discharge engraving process (HSECD engraving) is
exposed using magnetic elements of 3000 gauss capacity. Performance of HSECD
engraving process is studied with and without magnetic field using different process
variables, like voltage, tool rotation speed and feed rate. The results of this work
show that the performance of the HSECD engraving process is improved with the
use of the magnetic field. It is observed that MRR is increased by a maximum value
of 0.17mg/min and HAZ is decreased by amaximum value of 16µmwhenmagnetic
field is applied.
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6.1 Introduction

Making channel and engraving on glass material is quite difficult due to the proper-
ties of the glass, like hardness and brittleness. Owing to the extensive use of glass
material in manufacturing and engineering applications, it is necessary to provide
reliable machining processes with precision and accuracy. ECDM is a promising
option for machining of glass. Though ECDM can be used to generate micro chan-
nels on materials like glass [1], it also suffers from limitations like low MRR, HAZ
and overcut (OC). These limitations are the result of a lack of electrolyte circulation
[2], lack of heat dissipation [3] and excessive thermal erosion of the surface. All these
problems are associated directly and indirectly with lack of electrolyte circulation in
the machining zone, and hence by improving electrolyte circulation these limitations
can be overcome. High-speed electrochemical discharge machining (HSECDM) is
an improvement in the conventional ECDM process which provides higher capacity,
low tool wear [4] and high MRR. Because of increasing demand for precise and
fast ECDM process, the field of HSECDM is becoming popular among researchers.
Zhang et al. [5, 6] conducted a study on themachining of a filmcooling hole in a single
crystal super alloy by high-speed electrochemical discharge drilling (HSECDD). The
findings of the study show that ECDM provides better surface quality and eliminates
the recast layer. The study also shows that HSECDM improves machining accu-
racy of the holes. Dong et al. [7] conducted HSECDD for micro holes on beryllium
copper alloy and it shows the promising result for machining speed and precision
of the work. Further improvement in ECDM can be done by using magneto hydro-
dynamic effect. The magneto hydrodynamic force produces convection currents in
electrolyteswhich enhances electrolyte circulation in amachining zone and improves
machining accuracy [8]. The improvement in electrolyte circulation also improves
material removal rate of the process up to 200% [9, 10]. The improvement in the
ECDM process with magnetic field is dependent on magnetic field orientation and
electrolyte concentration; it is also observed that magnetic field is more effective at
lower electrolyte concentration [11]. Some researcher also observed that magnetic
field efficiently removes debris from sparking zone which provides uniform spark
generation which leads to better accuracy and surface quality of the work [12]. Mag-
netic field assistance can be useful for maintaining the quality of the work and a faster
machining speed [13]. A combination of high-speed andmagnetic field assistance for
electrochemical discharge (ECD) can provide more accurate and faster machining
process. In this paper, an experimental investigation is conducted to study the effect
of high-speed tool rotation and magnetic field assistance on MRR and HAZ. Results
obtained in this study show that the magnetic field-assisted high-speed tool rotation
has a positive impact on the quality of work produced by ECD engraving. Table 6.1
shows the work of different researchers on MHD-assisted ECDM.
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Table 6.1 Literature review of the magnets used during ECDM process

Authors Machining process Workpiece Magnet

Cheng et al. [8] Drilling Pyrex glass Permanent Nd–Fe-B
ring magnet

Rattan and Mulik [9,
10, 12]

Travelling
wire—electrochemical
spark machining
(ECSM)

Quartz Permanent Nd–Fe-B
disc magnet

Hajian et al. [11] Milling Soda lime glass Permanent Nd–Fe-B
rectangular regular
shape magnet

Xu et al. [13] Drilling Soda lime glass N-52 disc neodymium
magnet

6.2 Experimentation

A mini CNC machine controlled by GRBL 0.9 software is used for machining of
the work. The setup also includes electrolyte bath and work-holding fixture placed
below the tool in machining area. Work-holding fixture is placed such that it ensures
proper electrolyte circulation along the work. A tool electrode is supplied with the
negative terminal from a direct current (DC-supply) transformer and the positive
terminal is placed inside the electrolyte bath as an auxiliary electrode. Magnetic
elements are placed around the tool electrode to ensure magnetic field exposure to
machining area. Figure 6.1a shows the schematic arrangement of the experimental
setup and Fig. 6.1b shows the actual experimental setup used for the research work.
Relative positions of the machine elements, a magnetic element, tool and workpiece
can be observed in Fig. 6.1b. This experimental setup is developed for the engraving
of width 500 µm channel. A total of 24 experiments are conducted in this study to
find the results, and each experiment is repeated three times (three trials) to obtain
the results. Finally, the average values of the results are presented in this paper.

Figure 6.2 shows the geometry of the engraving tool used in magnetic field-
assisted high-speed electrochemical discharge (MF-HSECD) engraving. The speci-
fications of magnetic elements and workpiece material are shown in Tables 6.2 and
6.3. Table 6.4 shows the chemical composition of soda lime glass.

Table 6.5 shows the range of process parameters and specifications of the different
elements of the MF-HSECD engraving process selected for the experimentation of
this study.

Average HAZ thickness is calculated using the following Eq. (6.1):

Avg.HAZ Thickness = l1 + l2 + l3 + · · · + ln
n

(6.1)

where l1, l2, l3, …, ln = thickness of HAZ at different points
n = number of points considered for the thickness of HAZ (in this case 18)
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Fig. 6.1 a Schematic view. b Pictorial view. Experimental setup

The amount of metal removed (MR) was measured by taking the difference in
weight of the specimen before machining weight (W1) and after machining weight
(W2). The MRR is evaluated using the following Eq. (6.2):

MRR = MR

T
OR

(W1 −W2)

T
(6.2)

where
T is the machining time.
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Fig. 6.2 Schematic
diagrams of the engraving
tool and photographic view

Table 6.2 Details of
Nd–Fe-B permanent magnet

Specifications Details

Material Nd–Fe-B rectangular block magnet

Dimensions 25 mm × 12 mm × 8 mm

Table 6.3 Material
properties of soda lime glass

Characteristic Value

Thermal conductivity (J/KgK) 1.4

Specific heat capacity (Wm/K) 840

Mass density (Kg/m3) 2440

Table 6.4 Chemical composition of soda lime glass

Composition of soda lime glass

Composition SiO2 Na2O CaO MgO Al2O2 K2O

wt% 73 14 9 4 0.15 0.03

Table 6.5 Details of the
experimental arrangement

Tool electrode Tungsten carbide

Auxiliary electrode Copper

Work piece material Soda lime glass

Electrolyte solution KOH

Tool tip diameter 500 µm

Electrolyte concentration (wt%) 25

Tool rotation speed (rpm) 1000, 2000, 3000, 4000

Feed rate (mm/min) 0.1, 0.5, 1, 1.5

Voltage (V) 40, 50, 60, 70
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Fig. 6.3 Mechanism of
MF-HSECD engraving

Figure 6.3 shows the relative positions of a magnetic element, tool electrode and
machining zone in MF-HSECD engraving. The figure also shows the magnetic field
lines present in the machining zone which influences the electrolyte present between
magnetic elements and generates convection currents known as MHD convection.
Themagnetic field generates theMHDconvection along thefield lineswhich removes
debris present in the machining zone effectively.

6.3 Results and Discussion

6.3.1 Effect of Voltage With and Without Magnetic Field

Figure 6.4a, b shows the effect of voltage and magnetic field on MRR and HAZ
thickness of the MF-HSECD engraving. Figure 6.4a shows that with the increase
in voltage from 40 to 70 V, the MRR increases from 0.72 to 1.15 mg/min without
magnetic field and from 0.76 to 1.20mg/minwithmagnetic field.With the increase in
voltage, a gas film is more stable due to an increased rate of electrolysis which leads
to stable discharge. Hence, more thermal erosion of the material takes place which
gives higher material removal rate. At the same time, more heat will be conducted in
the material around the machining zone which increases the thickness of the HAZ. It
can be observed that with the increase in voltage from 40 to 70 V, the HAZ increases
from 210 to 232 µm without magnetic field and from 201 to 229 µm with magnetic
field.

Figure 6.4a also shows that the MRR of the work increases with the application
of the magnetic field on the machining area. This increase in the MRR occurs due to
efficient debris removal from the cutting zone. The magnetic field when applied to
themachining zone generates theMHD convection currents in the electrolyte present
in the machining zone. Owing to this MHD convection currents, debris generated
during thermal erosion will be removed continuously. This provides a more stable
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Fig. 6.4 a Effect of voltage on MRR. b Effect of voltage on HAZ (tool rotation speed= 2000 rpm,
feed rate = 1 mm/min, electrolyte conc. = 20%)

gas film which results in strong spark generation at the tip of the tool electrode. With
strong spark generation, more material is removed and MRR increases. Figure 6.4b
shows that with the application of the magnetic field, a thickness of HAZ decreases.
HAZ observed during the HSECD engraving is a result of heat conduction around the
machining area.Withmagnetic field exposure, theMHDcurrents are generated in the
electrolyte; due to this, more heat is removed by the electrolyte through convection.
Hence, less heat is conducted inside the work material which reduces the thickness
of HAZ.

6.3.2 Effect of Tool Rotation Speed With and Without
Magnetic Field

Figure 6.5a, b shows the increase in the MRR and decrease in the thickness of HAZ
with the application of magnetic field and increase in tool rotation speed. At high
speed, a strong bubble layer is formed around the tooltip due to the centrifugal effect
provided by tool rotation.

This strong bubble layer ensures for higher breakdown voltage and discharges,
which finally result in high MRR. High tool rotation speed also provides higher
electrolyte circulation in themachining zone due to whichmore heat will be removed
by the electrolyte and less heat will be conducted into the work material. This will
reduce the thickness of heat-affected zone at higher tool rotation speed. Figure 6.5b
shows that with increase in tool rotation speed from 1000 to 4000 rpm, the HAZ
decreases from 238 to 212 µm for without magnetic field and from 228 to 205 µm
with magnetic field condition.
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Fig. 6.5 a Effect of tool rotation on MRR. b Effect of tool rotation on HAZ (voltage = 50 V, feed
rate = 1 mm/min, electrolyte conc. = 20%)

Fig. 6.6 a Effect of feed rate on MRR. b Effect of feed rate on HAZ (voltage= 50 V, tool rotation
speed = 2000 rpm, electrolyte conc. = 20%)

6.3.3 Effect of Feed Rate With and Without Magnetic Field

The effect of feed rate and magnetic field on MRR and thickness of HAZ can be
observed from the Fig. 6.6a, b, that with an increase in feed rate MRR decreases.
The material removal in theMF-HSECD engraving is done by thermal erosion of the
material and hence when feed rate increases the exposure time of material to thermal
discharge decreases. The decrease in exposure time further reduces the melting of
the material and heat conduction, hence MRR and thickness of HAZ decreases. The
MRR increases by 0.41 mg/min without magnetic field and by 0.28 mg/min with
magnetic field condition when feed rate is increased from 0.1 to 1.5 mm/min. Also,
the MRR increases with the application of a magnetic field due to debris removal.
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Fig. 6.7 a Optical profile image of micro-channel. b Actual image of micro-channel. Workpiece

HAZ decreases with themagnetic field due to heat removal by the electrolyte through
MHD convection.

The optical profile image of the engraving done with and without the magnetic
field can be observed from Fig. 6.7a, b, which shows that the thickness of HAZ for
HSECD engraving without the magnetic field is 222 µm, and which decreases up
to 198 µm with the magnetic field. It can also be observed that the overcut in the
HSECD engraving without the magnetic field is 75 µm, and the overcut with the
magnetic field is 64 µm.

6.4 Conclusions

In this research study, the effect of themagnetic field onMRRandHAZof theHSECD
engraving process on soda lime glass is studied with different operating variables.
The results observed in this work are very promising for obtaining efficient, fast and
precise machining operations. Following are the conclusions drawn from this study:
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• The application of magnetic field increases the MRR of the HSECD engraving
process by removing debris from the machining zone, building a strong and steady
discharge. The experimental result shows that with magnetic field, MRR can be
increased up to 6.5%.

• The thickness of HAZ is also decreased with the magnetic field due to effective
heat removal from the machining zone; it is observed that the thickness of HAZ
can be decreased up to 7.5%.

• The study also investigates the effect of different operating variables on the per-
formance of HSECD engraving. With an increase in voltage, MRR and thickness
of HAZ increases.

• With an increase in tool rotation speed, MRR increases and the thickness of HAZ
decreases. Feed rate is also an important operating parameter of the HSECD
engraving process, with an increase in feed rate both MRR and HAZ decreases.
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Chapter 7
Bactericidal Nanostructured Titanium
Surface Through Thermal Annealing

D. Patil , M. K. Wasson , V. Perumal , S. Aravindan and P. V. Rao

Abstract Inspired from nature, the antibacterial titanium (Ti6Al4V) alloy surface
is developed through thermal annealing at 750 °C for 15 min. The titanium sample
was coated with 5 nm thickness silver film using DC sputter coating and the thermal
annealing was carried out in two different annealing environments (atmospheric and
argon gas environment). The annealed samples were characterized through field-
emission scanning electron microscope (FESEM). The formation of nanostructured
topography on the annealed samples depends on the annealing environment. The
polygonal-shaped surface structure is observed when annealed in atmospheric con-
dition, and nanospikes were seen on titanium surface after annealed in an argon envi-
ronment. TheX-ray diffraction (XRD) analysis was carried out in order to investigate
the phase formation during annealing. Plate counting method was used to study the
bactericidal capability of modified titanium surfaces. The modified titanium surface
in argon gas environment has shown better bactericidal property compared to surface
annealed in an atmospheric environment. The physical contact killing mechanism of
nanospike with the bacterial cell is dominant on the nanospike-structured titanium
surface.

Keywords DC sputtering · Thermal annealing · Surface topography · Bactericidal
surface · Biofilm

7.1 Introduction

In biomedical field, the biofilm formation on surgical implants is a critical challenge
and it causes infection at surgical sites. Such infection is caused due to bacterial
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attacks, which can result in costly and traumatic surgery. The number of surgeries
for hip replacement grew by 50% inUSA during the period 1993–2004 [1]. Recently,
from 1999 to 2016, the Australian Orthopedic Association has reported that 23% of
surgeries are carried out after implantation (especially hip and knee implant) due
to failure of implants because of bacterial infection [2]. Therefore, it is very impor-
tant to make implants that can prevent such infection without sacrificing some of
the basic functions of implants. There are different ways through which one can
achieve the antibacterial titanium and titanium alloy surfaces. The titanium surfaces
are modified with antimicrobial peptides, antibiotics [3], nanoparticles [4, 5] and so
on. However, any slight increase in the concentration of these antibacterial agents
would cause serious health-related issues. It has been also shown that the nanos-
tructures are able to damage bacterial cells by penetrating into the bacterium cell
membrane [6]. The nanopillar structure available on wings of cicada’s surface has a
bacteria-killing ability. The nanopillar physically damages the outermembrane of the
bacterial cell and prevents the formation of biofilm [7]. Many researchers have made
a layer of nanotitania tube through anodization on pure titanium and its alloy surfaces
[8]. The photocatalytic property of nanotitania (TiO2) makes it useful to decompose
or kill organic compounds such as bacteria. Moreover, the chemically synthesized
silver nanoparticles can be loaded into this titania nanotube in order to kill the bac-
teria efficiently [9]. High aspect ratio nanostructured surfaces can be fabricated by
different nanomanufacturing processes, such as focused ion beam machining (FIB),
nanoimprint lithography (NIL) and reactive ion etching (RIE) [10]. However, the FIB
process has low throughput, while the RIE process requires costly mask and NIL is
applicable to polymers only. The nanostructures fabricated by these processes are
highly ordered and limited to very small area. Therefore, the alternate solution to
fabricate high aspect ratio nanostructure is hydrothermal etching [11] and thermal
annealing [12] of titanium alloy. However, the etching route is costly and hazardous.
In this study, the bactericidal titanium surface is fabricated through DC sputtering
followed by thermal annealing which can effectively kill both classes of bacteria:
Staphylococcus aureus and Escherichia coli. The effects of environments used dur-
ing thermal annealing process on the bactericidal property of titanium alloy were
also studied.

7.2 Experimental Procedure

7.2.1 Materials and Methods

Ti6Al4V specimens of dimensions 12 mm × 12 mm × 8 mm were cut from the
Ti6Al4V bock using wire-cut electric discharge machine. The SiC grit papers of
different sizes starting from 200, 400, 600, 800, 1000, 1200 and 2000 were used
for mechanical polishing of Ti6Al4V specimens. Subsequently, fine polishing with
alumina particles of average sizes 1–0.5µmwas done on the polishing machine. The
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polished samples were cleaned in ultrasonication bath of deionizedwater and ethanol
for 15min. The sampleswere dried using hot air and then taken intoDC sputter coater
(Q150 RS, Quorum Tech., Lewes, UK) chamber for deposition of the thin silver
metallic film. The metallic silver film of 5 nm thickness was deposited on Ti6Al4V
at 50 mA current and 5 mbar chamber pressure. After the deposition, the coated
samples were transferred to a microprocessor-based temperature-controlled furnace.
The samples were annealed at 750 °C for 15 min in two different environments. One
set of samples was annealed in atmospheric conditions and another set in argon gas
environment. The flow rate of argon gas is maintained at 1 lit/min. The samples were
immediately taken out from the furnace after 15 min and allowed to cool in the air
until it reaches the room temperature. The plain andmodified Ti6Al4V samples were
characterized using FESEM and XRD analysis.

7.2.2 Antibacterial Testing

The plate counting method was adopted for testing bactericidal property of nanos-
tructured Ti6Al4V surface [13]. E. coli and S. aureus cultured was kept in a shaking
incubator with 200 rpm at 37 °C. The ultrasonically clean samples are placed into
a 12-well plate after sterilization. The bacterial culture of 100 µL was dropped on
each sample with an approximate concentration of 1× 105 colony forming unit per
milliliter (CFU/mL). Then, the 12-well plates were kept in the incubator for 12 h.
After incubation, the samples were gently washed and diluted with 2 mL volume of
phosphate buffer saline (PBS). Simultaneously, standard agar plates of Luria broth
were prepared.Out of diluted solution, 100µLvolume of bacterial culturewas spread
into agar plate and kept inside the incubator for 24 h at 37 °C. The experiments were
conducted for three times in order to get standard error of the results.

The CFU/mL of culture solution is calculated as CFU/mL

= No. of colonies

Vol. of culture in the plate
× dilution factor.

7.3 Results and Discussion

7.3.1 Samples Characterization

The FESEM images of plain and annealed Ti6Al4V samples are shown in Fig. 7.1.
Figure 7.1b, c shows annealed silver-deposited Ti6Al4V surface for film thick-

nesses of 5 nm in ambient condition and argon gas environment, respectively. From
SEM images, it is observed that the silver-deposited Ti6Al4V samples surface shows
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Fig. 7.1 FESEM
micrographs of a plain
Ti6Al4V and 5 nm
Ag-coated annealed
Ti6Al4V in b ambient
condition c argon
environment
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Fig. 7.2 XRD spectra for 5 nm Ag-Ti6Al4V annealed sample in argon gas environment

the polygonal nanoparticles formed during the heating process in an oxygen-rich
environment (ambient condition). Thin rode-like structures called nanospikes are
observed when annealed in oxygen-deficient environment. From XRD analysis it is
confirmed that the nanospiked-structured titanium surface consists of titanium, silver
and aluminum oxide, as can be seen from Fig. 7.2.

The mechanism behind the formation of nanospike in oxygen-deficient environ-
ment is explained by Xinsheng et al. [14]. A thin oxide layer is formed, which is
a combination of TiO2 and Al2O3. The titanium atoms from the oxide surface will
have a much higher chemical affinity than the surrounding alumina and will react
with the oxygen present in the environment and form titanium oxide nuclei. This pro-
cess of diffusion of titanium outward from the bulk surface continues as long as the
sample remains at elevated temperature. However, in case of oxygen environment,
the growth rate of TiO2 formation is faster. Oxygen diffusion is very high due to its
high concentration. Thus the formation of TiO2 takes place at the interface between
initial formed TiO2 grains and metal surface. Hence large crystal grains of TiO2 are
observed in oxygen-rich environment.
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7.3.2 Antibacterial Testing

Plate counting method was used to quantify the antibacterial property of plain and
modified Ti6Al4V sample. The steps mentioned in Sect. 7.3.2 were carried out. After
24 h, the optical micrographs of colony forming units were recorded. On polished
titanium sample, both the bacteria form bacterial lawn, whereas onmodified titanium
sample, only a few countable colonies are formed, as can be observed from Fig. 7.3.
The number of colonies formed on nanospike-structured sample is significantly less
than colonies formed on titanium sample annealed in ambient conditions (Fig. 7.3a–
f).

TheCFU/mL of the culture solutionwas calculated and can be seen fromFig. 7.4.
The significant reduction in number of colonies was observed on the nanospike-
structured surface compared to the plain and polygon-structured titanium surface.
There are two possiblemechanisms that take place on a nanostructured surfacewhich
actively inhibits the growth of bacteria. One is the presence of silver content, the
release of silver ion which comes into contact with the cell membrane and induces
oxidative stress with the help of reactive oxygen species and subsequently damages
cell membrane [4]. Once a membrane gets disrupted, the next Ag + ion enters the
cytoplasm to destroy the intracellular structures like mitochondria and DNA, result-
ing in bacterial death. The leaching of silver ion is a common mechanism on both
modified titanium samples. However, the physical contact killing is dominant on
the nanospike-structured titanium surface. The bacterium comes into contact with
nanospikes and creates sufficient stress on the bacterial cell membrane. The surface
contact area between the bacterial cell membrane and the nanospike tip surface is
very less. Once local stress exceeds the strength of bacterial cell wall, the membrane
gets disrupted and nanospike pierces into the cell body. Finally, it results in complete
rupture of the cell membrane and cell lysis takes place. This mechanism is schemat-
ically explained with the help of Fig. 7.5. Moreover, it is observed that the modified
Ti6Al4V surface is more prone to kill S. aureus compared to E. coli bacterium due
to the spherical shape of S. aureus. The round shape of S. aureus provides mini-
mum surface area for stress concentration due to penetration of nanospikes and also
for silver ion to interact with bacterium membrane. It was proposed that the spacing
between the high aspect ratio nanostructures should be in the range of 130–380 nm in
order to kill both classes of bacteria effectively [12]. The bioinspired structures such
as cicada wings (nanopillars: L: 159–146 nm and D: 82–148) and Dragonfly wings
(nanopillars: L: 80–90 nm and D: 20–150) act as bactericidal surfaces. However,
cicada wings are efficient against gram-negative bacteria while inefficient against
gram-positive bacteria due to thick wall structure. Dragonfly wings are efficient in
killing both classes of bacteria [15]. Hence in order to kill both classes of bacte-
ria efficiently, a small amount of silver content was encapsulated into the matrix
of nanospike and the modification made was significantly effective against both
bacteria. The fabricated nanospikes in our study are more closely packed. Because
of the apparently random positions of nanospikes, the bacteria can be exposed in
many possible directions. This is the reason behind the better antibacterial property
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Fig. 7.3 Surface colonization results for a E. coli b S. aureus for 24 h
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Fig. 7.4 The quantitative result (in log10 (CFU/mL)) of antibacterial property of modified Ti6Al4V
surface against E. coli and S. aureus

Fig. 7.5 Mechanism explains the bactericidal activity on nanospike structures
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of the nanospike-structured sample compared to acicular-shaped particles formed
on titanium surface annealed in an ambient environment with the same amount of
silver content. Moreover, the aspect ratio of titanium oxide nanospike depends on
the annealing time, annealing temperature and argon flow rate [12]. Hence incor-
poration of small quantity of bactericidal agent (like silver) with high aspect ratio
nanostructure surfaces can enhance the bacterial killing ability of titanium implants.

7.4 Conclusions

In order to avoid the complications caused due to bacterial infection after implanta-
tion, simple and effective approach was proposed to make high efficient antibacterial
titanium surfaces against awide range of bacteria. The thermal annealing processwas
used to fabricate high aspect ratio random nanostructures onAg-coated Ti6Al4V sur-
face. The fabricated surface has shown effective bactericidal property that combines
the two mechanisms of bacterial killing; one is through physical contact killing and
another is through leaching of silver ion. Therefore, such surface can be able to kill
two different classes of bacteria effectively. Moreover, it could be effective against
multi-resistant bacteria. This new approach of combining the minimum amount of
silver content in the nanostructured surface is beneficial in dental and orthopedic
implants so as to avoid the infection.
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Chapter 8
A Study on the Effect of Oxalic Acid
Electrolyte on Stainless Steel (316L)
Through Electrochemical
Micro-machining

J. R. Vinod Kumaar , R. Thanigaivelan and V. Dharmalingam

Abstract Stainless steel 316L (SS 316L) finds numerous applications in various
industries, such as pharmaceuticals, marine, architectural, medical implants and fas-
teners. Owing to its excellent mechanical, physical and chemical properties, stainless
steel finds application in manufacture of micro-electro-mechanical system (MEMS)-
based devices. The machining of SS (316L) through conventional way still remains
a problem owing to its poor surface characteristics. In this paper, an attempt is made
to machine SS (316L) using electrochemical micro-machining (ECMM) with oxalic
acid as an electrolyte. The effect of voltage in machining, duty cycle and concen-
tration of electrolyte on material removal rate (MRR) and overcut is studied. Fur-
thermore, scanning electron microscope (SEM) analysis technique has been carried
out to study the parametric effect on machined surface. The use of oxalic acid as an
electrolyte contributes for lowMRR and smaller overcut. The use of weak electrolyte
protects the machining setup and increases the lifespan of the machine.

Keywords Electrochemical micro-machining · Stainless steel SS (316L) · Oxalic
acid

8.1 Introduction

There are several unconventional machining processes available for machining stain-
less steel (316L), like electro discharge machining (EDM), laser beam machining
(LBM), and these processes are not suitable because they cause thermal distortion
of the machined surface. Electrochemical micro-machining (ECMM) process is one
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of the best suited methods to machine extremely difficult-to-cut materials like SS
(316L).

In ECMM, electrolytes play a prominent role, and various electrolytes and its
effects are found in the literatures. In line with that, oxalic acid is a natural compound
quiet commonly found in many plants and vegetables. It is an organic acid, which
is colourless crystalline solid and forms a colourless solution, when mixed up with
distilledwater. Inmanufacturing industries, it is used as a bleaching agent and for rust
removal. In this research work, to develop a chemical process, an ethane-dioic acid,
also known as oxalic acid (C2H2O4) and with condensed formula HOOCCOOH, is
used as an electrolyte with distilled water.

In ECMM, the researchers had used many electrolytes, such as strong electrolytes
and weak electrolytes, in their research to machine the materials. Shi Hyoung Ryu
[1] performed experiments on stainless steel 304 using citric acid as an electrolyte
through ECMM to machine micro-hole diameter of 60 μm to the depth of 50 and
90μm in diameter. They also produced the cavities in the form of square and circular
shape. Yang et al. [2] suggested an eco-friendly micro-machining method with min-
eral water and fabricated the tungsten carbidemicro-pin to the diameter of 20–30μm.
Lin Tang et al. [3] have chosen NaCl and NaNO3 and their admixture solutions to
machine stainless steel material. The surface roughness and MRR increases with
electrolyte flow pattern. Ryu [4] machined high aspect ratio micro-holes using citric
acid electrolyte in ECMM. Ayyappan and Sivakumar et al. [5] experimented and
improved the surface quality and MRR using oxygenated aqueous sodium chloride
(NaCl) electrolyte and potassium dichromate (K2Cr2O7) mixed with aqueous NaCl
in ECMM. Thanigaivelan et al. [6] investigated on the comparison of sodium nitrate
with acidified sodium nitrate in ECMM. The use of acidified sodium nitrate elec-
trolyte for machining stainless steel 304 shows better results for machining rate and
overcut. Thanigaivelan et al. [7] suggested a new technique by infrared heating of
sodium nitrate (NaNO3) electrolyte for machining copper material and they stud-
ied the parametric effect on overcut and MRR. Sandip Kunar et al. [8] proposed a
novel approach to ECMM maskless SS 304 material using NaCl, NaNO3 and NaCl
+ NaNO3 as electrolytes. Among these electrolytes, NaCl + NaNO3 electrolyte
was found to be better in influencing the factor for mean radial overcut and mean
machining depth. Kalaimathi et al. [9] investigated themachining ofMonel 400 alloy
through travelling-wire electrochemical machining with ozonated aqueous NaCl as
an electrolyte. MRRwas observed to be increased to 90% and surface roughness was
decreased up to 32%. Lin tang et al. [10] conducted an orthogonal experiment on S-03
stainless steel material with NaNO3 and NaClO3 as electrolyte. They found that the
increase in voltage and cathode feed rate increases MRR and decreases the surface
roughness and the side gap. Anasane et al. [11] investigated the performance of elec-
trolytes on titanium material and chose seven electrolytes, namely sodium bromide
(NaBr), sodium chloride (NaCl), sodium perchlorate (NaClO4·H2O), hydrochloric
acid (HCI), sulphuric acid (H2SO4), ethylene glycol (EG) and sodium bromide (EG
+ NaBr), ethylene glycol (EG), sodium bromide and sodium chloride (EG + NaBr
+ NaCl). In addition to these five electrolytes, they had also used two non-aqueous
electrolytes to find out various criteria, like material removal rate, radial overcut and
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conicity of micro-hole. Among these electrolytes, they proved that the combination
of ethylene glycol and sodium bromide shows outstanding results for machining
titanium material.

From the above literature review, researchers had tried using of strong and weak
electrolytes in machining the materials. This research mainly emphasise on machin-
ing of SS (316L) using oxalic acid as an electrolyte with its influential effect onMRR,
and overcut was studied under the parametric conditions of machining voltage, duty
cycle and electrolyte concentration.

8.2 Experimental Arrangement of ECMM

The experimental arrangement of ECMM was indigenously developed for this
research work, as shown in Fig. 8.1. The setup consists of different parts, namely
pulse generator, micro controller unit, stepper motor, electrolyte tank, tool feeding
arrangement to control the inter-electrode gap, pump and filter. The work-holding
fixture is fixed in the electrolyte tank to hold the workpiece. Tool and workpiece is
submerged in the electrolyte. Pulsed power supply system has been used to vary the
duty cycle, voltage and current. The voltage is applied between workpiece (anode)
and tool (cathode). Several electrochemical reactions occur at the cathode, the anode

Fig. 8.1 Experimental arrangement of ECMM
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Table 8.1 Parameters and their levels considered for machining SS (316L) through ECMM

S. No. Parameters Symbol Unit Range

1 Voltage V V 7–11

2 Duty cycle D % 25–85

3 Electrolyte concentration C g/l 40–80

and in electrolyte, thereby causing chemical erosion in ECMM. Pump is driven by an
electric motor used to transfer the electrolyte from the tank to the filter. Filter purifies
the electrolyte by removing the tiny machined particles in the form of sludges.

Oxalic acid solution (C2H2O4) as electrolyte of varying concentrations, stainless
steel electrode of size ϕ 460 μm and stainless steel SS (316L) workpiece of thick-
ness 500μmwere used to conduct the experiments. The chemical composition of SS
316L is presented in Table 8.2. A constant stand-off distance of 20 μm is maintained
throughout the experiments. Oxalic powder of varied grams is mixed with 1 litre of
distilled water to prepare the electrolyte solution. Properties of Oxalic acid is pre-
sented in Table 8.3. Based on the literature review, the process parameters and ranges
were chosen for this research work are presented in Table 8.1. MRR is calculated
using the Eq. (8.1). Overcut of the machined hole is seen through SEM analysis and
is calculated using the Eq. (8.2).

Calculation of MRR is done using the following formula:

MRR = Material removal rate

= Thickness of the work piece

/Time taken to machine the micro hole in μm/sec (8.1)

Overcut is calculated using the following formula:

OC = Observed diameter − Actual diameter (8.2)

8.3 Chemical Reactions of Oxalic Acid Solution on SS
(316L)

The material removal in ECMM is attained through controlled anodic dissolution
of the workpiece. In ECMM, the workpiece is connected to an anode and the tool
is connected to the cathode. In the metallic workpiece (M) oxidation occurs at the
anode, which releases the electrons. This reaction is known as anodic reaction.

M → Mn + + ne− (Anodic dissolution) (8.3)
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Table 8.3 Properties of oxalic acid

S. no. Property Value

1 Appearance White crystals

2 Odour Odourless

3 Density 1.90 g/cm3 (anhydrous); 1.653 (de-hydrous)

4 Melting point 189–191

5 Solubility in water 143 g/l (25°C)

where n denotes the number of electrons released during reaction.

C2H2O4 → C2O
2−
4 + 2H+

Mn + + C2O
2−
4 → [M(C2O4)] (8.4)

2H+ + ne+ → H2 (Hydrogen evolution) (8.5)

At the cathode, the oxalic acid from the electrolyte dissociates into oxalate ions
and thereby hydrogen evolution takes place. These oxalate ions reactwith themetallic
ions produced during anodic reaction and precipitate as sludge. The continuous
flushing of electrolyte removes the precipitate from the machining zone and gets
filtered by the filter tank for efficient ECMM process.

8.4 Results and Discussion

8.4.1 Influence of Voltage on Material Removal Rate
and Overcut

Figure 8.2 shows the mapping of voltage, overcut and MRR. ECMM works based
on Faraday’s laws of electrolysis in which the material removal rate is directly pro-
portional to its voltage. The increase in voltage level shows the increasing trend for
MRR and overcut. The increase in voltage improves the current density required for
material removal rate resulting in higher MRR. At machining voltage 7 V along with
80 g/l of electrolytic concentration, theMRR is found to be 0.508μm/s and increases
to highest value of 0.678μm/s at 11 Vwith 80 g/l of electrolyte concentration, which
is comparatively less when compared to acidified sodium nitrate and sodium nitrate
solution [6]. The use of oxalic acid as an electrolyte contributes to lowerMRR, and it
is evident fromFig. 8.2 that no drastic change in the trend ofMRR curve is witnessed.
It is due to the fact that oxalic acid takes longer time to create micro-pore structure
on the work surface. These regular micro-pores join together to create large pits and
further extend as a micro-hole [12]. This mechanism of micro-hole formation also
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Fig. 8.2 Influence of voltage on material removal rate and overcut

aids for smaller overcut. The use of oxalic acid produces less sludges and it improves
the accuracy of the micro-hole.

8.4.2 Influence of Duty Cycle on Material Removal Rate
and Overcut

The duty cycle increases as theMRR also increases and overcut, as shown in Fig. 8.3.
For the fixed frequency, the increase in duty cycle increases the current density
required for the machining. This increase in pulse on time provides sufficient current
for machining. Higher percentage of duty cycle contributes to the availability of
longer duration of machining current on the workpiece, resulting in increasingMRR.
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Fig. 8.3 Influence of duty cycle on material removal rate and overcut
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Fig. 8.4 (a and b) SEM images of the machined hole

The use of weak electrolyte along with the required current density contributes to
accurate micro-hole. A gradual increase in graph for overcut is observed due to the
lesser sludge generation which is removed continuously by flushing process. The
proper evacuation of debris avoids micro-sparks and over-etched surfaces, as seen in
Fig. 8.4a, b.

The SEM analysis of the machined surface SS (316L) is shown in Fig. 8.4a,
b, in which we can observe the clear image of the machined hole of SS (316L)
material having lesser overcut. Figure 8.4a illustrates the overcut under the following
parametric conditions: voltage of 11 V, duty cycle of 85% and 80 g/l of oxalic
concentration. Figure 8.4b illustrates the overcut under the following parametric
conditions: voltage of 11 V, duty cycle of 85% and 40 g/l of oxalic concentration.

8.4.3 Influence of Electrolyte Concentration on Material
Removal Rate and Overcut

When the concentration of the electrolyte increases, the number of ions associ-
ated in the machining process increases, and thus results in higher machining rate.
Figure 8.5 clearly shows that as the concentration of the electrolyte increasesmaterial
removal rate also increases. On comparing with other concentrated electrolytes, the
overcut is less for oxalic acid [6]. At lower electrolyte concentration of 40 g/l, the
material removal rate and overcut are found to less. Pores of the machined surface
were found to be uniform and regular when compared to other electrolytes [12],
which indicates that constant machining takes place without any striking of sludges.
This less-concentrated electrolyte has been useful to enhance the surface texture char-
acteristics, by restricting the current passage through increased electrolyte resistance.
The SEM shown in Fig. 8.6 shows a circular hole with less density of micro-pores.
It is obvious from the figure that the MRR and overcut are found to be increasing
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Fig. 8.6 SEM analysis with minimum voltage of 7 V, duty cycle of 85% and electrolytic concen-
tration of 80 g/l
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with concentration, and both the curves stabilize after the electrolyte concentration
of 60 g/l.

8.5 Conclusions

On the basis of preliminary experiments conducted with oxalic acid electrolyte, the
following conclusions are made:

1. It is possible to machine SS (316L) material using oxalic acid as an electrolyte
solution.

2. The use of oxalic acid as an electrolyte contributes to low MRR and smaller
overcut.

3. Micro-pores of the machined surface was found to be uniform and regular when
compared to other electrolytes, which indicates constant machining is taking
place without any striking of sludges.

4. An electrolyte which is strong in the base could corrode the machinery over
time. This paper recommends the use of oxalic acid as an electrolyte solution
for ECMM of SS (316L), which is a less concentrated electrolyte and has been
recommended to enhance the surface texture characteristics, by restricting the
current passage through increased electrolyte resistance.
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Chapter 9
Inkjet Printing-Based
Micro-manufacturing of the Thin Film
Electrodes for Flexible Supercapacitor
Applications

Poonam Sundriyal , Pankaj Singh Chauhan
and Shantanu Bhattacharya

Abstract Inkjet printing is one of the most promising micro-manufacturing tech-
niques to develop thin film and flexible electronics. The selective area deposition
and efficient integration of all components of an electronic device on a flexible sub-
strate are major challenges for the existing flexible electronics field. Also, the wide
spread of the portable electronics, with features such as compactness, lightweight,
low cost, environment friendliness, and high-performance electronic devices, raises
the demand for the more research attention in using smart manufacturing techniques
to achieve the required performance of the flexible devices. Here, we have reported
a micro-supercapacitor device on a filter paper substrate with ~8 μm thick electrode
layer. The reduced graphene oxide (rGO) and rGO–MnO2 nanocomposite materials
were converted to water-based printable inks using ethylene glycol and ethanol. The
rGO ink was used to make the conducting patterns, while rGO–MnO2 nanocompos-
ite ink is used to fabricate interdigital electrodes for the supercapacitor device. The
developed device shows excellent electrochemical performance with the poly(vinyl
alcohol) (PVA) 4 M KOH gel electrolyte within a voltage range of 1 V. The device
shows ideal supercapacitor behavior with a highest areal capacitance of 390 mF/cm2

at one mA/cm2 current density. The developed device also exhibits excellent cycle
stability with 96% capacitance retention up to 1000 cycles. Also, the excellent per-
formance of the device in various flexibility conditions facilitates its huge potential
for high-performance flexible electronics applications.
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9.1 Introduction

Micro-manufacturing techniques evolved with the growth of micro-
electromechanical systems (MEMS) [1]. MEMS systems were used to integrate
sensors and actuators with electronic circuits. Usage of MEMS-based devices
was successful due to small, low cost, and efficient fabrication methods. Till date,
most of the MEMS fabrications are based on the photolithography technique on
silicon-based semiconductors. However, the inherent limitations of the lithography
technique, such as the requirement of a patterned mask, waste generation, envi-
ronmental pollution, and expensive processing, make it unsuitable for the low-cost
electronics. On the contrary, the brittle nature of the silicon substrates is unfavorable
for the flexible devices [2]. In recent times, the demand for the flexible/portable
electronics needs a more industrial and scientific attention to explore different
manufacturing techniques for the electronics manufacturing. Therefore, exploration
of the smart manufacturing techniques is required to fabricate the highly flexible
devices.

Inkjet printing is one of the best alternative methods for the micro-manufacturing
of smart and flexible electronic devices [3, 4]. It is a direct deposition tool, hence
only the desired quantity of material is printed at the required location. Also, the
low wastage of material eliminates environmental hazards. The requirement of cost
and time for mask fabrication in the photolithography process is eliminated by the
fundamentally digital, data-driven process of inkjet printing. Inkjet printing is quite
useful in flexible electronics, which is an emerging industry for making flexible
devices. Inkjet printing can be easily done on any thin film and flexible substrate.
However, the major challenge of this method is the need for the printing inks which
have the rheological properties within a fixed range. The Fromm number (related
to the viscosity, density, and surface tension of the inks) should be between 4 and
14 for a printable ink [5]. Besides the high-cost special purpose industrial printers,
some inexpensive inkjet printers have also been reported for the low-cost electronics
[6]. Out of the various components of the electronic devices, energy storage unit is
one of the essential parts of the device. It should be highly flexible to be integrated
into a flexible device. The solid-state supercapacitors are gaining much attention as
energy storage devices due to their attractive features, such as high energy density,
high power density, high electrochemical stability, and the long cycle life [3]. The
proper integration of the supercapacitor components (including a conducting layer, an
electrode layer, and the electrolyte) on the flexible substrates is still amajor challenge.
The commercially available carbon-based inks and some metal oxides are reported
for the printed supercapacitors. Additionally, for the environmental sustainability
and the low cost, the waste recycled carbon and plant extracts [7, 8] can be used in
the printed electronics application.

In this work, we have described a planar micro-supercapacitor device on a filter
paper substrate. The water-based rGO ink was used to make the conducting layer
and the rGO–MnO2 nanocomposite ink to construct the interdigital electrodes for the
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planar supercapacitor device. The developed device shows excellent electrochem-
ical performance with the highest areal capacitance of 390 mF/cm2 at 1 mA/cm2

current density. The micro-supercapacitor device also displays excellent cycle sta-
bility with 96% capacitance retention up to 1000 cycles. Most of the previous reports
are based on the sandwich structures. These make the energy storage devices bulky
and complex. This research reports the use of a planar micro-supercapacitor device
which reduces the weight and complexity of the system. Other than that, the use of a
water-based inkmakes the process more environment-friendly. This study shows that
the inkjet printing technique could highly benefit the printed and flexible electronics
area.

9.2 Experimental

9.2.1 Preparation of the Conducting Layer and Electrode
Layer Inks

The conducting ink was prepared by the oxidation of graphite and its further exfoli-
ation with the water–ethylene glycol–ethanol (8:1.5:0.5) mixture solution. The rGO
was synthesized usingmodifiedHummer’smethod [9]. The printed patterns are dried
at 85 °C for 8 h in a vacuum oven to get the conducting patterns. The rGO–MnO2

nanocomposite was prepared by a hydrothermal method. Typically, a mixture of
0.4 g KMnO4 and 100 mL of rGO ink was transferred to the Teflon-lined autoclave
and maintained at 150 °C for 4 h. The obtained nanocomposite was mixed in the
water–ethylene glycol–ethanol (8:1.5:0.5) mixture solution to prepare the electrode
ink.

9.2.2 Fabrication of the Device

The planar and symmetric micro-supercapacitor device was fabricated by using the
inkjet printing method. Typically, the interdigital electrode patterns were printed on
the filter paper substrate to make the conducting patterns. These conducting patterns
were reprinted with the electrode layers by using the electrode inks. The PVA 4M
KOH gel electrolyte was further coated on the printed electrodes to make the full
device.
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9.2.3 Characterization

The crystal structures of the prepared materials are characterized by X-ray diffrac-
tion (XRD, X’Pert Pro, PAN Analytical, The Netherlands). The microstructure and
surface morphology are examined by field-emission scanning electron microscopy
(FESEM, ZEISS Supra 40VP) and transmission electron microscopy (TEM, FEI
Technai G2, USA). The surface tensions are measured by contact angle goniometry
(Kruss), and viscosities of the inks are examined by Rheometer (Anton Paar). The
electrochemical analysis of the printed device was investigated by cyclic voltam-
metry (CV), and galvanostatic charge/discharge (GCD) tests were performed using
potentiostat/galvanostat (Autolab 302 N, Metrohm, The Netherlands).

9.3 Calculations

As discussed earlier, the quality of printing depends upon the rheological properties
of ink, such as surface tension, viscosity, and density. These properties are evaluated
by some dimensionless numbers which are as follows:

Reynolds number (Re) is the ratio of inertia force and viscous force.

Re = Inertia force
Viscous force

= ρlV
η

(9.1)

Weber number (We) is the ratio of inertia force and surface tension force.

We = Inertia force
Surface tension

= v2aρ
σ

(9.2)

Fromm number (Z) is the ratio of Reynolds number and the square root of the
Weber number.

Z = Reynolds number√
Weber number

=
√
lρσ

η
(9.3)

where ρ, l, V, η, and σ are density, characteristic length (nozzle diameter), velocity,
dynamic viscosity, and surface tension of the printing fluid, respectively.

The areal capacitance (C) is calculated from the GCD curves using the following
equation:

C = Ic�t
A�V

(9.4)

Here, Ic is the constant current,�t is the total discharge time, A is the total surface
area of the device and �V is the operational voltage range.
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9.4 Results and Discussion

9.4.1 Material Characterization

The crystallographic structures of the preparedmaterialswere characterized byXRD.
The XRD patterns of the rGO and rGO–MnO2 nanocomposite are displayed in
Fig. 9.1a. All the peaks of the rGO–MnO2 nanocomposite corresponding to the
(001), (002), (−111), (020), and (−220) are related to the birnessite-type MnO2

structure. For the rGO sample, the peaks at 22.6° and 42° confirm the formation
of graphene oxide. The surface morphology and the microstructure of the prepared
materials were examined by SEM and TEM. Figure 9.1b, c shows the SEM images
of the rGO and GO–MnO2, respectively. These images clearly show the formation
of rGO sheets and the presence of MnO2 on the rGO layers. Also, the TEM image of
the GO–MnO2 nanocomposite as shown in Fig. 9.1d further confirms the formation
of MnO2 structures on the rGO sheets.

Fig. 9.1 a XRD patterns of rGO, rGO–MnO2 nanocomposite, b SEM image of the rGO, c SEM
image of the rGO–MnO2 nanocomposite, and d TEM image of the rGO–MnO2 nanocomposite
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Table 9.1 Physical properties of the inks

S. No. Ink
composition

Density
(kg/m3)

Surface
tension
(mN/m)

Viscosity
(mPa-s)

Fromm
number
(Z)

1. GO (in water
+ EG +
ethanol)

1085 52 5.6 6

2. GO–MnO2 (in
water + EG +
ethanol)

1150 56 5.8 6.12

9.4.2 Micro-Manufacturing of the Thin Film Electrodes

The electrodes for the supercapacitors were fabricated using an inkjet printing tech-
nique. The prepared rGO and rGO–MnO2 nanocomposites were converted to water-
based inks and used as a conducting layer and electrode layers, respectively. A filter
paper was used as a printing substrate and a desktop printer EPSON L130 was used
for printing. The printing quality of the drop-on-demand printers depends on the
physical properties of the injected inks. The inks should have a specific range of the
surface tension, viscosity, and the solution density which are jointly governed by the
Fromm number. We have prepared rGO and rGO–MnO2 nanocomposite inks in a
water–ethylene glycol–ethanol mixture (8:1.5:1). The rheological properties of these
inks and the calculated Fromm number from Eq. 9.3 are displayed in Table 9.1 (at a
fixed nozzle diameter of ~20 μm). The Fromm numbers for both the inks are within
the required range of the inkjet printing; therefore these inks are directly used for
inkjet printing. Also, these inks are filtered with a 450 nm syringe filter to remove
the large size particles to prevent the nozzle from clogging.

The interdigital electrode patterns were first printed on the filter paper using rGO
ink. The width of the printed electrode patterns is 150 μm (as shown in Fig. 9.2a)
and the thickness of the electrode layer was ~8μm (as shown in Fig. 9.2b). The sheet
resistance drastically reduced with increase in the number of printing layers. The 50
layers of the ink converted the patterns to a highly conductingmatrix. The electrode’s
ink was further printed over the rGO pattern to fabricate the anode and the cathode
for the symmetric supercapacitor. The PVA 4MKOH gel electrolyte was coated over
the printed electrodes to complete a solid-state and flexible GO–MnO2//GO–MnO2

symmetric micro-supercapacitor device.

9.4.3 Electrochemical Analysis

The prepared solid-state micro-supercapacitor device was tested in a two-electrode
configuration. The CV and GCD analyses were conducted to check its electrochem-
ical performance. Figure 9.3a shows the CV curves of the GO–MnO2//GO–MnO2
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Fig. 9.2 a Optical micrograph of the printed electrode patterns on the filter paper, and b cross-
sectional SEM image of the printed electrodes showing conducting and electrode layers thickness

Fig. 9.3 a CV curves of the device at different scan rates, b GCD curves of the device at various
current densities, c change in the areal capacitance of the device at various current densities, and
d capacity retention with charge–discharge cycles



112 P. Sundriyal et al.

symmetric micro-supercapacitor device at different scan rates. The rectangular shape
of the curves exhibits the ideal supercapacitor performance of the device.

The GCD curves, as shown in Fig. 9.3b, are triangular shaped with negligible
resistive drops, which again indicates good electrochemical performance of the
device. According to Eq. 9.4, the device displays the maximum areal capacitance
of 390 mF/cm2 at 1 mA/cm2 current density within a voltage window of 1 V (as
shown in Fig. 9.3c). Additionally, the device shows a rate capability of 93.58%when
the current density increased from 1 to 10 mA/cm2. The cyclic stability is an essen-
tial requirement of an energy storage system. The developed device was examined
for the cyclic stability by performing the GCD measurements up to 1000 charge–
discharge cycles. Figure 9.3d shows capacitance retention versus cycle numbers at
10 mA/cm2 current density. The micro-supercapacitor device displays excellent sta-
bility with 96% capacity retention after 1000 cycles. The outstanding cycle stability
of the device validates its feasibility for practical applications.

Also, the mechanical flexibility of the micro-supercapacitor device was further
tested to evaluate its feasibility for flexible electronics. Therefore, the electrochemi-
cal performance of the developed devicewas investigated at a scan rate of 50mA/cm2

under different mechanical deformation conditions, such as folding, rolling, bend-
ing, and cutting (as shown in Fig. 9.4). All the CV curves were almost similar in
shape with negligible deviation from the flat position. The device shows capacitance
retentions as 98.6, 98.9, and 99.2% under folding, rolling, and cutting conditions,
respectively. These remarkably high capacitance retention values show the excellent
performance of the device in the flexible conditions. The device also shows energy
storage capability in the cutting condition which indicates its energy storage capa-
bility even when the device suffers from any accidental tearing during its service
life.

Fig. 9.4 Variation in the CV
profiles of the
micro-supercapacitor device
in various test conditions:
a Flat position, b folded
condition, c rolled condition,
d bending condition, and
d cutting condition
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9.5 Conclusions

In summary, inkjet printing is an effective tool for the micro-fabrication of thin
film devices. The developed conducting patterns using the rGO inks were highly
conducting, and the fabricated asymmetric micro-supercapacitor device also shows
excellent performance even at the flexed conditions. Therefore, the combination
of the micro-manufacturing techniques with the thin film electronics devices could
effectively improve the performance of flexible electronics.
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Chapter 10
Multiresponse Optimization
of Electrochemical Micro-machining
Process Parameters of Micro-dimple
Using TOPSIS Approach

B. Mouliprasanth , N. Lakshmanan and P. Hariharan

Abstract Electrochemical micro-machining (ECMM) is generally used to effec-
tively machine hard materials in mass production that are challenging to machine
using the traditional approach. This process can pierce intricate contours, small or
odd-shaped angles, or hollow craters in metals. Themachining is restricted to electri-
cally conductive materials. In this paper, techniques for producing micro-dimple are
discussed. Producing a micro-hole is simple while a pit formation or micro-dimple
formation needs a lot of study with respect to machining parameters. Optimiza-
tion techniques are carried out so that form errors in creating micro-dimples are
eradicated. Several researchers have studied the process and tried to improve vari-
ous process parameters and factors affecting it. The paper focuses on producing a
micro-dimple of 0.5 mm by varying the input parameters, namely voltage, feed rate,
and duty ratio to get exceptional output response in MRR and Sa. The methods for
handling ECMM and its parameters optimization using TOPSIS are shown in this
paper.

Keywords SS304 · Micro-dimple · TOPSIS · Inter-electrode gap (IEG) · Material
removal rate (MRR) · Surface roughness (Sa)

10.1 Introduction

In the existing advanced manufacturing platform, electrochemical micro-machining
(ECMM) belonging to the electrochemical category is based upon Faraday’s laws
of electrolysis, which by theory states that the quantity of a material removed is
proportional to the amount of electrical charges transferred to that of the electrode.
Electrochemical micro-machining is a material removal or etching process through
localized corrosion. The workpiece and tool are retained with a certain micron-
level gap (IEG). Material is removed by corrosion action from the workpiece so
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that in the anode, oxidation reactions take place by virtue of the workpiece to be
etched is connected to the anode and the corresponding micro-tool is connected to
the cathode; as a result, it forms an electrolytic cell together with water-based salt
solutions. Inclusively, it is a concept of a controlled anodic dissolution at atomic
level with the flow of current passed through electrolyte by a negative-shaped tool at
a comparatively low potential difference. ECMM is different from electroplating or
deposition process as the polarity and basic concept changes. Minghuan Wang et al.
discussed that the applied voltage is the major factor that influences the diameters
of the dimples, while the depth is affected by the feeding speed [1]. S. Mahata
et al. developed micro-dimple arrays that play a significant role in performance and
reliability enhancement of mechanical systems and also stated that the presence of
micro-dimples on the workpiece surfaces has created a positive impact on the friction
control and wear resistance of sliding surfaces [2].

Zhibao Hou et al. used polydimethylsiloxane mask to fabricate micro-dimples of
depth 19µm, width 95µmwith the diameter 40 mm, and obtained large-area micro-
dimple arrays with high machining accuracy by feasible standard deviations of the
micro-dimple width and depth of about 0.84 and 0.23µm [3]. G. Q. Wang et al. used
the appropriate mask (through-mask EMM technique) and simulated micro-dimples
in a series of experiments in which the aspect ratio is found for fabricating semicircu-
lar micro-grooves [4]. QuNingsong et al. generatedmicro-dimples for a fixed dimple
depth, and showed with passivating sodium nitrate electrolyte combined with lower
current density and higher machining time, smaller dimple diameter can be obtained
[5]. Sebastian Skoczypiec discussed the special attention paid toward the results of
the application of voltage pulses and integration with other technologies that micro-
features are created by ECMM, ECDM, hybrid micro-machining, and laser micro-
machining [6]. Divyansh Singh Patel et al. created micro-pillars, micro-channels,
micro-dimples and electrochemical texturing in stainless steel and briefly compared
laser surface texturing (LSTex) and electrochemical surface texturing (ECSTex) [7].
Ningsong Qu et al. used PDMS technique and conducted experiments to validate
the feasibility of producing micro-dimples, so that an array of micro-dimples with
109 µm in diameter and 9.7 µm deep are fabricated and its effect of applied voltage
and machining time on the diameter and depth of the micro-dimple is studied [8].

Low potential difference is retained in IEG, so the present ions in the electrolytes
travel toward the contradictory electrodes. With the potential difference, the positive
ions diverge themselves to their opposite electrode cathode and similarly, negatively
ions diverge themselves to their opposite electrode anode; by virtue ionsmigrate, thus
flow of current is triggered with respect to the electrolyte. The anticipated quantity
of metal is removed because of ion migration, which indirectly leads the workpiece
in localized corrosion while keeping the tool safe from damage as hydrogen bubbles
evolve due to electrochemical reactions in the intentional micro-gap present between
the electrodes. A constant supply of electrolyte is established by pushing it at high
pressure with an external setup in the interest to remove adulterated electrolyte with
the metal oxides. The tool electrode approaches the workpiece for the machining in
the presence of electrolytic medium, so the temperature generated is very low, and
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no heat-affected zone is formed; therefore no possibility of metallurgical changes in
the workpiece.

If the IEG is small, the tool feed will result in local contact between the anode
and the cathode that leads to short circuit, or if the IEG is large, it will result in
improper machining. In both the cases, the machine attains unanticipated stoppage
of the machining process. Sadagopan et al. carried out experiments and analyzed
using ANOVA for an L9 orthogonal array in EDM [9]. Machining zone consists of
suspended precipitates and oxides due to the removal of ions. In spite of the removal
of ions in the machining zone, electrolyte reaches its lower pH, which ultimately
leads to the accumulation of debris. In order to completely eradicate the short-circuit
problem, an electrolyte pumping system fitted with filter is used to exchange the
electrolyte as it diffuses the machined products apart. Yuvaraj et al. carried their
experiments in AWJM using the technique for order preference by similarity ideal
solution (TOPSIS) approach for finding the optimal parameter settings [10]. The
IEG plays a vital role in machining of SS304 in case of both MRR and Sa. The IEG
potential is the reason to produce the micro-dimple.

10.2 Experimental System and Experimental Methods

10.2.1 Experimental Setup

The workpiece stainless steel 304 alloy is cut according to the dimensions of the
fixture. Then the tool was inserted into the tool holder using appropriate means. The
composite electrolyte mixture was poured into the electrolytic tank. Then, the work-
piece along with the fixture is lowered into the electrolyte bath with the workpiece
polarity as anode and copper tool polarity as cathode. The experiments are carried
out by varying the supply voltage, duty ratio, and feed rate and with some of the fixed
machine input parameters using a pulsed power supply. The setup of the machine
is shown in Fig. 10.1. The setup is kept stationary and the tool is fed linearly. The
electrolyte flushing is ensured between the electrodes.

10.2.2 Process Parameters

The various process parameters in electrochemical micro-machining are electrolyte
concentration, voltage, feed rate, duty ratio, inter-electrode gap, and electrolyte flow
rate, which influence the main machining conditions, such as metal removal rate,
surface finish, profile accuracy, and so on. The selection of proper process param-
eters for electrochemical micro-machining process is crucial to have the efficient
and exceptional output response. Predetermining optimal machining parameters for
better machining and improving the output quality is a complex process because of
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Fig. 10.1 Developed
ECMM machine setup

Table 10. 1 Levels considered for design of experiments

S. no Factors Levels

Unit 1 2 3

1 Voltage V 16 17 18

2 Duty ratio % 60 70 80

3 Feed rate mm/min 0.5 0.6 0.7

the intricacy of the electrochemical micro-machine and its process. Multiobjective
optimization of voltage, feed rate, duty ratio and IEG was done for improving MRR
and Sa.

The input parameters are fixed to a constant value based on themachine conditions
and the trial experiments are performed. Experiments are conducted based upon
Taguchi’s DOE, considering the levels shown in Table 10.1.

10.2.3 Selection of Electrolyte and Electrolyte Concentration

The selection of electrolytes primarily relies onmicro-machining principle andmate-
rial properties of chosen anode to achieve performance criteria, such as machining
rate, accuracy, and surface integrity. The machining performance and desired qual-
ity can be achieved by the electrolyte as it is the reason that machining happens
because it tends to close the electric circuit by the flow of ions. By providing the
flow of electrolyte between the electrodes, anodic films are formed on workpiece
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Decision Model of ECMM cutting process parameter selection

Fig. 10.2 Decision model

surface, which are the foremost barrier for the anodic dissolution. Intermittently,
uncontrolled machining may take place due to change in electrolyte conductivity
because of the improper flushing of sludge, increased pH and development of gas
bubbles, which increases the possibilities of short circuit in-between the narrow IEG.
The tool diameter is of 500 µm and the tool tip is well polished. The chosen elec-
trolytic concentration for machining of SS304 alloy of 0.4 mm thickness is about
15 g/L. The electrolytic concentration is kept constant. The electrolyte chosen for
machining is composite electrolyte of the combined mixture of polyethylene glycol
and sodium nitrate. Under such conditions, a micro-dimple which is approximately
reciprocal to that of the cathode tip will be replicated on the anode (Fig. 10.2).

10.2.4 Experimental Results

See Table 10.2.

Table 10.2 Experimental results for multiresponse L9 array

Expt. no. Voltage (V) Feed rate (mm/min) Duty ratio MRR (mg/min) Sa(µm)

1 16 0.5 0.6 0.0163 0.382

2 16 0.6 0.7 0.0415 1.293

3 16 0.7 0.8 0.0862 3.07

4 17 0.5 0.7 0.0440 0.465

5 17 0.6 0.8 0.0512 0.754

6 17 0.7 0.6 0.0708 0.561

7 18 0.5 0.8 0.0432 1.735

8 18 0.6 0.6 0.0599 0.766

9 18 0.7 0.7 0.0748 0.612
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10.3 Multiresponse Optimization

10.3.1 Optimization Steps Using TOPSIS Approach

The technique for order preference by similarity ideal solution method is selected
among the optimization practices. In this paper, Simos’ procedure is used to provide
the subjective input weights of the considered output responses and equal weightage
is provided for both output responses, along with that the computational steps of this
technique are carried out. The weighting criteria are calculated as follows:

Definite set of criteria = [MRR and Sa]

The design set of criteria is ranked from least to most important by the decision
maker based on their importance from output responses MRR and Sa. The TOPSIS
optimization is calculated by means of the successive stages.

Stage 1.
Normalized values are taken by eliminating the units of all criteria, and selecting
the alternatives. Table 10.3 also represents the normalized performance matrix (rij)
attained by the following formula:

ri j = Xi j√∑m
i=1 X

2
i j

i = 1, 2, . . . 9; j = 1, 2, 3

such that

i is the number of experimental alternatives,
j is the number of output responses,

Table 10.3 Design of experiment and normalized values of output response parameters

Expt. no. A B C Normalized matrix values (rij)

MRR Sa

1 16 0.5 0.6 0.09405655 0.0945779

2 16 0.6 0.7 0.23946913 0.3201287

3 16 0.7 0.8 0.49740335 0.7600891

4 17 0.5 0.7 0.25389498 0.1151275

5 17 0.6 0.8 0.29544143 0.1866799

6 17 0.7 0.6 0.4085401 0.1388958

7 18 0.5 0.8 0.24927871 0.4295618

8 18 0.6 0.6 0.34564339 0.1896509

9 18 0.7 0.7 0.43162147 0.1515227
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Table 10.4 Computational steps of SIMOS weighting procedure

Subset criteria Number of criteria Number of position Non-normalized
weighted matrix

Total

MRR 1 1 ½ * 100 = 50 50

Sa 1 1 ½ * 100 = 50 50

Total 2 2 100

xij is the normalized value of ith experimental run associated with jth output
response.

Stage 2.
The weighted normalized matrix (wij) is calculated in this stage as the product of the
normalized value and the weighted values, which is given by the following equation:

ϑi j = w j ∗ ri j : i = 1, 2, . . . 9; j = 1, 2, 3

For giving weightage to the response, parameters from least to most important
by Simos’ procedure are calculated and displayed in Table 10.4. Equal weightage is
provided to both MRR and Sa.

Stage 3.
An ideal alternative to the best alternative performance (S+) and the worst alternative
performance (S−) for every output response is identified.

If the jth criteria have a better performance.

S+ = {[
max

(
Si j

)| j ∈ J
]
or

[
min

(
Si j

)∣∣ j ∈ J ′ ], i = 1, 2, . . . 9
}

where

S+ denotes a positive ideal solution
S+ = [0.332765].

Correspondingly, the S− values were determined if the jth criteria are worst per-
formances.

S− = [0.182543].

whereas S− denotes a negative ideal solution.

Stage 4.
The significance of every criterion has beenmeasured in this step: (D+

ij) fromS+ values
as the best distance, and (D−) from S− values as the worst alternative distance. The
values of D+

ij and D−
ij are calculated by means of below equation. Table 10.5 shows

the performance of every alternative under the best and worst conditions.

D+
i =

√√√√ 9∑
i=1

(
ϑi j − S+

j

)2
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Table 10.5 Closeness coefficient values and ranking of alternatives

Expt. no. D+
i D−

i Ci Rank

1 0.040671 0.110697 0.622608 6

2 0.029352 0.053659 0.574843 7

3 0.110732 0.040675 0.377366 9

4 0.014929 0.110354 0.731093 5

5 0.012318 0.092315 0.732444 4

6 0.002465 0.12117 0.875164 2

7 0.043448 0.033322 0.466882 8

8 0.008018 0.097151 0.776829 3

9 0.001893 0.121051 0.888851 1

D−
i =

√√√√ 9∑
i=1

(
ϑi j − S−

j

)2

where i = 1, 2, 3, …, 9.

Stage 5.
The closeness coefficient (Ci) values are calculated in this step for every alternative,
by means of following equation:

Ci = D−
i

D−
i + D+

i

i = 1, 2, . . . , 9; 0 ≤ Ci ≤ 1

The preference rank is arranged according to the best alternative by the Ci value,
that is, very nearest to the ideal solution (Table 10.6).

To find the optimal level of the machining parameters, TOPSIS method is car-
ried out and the average closeness coefficient is found; then using that, the optimal
parameters setting is found. Experiment 9 showed rank no. 1, so the same setting
of optimized process parameters is found in the mean response table. Hence no
confirmation test is required for this study (Table 10.7).

With the help of optimal level of ECMM machining parameters, the expected
response value (Gpredicted) can be calculated by means of following equation:

Table 10.6 Mean response table for closeness coefficient

Symbols Process parameters Average closeness coefficient Max.–Min.

Level 1 Level 2 Level 3

V Voltage 0.524939 0.779567 0.710854 0.254628

D Duty ratio 0.606861 0.694705 0.713794 0.106933

F Feed rate 0.7582 0.731596 0.525564 0.232636
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Table 10.7 Results of ANOVA for multiresponse parameters

Source DOF SS MS F P value

Voltage 2 1.4702 0.7351 1.27 0.440

Duty ratio 2 0.5397 0.2698 0.47 0.682

Feed rate 2 2.8255 1.4127 2.44 0.291

Error 6 1.1571 0.5786

Total 5.9924

ϒpredicted = ϒm +
n∑
j=1

(γo − γm)

10.4 Results and Discussion

10.4.1 Fabrication of micro-dimple

Video measuring system (VMS) image of machined SS304 alloy with the optimized
feed rate, voltage, and duty ratio is shown in Fig. 10.3 (1–9). From Fig. 10.3 (1–9),
it has been observed that voltage of 16 V with reciprocating feed (0.5 mm/min) as
well as duty ratio (0.6) aids to develop circular micro-dimple on SS304 alloy. The
same parameters except for duty ratio (0.7) maintain high current density, which

Fig. 10.3 (1–9) VMS image of micro-dimple array
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tends to higher material removal with less time taken on machining zone. Using the
same parameters namely voltage, feed rate, with a higher duty ratio makes difficult
to maintain the IEG. So either increase or decrease of the duty ratio with respect to
feed rate as well as voltage is needed.

10.4.2 Effect of Applied Voltage on Micro-Dimple

The shape and surface finish of generated circular micro-dimples can be controlled
using dominant factor voltage. The supplied voltage effect on MRR, overcut, and
taper during micro-finishing can be controlled by using a proper power supply.
When voltage increases, the potential difference between the cathode and the anode
increases the electrolyte ionization, so it tends the MRR to increase as dissolution
increases. The overcut and taper is also a major concern to be taken care of in produc-
ing such complicated circular micro-dimples since they both directly increase with
an increase in supply voltage. With higher voltage, the micro-gap between the tool
andworkpiece gets heated and the joule heat is generatedwhich is notmaximum. The
composite electrolyte makes varying local conductivity with a non-uniform current
density, so it tends to create non-uniform dissolution of metal. This is because the
electric field intensity between the tool and electrode is in the tip tool, so sidewall
is larger in some experiments. The electric field intensity at the tip of the tool is
more when compared to other tool area, leading to poor dimensional uniformity of
the micro-dimple. Because of the usage of composite electrolyte, the electric field
intensity is low, so the current density at the edge is low leading to the creation of
less machining products.

10.4.3 Effect of Duty Ratio on Micro-Dimple

The shape and surface finish of the produced circular micro-dimples can also be
controlled with the input factor duty ratio. With the increase in duty ratio without
pulse-off time, the MRR gradually increases, and with some intervals of pulse-off
time, the geometrical aspects and surface finish can be controlled. With the increase
in duty ratio, undercut increases gradually up to a certain value and then decreases.
The diameters of themicro-dimple should not be increased in order the pulse-on time
is supplied to reproduce it. During pulse power, the sludge formed due to dissolution
adhered in the IEG is obviously pulled off by the composite electrolyte since the
viscosity is also very high during the pulse-off time, so for the next cycle fresh
electrolyte comes into contact in themachining gap.As the duty ratio changes from60
to 70%, depth of the micro-dimples gradually decreases. A localized removal should
not happen in this case of producing circular micro-dimple because it tends to form a
circular hole, so the power pulse should be given with a certain amount of pulse-off
time to control the depth of the dimple. When duty ratio increases up to 80%, the
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pulse-off time accordingly decreases, causing complication in electrolyte exchange
mechanism. This leads to a reduction in duty ratio and the depth of the formedmicro-
dimples. The applied pulse-on time with certain pulse-off time hinders electrolyte
refreshment, so the dimple diameter gets decreased and the depth is controlled. So,
material removal happens during pulse-on time, and the controlled etching with
better surface finish is obtained that increases the efficiency. Thus, for machining
micro-dimple, appropriate pulse-on time and pulse-off time must be selected for the
effect of localization, surface finish, taper angle, and material removal rate.

10.4.4 Effect of Feed Rate on Micro-dimple

The shape and size of micro-dimple can be controlled using the input factor feed rate.
Increasing the feed rate causes tool andworkpiece to interact easily. So, as themachin-
ing time decreases, only less material on the sidewalls gets eroded, which ultimately
decreases the diameter of the circular dimple followed by the taper. Micro-dimple
with better surface finish, minimum taperness, and better accuracy can be fabricated
at high feed rate as the interaction of both positive and negative ions is faster. Higher
feed rate, specifically above 0.9 mm/min, causes frequent contact between the tool
and workpiece that leads to short circuit and made the machining process unstable.
ECMM can produce better experimental results with the recommended optimal feed
rate in the range of 0.3–0.7 mm/min. The circular dimple depth is kept constant so
that the contact between tool and workpiece should be completely avoided. It could
be observed that when the feed rate increases the circular dimple formed is more
precise than that of the lower feed rate.

10.4.5 Surface Roughness Profile of Micro-Dimple

Average surface roughness (Sa) is measured by means of non-contact Talysurf
CCI3000A, as shown in Fig. 10.4(1–9). The 3D surface roughness of the micro-
dimple is taken. It has been observed from the figures that at a lower voltage, less
feed rate and lower duty ratio helps to enhance the surface quality for developing
micro-dimple area. At higher voltage, current density increases which tend to higher
MRR so that the depth of themicro-dimple cannot be controlled. HigherMRRoccurs
due to rough machining which affects the surface quality of produced micro-dimple
area.
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Fig. 10.4 (1–9) 3D-surface roughness of micro-dimple on SS304

10.5 Conclusions

In this work, TOPSIS optimizationmethodwith L9 orthogonal array is carried out, to
optimize the process parameter for creating micro-dimples in ECMM and finishing
of the SS304 alloy.

The combination of the ECMMfinishing parameters and their levels are identified
for achieving higher material remove rate (MRR) and lower surface roughness (Sa).
It is found that experiment number 9 conceded the maximum closeness coefficient
value for themultiresponse optimization of ECMMmachining parameter, as follows:
Voltage (V) at 18 V, feed rate (FR) at 0.7 mm/min, and duty ratio (DR) at 70%.

The optimum levels of the input process parameter combinations were identified
by the response of the closeness coefficient values. The optimum parameter level
combinations such as voltage (V) at 18 V, feed rate (FR) at 0.7 mm/min, and duty
ratio (DR) at 70%were obtained for the ECMMfinishing process. ANOVA is carried
out for the analysis using the Minitab software to find and experimentally study the
significant parameter for the multiperformance characteristics of ECMM. From the
ANOVA analysis, the P value is established to be the most significant factor in
the multiperformance characteristics. It is noticed that the proposed combination of
TOPSIS and ANOVA is more effective, for creating micro-dimples and for solving
Multiresponse problems in ECMM.
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Chapter 11
Investigations into Micro-Hole Drilling
on SS-304 by Sequential Electro-Micro
Machining

R. M. Tayade, B. Doloi, B. R. Sarkar and B. Bhattacharyya

Abstract This paper focuses on the improvement of performances in sequential
electro-micro-machining (SEMM) which consists of micro-EDM and micro-ECM
processes during drillingmicro-holes onSS-304 stainless steel sheet. In thefirst phase
of experimentation, through micro-holes drilling on SS-304 material was done by
applyingmicro-EDMprocess. As EDMbeing a thermal process, shaping of an object
takes place rapidly due to high intensity spark discharges, but these spark discharges
also create heat-affected zone consisting of recast layer, craters, cracks, and so on.
These defects are then ameliorated by micro-ECM process performed sequentially
after micro-EDM. This paper investigates the effects of machining time on the post
electro-dischargemachined holes for the various machining responses, such as radial
overcut, circularity and hole taper. The experiments revealed that with the increase
in machining time, there is an improvement in hole circularity as well as hole taper
angle, but undesirable radial overcut also escalates with the passage of time.

Keywords SEMM ·Micro-EDM · SS-304 · Radial overcut · Hole circularity ·
Hole taper angle

11.1 Introduction

Micro-machining in non-conventional domain is gaining importance due to the
relentless demand of micro-parts which are made of highly sophisticated materials.
Micro-parts are manufactured by applying different micro-machining techniques.
These micro-parts are then assembled to form micro-structures which can be used
to manufacture miniature instruments required extensively in the various fields of
applications. Generally non-traditional micro-machining techniques are preferred to
fabricate micro-features on the micro-parts; these micro-machining techniques offer
several advantages, such as machining of conducting, non-conducting and semicon-
ducting materials, irrespective of their stiff mechanical properties, like hardness or
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toughness, maintenance of close dimensional tolerances, high material removal rate,
excellent surface finish, and so on. Each and every non-traditional micro-machining
process has its own advantages and disadvantages. The processes such as laser beam
machining (LBM), electro-discharge machining (EDM) and electron beam machin-
ing (EBM) have high rate of material removal but being a thermal process, heat gen-
erated during machining imparts some inherent flaws such as resolidified material,
burrs, cracks, white layers and residual stresses in heat-affected zone (HAZ). ECM
imparts excellent surface finish with high material removal rate but non-conducting
materials cannot bemachined by this process and uncontrolled stray corrosion affects
machining accuracy. Controlling input parameters during machining may provide
relief to some extent but in lieu of this some flaws still exists due to the inherent
characteristic of the process.

In sequential machining technique, two or more than two micro-machining pro-
cesses are applied in sequence on single or different machine tools. The prime
motto behind sequencing is to extract the advantages and to minimize the disadvan-
tages present in individual machining process. The technology implemented here
for micro-hole drilling is specifically termed as “sequential electro-micro machin-
ing” (SEMM). SEMM is a new terminology applied specifically for electro-micro-
machining processes which involve the non-conventional micro-machining pro-
cesses, such as micro-EDM, micro-ECM, micro-ECDM, and so on. In SEMM, the
tool–workpiece interaction takes place through the media of conducting fluids such
as electrolytes, non-conducting fluid-like dielectric and other semiconducting fluids
also. Thus, SEMM appears as the most appealing technology to fulfill the ever-
progressing demand of miniaturized components.

In this paper the experiments are carried out on difficult-to-cut SS-304 grade
stainless steel material, as it is one of the most versatile and widely used of all
stainless steels. Its chemical composition, mechanical properties, weldability and
resistance to corrosion provide the best all-round performance at relatively low cost.
It also has excellent low temperature properties and it responds well to hardening by
cold working. It can be successfully used from cryogenic temperatures to the red-
hot temperatures of jet engines and furnaces. It readily breaks or rolled into variety
of components for applications in industrial, architectural and transportation fields.
Grade 304 with higher carbon content finds application at elevated temperature.
SS-304 is specifically chosen for machining by considering its above-mentioned
genuine properties, advantages and applications in various fields. As it is noted that
very few sequential machining combinations are developed so far, there is a need of
assimilation of different machining processes. The research work carried out in this
area is less; hence the research material available in this particular domain is scanty.
Nonetheless, some researchers have extended their research in order to exploit the
potential involved in this particular machining technique.

Sebastian andRuszaj [1] designed and developed a uniquemachine tool to investi-
gate the effects of application of electrochemical and electro-dischargemicro-milling
in sequence for manufacturing 3-D sculptured surfaces. The application of electro-
chemical/electro-discharge (EC/ED) micro-sinking operation in sequence has been
performed. Almost double decrease in machining time required for milling a cavity
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in comparison to electro-discharge micro-machining was observed. Zeng et al. [2]
investigated the combination of micro-EDM and micro-ECM in sequential manner
for milling 3-D micro-structures on the same machine tool with the same tool elec-
trode. The methodology applied during experimentation was micro-EDM for shap-
ing the cavities and micro-ECM for finishing the micro-electro-discharge machined
surfaces. The process was accomplished successfully by controlling the process
parameters such as optimal machining voltage as 10 V, initial machining gap of
10 μm and tool feed rate of 10 μm/s during micro-ECM. This results in reduction
of micro-EDM-shaped surface roughness (Ra) from 0.707 to 0.143 μm drastically
as it eliminated the recast layer, burrs and craters completely. Implementation of
sequential micro-EDM and micro-ECMmilling processes results in improvement of
machining efficiency, surface quality and mechanical properties of the workpiece.

Fleischer et al. [3] performed sequential combination of laser micro-ablation and
micro-EDM tomanufacture wear-resistant mold inserts. Themold cavity was shaped
by applying pulsed laser beam and then finished precisely by micro-EDM process.
The micro-features to be produced were machined using high ablation power of
nanosecond pulsed laser, which cut micro-profile very rapidly. Laser is a thermal pro-
cess; it generates HAZ and highly rough surface in machined area. Post application
of micro-EDM then removed surface defects formed due to laser ablation process.
Saeed et al. [4] classified sequentialmachining processes into fivemajor categories on
the basis of purpose of operations, such as (i) micro-tool-making-oriented processes,
(ii) enhancement of material removal rate, (iii) machining surface quality improve-
ment processes, (iv) energy efficiency, and (v) microstructure improvement-oriented
processes. Xiaolong et al. [5] applied EDM–ECM combined processes for drilling
micro-hole on SS-304 material. Initially, the tool electrode of 500 μm, diameter
reduced to 100 μm, by using block electrical discharge grinding (BEDG) process,
and then through hole drilled by applying micro-EDM process. The various surface
defects were observed on the hole surface due to thermal effects of EDM process.
These defects were eliminated by applying ECM finishing operation. Ghoshal et al.
[6] generated micro-channels in SS-304 stainless steel by using different concentra-
tion of sulfuric acid (H2SO4) solution. It was observed that with least concentrated
H2SO4 (0.1M) solution, width overcut of channel was greater than the width overcut
obtained by using 0.2 and 0.3Mof sulfuric acid. Themicro-ECM sinking andmilling
was applied for generation of different types of taper less through micro-channels
on SS-304. The least overcut with reduced taper on micro-channel was obtained by
using 0.2 M of H2SO4 solution. Das et al. [7] studied the surface integrity of micro-
holes drilled on SS-304 stainless steel plate by micro-EDM and made a comparative
analysis of material removal with and without providing ultrasonic vibrations to the
workpiece. The variation in the thickness of recast layer, micro-hardness and other
metallurgical transformations including HAZ were analyzed. The thickness of the
recast layer which was in the range of 9–23 μm earlier reduces to 6–20 μm after
providing ultrasonic vibrations. Thus, it was concluded that the application of vibra-
tions to the workpiece enhances the surface characteristics of hole. Widodoa et al.
[8] studied the effect of three cutting parameters such as spindle speed, feed rate,
depth of cut on hole roundness while drilling holes on AISI 304 austenitic stainless
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steel. Thus better hole roundness is possible with low spindle speed and low feed
rate.

The two micro-machining processes such as micro-EDM for cutting and micro-
ECM for finishing the electro-discharge machined holes were applied in a sequential
manner. In order to find suitable sequential machining combination, the experiments
were performed to find the effects of machining time on radial overcut, circularity
and hole taper.

11.2 Experimental Details

Tocarry out the experiments and to predict suitablemachining conditions, compatible
system setup was developed indigenously. The developed micro-ECM setup was a
combination of threemajor functioning units, such as a power supply unit, electrolyte
circulation unit and machining unit. The ratings of available power supply line are
three-phase 440 V alternating current (AC) with 50 Hz frequency. Although both the
power supply units are connected to the same source line, but their individual power
supply ratings are different. The micro-EDM power supply unit is connected to the
mains through voltage stabilizer and the holes are drilled at machining voltage of
50 V, peak current 2 A and Ton time 7.50 μs. The micro-ECM process adopted for
subsequent operation demands low-voltage DC (full-wave rectified) or pulsed DC
power supply.

The voltage and current ratings of micro-ECM pulsed DC power supply are: 50 V
and 5 A, respectively. The reduction of input voltage and conversion of it from AC
to DC was accomplished by step down transformer and silicon diode-controlled rec-
tifier, respectively, by connecting them one after the other in the circuit. Similarly, to
measure current, applied voltage in the system and to generate desired type of pulses,
voltmeter, ammeter and pulse generator units are connected at the required places.
Japan-made digital storage oscilloscope (DL 1520 Yokogawa) is used to observe the
pulses formed and to monitor the machining conditions. The machining unit com-
prises different subunits such as workpiece mounting unit, tool electrode holding
and feeding arrangement, online monitoring microscope, desktop computer, and so
on. The X–Y–Z translation stage (Mettler Toledo, Switzerland) having resolution of
0.1 μm, with position controlling unit is operated by software named APT (auto-
mated programmed tool), which plays a significant role during machining. The stage
is equipped with micro-processor control unit to execute controlled movements of
all the three stages in co-ordination with one another to feed the tool electrode and
stepper controlling unit which in actual providesmechanical movements to the stages
through the stepper motors attached at the end of each stage. The maximum travel
distance of the stages in X, Y and Z direction is limited to 100 mm.

The workpiece mounting unit remains submerged in corrosive electrolytes; there-
fore it is made up of acrylic glass. The workpiece locating platform was made pre-
cisely in such a way that after unloading the workpiece from EDM setup, it was
possible to place it exactly at the same location in ECM setup. The tool holding
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attachment provided on the front face of the Z axis of the stage has a provision of
fixing the tool electrode perpendicular to the workpiece surface. The online moni-
toring microscope facilitates the checking of quality and progress of tool electrode,
density of bubble formation, occurrence of sporadic sparks if any. Measurement of
machined features on the workpiece without removing it from the workpiece holder
becomes possible. It also helps in recording actual machining operations; micro-
feature profile measurement without unloading workpiece from its position, thus
recording of actual machining process videos and photographs is achievable by such
versatile equipment. The third major unit which is essential from the point of view of
machining to occur is an electrolyte flow system. The main purpose of introducing
electrolyte circulation unit was to supply fresh electrolyte and to regulate the flow of
fluid at the tool–workpiece interface. The electrolyte completes the electrical circuit
which is essential formachining reactions to take place by forming an electrolytic cell
[9]. It also cools the machining zone and removes reaction products efficiently. This
unit consists of a main machining chamber, electrolyte tank and pump. The main
chamber is made of electric-resistant and corrosion-resistant transparent perspex
material having dimensions 220 × 200 × 110 mm. The size of the main machining
chamber is kept in such a way that it can accommodate the workpiece of maximum
size, similarly, it will hold the optimum amount of electrolyte. The electrolyte tank
which serves as a reservoir has 37 W, 0.5 HP pump in it for circulating electrolyte
through the main chamber during machining. The opening valves are set in such a
way that the flow speed of electrolyte would be less than 3 m/s. Strainer is provided
at the suction side of the pump to restrict entry of sludge/and foreign particles in the
main machining chamber.

11.3 Experimental Planning

To fulfill the aim of investigating the influences of sequential machining approach on
themicro-holes drilled in SS-304, all the experiments inmicro-ECMwere conducted
by keeping the duty ratio 90% and current amplitude 0.75 A constant. The effects of
test parameter such asmachining timewhile finishingmicro-holes in SS-304 stainless
steel plates are studied. The machining parameters considered in shaping holes in
micro-EDMare:Open circuit voltage=220V, peak current=2A,machiningvoltage
= 50 V, pulse-on time (Ton) = 7.5 μs. The machining with micro-EDM took place
in the medium of dielectric oil. The micro-features generated on the hole surface due
to micro-EDM and micro-ECM were measured by a Leica digital microscope. The
weight of tool electrode and workpiece before and after the machining is weighed by
precision weighing machine (Mettler Toledo, Switzerland). The various parameters
related to experimentation are measured by the equipments such as multimeter (TX3
Tektronix, USA), online monitoring microscope and precision stop watch (Baker,
India). First, the micro-holes were drilled by micro-EDM process by placing the
workpiece in a highly precise workpiece-holding attachment; the same attachment
can be accommodated precisely in developed micro-ECM setup to maintain the
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(1) Online monitoring microscope, (2) Central processing unit, (3) machining chamber, 
(4) X-Y-Z translation stage, (5) Stepper motor controller, (6) Voltage stabilizer, (7) Digital

storage oscilloscope, (8) Function generator, (9) Power supply unit.

Fig. 11.1 Micro-ECM setup photograph

positioning accuracy. The photographic view of the experimentation set up is shown
in Fig. 11.1. Three sets of experiments are carried out by keeping machining time
value 2, 3, 4, 5, and 6 min, respectively. All the machining operations are performed
by using electrolyte of 0.1 M of sulfuric acid (H2SO4) solution prepared in distilled
water.

11.3.1 Tool Electrode and Workpiece Specifications

TheSS-304grade stainless steel comesunder the categoryof difficult-to-cutmaterials
and machining it by classical conventional methods pose many challenges. This
application of non-conventional methods for machining SS-304 is a better option.
The workpiece specimens of size 30× 10× 0.4 mm for length, width and thickness
were prepared using a standard diamond cutter grinder machine: Struers, Secoton
15. The hardness value of the AISI 304 is 35 HRC, the chemical composition of AISI
304 includes 0.021% C, 18.75% Cr, 8.18% Ni, 1.81% Mn, 0.290 Si, 0.268% Mo,
0.018% P and 0.008% S. The tool electrode used in micro-ECM experimentation
is of 250 μm diameters and made up of tungsten carbide (WC) material having
composition 94% tungsten carbide (WC) with 4% cobalt (Co). The tool electrode
used in micro-EDM experimentation is about 200 μm diameter and made up of
electrolytic copper, which constitutes 99.8% copper.
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11.4 Results and Discussion

Themachiningwas carried out according to the planned scheme for different duration
of machining time by keeping the duty ratio constant at 90% and current amplitude
at 0.75 A. Three experiments are conducted for each time duration, and the final
value is obtained by calculating average to get the most precise reading. The effects
of the above-mentioned control parameter on machining performance characteristics
such as radial overcut, circularity and hole taper are then analyzed to find the best
sequential machining parametric combination.

The formula for calculating the taper angle (α) after completion of micro-EDM
and micro-ECM operations is as follows:

α = tan−1(Dt − Db)/2L degree. (11.1)

In formula (11.1), Dt is the diameter of hole measured on the top surface of sheet,
Db is the diameter of holemeasured on the bottom surface of the sheet and l represents
the thickness of the sheet. The hole roundness or circularity is one of the important
attribute which needs to be taken care of while machining. In conventional micro-
machining, low spindle speed and low feed rate correspond to better roundness of
hole. According to the definition of International Standard ISO 1101 [10], circularity
error is defined as the radial distance between two concentric circles separated by
minimum possible distance and containing all the measurement points on the given
profile, as shown in Fig. 11.2. The circularity of holes drilled after micro-EDM and
micro-ECM is calculated by applying formula di/do, where di represents the inner
hole diameter and do is the outer diameter encompassing all the irregularities as
shown in Fig. 11.2. TheMRRofmicro-EDMwas obtained as 11.458mm3/minwhich
results in reduced machining time by giving impetus to the machining efficiency. On
the other hand, the MRR of micro-ECM was 0.042 mm3/min., which is too less
as compared to that in EDM process, this is because the micro-ECM process was
applied for finishing operation only. The finishing of micro-hole was performed after
the completion of micro-EDM operation.

Fig. 11.2 Schematic
representation of circularity
error

1. Assessment features, 2. Circularity error, 3. Circular feature
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Table 11.1 Values of
machining performance
characteristics after micro-
EDM

Sr. No. Radial overcut
(ROC) μm

Hole circularity Hole taper
angle (°)

1 73 0.942 1.60

2 70 0.948 1.58

3 72 0.946 1.59

4 70 0.943 1.52

5 71 0.940 1.56

To find out the influence of machining time on a radial overcoat (ROC), hole taper
angle (HT) and circularity, number of operations are performed in micro-ECM. The
machining is carried out by keeping the current value constant at 0.75 A and duty
ratio fixed at 90%. In micro-ECM, along with voltage, type and concentration of
electrolyte, machining time is also an important process parameter which dictates
the rate of anodic dissolution. Thus the effect of above-mentioned control parame-
ter on machining performance characteristics is then analyzed by varying the time
duration. The micro-hole cutting operation is carried out by applying micro-EDM
process, in which the holes are shaped in few seconds. Thus EDM ensures hole
drilling operation with high machining efficiency, but when these holes observed
through a microscope, show some surface defects. The electro-discharge-machined
hole surface becomes rough due to repetitive action of spark discharges which erodes
material rapidly, but leaves a multitude of craters, layer of resolidified material,
including micro-cracks, micro-pores, etc. The piled up recast layer surrounding the
periphery of electro-discharge-machined hole with heat-affected zone is clearly vis-
ible in the actual photograph taken, as shown in Figs. 11.6a and 11.7a. The thermal
effect in the heat-affected zone (HAZ) alters the mechanical properties of material
and induces residual stresses. In order to reduce these shortcomings, the electro-
discharge-machined holes are then treated by micro-ECM for different time periods
and the effects of machining time on hole surface characteristics such as ROC, circu-
larity andHT are studied. Table 11.1 indicates the values ofmachining characteristics
obtained after drilling holes by micro-EDM process. The holes drilled by EDM pro-
cess do not show much variation in the ROC, circularity and HT values, as they
are shaped at particular standard machining conditions, whereas the difference in
above parametric values in micro-ECM takes place due to variation in machining
time. Table 11.2 indicates the values of performance characteristics after finishing the
holes in micro-ECM for different time periods. Figure 11.3 represents the effects of
machining time on ROC. A gradual increment in ROC is observed till the machining
time reaches to 4 min, whereas rapid increment in ROC is observed after 4 min. The
ROC is admissible till it levels the value of HT; exceeding ROC beyond that limit
may affect the dimensional accuracy of the hole. It is observed from Fig. 11.4 that
the circularity of the holes increases with the increase in machining time because
the inner diameter of the hole increases as the stay of tool electrode increases for a
longer period of time giving rise to the increased anodic dissolutionwhich reduces the
spacing between the inner and outer diameters encompassing the circularity errors.
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Table 11.2 Values of machining performance characteristics after micro- ECM

Sr. No. Machining time
(min.)

Radial overcut
(ROC) μm

Hole circularity Hole taper angle (°)

1 2 80 0.932 1.58

2 3 83 0.938 1.30

3 4 85 0.943 1.15

4 5 96 0.952 0.80

5 6 105 0.960 0.72

Fig. 11.3 Effect of machining time on radial overcut

Fig. 11.4 Effect of machining time on circularity
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The graphical representation of machining time corresponding to HT is shown
in Fig. 11.5. With the increased machining time the period available for anodic
dissolution ofmaterial surrounding the tool electrode ismorewhich results in reduced
hole taper with the passage of time.

Thus, by the increased machining time, there is an improvement in the values
of circularity and HT, but the increase of ROC beyond the acceptable limit may
affect the dimensional accuracy of the holes. Figures 11.6 and 11.7 show the actual
photographs of micro-holes taken with Leica microscope. In Figs. 11.6a and 11.7a,
the holes shaped by micro-EDM process are shown.

The presence of heat-affected zone and accumulated recast layer surrounding the
periphery of the elecrto-discharge machined holes as it is visible in Figs. 11.6 and

Fig. 11.5 Effect of machining time on hole taper

Fig. 11.6 a. Hole condition after EDM, b. Hole condition after 2 min of ECM
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Fig. 11.7 a. Hole condition after EDM, b. Hole condition after 6 min of ECM

11.7a makes the hole surface rough and uneven. Figure 11.6b shows the removal of
a recast layer up to a certain extent, since the machining time allotted was 2 min,
time available for anodic dissolution was not sufficient for removing a recast layer
completely. Figure 11.7b shows hole condition after 6 min of micro-ECM finishing
operationwhich results in smooth hole surface by removing a recast layer completely
at given machining conditions.

11.5 Conclusions

The sequential electro-micro-machining system has been developed indigenously to
carry out micro-ECM finishing of micro-hole followed by micro-EDM hole drilling
on SS-304 sheet. The plan of action of sequencing two diverse techniques for drilling
micro-holes on the SS-304 stainless steel sheet was executed successfully. The
machining time in micro-ECM is one of the dominant control parameters which
dictate the terms of machining. The main motive behind conducting the experiments
inmicro-ECMaftermicro-EDMprocessingwas to find the proper sequentialmachin-
ing combination. To achieve this goal, the effect of machining time on the various
machining performance characteristics such as radial overcut, circularity, and hole
taper angle was studied. After micro-EDM drilling operation on SS-304 sheet, the
lower values of radial overcut, higher value of hole circularity and lower value of hole
taper anglewere obtained as 70μm, 0.948 and 1.52°, respectively. It is revealed in the
experimental investigation that 6min ofmicro-ECMfinishing operation is performed
after micro-EDM operation. The lower value of hole taper and higher values of hole
circularity were obtained at 0.72° and 0.960, respectively. After micro-ECM lower
value of radial overcut was obtained as 80μmwhich is higher than that obtained after
micro-EDM hole drilling operation. Hence there is an improvement in hole taper and
hole circularity during sequential electro-micro-drilling on the SS-304 sheet while
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micro-ECM finishing operation has been carried out after micro-EDM operation
sequentially. From the photographic views of micro-hole by SEMM, it is concluded
that the surface quality of the periphery of micro-hole on SS-304 has been improved
by micro-ECM finishing followed by micro-EDM hole drilling. Research on this
sequential electro-micro-machining is also needed to carry out an in-depth study
for sequential combination of processes, considering the effects of applied voltage,
pulse frequency and duty ratio etc. which may lead towards further improvement of
machining performances.
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Chapter 12
Experimental Investigations to Evaluate
Machining Accuracy
of Ultrasonic-Assisted Milling
on Thin-Walled Structures

Girish Chandra Verma, Pulak Mohan Pandey and Uday Shanker Dixit

Abstract Ultrasonic vibration-assisted milling (UAM) process is one of the most
recent advancements in the area of milling. In axial UAM process, milling cutter
is rotated and simultaneously vibrated in axial direction with high frequency and
small amplitude. As observed experimentally, the superposition of axial ultrasonic
vibrations in milling operation improved the performance of the process by reducing
cutting forces and enhancing surface quality. This study intended to evaluate the
machining accuracy of thin-walled structures milled with and without the assistance
of ultrasonic vibration. Two different types of thin-walled (with straight and curved
geometry) structures were machined by UAM and conventional milling to compare
theirmachining accuracy.Accuracy ofmachined componentswas assessed following
a reverse engineering technique. Experimental results indicated that the superposition
of axial ultrasonic vibrations improved the machining accuracy of the typical milling
process of up to 33%.

Keywords Axial ultrasonic vibration-assisted milling · Thin-walled structure ·
Machining accuracy · Reverse engineering

12.1 Introduction

Accuracy in machining is one of the important requirements in the modern manufac-
turing era. The dimensional and geometric accuracy is one of the most key factors
affecting the functional performance of the product. Machining of parts having low
rigidity (thin-walled structure) with dimensional and geometric accuracy is a major
challenge for the existing manufacturing processes. Accuracy of the machined part
is highly dependent on tool paths and cutting strategies [1].
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Thin-walled structures have large aspect (height to thickness) ratio. A typical
example of thin-walled structure machining is the peripheral milling of a blade of an
impeller. The peripheral milling of such components is difficult, as varying cutting
forces periodically excite vibrations in cutter as well as the product. These process-
generated vibrations in milling process results in dimensional deviation and poor
surface finish [2]. Variation in the cutting force is the major cause of the vibrations
[3]. The vibrations become detrimental when the frequency of the cutting force
variation comes close to the natural frequency of the milling system. This results in
chattering, which has adverse effect on tool and workpiece [4].

Several advancements in the area of milling were made in the recent time to
improve the stability lobes [4]. One of the newly developed techniques is cryogenic
cooling during milling. Experimental studies [5, 6] showed that application of cryo-
genic cooling reduced the secondary shear zone length resulting in lower cutting
forces and improved tool life. Huang et al. [6] studied the effect of cryogenic cool-
ing on the stability lobes in milling of 7075-T6 aluminum alloy. Their experimental
results showed an improvement of 50–100% in stability limits.

Minimum quantity lubrication (MQL) has also been tried with milling in order to
improve the machining responses. Lee et al. [7] applied MQLmixed with nanoparti-
cles and found reduction in surface roughness and cutting forces. The experimental
results [8] confirmed that the formation of thin film in the secondary shear zone
reduced the friction, leading to a better machining performance.

Ultrasonic vibration-assisted milling (UAM) is another technique for improving
themachining performance. InUAM,milling cutter is rotated andvibrated simultane-
ously with high frequency and small amplitude [9]. However, most of the researchers
applied ultrasonic vibration to the workpiece in place of cutting tool [10–13]. The
effect of ultrasonic vibration-assisted cutting on different kind of materials like steel,
glass and brittle ceramics resulted in better surface finish, longer tool life and lower
cutting forces [9, 14, 15]. The researchers [10–12, 16] attributed these advantages to
intermittent cutting effect, which occurs during UAM for a certain range of machin-
ing parameters.

The application of ultrasonic vibrations inmilling operation results in reduced cut-
ting forces and better surface finish [17, 18]. Experimental results [18] showed that
the application of ultrasonic vibration in different direction yielded different results.
Ko et al. [18] observed that the application of ultrasonic vibration in axial, feed as
well as cross-feed directions resulted in reduced cutting forces. However, vibration
in axial and feed direction resulted in high surface finish due to ironing effect [18].
Furthermore, axial vibration was found to be more advantageous as it provided flex-
ibility to perform UAM in any direction with uniform surface finish. Shen et al. [11]
evaluated the effect of ultrasonic vibrations in feed direction by measuring cutting
forces, surface roughness and chip morphology in UAM. Their experimental results
showed that application of ultrasonic vibration caused intermittent cutting, which
allowed cutting fluid to reach the processing area resulting in improved machining
responses. Li and Wang [19] studied the effect of process parameters on tool wear
and surface roughness in UAM of SKD61 tool steel. Their experiments showed that
using axial ultrasonic vibration improved the milling process by reducing tool wear,
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surface roughness and burr height. They also demonstrated that effect of ultrasonic
vibration decreased with increase in rotational speed.

In literature, there is no study on the effect of ultrasonic vibration-assisted milling
on the accuracy of thin-walled components. This work intends to fill up this research
gap by performing ultrasonic vibration-assisted milling on a thin-walled structure
and measuring the dimensional deviation after machining. Al6063 aluminum alloy
was chosen as a work material because of its use in heat conducting fins, which are
thin-walled structures. Two types of thin-walled structures (compound curved and
straight) were machined to evaluate the ultrasonic-vibration effect. These structures
were designed using Creo-parametric softwarewhosemachiningmodule was used to
generate the part program (in terms of G andMcodes) formilling. Optimized process
parameters from the literaturewere chosen formachining the structure. Further, point
cloud data of these structures were captured using reverse engineering technique and
compared with the designed CAD (computer-aided design) model. A 3D white light
scanner (Steinbichler, Comet 5 1.4 M) was used for the reverse engineering. The
cross-sectional view of the point cloud data and CAD showed that employing axial-
ultrasonic vibration in milling process improved its machining accuracy.

12.2 Design and Fabrication of Experimental Setup
and Design of Experiments

In order to perform theUAMwith axial vibration, an experimental setupwas designed
and fabricated. The setup consisted of an ultrasonic vibration-assistedmilling assem-
bly, which can bemounted on the head of CNC (computer numerical control) milling
machine. The assembly consisted of four major components as given in Table 12.1.

Brass provided rigidity to the horn and metalon provided electric insulation. Cop-
per rings provided on the collar were for electric connection to supply power to
piezoelectric crystal. The schematic diagram and actual photo of the designed and

Table 12.1 Description of all the major components of ultrasonic vibration-assistedmilling assem-
bly [20]

Component of the assembly Material of the component Purpose

Collar Metalon Acts as an attachment between
casing and collet

Casing Brass Acts as an attachment between
collar and tool

Tool HSS Acts as a apart of the horn and
performs cutting

Horn assembly AISI 316 Generates and transmits vibration
to the tool through horn
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(a) Schematic diagram (b) Actual assembly (c) Milling tool      

Collet

Copper rings

Collar

Brass casing

Horn

Tool

Piezoelectric 
ceramic

Fig. 12.1 Ultrasonic horn and tool assembly for end milling [20, 21]

fabricated assembly to perform ultrasonic vibration-assisted milling are shown in
Fig. 12.1 [20, 21].

The experimental setup for ultrasonic vibration-assisted milling mainly consisted
of the designed UAM assembly and three-axis vertical CNC milling machine. UAM
assemblywasmounted on the head ofCNCmillingmachine (HytechCNCmachines)
with carbon brush arrangement for the power supply.Workpiecewas rigidlymounted
on the CNC work table with the help of vice. Figure 12.2 shows the designed exper-
imental setup for UAM. Workpieces (of size 70 × 50 × 10 mm3) used in the exper-
iments were prepared from the same billet (made of Al6063 aluminum alloy) to
avoid any error due to difference in material properties. Also, the experiments were
performed in the same ambience with fresh tool (Table 12.2) to minimize the errors.

Previous studies [22, 23] suggested that machining accuracy of thin-walled struc-
ture depended on the cutting forces and the structure stiffness. Therefore, to com-
pare the machining accuracy of UAM and conventional milling (CM), optimal set
of milling parameters (for lower cutting forces) were chosen. These optimized set of
process parameters (Table 12.3) are based on the previous experimental results [21]
(Fig. 12.3).

The ultrasonic power in all the UAM experiments was kept at 1200 W (20 µm
amplitude). The tool path was planned in such a way that in final pass side milling
with optimized machining parameter can be performed on the thin-walled structure.
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Workpiece

Milling tool

Horn

Power supply

Fig. 12.2 Experimental setup for UAM

Table 12.2 Specification of the tool used in the experiments [20]

Tool material Diameter (mm) No. of tooth Helix angle Rake angle Clearance angle

HSS 3 4 30o 10o 5o

Table 12.3 UAM parameters
used in the experiment

Rotational speed Feed rate Radial depth of cut

2625 RPM 10 mm/min 0.2 mm

Fig. 12.3 CAD design of the thin-walled structure, a curved and b straight

In order to evaluate the effect of ultrasonic vibration assistance on the machining
accuracy, two different types (straight and curved) of thin-walled structure were
machined with and without the ultrasonic vibration assistance. After machining, burs
and chips were removed from all the machined components for the measurements.
Figure 12.4 shows the thin-walled structures machined by UAM and CM.
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Fig. 12.4 Machined thin-walled structures: a straight structure machined with UAM, b straight
structure machined with CM, c curved structure machined with UAM and d curved structure
machined with CM

12.3 Measurement and Comparison

In order to measure the accuracy of the machined thin-walled structure, reverse
engineering methodology was used. Reverse engineering refers to the process of
creating the CAD model by acquiring the surface data (by using point cloud data)
of an existing part using a scanning or measurement device. White light scanner
(Steinbichler, COMET 5) (Fig. 12.5) was used for the reverse engineering in the
present case. The obtained CAD models were further used for the inspection of the
accuracy of the machined components.

By measuring the deviation of the machined components with respect to CAD
model, the accuracy was compared. Polyworks®16 software was used for comparing
the obtained point cloud data with the CAD (for G code generation) model. CAD and
point cloud data were further superimposed on each other to evaluate the deviation.
Furthermore, average deviation at the top and bottom sections was calculated from
the sectioned view. Table 12.4 shows the average, maximum and minimum deviation
obtained at the top and the bottom portion of both type of thin-walled structure

White light scanner

Point cloud data

Workpiece

Fig. 12.5 Setup for reverse engineering
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Table 12.4 Comparison of dimensions (all dimensions in mm)

Straight (UAM) Straight (CM) Curved (UAM) Curved (CM)

CAD dimension 0.8 0.8 0.8 0.8

Average measured
dimension (at top)

0.862 0.885 0.832 0.848

Maximum measured
dimension (at top)

0.867 0.893 0.838 0.856

Minimum measured
dimension (at top)

0.856 0.878 0.828 0.842

Average measured
dimension (at bottom)

0.792 0.790 0.788 0.787

Maximum measured
dimension (at bottom)

0.790 0.788 0.786 0.785

Minimum measured
dimension (at bottom)

0.793 0.792 0.790 0.788

machined by UAM and CM. It can be seen that the deviation in the thin-walled
structure is higher at top as compared to the bottom. It is due to bending of thin-
walled structure during machining, resulting in higher deviation at the top and lower
deviation at the bottom [24]. It can also be observed from the results that deviation at
the top is higher for straight thin-walled structure as compared to curved thin-walled
structure (for both UAM and CM). Low rigidity of straight thin-walled structure
caused more bending during machining and resulted in much thicker section at the
top. However, at the bottom, the deviation is almost equal and it is very less as
compared to deviations at the top section.

It can also be seen from the results that the deviations in the thin-walled produced
by UAM are less as compared to those produced by CM. This is due to the lower
average cutting forces inUAMwhich causes lesser deflection in thin-walled structure
and milling tool during machining. As suggested by many researchers [10–12, 16,
21, 25], the lower cutting force in UAM is mainly due to intermittent cutting effect.
From the previous theoretical studies [21, 25], it was found that cutting force in the
UAM reduced up to 50% and it depended on the amplitude of vibration. However,
in present condition an improvement of 33% in dimensional accuracy (in the case of
curved structure) was achieved with application of ultrasonic vibrations (of 20 µm
amplitude). Further, to obtain how deviation varies throughout the machined com-
ponent, variation between point cloud data and CAD was mapped (Figs. 12.6a, b,
12.7a, b). Figures 12.6 and 12.7 show the comparison results (3D and cross section)
for straight and curved thin-walled structure.

Figure 12.6a, b shows the mapped deviation in the straight thin-walled structure
prepared by UAM and CM (gray color for prepared CAD and colored for STL from
reverse engineering). Maximum and minimum deviation is also shown in Fig. 12.6c,
e for UAM and Fig. 12.6d, f for CM. The result shows that in both the cases the
deviation on themachined thinwall is the highest at the edge (93µm for conventional
milling and 67 µm for UAM) and lowest at middle portion (78 µm for conventional
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(a) (b)

(c) (d)

(e) (f)

Max. deviation=94μmMax. deviation=67μm

Min. deviation=56μm Min. deviation=78μm

Max. deviation=56μm

Min. deviation=67μm
Min. deviation=94μm

Max. deviation=78μm

Fig. 12.6 Comparison results for straight thin-walled structure a. with UAM, b. with CM, c. max
deviation at the edge with UAM, d. max deviation at the edge with CM, e. min at the middle with
UAM, f. min at the middle with CM

milling and 56 µm for UAM). This is due to higher stiffness at the middle portion
as compared to the edge which resulted in lower dimensional deviations at middle
portion. However, due to lower rigidity at the edges thin wall is more susceptible
to deformation. Therefore, reduction in milling forces (due to vibration assistance)
has more effect at the edges which results in higher improvement in the dimensional
accuracy.

Figure 12.7a, b shows the mapped deviation in the curved thin-walled structure
prepared by UAM by CM. Maximum and minimum deviations are also shown in
Fig. 12.7c, e for UAM and Fig. 12.7d, f for CM. It was also verified from the com-
parison of curved thin-wall structure that application of ultrasonic vibration resulted
in lower deviations in the machined thin-walled structure. The result also shows that
in both the cases the deviation is highest at the edge (56 µm for conventional milling
and 38 µm for UAM) and lowest at middle portion (42 µm for conventional milling
and 28 µm for UAM) similar to straight thin wall.
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(a) (b)

(c) (d) 

(e) (f)

Max. deviation=56μmMax. deviation=38μm

Min. deviation=28μm Min. deviation=42μm

Min. deviation=28μm Min. deviation=42μm

Max. deviation=38μm Max. deviation=56μm

Fig. 12.7 Comparison results for curved thin-walled structure, a. with UAM, b. with CM, max
deviation at the edge with UAM, d. max deviation at the edge with CM, e. min at the middle with
UAM, f. min at the middle with CM

12.4 Conclusions

In this work, reverse engineering technique was used to compare the dimensional
accuracy ofmilled thin-walled structures and has been foundvery effective in evaluat-
ing the machining accuracy. The machining accuracy of UAM is higher as compared
to conventional milling, resulting in more accurate thin-walled structure. Maximum
improvement of 33% in machining accuracy was achieved in case of curved thin-
walled structure and is mainly due to ultrasonic-vibration assistance. The deviations
at the bottom are lesser as compared to top portion and have insignificant effect of
ultrasonic vibration assistance.
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Chapter 13
High-Speed Conduction-Mode
Micro-Laser Welding of Thin SS-304
Sheets: Modeling and Experimental
Validation

S. Patel , A. Aggrawal, A. Kumar and V. K. Jain

Abstract In this work, an experimental investigation has been carried out to iden-
tify the set of process parameters that leads to the formation of conduction-type
micro-welds in thin SS-304 sheets. Thereafter, a 3-D computational model has been
developed to understand the process physics in-depth and to clarify the influence of
various process parameters on the weld bead profile quantitatively. The phenomena
of heat transfer, fluid flow, melting and solidification are incorporated into the model.
The model is used to describe the thermo-fluid behavior (temperature and velocity
field) and the melt pool characteristics. The simulated weld pool geometry agreed
well with the corresponding experimental observations. The developed computa-
tional model can be effectively used to quantify the influence of different processing
conditions in conduction-mode micro-laser welding and to develop a process map.

Keywords Micro-laser welding · High scanning speed · Conduction mode

13.1 Introduction

Lasermicro-welding is a joining technique by fusion ofmicro-parts ormicro-features
using precisely controlled minimal laser beam energy. The continuous miniaturiza-
tion of systems and devices with cost reduction, reliability, high controllability, less
distortion and repeatability, and better performance creates difficulties and chal-
lenges to the welding of micro-parts. Thus, the laser micro-welding is widely used
in microelectronics, medical, aerospace, defense, packaging and interconnection in
micro-electro-mechanical systems (MEMS), where mechanical, electrical and opti-
cal components are connected and coupled [1, 2].
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Several computational as well as experimental works have been reported to inves-
tigate the high-speed lasermicro-welding.Okamoto et al. (2008) reported that a small
focus diameter beam produces a good welding seamwithout pulse control. They also
found that narrow welding region can be obtained with large focus diameter using
high scanning laser beam speed for thin stainless sheet [3]. Ascari et al. (2017)
explained that the peak pulse power is a highest influencing process parameter on
penetration depth andwidth of aweld bead of commercially pure titanium thin sheets.
Therefore, to attain goodweldmorphology, the peak pulse power should be relatively
low and the depth of penetration can be achieved by averaging high pulse durations
[4]. Caiazzo et al. (2013) have done the experimental analysis of butt laser welding
of thin aluminum alloy sheet to evaluate the mechanical and geometrical features
of laser welding [5]. Baruah and Bag (2017) investigated the effect of laser pulse
parameters of butt welding of 500-μm titanium alloy by experimental and thermo-
mechanical finite-element numerical modeling. They also explained that an increase
of heat input increases distortion of weld joint due to more amount of heat available
at a particular area, and also the hardness of fusion zone is very high due to the
formation of fine martensitic structure [6]. Ismail et al. (2012) investigated experi-
mentally and numerically that the controlling of pulse wave form of laser heat source
produces good weld joint without defect, which increases the shear strength. They
also observed that the zinc present in the brass evaporates easily and forms porosity
in the weld using rectangular pulse waveform of laser beam during micro-welding of
thin copper circuit and thick brass electrode [7]. Rohde et al. (2010) attempted to con-
trol aspect ratio and quality of the weld pool using laser beam-shaped pulse on two
different aluminum alloy foils using numerical model and experimental data [8]. He
et al. (2005) numerically predicted the evolution of temperature and velocity fields,
weld thermal cycles, weld pool geometry and many weld parameters during spot and
linear laser micro-welding of stainless steel 304 (SS-304) using three-dimensional
heat transfer and fluid flowmodel [9]. Hozoorbakhsh et al. (2016) developed a three-
dimensional computational fluid dynamics model to investigate the thermal and fluid
flow phenomena of a weld pool in laser micro-welding [10].

In spite of the fact that post-build microstructural andmechanical characterization
of the welded sample gives an adequate measure of data about the weld quality, but
real-time data of melt pool dimension, thermal and fluid behavior are difficult to get.
Additionally, by advanced technique (such as pyrometer or infrared cameras) real-
time monitoring is difficult as the high-speed micro-welding process is localized
(<200 μm melt pool dimension), transient (<5 m/s traversal velocity) and due to
rapid solidification (>105 K/s cooling rate) [11]. Therefore, a different approach
such as mathematical modeling along with experiments is a better way to understand
high-speedmicro-laser welding process, effect of the process parameters and process
optimization.

In this study, a transient three-dimensional simulation of high-speed conduction-
mode micro-laser welding for stainless steel 304 has been performed. The objective
is to develop a computational model that can be effectively used to understand the
thermo-fluidic transport phenomenon and to quantify the influence of different pro-
cessing conditions in conduction-modemicro-laserwelding. The effect ofMarangoni
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Table 13.1 Process
parameters used in
experiments

Parameter Value

Laser spot diameter (μm) 50

Laser power (W) 50

SS304 sheet thickness (μm) 100

Scanning speed (mm s−1) 1000, 1200, 1400, 1600

convection on melt pool thermal behavior, flow dynamics and geometry is described.
For validation of the model, a comparison of melt pool shape and dimensions under
various processing conditions is made with the in-house experimental results.

13.2 Experimental Procedure

Experiments were performed on a SS-304 sheet having thickness of 100 μm using a
50 W single-mode continuous-wave Yb:YAG fiber laser. The 1070 nm wavelength
laser beam has been delivered by the optical fiber and focused by an f-θ lens to a
focus diameter of 50 μm. The high-speed laser traversal has been achieved by a
galvano scanner. The experiments have been carried out in shielding atmosphere of
argon gas. Varying combination of power and scanning speed was considered in the
experiments. Parameters used during the experiments are listed in Table 13.1.

After the micro-laser welding, the cross-section and top of the samples were
prepared using the standard metallographic polishing method and then etched in
aqua regia before performing the optical microscopy.

13.3 Model Description

A three-dimensional finite-element heat transfer and fluid flowmodel is developed to
study the transport phenomenon in the high-speed micro-laser welding process. The
model was implemented using COMSOL MultiphysicsTM software. The schematic
and dimensions of the computational domain are given in Fig. 13.1. In this case,
the laser beam travels in positive X direction. Only half-domain was simulated to
reduce the computational cost because of symmetry in the x–z plane. The process
parameters used for the simulation of welding stainless steel 304workpiece are given
in Table 13.1, and the thermo-physical properties of stainless steel 304 workpiece
are given in Table 13.2.

The following assumptions were made in the model:

(1) Incompressible and laminar flow was considered in the melt pool.
(2) Vaporization was not considered as evaporation temperature for SS304 is very

high and it was not reached in many cases.



156 S. Patel et al.

Fig. 13.1 Schematic of computational domain

Table 13.2 Thermophysical
properties of stainless steel
304 [9]

Liquidus temperature (K) 1727

Solidus temperature (K) 1697

Solid specific heat (J kg−1 K−1) 711.8

Liquid specific heat (J kg−1 K−1) 837.4

Solid thermal conductivity (W m−1 K−1) 19.63

Liquid thermal conductivity (W m−1 K−1) 167.5

Density (kg m−3) 7200

Latent heat of fusion (kJ K−1) 246

Dynamic viscosity (N m−1 s−1) 0.06

Thermal expansion coefficient (K−1) 1.96 × 10−5

Surface tension coefficient (N m−1 K−1) −0.43 × 10−3

Absorptivity 0.27

(3) The thermo-physical properties of SS304 are considered as constant with dif-
ferent values for solid and liquid phases.

13.3.1 Governing Transport Equations

Mass Conservation. The continuity equation is given by:

∇ · (�u) = 0 (13.1)

where �u is the velocity vector.
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Energy Conservation. The energy conservation equation is given by:

∂(ρCPT )

∂t
+ �u · ∇(ρCpT ) = ∇ · (K∇T ) − ρL

∂ fl
∂t

(13.2)

where T denotes the temperature, t denotes the time, K denotes the thermal conduc-
tivity, Cp denotes the heat capacity of the material, ρ denotes the density, L denotes
latent heat and f l represents liquid fraction.

Momentum Conservation. The momentum conservation equation is given by

∂(ρ �u)

∂t
+ �u · ∇(ρ �u) = −∇ p + ∇ · (μ

(∇�u + (∇�u)T
) + −→

FT + −→
FN (13.3)

The source term
−→
FT in Eq. (13.3) brings down the velocity of un-melted solid

zone to zero, according to the Carman-Kozeny equation for flow through the porous
media, and it is defined by Eq. (13.4).

−→
FT = (1 − fl)2

f 3l + c
B �u (13.4)

The value of mushy zone constant B in Eq. (13.5) of current model is
100,000 kg m−3 s−1. The term c is a constant with very small value to prevent
division by zero when liquid fraction f l becomes zero. Liquid fraction f l is defined
as

fl =
⎛

⎜
⎝

0 T < Tsolidus
T−Tsolidus

Tliquidus−Tsolidus
Tsolidus ≤ T < Tliquidus

1 T ≥ Tliquidus

⎞

⎟
⎠ (13.5)

where Tsolidus and Tliquidus represent solidus and liquidus temperature, respectively.
Natural Convection. The thermo-buoyant flow is included in this model accord-

ing to Boussinesq approximation. The source term
−→
FN in Eq. (13.3) is given as

−→
FN = ρliq �gβ(T − Tref ) (13.6)

where ρ liq, β and Tref are density of liquid, coefficient of thermal expansion and
reference temperature, respectively.

Marangoni Convection. The shear force on the top surface because of surface
tension gradient induces the Marangoni convection, which is defined by following
equations.

τxz = −μ

(
∂u

∂z

)
=

(
∂γ

∂T

)(
∂T

∂x

)
(13.7)
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τyz = −μ

(
∂v

∂z

)
=

(
∂γ

∂T

)(
∂T

∂y

)
(13.8)

where μ and γ are viscosity and surface tension, respectively.

13.3.2 Boundary and Initial Conditions

At the top surface of the substrate, the laser heat energy is approximated by aGaussian
distribution and the heat flux (Wm−2) due to the laser beam is given by the following
expression:

q = 2ηP

πR2
o

e(−2((x−V t)2+(y)2)/R2
o) (13.9)

where q is the input heat flux, η is the absorptivity, P is the power of laser beam, V
is the laser scanning speed, t is the time and Ro is the laser spot radius.

The heat energy balance at the top surface leads to the following boundary con-
dition:

K
∂T

∂n
= q − h(T − Ta) − εσ

(
T 4 − T 4

a

)
(13.10)

where the value of convective heat transfer coefficient, h= 10, the value of emissivity,
ε = 0.45, σ is the Stefan–Boltzmann constant and Ta is ambient temperature.

The right-hand side terms of Eq. (13.10) are heat flux from the laser beam, convec-
tive heat loss and radiation heat loss to the surroundings, respectively. The symmetric
plane and the bottom side, as shown in Fig. 13.1, were modeled as thermally insu-
lated wall and the other vertical sides of the computational domain were modeled as
convective heat loss. Initially, the whole domain was at the ambient temperature of
300 K and zero velocity.

13.3.3 Numerical Implementation

The mathematical model is simulated using finite-element analysis software COM-
SOL Multiphysics™. In this case, the entire domain is divided into three sub-
domains. The continuity and momentum conservation equations are solved only in
the melt pool sub-domain in order to keep the computational cost as low as possible.
The whole domain is meshed with free tetrahedral element. Melt pool sub-domain
is meshed finely (max. size 6.16 μm, min. size 1.16 μm and total element 68,375)
in order to obtain accurate results of melt pool evolution. To minimize the compu-
tational cost, the remaining domains are meshed with coarse elements (max. size
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Fig. 13.2 Experimental result of melt pool for P = 50 W, a cross-section view and b top view

250 μm, min. size 35 μm and total element 26,365). The effect of elements size on
the computational results is performed by running test simulations for different mesh
size for the case of laser power, P = 50 W. However, a decrease in the element size
required enormous increase in the computational time.

Aworkstationwith 8× 3.50GHz IntelXeon processorwith 32GBRAMwas used
for running the simulations. The time step used in the simulation was 0.001 ms. For
each time step, continuity, momentum and energy transport equations were solved.

13.4 Results and Discussion

13.4.1 Experimental Results

The laser micro-welded SS-304 sheets were prepared using standard polishing tech-
nique and then etched in Aqua regia very carefully. Figures 13.2a and 13.2b show the
cross-sectional and top view of melt pool, respectively. The welded regime is clearly
evident from the etched specimen. It can be clearly observed from Fig. 13.2a that the
melt pool shape is wider and shallower, which confirms the conduction-mode laser
micro-welding. Also, it can be observed that the grain growth is toward the center of
melt pool because of heat which is diffusing opposite to the grain growth.

13.4.2 Modeling Results

Figure 13.3 shows the simulated fluid flow pattern of the molten metal at t= 0.17 ms
at laser power scanning speed of 1000 mm/s. The maximum velocity was observed
along the free surface, which tends to pull the molten metal from center to outward
of the melt pool. This is due to the temperature gradient present inside the melt pool
which causes a surface tension-driven flow, often called thermo-capillary fluid flow
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Fig. 13.3 Temperature field and flow field in the melt pool for P = 50 W at t = 0.17 ms

(or Marangoni convection). This flow is from a region having low surface tension
(high temperature region at the center) to regions having high surface tension (low
temperature regions in the outward direction). This Marangoni convection tends to
recirculate the flow within melt pool. The velocity magnitude of this recirculating
flow within the melt pool is of the order of 0.434 m/s, which is quite significant.
A shallow melt pool geometry is formed as a result of liquid melt displacement
caused due to high surface velocity in the melt pool. This flow is more responsible
for increasing the width than the depth of the melt pool because it is confined close
to the top free surface and not toward the deeper portion of the melt pool. A large
portion of the melt pool region exhibited negligible velocity. The melt pool width
and depth were 49.768 and 15.345 μm, respectively.

Figure 13.4 shows the temperature variation between the points a and b shown in
Fig. 13.3. It can be observed that there is large a variation of temperature along the
line ab. The maximum thermal variation is between melt pool zone c–d, because of
phase change and fluid flow zone. Right behind the center of the melt pool, a strong
outward fluid flow (just before the end of the melt pool) is built up driven by the
Marangoni shear stress. The temperature gradient in the rear part of the melt pool is
relatively low. Therefore, the convection is negligible in the tail portion of the melt
pool.
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Fig. 13.4 Temperature plot along the line ab shown in Fig. 13.3 for P = 50 W

13.4.3 Model Validation

Weld pool geometry in cross-sectional view obtained from the developed numerical
model of conduction mode continuous laser welding is compared with an in-house
experimental observation as shown in Fig. 13.5. The shape and size of cross-sectional
view of the computed melt pool geometry by numerical model is in well agreement
with the experimental result. The simulation result is taken at 170 μs after fully
developed melt pool.

The melt pool geometry obtained from the developed transient numerical model
for different welding conditions is compared with the in-house experimental work,
and the result is shown in Fig. 13.6. Thewidth and depth of the numerically simulated
melt pool geometry are in well agreement with the experimental results, thus vali-
dating the present numerical model. The experimental and numerical results confirm

Fig. 13.5 Comparison of melt pool geometry in the cross-sectional view as estimated from numer-
ically predicted solidus isotherm in the temperature map and experimentally measured weld micro-
graph at laser power. Process conditions: P = 50 W, time, t = 170 μs, laser beam spot radius, r0 =
25 μm and laser scanning speed 1000 mm/s
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Fig. 13.6 Comparison experimental and simulated results with reference to a melt pool width,
b melt pool depth, with laser speed at laser power, P = 50 W

that the wide and shallow melt pool geometry evolves for the considered process
parameters and thermo-physical properties of SS-304. This is because of the neg-
ative value of surface tension coefficient, causing the outward fluid flow of molten
metal near the top surface in the melt pool. It is also suggested from Fig. 13.6 that
the melt pool width and depth decrease with an increase of laser scanning speed due
to the decrease of laser–matter interaction time.

The experimentswere performed on a SS304 sheet having thickness 100μmusing
a 50 W single-mode continuous wave Yb:YAG fiber laser of 1070 nm wavelength,
for different scanning speed. The focused laser beam spot radius 25 μm has been
selected to avoid the vaporization of the workpiece during experimentation. The
melt pool geometry (shape and size) has been measured using Nikon eclipse LV100
optical microscope after the standard polishing technique and then carefully etching
of samples in Aqua regia.

Table 13.3 shows a comparison of experimentally measured and numerically
predicted melt pool dimensions for different welding parameter. The comparison
shows that the present numerical model is able to calculate the melt pool geometry
accurately, thus validating the present numerical model for continuous laser micro-
welding. Thus, the current numerical simulation is capable of predicting the weld
characteristics for continuous laser micro-welding.

Figure 13.7 shows a plot of the maximum temperature and the maximum velocity
in the melt pool for different laser scanning speeds for the laser beam of 50 W. The
result is shown at t = 0.17 ms when the melt pool achieved a quasi-static state in its
shape and size. It can be seen that the maximum temperature and maximum velocity
in the melt pool decreases almost linearly with increase in the laser scanning speed
within the prescribed range. This is because as the laser scanning speed increases
the laser–matter interaction time decreases resulting in less thermal energy absorp-
tion by the workpiece. Similarly, the variation in melt pool half-width and depth of
penetration with the laser scanning speed is presented in Table 13.3. For a constant
laser beam radius of 25 μm and laser power of 50 W, the size of the melt pool
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Table 13.3 Comparison of melt pool dimensions obtained from experiments and numerical model
for continuous laser micro-welding

Process
parameters

Half-width
(Expt),
WExpt
(μm)

Half-width
(Num),
WNum
(μm)

WExpt−WNum
WExpt

(%),
difference

Depth of
penetra-
tion
(Expt),
DExpt
(μm)

Depth of
penetra-
tion
(Num),
DNum
(μm)

DExpt−DNum
DExpt

(%),
differenceP = 50 W,

Ro=
25 μm, t
= 0.17 ms,

Scanning
speed =
1000 mm/s

24.10 24.88 −3.2 15.40 15.35 0.32

Scanning
speed =
1200 mm/s

22.05 24.5 −11.11 14.20 12.92 9.01

Scanning
speed =
1400 mm/s

21 23.98 −14.19 12.62 11.06 12.36

Scanning
speed =
1600 mm/s

19.55 21.66 −10.79 11.55 10.54 8.74

Fig. 13.7 Variation of
maximum temperature and
maximum velocity in the
melt pool with the laser
scanning speed

width and depth decreases with the increases of laser scanning speed from 1000 to
1600 mm/s. Thus, these results suggest that there is a strong dependency of the melt
pool geometry on laser scanning speed.
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13.5 Conclusions

A three-dimensional computational FEM model has been developed for simulating
the transport phenomenon associated with the conduction-mode continuous laser
micro-welding process. In this model, phase change thermodynamics, heat transfer
and fluid flow have been implemented to predict the thermo-fluidic behavior of the
melt pool with the help of thermal and velocity fields. From the experimental results,
it can be observed that the grain growth is toward the center of themelt pool. Themelt
pool configuration obtained from the numerical simulation for the continuous laser
welding shows a good degree of consistency compared to its respective experimen-
tally obtained values for various welding conditions. By performing a quantitative
analysis on the reported half-width and penetration depth, a maximum of 14.19 and
12.36% deviation was obtained. This further conforms to the consistency of the
reported numerical model. It was also observed that the maximum velocity in the
melt pool is present at the top surface and away from the center of laser beam spot.
The maximum temperature and maximum velocity in the melt pool increases almost
linearly when the laser scanning speed decreases. It was found that Marangoni con-
vection was a dominant factor causing fluid flow, which in turn influences the melt
pool geometry and the maximum temperature in the melt pool.
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Chapter 14
Surface Roughness Improvement
by Removal of Recast Layer on Wire
Electrical Discharge Machined Surface
Through Abrasive Flow Finishing
Machine

M. A. Manjunath, A. Murugan, Prakash Vinod and N. Balashanmugam

Abstract Wire electrode discharge machining (WEDM) is a widely accepted pro-
cess formachining of precision and complex geometry. Generally the spark produced
during the WEDM process on the workpiece surfaces forms a layer of recast. It is
one of the challenging aspects to remove this recast layer from a complex surface.
The present research investigates the removal of WEDM recast layer and surface
roughness improvement on the components having internal complex geometry on
stainless steel (SS 410) material. The study also explores the effect of abrasive flow
finishing for multiple components by stacking parallel to each other for simultaneous
finishing through suitable fixture. The featuring of WEDMmachined surface before
and after AFFM process is examined through scanning electron microscope (SEM).
Additionally, EDS reveals the noticeable amount of electrode material deposited
on the component, which is removed after AFFM. The improvement in the surface
roughness has been also noticed through surface roughness tester, Form Talysurf.

Keywords EDM recast layer · Abrasive flow finishing machine (AFFM) · Surface
roughness · SEM analysis · EDS

14.1 Introduction

Today, owing to the advancement in modern manufacturing sector, the requirement
of better surface finish is an increasing demand. The surface integrity of WEDM
process has a detrimental impact, as each spark melts a small portion of workpiece.
A portion of these molten material yields gets flushed away, and the remaining
material resolidifies to form a surface layer known as recast layer. These layers may
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contain an altered micro-structure, tensile stress, micro-cracks and impurities which
adversely affect the performance of the component [1, 2].

The automation in finishing operation is always an advantage to achieve the pro-
cess in reliable and economical way. Abrasive flow finishing technology is estab-
lished for micro-/nano-finishing, deburring, radiusing and also for the removal of
recast layer in wide range of applications. The AFFM can process many selected
passages on a single workpiece or multiple parts simultaneously. Inaccessible areas
and complex internal passages can be finished economically and productively. It
reduces the surface roughness by 75–90% on cast machined or EDM surfaces [3].
The effects of AFFM process on various machined surfaces, like WEDM, milling,
grinding and turning are seen in the surface roughness profile, where wire EDM
surfaces are well suited for abrasive flow finishing. The result shows that medium
viscosity considerably affected surface improvements while extrusion pressure did
not have a major effect on this [4]. The precision micro-slit fabricated by WEDM is
subsequently fine-finished by identifying optimal combination of AFFMparameters,
and the surface is elucidated using SEM [5]. The obstacle to shape precision strictly
restricts the development of EDM process in micro-manufacturing. The AFFM pro-
cess has the potential to improve the shape precision and surface roughness of the
micro-hole fabricated by EDM [6]. The EDM machine for tool steel component of
59HRC is successfully processed in AFFM to improve the surface roughness; the
result proves that the AFFM process is also capable of inducing high-compressed
residual stress to the machined surface [7]. The effect of WEDM surfaces is exper-
imentally investigated, by mixing suitable material, that is, aluminium oxide and
chromium powder with dielectric fluid. The decrease in the surface roughness is
observed with the workpiece materials like tool steel, stainless steel and copper [8,
9]. The characteristics of WEDM surface for cylindrical jobs are evaluated using
micro-hardness tester and SEM. The study explores the feasibility of removing ther-
mal recast layers through magnetic abrasive finishing [10]. The quantification of
normal and axial forces generated during abrasive flow finishing process through
CFD technique. The material loss is evaluated theoretically and experimentally for
varying pressure and grit sizes [11].

Several researchers have studied the AFFM process and other techniques to
improve the surface quality by removal of recast layers. The present research investi-
gates the effect of AFFM onwire electrode discharge machined internal gear compo-
nents, to achieve nanometric surfacefinish.Abrasiveflowfinishingwith sophisticated
fixture design demonstrates the simultaneous finishing process for multiple compo-
nents. The work evaluates the impact on surface roughness (Ra, Rt and Rz) with
varying abrasive mesh size and selected AFFM process parameters. The improve-
ments of surface roughness through removal of EDM recast layers is characterised
utilising the equipments like SEM, EDS, Talysurf and micro-hardness tester.
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Fig. 14.1 AFFM-150D
setup

14.2 Experimental Work

14.2.1 Abrasive Flow Finishing Machine

An indigenously developed AFFM-150D at CMTI, Bangalore, as shown in Fig. 14.1,
is used for the present experimentation. The process involves extruding an abrasive-
filled semi-solid media through a workpiece passage. The machine hydraulically
clamps the work-holding fixtures between two vertically opposed media cylinders.
These cylinders extrude the media back and forth through the workpiece(s). Two
cylinder strokes, one from the lower cylinder and another from the upper cylinder,
make up one process cycle (Table 14.1).

14.2.2 Abrasive Polymer Media

An essential component in the abrasive flow finishing is the viscoelastic polymer
media. Basically, the media consists of base material/carrier, abrasives and suitable
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Table 14.1 Technical
specification of AFFM-150D

Parameter Value

Hydraulic clamping range 10–300 mm

Hydraulic pressure range 15–100 bar

Media cylinder bore diameter 150 mm

Media piston stroke 250 mm

Media Viscoelastic abrasive laden
polymer

Controller PLC and HMI based

Fig. 14.2 Assembled fixture with components

additives. The present experimentation involvesmediumviscous polymermediawith
viscosity of 20,000 Pa-s. The concentration of media and abrasive is in the weight
ratio of 1:1.

14.2.3 Work-Holding Fixture

The fixture is designed and fabricated to finish five components simultaneously in
the AFFM process. The assembled fixture with the components to be finished is
as shown in Fig. 14.2. Fixture directs the pressurised abrasive polymer media from
abrasive flow finishing machine to the internal WEDM profile of the components
where surface improvements are desired.

14.2.4 Component

The workpiece is of material stainless steel (SS-410) and has been pre-machined by
wire electrical discharge machining. The material is machined for internal gears, as
shown in Fig. 14.3. The overall dimension of the component is: length 75 mm, width
50 mm and thickness 10 mm. The surface roughness on WEDM surfaces is Ra =
1.529 µm, Rt = 13.597 µm and Rz = 11.637 µm.



14 Surface Roughness Improvement by Removal of Recast Layer … 171

Fig. 14.3 Workpiece material

14.2.5 Experimental Procedure

The experiments were conducted on the internal surfaces of components pre-
machined through WEDM process. The fixture is assembled along with the com-
ponents in AFFM-150D. The machining and media parameter as mentioned in
Table 14.2 is selected based on the successful results achieved in initial studies
with AFFM-150D.

Initially, the characterisation of WEDM surface is conducted through Form Taly-
surf Series-2 (Taylor Hobson) for Ra, Rt and Rz. The recast layer thickness/surface
topography and elemental study has been carried out using SEM (Carl Ziess, Neon-
40) and EDS (Oxford Instruments, X-act). The hardness of the recast surface is also
recorded using micro-hardness tester (Matsuzawa, MMT-X7B).

The cycle time is estimated using 60 mesh size abrasive media at 30 bar hydraulic
pressure. The number of components is incremented from 1 to 5 numbers by stacking
parallel to each other in the AFFM fixture to achieve best possible finish. The cycle
time in minutes is recorded for individual increment in component numbers. The
selected AFFM process parameters as per Table 14.2 with estimated cycle time is
then used for different abrasive polymer media of SiC mesh size of 60, 220, 400 and
800 for simultaneous finishing of the components. The characterisation on AFFM
finished surfaces is recorded and performed initially for comparative study.

Table 14.2 Technical
specification of AFFM-150D

Parameters Value

Machine
parameters

Hydraulic pressure 30 bar

Stroke length 250 mm

Media cylinder
temperature

25 °C

Abrasive media Viscosity 20,000 Pa-s

Abrasive mesh size 60, 220, 400, 800
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14.3 Results and Discussion

The increase in the number of components has influence on consumption of AFFM
cycle.As thenumber of components increasedup tofivenumbers by stackingparallel,
the internal surface area to befinished also increasedgradually. The time consumption
of AFFM cycle is 15 min to achieve the uniform finish of Ra 0.585 µm from Ra
1.529 µm on the components of five numbers (Fig. 14.4).

The effect of varying abrasive media mesh size on surface roughness—Ra, Rt
and Rz—is determined through AFFM experimental results (Table 14.3). Surface
roughness was taken at different positions and directions at the surfaces of all five
components, and the maximum recorded roughness values are considered.

The individual abrasive media mesh size has shown a predominant improvement
on surface roughness. With increase in abrasive mesh size, the surface roughness
decreases. The result indicates that surface roughness has improved apparently with
selected hydraulic pressure and cycle time. The initial roughness of WEDM surface,
Ra= 1.529µm, Rt= 13.597µm and Rz= 11.637µm, has improved to Ra= 0.073,
Rt = 0.944 and Rz = 0.375 after the completion of AFFM process uniformly in all
five components.

Fig. 14.4 Variations in the number of cycle, with number of components @60 mesh abrasive size
and pressure of 30 bar

Table 14.3 AFFM experimental results

Hydraulic
pressure (bar)

Abrasive media
(mesh)

Cycle time (min) Ra (µm) Rt (µm) Rz (µm)

30 60 15 0.585 5.668 4.382

220 15 0.232 4.696 2.446

400 15 0.180 2.273 1.154

800 15 0.073 0.944 0.375
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Fig. 14.5 Hardness of the surface at different stages

14.3.1 Micro-hardness Analysis

The surface hardness on the recast layers formed due to the WEDM process and
after AFFM process is evaluated using micro-hardness tester, at Vickers hardness
100 g/s. It is observed that the hardness of the heat-affected zone of recast layer is
high, compared to the hardness of the raw materials (Fig. 14.5). With the removal of
react layer through AFFM process, the surface hardness decreased gradually.

14.3.2 Scanning Electron Microscopic Analysis

The surface morphology ofWEDM surface and AFFM finished surface are analysed
through comparative study of SEM images (Fig. 14.6).

The recast layer thickness can be visualised at cross-section of WEDM surface
through proper sample preparation. Figure 14.6a indicates that the recast layer thick-
ness is approximately around 13–15 µm at the machined surfaces of the component.
The elimination of these recast layers after AFFM can be observed in Fig. 14.6b.
The microstructures of a wire electrode discharge machined surface are complex
and differ from that of the parent metal. At different magnification a large number of
craters are observed in Fig. 14.6c, e. The flow path of abrasive media formed during
the finishing is seen (Fig. 14.6d, f). It would seem that the abrasive flow finishing
process can produce very fine finish over the rough WEDM surface.
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Fig. 14.6 a Cross-sectional view of WEDM recast layer. b Cross-sectional view of AFFM
processed surface. c WEDM surface at 1000×. d AFFM finished surface at 1000×. e WEDM
surface at 5000×. f AFFM finished surface at 5000×
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Fig. 14.7 EDS analysis of a WEDM surface and b AFFM finished surface

14.3.3 EDS Analysis

The constituent element in the WEDM surface and finished surface is analysed
through energy-dispersive spectrometer (EDS).

Figure 14.7a shows theEDSanalysis ofWEDMsurfaces. The peaks quantitatively
show the traces of impurities in the surfaces. It is observed that there is a pickup
of material like Cu and Zn from brass wire tool during WEDM process. Similar
examination is held for AFFM surfaces, as shown in Fig. 14.7b, where contamination
of Cu andZnmaterials is clearly eliminated. This observation in the EDS plots proves
the removal of recast layers during the AFFM process.

14.4 Conclusions

The present work attempts the abrasive flow finishing process simultaneously for
multiple components, pre-finished throughWEDM. The AFFM fixturing with selec-
tive process parameters improves the surface roughness in the range of nanometres,
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by removing recast layer. The conclusions drawn from the experimental results and
characterisation study of WEDM/AFFM finished surface are as follows:

(1) TheAFFMprocess is suitable to remove theWEDMrecast layer simultaneously
for multiple components through proper fixturing.

(2) The AFFM cycle time of 15 min is consumed for individual abrasive media of
mesh sizes to achieve uniform surface finish in all the five components.

(3) The selected process parameter of AFFM hydraulic pressure of 30 bar and the
higher abrasive polymer media of size 60 mesh has shown the predominant
improvement over initial WEDM recast layer.

(4) The surface roughness has improved gradually with varying abrasive polymer
media mesh size. At 800 grits the roughness has improved to Ra 0.073 µm.

(5) The micro-hardness test reveals the higher surface hardness of recast layer up
55HRC, which are removed through AFFM.

(6) The comparative study on SEM/EDS results significantly determines the elim-
ination of WEDM recast layer for the surface after AFFM process.
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Chapter 15
Investigations on the Influence of Size
Effect on Surface Characteristics During
Micro-End Milling of Inconel 718

N. Anand Krishnan , G. Venkatesh and Jose Mathew

Abstract Micro-end milling is one of the widely used micromachining techniques
in industries and research organizations to producemicrofeatures having complex 3D
shapes with high flexibility and high material removal rate. The analysis of areal sur-
face roughness, surface defect, and microhardness are important for understanding
the surface characteristics of the machined surface. This paper focused on the anal-
ysis of areal surface roughness, surface defect, and microhardness during micro-end
milling on Inconel 718. Inconel 718, a nickel-based superalloy, was used as the work-
piece material due to the superior properties such as high hardness, high strength to
weight ratio, resistance to high-temperature loading, and corrosion resistance. Areal
surface roughness and microhardness were taken as responses to understand their
variations with feed per tooth at a constant depth of cut and speed. The feed per tooth
is selected by giving importance to both inside and outside the size effect zone. It was
observed that the areal surface roughness shows a decreasing trend initially at lower
feed per tooth and then it shows an increasing trend outside the size effect region.
The minimum value of areal surface roughness (Sa) was found to be in the range of
3 µm, which is the cutting edge radius of the tool. Inside the size effect zone, severe
strain hardening was observed. Size effect in microhardness was also found. Inside
the size effect region, the microhardness increases with feed per tooth and outside
size effect region microhardness shows a decreasing trend.

Keywords Micro-end milling · Areal surface roughness ·Microhardness · Inconel
718

15.1 Introduction

The increasing demand for microfeatures in the industry as well as research organi-
zations has led to the development of the high-quality microfabrication techniques.
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Micromachining has a very critical role in today’s manufacturing sectors especially
in MEMS, optics, electronics, biomedical devices, communication, and avionics
due to the high requirement of the micro-parts. The micromachining is not at all
a downscaled version of conventional machining; it has its own features like size
effect, minimum uncut chip thickness, ploughing effect, etc. One of the significant
differences between conventional machining and micromachining is the formation
of chips, which depends on the concept of minimum uncut chip thickness (MUCT).
Whenever the chip thickness exceeds MUCT, only the chips were formed. Micro-
milling is one of the preferred micromachining techniques capable of fabricating 3D
complex parts very accurately with high precision. In the micro-milling process, the
value of minimum uncut chip thickness depends upon the feed per tooth as well as
cutting edge radius. In the micro-end milling process, the diameter of the milling
cutter will be up to 500 µm only. Inconel 718 is widely used in aircraft gas tur-
bines, reciprocating engines, rocket engine parts, high-temperature fasteners, etc.,
due to the superior properties such as the high strength-to-weight ratio and corrosion
resistance. Inconel is mainly useful in high-temperature applications and maintains
strength over large temperatures. Inconel is used when aluminum and steel fail to
resist pressure to creep failure whichwill lead to thermally induced crystal vacancies.
The machining of Inconel 718 causes metallurgical damage to its surface due to high
cutting temperature and pressure [1]. The Inconel 718 comes under the difficult to
cut material due to these reasons.

Many researchers have been rapidly extending their focus on micromachining
due to the greater applications in this area. Vijay et al. [2] conducted extensive stud-
ies on various microscale machining processes and its performance characteristics.
They discussed the micromachining simulation techniques in detail. Boswell et al.
[3] critically analyzed the micro-mechanical cutting and discussed the potential of
these processes. They emphasize the application of micro-milling for creating 3D
free-form surfaces. Ng et al. [4] investigated micro- and nanoscale machining char-
acteristics of aluminum alloy through cutting experiments. They explained the idea
of effective rake angle in detail. Min and Takeuchi [5] discussed the modeling of
machining processes and effect of microstructure on the cutting mechanism, surface
finish, built-up edge formation, etc. Many industries are facing critical issues like
costs for manufacturing of complex parts by machining of Ni-based superalloys. So
the systematic investigations are necessary to identify the influence of machining
parameters on the machining characteristics of Inconel 718. Xavior et al. [1] deter-
mined the effect of machining parameters on machining characteristics of Inconel
718 and achieved the optimum parameters for turning. Lu et al. [6] identified the
interrelationship between Vickers hardness, flow strain, and the flow stress values
for the prediction of surface hardness of Inconel 718 duringmicromachining with the
help of the simulation results. In micromachining, it is very important to calculate
the value of minimum uncut chip thickness. Fernando et al. [7] analyzed the size
effect behavior in micro-milling by applying ANOVA on the cutting force and they
related it with surface roughness and cutting edge radius of the tool. They found that
the MUCT varies from one-third to one-fourth of the cutting edge radius and which
is independent of workpiece material and tool material. Vipindas et al. [8] analyzed
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the effect of cutting edge radius on the machining parameters. They identified the
importance of size effect in machining performance. Hamed et al. [9] determined
the smallest undeformed chip thickness by conducting experiments on Ti-6Al-4V in
different cutting conditions. They have predicted the smallest uncut chip thickness to
get the material removal rate by using an analytical model. Also considered are the
various material removal mechanisms and transition from one to other mechanisms
related to relative tool sharpness.

The surface roughness value has great importance in surface quality which will
play a critical role in the functional operation and life of the microfeature/part.
Many researchers have done extensive efforts on optimizing machining parame-
ters in microscale machining using different optimization techniques and developed
models for predicting the surface roughness. Kuram and Ozcelik [10] conducted a
Taguchi-based gray-relational analysis to reduce the surface roughness, machining
force, and tool wear during micro-milling of Al. On the other hand, these types of
statistical modeling of surface roughness and optimization of machining parameters
based on experimentation are extremely costly and time consuming. To overcome
these problems, a few researchers concentrated on developing mathematical models
for surface roughness prediction. Vogler et al. [11] developed a surface generation
model to calculate the surface roughness based on MUCT concept during micro-end
milling process for both single- and multiphase workpiece materials. Iturbe et al.
[12] proposed a coupled model to explain the material behavior of Ni-based alloys
at high strain rates and high temperatures. For estimating the surface roughness
value, they developed a mathematical model for the effect of cutting mechanisms
on surface nonuniformity. Only a few researchers have discussed the areal surface
roughness parameters and surface defect in the micromachining process [13–15].
Aramcharoen and Mativenga [13] studied the impact of the size effect on the quality
of the machined surface during micro-milling of steel. Liu et al. [14] explored the
3D roughness parameter (Sa) in micro-end milling and developed a model for the
prediction of surface roughness. Elkaseer et al. [15] observed severe strain hardening,
cracks, and burrs on the machined surface at low feed per tooth of 0.75 µm/tooth
due to the ploughing action.

The main objective of this paper is to investigate the influence of the size effect on
the surface characteristics such as areal surface roughness, surface defect, andmicro-
hardness during micro-end milling of Inconel 718. The experiments were performed
by varying the feed per tooth so as to explore the size effect in the machined surface
characteristics such as areal surface roughness, surface defect, and microhardness.
The feed per tooth is selected in such a way that it accommodates both inside and
outside the size effect region. In most of the literature, 2D parameters were used for
the surface roughness evaluation. But in this work, the 3D surface roughness param-
eter (Sa) was used, which gave a better idea about the machined surface quality. The
size effect in areal surface roughness and microhardness were analyzed in detail.
SEM analysis on the micromachined surfaces at lower feed per tooth was conducted
to get a better idea regarding the size effect and ploughing.
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Table 15.1 Properties of
Inconel 718

Properties Value

Density (Kg/m3) 8200

Young’s modulus (GPa) 210

Thermal conductivity (W/mK) 6.5

Vickers hardness 350

Yield strength (MPa) 915

Melting temperature (°C) 1225

15.2 Experimental Work

15.2.1 Workpiece Material

Inconel 718 is used as theworkpiecematerial for thiswork due to its greater properties
like high hardness, high strength to weight ratio, resistance to high-temperature
loading, and high corrosion resistance. Inconel 718 has a wide range of applications
in chemical, nuclear, and automobile industries because of its superior mechanical
and chemical properties at high temperatures. Table 15.1 shows the physical and
mechanical properties of Inconel 718 material.

15.2.2 Cutting Tool

AlTiN coated WC end mill with 500 µm cutter diameter, 80 rake angle, and 100
clearance angles were used for this study. Since edge cutting radius of the tool has
a great influence on size effect in micromachining, it has been measured physically
using an optical microscope. The measured cutting edge radius of the micro-end mill
cutter was in the range of 3 µm. Figure 15.1 shows the optical images of micro-end
mill cutter and the detailed view of the cutting edge.

15.2.3 Experimental Setup

The micro-end milling experiments were performed on micromachining center
(Make: Mikrotools, Model: DT110) with AlTiN-coated WC micro-end mill cut-
ter with an effective diameter of 500 µm. Micro-channels of 10 mm length were
machined on Inconel 718 workpiece at a constant depth of cut of 0.1 mm and cut-
ting speed of 7.85 m/min. The areal surface roughness was measured by using a 3D
noncontact optical profiler (Infinite focus G5, Alicona, Austria) and microhardness
of the micro-machined surfaces were measured using microhardness tester (Make:
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Ø~3μm

(a) (b)

Fig. 15.1 Optical images of a top view of micro-end mill cutter, b detailed view of cutting edge
of the tool

Matsuzawa, Model: VMT-X7) by Vickers hardness method. Figure 15.2 shows the
detailed experimental setup and Table 15.2 shows the experimental plan.

(a)

(b)

Fig. 15.2 a Micromachining center. b Experimental setup
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Table 15.2 Experimental
plan

Item Description

Machine tool Micromachining center (DT110,
Mikrotools, Singapore)

Cutting speed (m/min) 7.85

Feed rate (µm/tooth) 0.3, 0.7, 1.1, 1.5, 2, 3, 4, 5

Depth of cut (mm) 0.1

Cutting tool AlTiN coated WC end mill cutter
with 500 µm cutter diameter

Workpiece material Inconel 718

Optical profiler Infinite focus G5, Alicona

SEM SU 6600 FESEM, Hitachi

15.3 Results and Discussion

15.3.1 Areal Surface Roughness

The areal surface roughness of the machined slots of 10 mm length on Inconel 718
was characterized by using a 3D noncontact optical profiler (Alicona, Infinite Focus
G5) in terms of areal roughness parameter Sa. Figure 15.3 shows the experimental
setup for the areal surface roughness measurement. The areal surface will give the
surface roughness based on an area. So it gives a more realistic value than that of 2D
surface roughness parameters.

Figure 15.4 shows the variation of areal surface roughnesswith feedper tooth at the
constant cutting speed of 7.85 m/min and depth of cut of 100 µm. Experimentations
were carried out without the application of any lubricants (dry machining).

Fig. 15.3 Setup for
measurement of the areal
surface roughness of the
micro-slot
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Fig. 15.4 Deviation of areal surface roughness (Sa) with feed per tooth for a cutting speed of
7.85 m/min and 0.1 mm depth of cut

FromFig. 15.4, it is noticed that the areal surface roughness (Sa) initially decreases
with an increase in feed per tooth and then increases with the increase of feed per
tooth.When the feed per tooth increases in the beginning, the areal surface roughness
reduces and reaches a minimum roughness value. But above the cutting edge radius
value, the areal surface roughness increases with the increase in feed per tooth. This
is mainly due to the fact that ploughing is dominant in the region where feed per
tooth is lesser than the edge radius of the cutting tool and shearing is dominant in
the region where feed per tooth is higher than edge radius of the cutting tool. Near
to 3 µm, the edge radius of the end mill cutter, the minimum value of areal surface
roughness was obtained. Similar kind of variation was observed in Aramcharoen and
Mativenga [13]. The higher value of the areal surface roughness obtained at small
feed per tooth is mainly due the ploughing effect.

15.3.2 Surface Defect

In order to understand the reason behind the high areal surface roughness value
inside the size effect zone, a detailed analysis of the micro-machined surfaces on
Inconel 718 were inspected and analyzed using Scanning Electron Microscope
(SEM). Figure 15.5 shows the SEM images of the micro-slot at lower feed per tooth
of 0.3 µm. Inside the size effect zone, a large number of surface texturing and fea-
tures like severely strain hardened parts of workpiece material (prows), micro-voids,
cracks, and burrs were observed. Similar conclusions were observed in Elkaseer et al.
[15] during micro-milling. The high strain hardening at lower feed per tooth on the
machined slot was mainly due to the change of cutting mechanism from shearing to
ploughing. As the feed per tooth decreased (inside the size effect zone), the rake angle
becomes highly negative and as a result, the shearing was changed by ploughing.
As a result of ploughing, severe strain hardening will occur in the machined surface.
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Prows

Burr Voids

Fig. 15.5 Surface defect on the machined surface at a feed per tooth of 0.3 µm

Figure 15.5 shows the large number surface cracks/voids at lower feed per tooth due
to severe strain hardening and ploughing effect.

Figure 15.6 shows the SEM images of machined slot at lower feed per tooth.
From Fig. 15.6, it was clear that inside the size effect zone the machined surface
contains more prows due to severe strain hardening as a result of ploughing. As the
feed per tooth reaches close to edge radius of the micro-end mill cutter, the surface
is clearer and the areal surface roughness result shows the same trend. For feed per
tooth above cutting edge radius, the machined surface becomes rough again due
to shearing. Higher strain hardening was the major reason behind the poor surface
quality inside the size effect region.

  
(a) 0.3 μm/tooth (b) 0.7μm/tooth 

Fig. 15.6 Machined surfaces at lower feed per tooth
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15.3.3 Microhardness

Microhardness of the micro-machined Inconel 718 surfaces was measured using
Microhardness tester (Make: Matsuzawa, Model: VMT-X7) by Vickers hardness
method as shown in Fig. 15.7. The load of 10 kgf is applied for 5 s for the purpose
of the indentation for microhardness measurement.

Figure 15.8 shows the variation of the microhardness with feed per tooth at con-
stant spindle speed of 5000 rpm (7.85 m/min) and depth of cut of 100 µm. It was
found that at lower feed per tooth the microhardness of the micro-machined surface
shows an increasing trend with the feed per tooth. Then the microhardness reaches

Fig. 15.7 Matsuzawa VMT-X7 for measuring Vickers hardness

Fig. 15.8 Variation of feed per tooth with microhardness
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a maximum value. Finally, the microhardness decreases with the feed per tooth at
a higher feed rate or the feed rate above size effect zone. The maximum value of
microhardness obtained in between 1 µm and 2 µm feed per tooth, which is near
to be the cutting edge radius of the micro-end mill cutter. According to Fernando
et al. [7], the MUCT value varies from one-third to one-fourth of the cutting edge
radius of the tool irrespective of the tool-workpiece material and properties. In this
work, the cutting edge radius of the tool was in the range of 3 µm. So, the size
effect in microhardness was observed for micro-end milling on Inconel 718. From
the microhardness analysis, it was observed that near to 1.5 µm feed per tooth, the
transition from ploughing to shearing will occur.

When the feed per tooth is lesser than the edge radius of the end mill cutter,
the ploughing effect will decrease the work hardening in micromachining. Due to
the ploughing effect, the material was plastically deformed and new dislocations
were generated. So, the work hardening increases. When feed per tooth is further
increased, the shearing action starts and ploughing effect decreases. As the ploughing
area decreases with an increase in feed per tooth, the extrusion friction effect of the
tool decreases and it will lead to a decrease in work hardening. Due to these reasons,
the surface produced in the ploughing region was severely strain hardened. As a
result of that, the surface may contain a large number of prows, burrs, defects, etc.

15.4 Conclusions

In this paper, a detailed analysis of areal surface roughness, surface defect andmicro-
hardness of the micro-machined Inconel 718 surface was presented. The size effect
in areal surface roughness and microhardness were observed. Within the size effect
region, the severe strain hardening was observed. This is the major reason for higher
surface roughness value above size effect region. It was found that duringmachining,
inside the size effect zone, the areal surface roughness shows a decreasing trend with
feed per tooth. However, outside the size effect region, the areal surface roughness
increases with feed per tooth like conventional machining. The minimum value of
areal surface roughness was obtained near to the 3 µm, which is the cutting edge
radius of the micro-end mill cutter. Size effect in microhardness was also observed.
At lower feed per tooth, the microhardness increases with feed per tooth and then
after a particular value of feed per tooth microhardness shows a decreasing trend.
Near to 1.5 µm feed per tooth, maximum microhardness was obtained.
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Chapter 16
Machining of Borosilicate Glass Using
Micro-End Milling

K. Vipindas and Jose Mathew

Abstract Increasing demand on optical components in various fields such as con-
sumer electronics andmedical images requires fast and efficient machining of optical
materials. This paper presents machining of brittle borosilicate glass in ductile mode
to produce crack-free slots with good surface quality. Micro-end milling process
was adopted in this study for machining. Three different cutters with diameter 0.3,
0.5, and 0.8 mm were selected to study the influence of the size of the cutter on the
machining performance. Machining performance was assessed based on the surface
roughness, slot profile, and chip formation. Finally, a brittle mode machining was
performed with 1 mm diameter cutter and machining performance was compared
with ductile mode machining. It was found that ductile mode machining produced a
crack-free surface with surface roughness in the range of 250 nm and edge wall of
the slots were free from cracks and damages.

Keywords Micro-end milling · Brittle mode · Ductile mode · Undeformed chip
thickness · Borosilicate glass · Surface roughness · Chip

16.1 Introduction

There is increasing demand on optical components in various fields such asmanufac-
turing of micro-lens arrays, aspheric lenses, and polygon mirrors. [1] machining of
brittle materials such as silicon, optical glasses, and germanium is a topic of interest
in the industry. However, there are a lot of challenges in machining brittle materi-
als and achieving an optical quality surface due to their low fracture toughness [2].
It is reported in the literature that by maintaining ductile mode machining while
machining brittle materials, high-quality surface finish can be attained.
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It has been proved that at very small depth of cut, brittle material will undergo
plastic deformation rather than fracture [3]. Hence by machining at a small depth of
cut, any brittle material can be machined in ductile mode and a mirror finish surface
can be obtained [4]. Fang and Chen [5] have studied the machining of ZKN7 glass
material. A new cutting strategy was proposed to obtain the nanometric surface fin-
ish. Experiments were conductedwith three different undeformed chip thicknesses to
study brittlemode, semi-ductilemode, and ductilemodemachining. It was found that
with 25 nm undeformed chip thickness, a mirror-finish surface with Ra = 14.5 nm
was achieved in ductile mode cutting. Since undeformed chip thickness in microma-
chining is very small, sometimes less than the critical depth of cut required for brittle
to ductile mode transition, micromachining can be used to machine brittle mate-
rials [6]. Egashira and Mizutani [7] studied critical depth of cut for ductile mode
micro-drilling of single-crystal silicon.

Yu et al. [1] have presented a new method to determine the subsurface dam-
age depth during diamond turning of brittle materials. With the proposed model,
subsurface damage depth can be determined with only one structured surface with
sinusoidal wave along the radial direction (SWR), which considerably reduces the
effort for the determination of subsurface damage depth. Based on the subsurface
damage depth, minimum feed rate for machining a crack-free micro-structured sur-
face can be obtained before machining. Nakasuji et al. [8] have proposed a model of
brittle to ductile transition during machining of brittle materials and discussed fac-
tors influencing the process. Also suggested that, with ductile mode chip removal,
mirror-finished surface can be obtained. It was found that the tool rake angle and feed
rate have significant influence on the surface finish. Owen et al. [9] have made an
experimental investigation on the ultraprecision diamondmachining of chalcogenide
glass. It was suggested that there is a change in brittle to ductile mode machining
at length scale of approximately 1 µm. The change in the cutting mechanics cor-
responds to increased fracture in the machined surface and a change in the shape
of the machining chips. Choi et al. [10] developed a method to determine the crit-
ical point in the ductile–brittle transition of the single-crystal silicon. Yoon et al.
[11] observed ductile–brittle transition in terms of cutting direction. Xiao et al. [12]
attempted MD simulation of ductile mode machining. Wang et al. [13] investigated
temperature dependence on critical ductile–brittle transition load during machining
of fused silica.

This study mainly focused on the feasibility of micro-end milling in machining
brittle borosilicate glass in ductile mode. Since brittle to ductile mode transition
takes place at very small undeformed chip thickness, experiments were conducted
at 0.1, 0.2, and 0.3 µm feed per tooth. Machinability of borosilicate under ductile
mode machining was evaluated based on the quality of the surface roughness, slot
profile, and chip formation. Since the cutting edge radius of the tool also influences the
ductilemodemachining, experiments were also conducted at three different diameter
tools (0.3, 0.5, and 0.8 mm). In order to compare the performance of ductile mode
machining with brittle mode machining, a conventional milling was performed with
1 mm diameter end mill tool with 7, 9, and 11 µm feed per tooth.
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16.2 Brittle to Ductile Mode Transition Mechanism

While machining of brittle materials, the material is removed either due to plastic
deformation of the material on the slip plane or due to the brittle fracture on the
cleavage plane whichever happens first depending on the stress level under a particu-
lar machining condition [14]. Figure 16.1 shows a schematic representation of these
processes.

When machining homogeneous materials, the slip or cleavage planes coincide
with the plane of maximum shear or tensile stresses. However, when machining
crystalline materials, plastic deformation takes place when the resolved shear stress
in the easy slip direction exceeds a certain critical value, which depends on the
workpiece material before a cleavage takes place (Fig. 16.1a). Whereas a cleavage
takes place when the resolved tensile stress normal to the cleavage plane exceeds
a certain critical value before slip (Fig. 16.1b). Hence it can be concluded that the
mode of material removal depends on a predominant criterion in a particular cutting
condition. When a plastic deformation takes place before cleavage, a smooth surface
finish can be achieved. However, a cleavage process would result in a surface with
cracks.

Fig. 16.1 Material removal mechanism in brittle materials
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16.3 Experimental Setup

Experimentswere conducted on amicromachining center (MIKROTOOLS—DT110
micromachining center, Singapore). The workpiece used is a borosilicate glass.
Micro-end milling process was adopted for machining purpose. Since cutting edge
radius of the tool has got significant influence on the machining mechanism of brittle
materials, especially for brittle to ductile transition, micro-end mill cutter with three
different diameters was chosen in this study. Solid tungsten carbide tools coated
with TiAlN with 0.3, 0.5, and 0.8 mm diameter tools were used for the experiments.
Figure 16.3 shows the measurement of the edge radius of the tools. Cutting edge
radius of the tool was measured by fitting a circle to the image of the cutter edge
and radius of the circle was taken as the cutting edge radius of the tool as shown
in Fig. 16.3. Table 16.2 shows the measured edge radius of the fresh tools. Cutting
parameters were also selected in such a way that feed per tooth (chip load) is very
small, because brittle to ductile transition is possible only at very small undeformed
chip thickness [4]. Experiments were conducted with 0.1, 0.2, and 0.3 µm feed per
tooth. Also a conventional macro-end milling was performed to compare the results
with brittle mode machining with 1 mm diameter tool. Conventional macro-end
milling was performed with feed per tooth of 7, 9, and 11 µm. Figure 16.2 shows
the experimental setup and machined workpiece.

3D optical profile meter (Alicona Infinite Focus G5) was used for characterizing
the machined slots in terms of surface roughness and slot profile. SEM was used to
visualize the chips (Fig. 16.3).

Fig. 16.2 Experimental setup a micro-end milling, b machined component

Fig. 16.3 Measurement of cutting edge radius of 0.8 mm diameter end mill cutter
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16.4 Results and Discussion

Borosilicate glass is a highly brittle material. In order tomachine such brittle material
using conventionalmachiningmethod,material needs to be removed in ductilemode.
It has already been reported in the literature that ductile to brittle transition is always
associated with increased surface roughness because of the presence of cracks on the
machined surface and the chip formation is also influenced by this transition [15].
Hence in this study, in order to investigate the brittle to ductile transition during the
machining process, the chips, machined surface, and slot profiles were examined
at different feed per tooth values. Figure 16.4 shows the SEM images of the chips
produced in brittle and ductile mode machining conditions as given in Table 16.1.
Figure 16.4a shows the image of the chip produced in brittle mode machining, i.e.,
with 1 mm diameter tool with 11 µm feed per tooth and 0.15 mm axial depth of cut.
It can be noticed that the chips are irregular in shape. This indicates that the chips
are formed by brittle fracture. Figure 16.4b, c shows the images of chip produced
with 0.8 mm diameter tool under 0.1 and 0.2 µm feed per tooth, respectively. It can
be noted that in both cases, sawtooth segmented chips are produced, which indicates
the occurrence of periodic shear deformation. Hence it is evident that under low feed
per tooth, even though the material is brittle, it is removed by plastic deformation and
ductile mode machining is prevalent (Fig. 16.4b, c). Similar results were obtained

Fig. 16.4 SEM images of the chips at different feed per tooth, a 1 mm diameter tool, f/t-11 µm,
b 0.8 mm diameter tool, f/t-0.1 µm c 0.8 mm diameter tool f/t-0.2 µm
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Table 16.1 Experimental
condition

Item Details

Machine tool Micromachining center
(Mikrotools—DT110)

Workpiece material Borosilicate glass

Cutting tool TiAlN coated tungsten
carbide tool

End mill tool diameter for
brittle mode machining

1 mm

Feed per tooth for brittle
mode machining

7, 9 and 11 µm

Axial depth of cut for brittle
mode machining

0.15 mm

End mill tool diameter for
ductile mode machining

0.3, 0.5, and 0.8 mm

Feed per tooth for ductile
mode machining

0.1, 0.2, and 0.3 µm

Axial depth of cut for ductile
mode machining

0.05 mm

Table 16.2 Cutting edge
radius of the tool

Sl. No. Tool diameter (mm) Edge radius (µm)

1 0.3 2.5883

2 0.5 3.2529

3 0.8 3.6897

with 0.3 and 0.5 mm diameter tool when machined with 0.1, 0.2, and 0.3 µm feed
per tooth (Table 16.2).

Brittle to ductile mode transition in micromachining could be due to stress state
transition in the cutting region. When undeformed chip thickness is very large, near
the cutting edge a tensile stress region is developed,whereas the upper region remains
at low stress state [15]. Because of the low fracture toughness of borosilicate glass,
cracks will be initiated in the tensile stress region before plastic deformation takes
place. As the undeformed chip thickness decreases below the cutting edge radius of
the tool, the effective rake angle of the tool becomes highly negative. This would
result in the development of compressive stress on the workpiece material in front
of the tool edge. This situation is very similar to hydrostatic pressure under sharp
intender in an indentation test. It has already been proved that under high hydrostatic
pressure, brittle material behaves like ductile material. Owen et al. [9] have reported
that brittle materials such as silicon and germanium undergo plastic deformation
under hydrostatic pressure. Similarly, in any machining process when undeformed
chip thickness is less than the tool edge radius, material in front of the tool will be
in a hydrostatic pressure condition. This facilitates the ductile mode machining in
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micromachining processes as undeformed chip thickness is very small compared to
cutting edge radius of the tool.

Figure 16.5 shows the images of the machined surface under conventional macro-
machining condition, i.e., with 1 mm end mill cutter with a feed per tooth value
of 7, 9, and 11 µm. It can be clearly noticed that the machined surface is severely
damaged with a fractured surface for all three feed per tooth. Figure 16.6 shows
the cross-sectional view of the machined slots, when machined with 1 mm diameter
tool at 7 and 9 µm feed per tooth. It can be observed that the edges of the slots
were completely damaged and machining did not produce a proper rectangular slot.
Figure 16.7 shows the image obtained from 3D optical profile meter; cracks formed
on the machined surface as well as broken slot edges due to brittle fracture of the
material are clearly visible in this image. Figure 16.8 shows the surface roughness of
themachined surface under brittlemodemachining.As the cutting progresses, cutting
edge radius of the tool increases and it may reach very close to 9 µm. At this point,
machiningmechanismchanges from shearing to ploughingwhich results in excessive
rubbing of flank face and elastic recovery of the machined surface. Also rubbing of
flank face increases the critical stress field which initiates cleavage fractures. This
could be a probable reason for increase in surface roughness at 9 µm feed per tooth.

Fig. 16.5 Machined slot with 1 mm diameter tool at a 7 µm feed per tooth, b 9 µm feed per tooth,
c 11 µm feed per tooth

Fig. 16.6 Cross-sectional profile of the machined slot with 1 mm diameter tool at a 7 µm feed per
tooth, b 9 µm feed per tooth
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Fig. 16.7 Image from 3D optical profile meter of machined slot with 1 mm diameter tool and 9µm
feed per tooth
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Fig. 16.8 Surface roughness under conventional macro-end milling process

As feed per tooth increases to 11 µm, feed per tooth shearing mechanism dominates
and the surface roughness reduces. Surface roughness was found to be in the range
of 3000–4000 nm when machined under the brittle mode.

Figure 16.9 shows some of the images of the slots machined under ductile mode.
Figure 16.9a–c shows the slots machined with 0.8, 0.5, and 0.3 mm diameter tools
with 0.1 µm feed per tooth. It can be clearly noted that the machined surface is
free from cracks and slot edge walls were also not damaged. Cutting edges of the
small tool may easily break up/wear out which would result in an increase in cutting
edge radius of the tool. This results in increased ploughing and excessive rubbing of
the tool flank face with the workpiece. Consequently, there is a possibility of critical
stress field size to increase and cleavage fracture initiates at the defects. This could be
one probable reason for presence of minor cracks on the surface whenmachined with
a 0.3 mm diameter tool. Figure 16.10 shows the cross-sectional profile of the slots
machined under ductile mode. It can be noted that a rectangular cross-sectioned slot
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Fig. 16.9 Machined slot with 0.1 µm feed per tooth with a 0.8 mm diameter tool, b 0.5 mm
diameter tool, c 0.3 mm diameter tool

Fig. 16.10 Cross-sectional profile of the machined slot with 0.1 µm feed per tooth with a 0.8 mm
diameter tool, b 0.3 mm diameter tools

without edge breakage were produced when machined in ductile mode. As shown in
Fig. 16.11a tool mark can be clearly seen on the machined surface, which indicates
that the material is removed in ductile mode during machining and brittle fracture of
the material has not taken place. Figure 16.11b shows the image from the 3D optical
profile meter which also confirms the crack-free machined surface as well as the
sidewalls of the slot were not damaged.

Figure 16.12 shows the variation of surface roughness with micro-end mill cut-
ter with 0.8, 0.5, and 0.3 mm diameter machined at 0.1, 0.2, and 0.3 µm feed per
tooth. It was noted that for all the three end mill cutters, minimum surface rough-
ness was obtained at 0.1 µm feed per tooth. Also, 0.8 mm diameter tool produces
minimum surface roughness compared to 0.3 and 0.5 mm diameter tool. This could
be due to the fact that smaller tools have very sharp cutting edges which may easily
break. This would result in the increase in cutting edge radius of the tool and plough-
ing mechanism will be predominant. This results in increase in surface roughness.
Table 16.3 shows the experimental conditions used to compare the brittle and ductile
mode machining in terms of surface roughness (Sa). Figure 16.13 shows a compari-
son between surface roughness of the machined slots under brittle mode and ductile
mode machining. It can be clearly observed that ductile mode machining generates
a better surface when machining borosilicate glass.
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Fig. 16.11 Machined slot with 0.8 mm diameter tool and 0.1 µm feed per tooth, a slot surface,
b image from 3D optical profile meter
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Table 16.3 Comparison between brittle and ductile mode machining

Exp. No. Spindle
speed
(rpm)

Brittle mode Ductile mode

Feed per
tooth
(µm)

Depth of
cut (mm)

Surface
rough-
ness, Sa
(nm)

Feed per
tooth
(µm)

Depth of
cut (mm)

Surface
rough-
ness, Sa
(nm)

1 5000 7 0.15 3019.5 0.1 0.05 249.0181

2 5000 9 0.15 3941.8 0.2 0.05 253.7528

3 5000 11 0.15 3397.1 0.3 0.05 285.6606
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Fig. 16.13 Comparison of surface roughness between brittle mode and ductile mode machining

16.5 Conclusions

This study mainly focused on machining of brittle borosilicate glass in ductile mode.
Since ductile mode machining is possible at very small undeformed chip thickness,
0.1, 0.2, and 0.3 µm feed per tooth was chosen as machining parameter and three
micro-end mill cutters with diameters 0.3, 0.5, and 0.8 mmwere used for machining.
A conventional machining condition, where brittle mode material removal domi-
nates, was also carried out to compare the results with ductile mode machining.
Machining performance was assessed based on surface roughness, slot profile, and
chip formation. Following conclusions can be drawn from this study.

• Under brittle mode machining, machined surface quality was very poor due to the
presence of cracks on the machined surface. Also, slot edge walls were severely
damaged and cross-sectional view of the slot does not have a proper rectangular
shape.

• With 0.1, 0.2, and 0.3 µm feed per tooth, all three tools (0.3, 0.5, and 0.8 mm
diameter) were able to machine borosilicate glass with good surface finish free
from cracks and produced a slot without any edge breakage of the sidewalls.When
machined in ductile mode, sawtooth/segmented chips were observed. This clearly
indicates that the materials are removed by plastic deformation rather than crack
propagation. Tool marks were clearly visible on the machined surface when feed
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per tooth is 0.1, 0.3, and 0.5 µm. This indicates that the material is removed in
ductile fashion at low feed per tooth.

• Under conventional machining conditions, the surface roughness of the machined
slots was found to be in the range of 3000–4000 nm. Whereas in ductile mode
machining, surface roughness of themachined surface was found to be in the range
of 250–400 nm.

• In ductile mode machining, for all three tools, minimum surface roughness was
obtained with 0.1 µm feed per tooth. 0.8 mm diameter tool with 0.1 µm feed per
tooth produced a surface with minimum surface roughness.

Acknowledgements Authors would like to sincerely thank the Department of Science & Technol-
ogy(DST), Govt. of India and Centre for precision measurements and Nano mechanical Testing,
Department of Mechanical Engineering, National Institute of Technology Calicut, for providing
support to carry out this work under the scheme “Fund for improvement of Science & Technology”
(No. SR/FST/ETI-388/2015).

References

1. Yu, D.P., Wong, Y.S., Hong, G.S.: A novel method for determination of the subsurface damage
depth in diamond turning of brittle materials. Int. J. Mach. Tools Manuf. 51, 918–927 (2011)

2. Blake, P.N., Scattergood, R.O.: Ductile-regime machining of germanium and silicon. J. Am.
Ceram. Soc. 73(4), 949–957 (1990)

3. Bifano, T.G., Dow, T.A., Scattergood, R.O.: Ductile-regime grinding: a new technology for
machining brittle materials. Trans. ASME—J. Eng. Ind. 113, 184–189 (1991)

4. Takeuchi, Y., Sata, T.: Ultraprecision 3D micromachining of glass. Ann. CIRP 45(1), 401–404
(1996)

5. Fang, F.Z., Chen, L.J.: Ultra-precision cutting for ZKN7 glass. Ann. CIRP 49(1), 17–20 (2000)
6. Dornfeld, D., Min, S., Takeuchi, Y.: Recent advances in mechanical micromachining. Ann.

CIRP 55(2), 745–768 (2006)
7. Egashira, K., Mizutani, K.: Micro-drilling of monocrystalline silicon using a cutting tool.

Precis. Eng. 26(3), 263–268 (2002)
8. Nakasuji, T., Kodera, S., Hara, S., Matsunaga, H., Ikawa, N., Shimada, S.: Diamond turning

of brittle materials for optical components. Ann. CIRP 39(1), 89–92 (1990)
9. Owen, J., Davies, M., Schmidt, D., Urruti, E.: On the ultra-precision diamond machining of

chalcogenide glass. CIRP Ann.—Manuf. Technol. 64, 113–116 (2015)
10. Choi, D.H., Lee, J.R., Kang,N.R., Je, T.J., Kim, J.Y., Jeon, E.: Study on ductilemodemachining

of single-crystal silicon by mechanical machining. Int. J. Mach. Tools Manuf. 113, 1–9 (2017)
11. Yoon, H.S., Lee, S., Min, S.: Investigation of ductile-brittle transition in machining of yttrium-

stabilized zirconia (YSZ). Procedia Manuf. 26, 446–453 (2018)
12. Xiao, G., To, S., Zhang, G.: Themechanism of ductile deformation in ductile regimemachining

of 6H SiC. Comput. Mater. Sci. 98, 178–188 (2015)
13. Wang, W., Yao, P., Wang, J., Huang, C., Zhu, H., Zou, B., Liu, H., Yan, J.: Crack-free ductile

mode grinding of fused silica under controllable dry grinding conditions. Int. J. Mach. Tools
Manuf 109, 126–136 (2016)

14. Shimada, S., Ikawa, N., Inamura, T., Takezawa, N., Ohmori, H., Sata, T.: Brittle-ductile transi-
tion phenomena in microindentation and micromachining. Ann. CIRP 44(1), 523–526 (1995)

15. Yan, J., Maekawa, K., Tamaki, J., Kubo, A.: Experimental study on the ultraprecision ductile
machinability of single-crystal germanium. JSME Int. J. 47(1), 29–36 (2004)



Chapter 17
Parametric Optimization
of Micro-electrical Discharge Drilling
on Titanium

Siddhartha Kar and Promod Kumar Patowari

Abstract This paper aims to perform an experimental study of drilling micro-holes
on titanium grade 2 alloy using micro-electrical discharge machining (µEDM) pro-
cess. Key process parameters such as capacitance, feed rate (FR) and tool rotation
speed (TRS) are varied during machining. Machining time, diameter at entry and
diameter at exit are the response measures evaluated to examine the effect of chosen
process parameters on them. A Taguchi L-9 orthogonal array design of experiment
has been employed to frame the parametric combination of the process parame-
ters, based on which experiments are conducted. Furthermore, analysis of variance
(ANOVA) is carried out to find significant process parameters. Deviation of 14.16,
0.03 and 2.14% is observed between the experimental and predicted results at opti-
mum condition of machining time (104 pF, 15µm/s and 1000 rpm), diameter at entry
(102 pF, 5 µm/s and 500 rpm) and diameter at exit (102 pF, 10 µm/s and 1500 rpm),
respectively.

Keywords Drilling ·Micro-holes ·Machining time · Diameter · Titanium

17.1 Introduction

Nowadays, micromachining is the most demanding manufacturing practice due to
the upsurge in the use ofmicro-devices and components. As a result of this, microma-
chining technique such as micro-drilling is finding tremendous importance. Conven-
tional micro-drilling process requires tool material of superior hardness and strength
to inhibit self-wear and actuate removal of material from the workpiece. Such per-
plexity restricts the variety of materials that can be machined by conventional micro-
drilling process. Furthermore, manufacturing of micro-drill bit is also a tedious task
which requires high amount of cost and advanced technology. Electrical discharge
machining (EDM) process has the potential to negate all these issues, wherein it can
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machine any material which is a conductor of electricity regardless of its hardness
[1]. It is a non-contact machining process, where the material is removed by melting
and vaporization due to a series of discharges occurring between the tool electrode
and workpiece. Micro-electrical discharge machining (µEDM) process works on
the same principle as EDM with the exception of less amount of energy supplied
(compared to macro-EDM process) in the inter-electrode gap (IEG) between the
two electrodes (tool and workpiece). The use of lower energy allows fabrication of
micro-features with superior accuracy and precision [2]. Over the last few decades,
µEDM has been highly used for drilling micro-holes in components of superior
strength and hardness such as inkjet and nozzle. Several researches have been car-
ried out and are still ongoing on drilling of such materials using µEDM. However,
the fundamental concern is optimizing the various process parameters of µEDM to
achieve superior quality of micro-holes (which would possess dimensional accuracy
and precision) along with higher machining efficiency. Generally, resistance–capac-
itance (RC) pulse generator is used in µEDM to provide lower discharge energy in
the IEG. Apart from discharge energy, other parameters such as feed rate (FR), tool
rotation speed (TRS) and polarity also play a vital role inµEDMprocess. At present,
titanium and its alloys are in high demand due to their distinctive properties such
as high stiffness, strength, outstanding toughness and lower density [1]. Moreover,
these materials offer corrosion resistance at very low to high temperatures and are
biocompatible in nature, which enhances their applicability in biomedical implants
and devices.

Conventional machining methods are not suitable to machine titanium and its
alloys due to their high hardness. Therefore, several researchers have chosen some
alternative approach to machine such materials. EDM process has been one of
those alternatives which has been successfully utilized for machining such mate-
rials of higher hardness. Wansheng et al. [3] successfully fabricated micro-holes of
diameter < 200µm and aspect ratio > 15 in Ti-6Al-4V using ultrasonic vibration
and single-notch rotating tool in µEDM. Hasçalık and Çaydaş [4] executed EDM
of Ti-6Al-4V with diverse electrode materials (copper, graphite and aluminium) and
varied process parameters such as current and pulse duration to investigate surface
integrity of the machined workpiece. They observed increase in surface roughness
(SR), tool wear and material removal rate (MRR) with increase in process parame-
ters with an exception in case of lengthy pulse duration of 200 µs. Graphite yielded
highest MRR and tool wear, whereas aluminium exhibited lowest SR. Pradhan et al.
[5] studied the effect of current, pulse duration, duty ratio and flushing pressure on
MRR, tool wear rate (TWR), overcut and taper in µEDM of Ti-6Al-4V. They found
pulse duration to be most influential in case of MRR, overcut and taper, whereas
current to be most influential in TWR. Kibria et al. [6] examined the use of differ-
ent dielectrics on MRR, TWR, overcut, variation of entry and exit diameters and
surface topography in µEDM of Ti-6Al-4V. MRR was high with deionized water
in comparison to kerosene. Accuracy of the micro-holes was higher with the use of
lower discharge energy in deionized water as compared to the use of higher discharge
energy in kerosene. Azad and Puri [7] performed simultaneous optimization ofMRR,
TWR and overcut in µEDM of Ti-6Al-4V, wherein the process parameters varied
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were pulse duration, current, voltage and frequency. Among all the process parame-
ters, voltage and current were the most significant, affecting each response measure.
In another study, Meena and Azad [8] utilized grey relational analysis to optimize
multiple responses such as TWR, MRR and overcut in µEDM of Ti-6Al-4V. They
found voltage to be the most crucial process parameter affecting the overall process
followed by current, pulse duration and frequency. Kumar et al. [9] performed pow-
der mixed EDM of titanium grade 2 with the use of cryogenic treated tool electrodes.
Further, they also explored the effect of current and pulse duration on MRR, TWR,
SR and microhardness. They found current to be the most important parameter fol-
lowed by pulse duration, whereas tool electrode material had negligible effect. Baroi
et al. [10] investigated MRR, TWR and SR in EDM of titanium grade 2 alloy. MRR,
TWR and SR increased with an increment in current. Elsewhere, TWR exhibited a
decreasing trend, SR exhibited an increasing trend and MRR initially increased up
to a critical limit, then decreased with increment in pulse duration.

In regards to the existing literature, it can be seen that proper value of the pro-
cess parameters is the foremost to achieve higher machining efficiency and superior
quality of holes in titanium alloy. As per the literature, very limited works have been
reported on micro-hole drilling of titanium and its alloy, which possesses a potential
to play a significant role in aerospace and biomedical industries. Thus, in the present
work,micro-holes are drilled on titanium grade 2 alloy usingµEDMprocesswhich is
very hard to machine by conventional machining processes. Key process parameters
such as capacitance, FR and TRS are varied to investigate their effect on response
measures such as machining time and hole diameter (at entry and exit).

17.2 Materials and Methods

The experimentation is done on a µEDM setup which is of table top type (Make:
Sinergy Nano Systems; Model: Hyper-15). Through pilot experiments, it has been
inferred that negative polarity of tool electrode incurs higher material removal from
the workpiece as compared to positive polarity. Therefore, polarity of the tool is con-
nected to the negative terminal throughout the experimentation. Moreover, voltage
is kept fixed at 180 V, whereas capacitance is varied in three levels due to the higher
impact of the latter as observed by Jahan et al. [11]. FR and TRS are also varied in
three levels throughout the experimentation. Taguchi L-9 orthogonal array is used to
frame the design of the experiment based onwhich the experimentation is carried out.
The process parameters consisting of both variable parameters and fixed parameters
are depicted in Table 17.1. The response measures evaluated are machining time and
hole diameter (at entry and exit). In each experiment, the tool electrode is penetrated
to a depth of 2 mm, which is significantly higher than the thickness of titanium sheet
(0.7 mm) to ensure drilling of holes.
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Table 17.1 Experimental condition

Variable parameters

Parameters Level Values

Capacitance (pF) 3 102, 103, 104

FR (µm/s) 3 5, 10, 15

TRS (rpm) 3 500, 1000, 1500

Fixed parameters

Workpiece Titanium sheet, 0. 7 mm thick

Tool electrode Tungsten (518 µm diameter)

Polarity Tool (−ve); Workpiece (+ve)

Voltage 180 V

Dielectric medium Hydrocarbon oil

Flushing type Jet

Machining time is observed by a stopwatch from the initiation of spark till the
fixed depth is achieved by the tool electrode. Thereafter, the diameter of the micro-
holes is observed by an optical microscope from which the overcut (at entry and
exit) can also be calculated. The mathematical formulation of overcut is depicted by
Eq. (17.1) and its corresponding schematic diagram is shown in Fig. 17.1.

Overcut = Diameter of hole − Diameter of tool

2
(17.1)

Fig. 17.1 Schematic
diagram showing overcut
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17.3 Results and Discussion

The experimental results of machining time and hole diameter (at entry and exit)
are shown in Table 17.2. The photographic image of the fabricated micro-holes on
titanium using µEDM is shown in Fig. 17.2.

The outcome of the response measures due to change in process parameters is
discussed in the subsequent subsections.

17.3.1 Machining Time

The mean effect of process parameters on machining time is shown in Fig. 17.3.
Increment in capacitance gives rise to the discharge energy, which leads to a decrease
in machining time. With an increment in FR, the speed of retraction and forward
movements of the tool increases (after encountering short circuit), which reduces
the idle time and consequently reduces the machining time. With an increment in
TRS from 500 to 1000 rpm and then to 1500 rpm, there is no significant change in

Table 17.2 Taguchi L-9 design of experiment with the corresponding result

Exp. No. Cap (pF) FR (µm/s) TRS (rpm) Machining
time (s)

Diameter at
entry (µm)

Diameter at
exit (µm)

1 102 5 500 1842 547.40 515.48

2 102 10 1000 1772 552.14 524.64

3 102 15 1500 1455 552.28 525.82

4 103 5 1000 1470 596.58 562.02

5 103 10 1500 1646 600.90 542.78

6 103 15 500 1389 595.08 577.54

7 104 5 1500 722 633.72 579.02

8 104 10 500 538 633.08 580.04

9 104 15 1000 510 633.90 581.50

Note Cap—Capacitance

Fig. 17.2 Micro-holes
drilled on titanium
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Fig. 17.3 Mean effect of
process parameters on
machining time
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the machining time. From Fig. 17.3, the optimum condition of machining time is
observed at capacitance of 104 pF, FR of 15 µm/s and TRS of 1000 rpm.

17.3.2 Diameter at Entry and Exit

The mean effect of process parameters on diameter at entry and exit is depicted
in Figs. 17.4 and 17.5, respectively. With an increment in capacitance, diameter at
both entry and exit increases. The increase in diameter can be attributed to rise in
plasma channel radius due to higher discharge energy. With the rise in FR from 5 to
10µm/s, diameter at exit decreases, but further rise in FR from 10 to 15µm/s causes
a slight increment in diameter due to secondary sparking. In case of entry diameter,
no significant variation is observed with change in FR. With increment in TRS, the
entry diameter increases but the exit diameter decreases. The variation of increment
in case of entry diameter is very less as evident from Fig. 17.4. The decrement in exit
diameter with rise in TRS may be attributed to reduction in the wobbling effect due
to higher spin stability at higher TRS. In each parametric combination, it can be seen

Fig. 17.4 Mean effect of
process parameters on
diameter at entry
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Fig. 17.5 Mean effect of process parameters on diameter at exit

that the exit diameters are less than the entry diameters. Tool wear can be attributed
for such deviation in entry and exit diameter which is inevitable in any variant of
EDM [2].

From Fig. 17.4, the optimum condition of diameter at entry is observed at a
capacitance of 102 pF, FR of 5 µm/s and TRS of 500 rpm. Similarly, the optimum
condition of diameter at exit observed from Fig. 17.5 is capacitance of 102 pF, FR of
10 µm/s and TRS of 1500 rpm. The microscopic images of the lowest diameter at
entry (547.40µm) and exit (515.48µm) are depicted in Fig. 17.6a and b, respectively.

Fig. 17.6 Microscopic image of the lowest diameter (180 V, 102 pF, 5 µm/s, 500 rpm) a at entry
and b at exit
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Table 17.3 ANOVA of response measures

Source DOF Sum of square Mean square F-ratio P value Contribution (%)

1. Machining time

Cap 2 2,075,747 1,037,873 39.26 0.025 93.42

FR 2 92,321 46,160 1.75 0.364 4.16

TRS 2 916 458 0.02 0.983 0.04

Error 2 52,872 26,436 – – 2.38

Total 8 2,221,856 – – – 100

R2 = 97.62%, R2(adj) = 90.48%

2. Diameter at entry

Cap 2 10382.6 5191.29 35192.55 0.000 99.67

FR 2 11.9 5.95 40.37 0.024 0.11

TRS 2 21.9 10.93 74.10 0.013 0.21

Error 2 0.3 0.15 – – 0.00

Total 8 10416.7 – – – 100

R2 = 100%, R2(adj) = 99.99%

3. Diameter at exit

Cap 2 5270.1 2635.04 17.66 0.054 88.67

FR 2 253.8 126.89 0.85 0.540 4.27

TRS 2 121.5 60.73 0.41 0.711 2.04

Error 2 298.4 149.19 – – 5.02

Total 8 5943.7 – – – 100

R2 = 94.98%, R2(adj) = 79.92%

Note Cap—Capacitance; DOF—Degree of freedom

17.3.3 Analysis of Variance

Analysis of variance (ANOVA) is carried out for all the response measures to find
the importance of process parameters. The result of ANOVA is shown in Table 17.3.
Capacitance is the most significant process parameter affecting all the response mea-
sures. The correlation coefficient (R2) and adjusted correlation coefficient (R2(adj))
values are higher for all the three responses, with the diameter at exit possessing the
lowest R2 = 94.98% and R2(adj)= 79.92% values. Such high R2 and R2(adj) values
indicate that the models are fairly significant.

17.3.4 Confirmation Test

Test is conducted at optimum setting of all the response measures and compared
to the predicted values. Table 17.4 depicts the optimum condition, predicted and
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Table 17.4 Confirmation test result

Response Optimum condition Predicted Experimental Observed
deviation%Cap (pF) FR (µm/s) TRS (rpm)

Machining
time (s)

104 15 1000 437.78 510 14.16

Diameter at
entry (µm)

102 5 500 547.23 547.40 0.03

Diameter at
exit (µm)

102 10 1500 511.71 522.90 2.14

Note Cap—Capacitance

experimental values and deviation between experimental and predicted values. In
case of machining time and diameter at entry, their optimum condition matches with
Exp. no. 9 andExp. no. 1, respectively, from initial set ofTaguchiL-9 experiments. So,
no separate tests are conducted and their initial values are taken as the experimental
ones to calculate deviation from the predicted values. Deviation of 14.16% and
0.03% is observed between experimental and predicted values of machining time
and diameter at entry, respectively. In case of diameter at exit, confirmation test is
conducted at optimum condition (102 pF, 10µm/s and 1500 rpm), wherein deviation
of 2.14% is achieved between the experimental and predicted value. Thus, overcut
of 14.7 and 2.45 µm is observed at optimum condition of diameter at entry and exit,
respectively.

17.4 Conclusions

Micro-holes have been successfully drilled in titanium by µEDM process. Process
parameters such as capacitance, FR and TRS have been varied during experimen-
tation to investigate their effect on response measures such as machining time and
diameter at entry and exit. Within the range of parameters considered in this study,
the following conclusions are drawn.

• With increase in capacitance, machining time decreases, whereas both diameter
at entry and exit increases due to rise in discharge energy.

• With increase in FR, the machining time decreases due to faster movement of the
tool. But, there is no significant change in machining time with increase in TRS.

• In case of diameter at entry, the effect of FR and TRS is very low.
• The exit diameter initially decreases with increase in FR up to a certain limit, then
it increases with further increase in FR due to secondary sparking.

• With increase in TRS, the exit diameter decreases due to decrement in wobbling
effect.
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• From ANOVA, capacitance unfolded as the most significant process parameter
impacting all the response measures.

• At the optimum condition of machining time, diameter at entry and diameter at
exit, deviation of 14.16%, 0.03% and 2.14% is observed between the experimental
and predicted results, respectively.
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Chapter 18
Numerical Simulation of Micro-EDM
Process by Incorporating a Novel
Approach of Multi-sparks

Mahavir Singh , Devesh Kumar Chaubey and J. Ramkumar

Abstract Due to the stochastic nature of the EDM process, limited knowledge
of material removal mechanism as well as the progression of sparks is available.
For complete utilization of the micro-EDM process, a concrete study is needed to
understand the physics associated with the process such as the formation of crater,
multiple-sparks generation, and overlapping of craters for uniformmaterial removal.
The scarcity of the models to simulate multi-sparks with appropriate crater over-
lap in the micro-EDM process is the motivation for the present work. This work
presents a numerical simulation of the micro-EDM process based on the generation
of multiple-sparks. The sparks are assumed to be occurring at a point of minimum
inter-electrode gap (IEG) based on the arbitrary surface roughness assigned to the
tool as well as the workpiece. Using the thermal ablation model as a mechanism of
material removal and adopting Gaussian distribution of input heat flux to the work-
piece, the crater radius, depth, and pulse frequency are determined by creating single
sparks. The data obtained from the simulation of the single spark has been applied to
develop a multi-spark approach for the removal of a single layer of material from the
workpiece. The sparks are generated uniformly across the tool–workpiece contact
length with appropriate crater overlapping.

Keywords Micro-EDM · Multi-spark · Crater overlap · Numerical simulation ·
SS-EN 24
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18.1 Introduction

Over a period, conventional machining processes have been evolved for microma-
chining application, in which tool and workpiece are in direct contact with each other
[1]. Conventional machining processes have certain advantages over the nontradi-
tional processes of having high material removal rate and ability to fabricate 2D and
3D micro-features. However, conventional machining processes have some limita-
tions such as difficulty to fabricate complex geometry, inability to machine advanced
and hard materials, and low precision and accuracy.

To overcome these limitations, nonconventional machining processes are devel-
oped as revolutionary techniques for micromachining. Among the different non-
traditional machining processes, Electrical Discharge Machining (EDM) process is
considered one of the more resourceful and reliable techniques for micro-fabrication
in a vast array of applications. The process of material removal by controlled ero-
sion due to a series of rapid sparks occurring in a small gap between electrodes is
known as the Electric Discharge Machining process [2]. To machine microparts,
intricate geometries, and micro-features with high precision, downscaling of electric
discharge machining is required, and it is termed as a micro-EDM process. This can
be achieved by minimizing the discharge energy between the tool and workpiece
and using an extremely short pulse of the discharge current, etc. Micro-EDM is a
versatile process to produce products with micro-dimensions with high precision and
geometric accuracy. A lot of theoretical models have been developed to predict the
performance of the micro-EDM process by FEM analysis of a single crater formed
due to the generation of a solitary spark. An anode erosion model has been devel-
oped to show that the removal of material in the EDM process is due to the thermal
melting of electrodes. A constant fraction of the total discharge power is supplied to
the anode, the distribution of which can be approximated by the Gaussian distributed
heat flux. The flux area and therefore the plasma channel radius increases with dis-
charging time (pulse-on duration) [3]. In another model called the cathode erosion
model, it has been suggested that the electrons in the plasma channel move with
higher velocity than that of positive ions which results in the formation of larger melt
pool at anode at the initial stage of discharge duration. As a result, anode melts faster
than the cathode. The plasma channel expands further and due to its expansion, the
heat flux density at the anode decreases which results in resolidification of molten
material at anode [4]. Superheating phenomenon is a dominating factor for electrode
material removal; hence the formation of superheated and highly pressurized plasma
channel causes the heat transfer to the electrodes, and this results in the material
removal due to erosion [5]. Simulation of single discharge crater in the EDM process
has been studied to predict MRR of the process. A good correlation can be found by
considering thermophysical properties of materials, latent heat of fusion, and evapo-
ration. It is suggested that using an expanding heat source would give more accurate
results [6]. An electrothermal model incorporating temperature-dependent thermal
properties of the workpiece and plasma channel expensing with a pulse duration
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has been developed to predict the percentage of energy distribution to the tool and
workpiece [7].

A modified numerical model has been developed for micro-EDM to show the
effect of sparking ratio on temperature profile in the workpiece. Also, the numerical
analysis of multi-spark micro-EDM has been performed in order to observe the
temperature distribution along the normal and axial direction in the workpiece. The
model confirms that the rate of decrease in temperature is high during spark off time
due to surface convection [8]. The thermal damage to the workpiece surface has been
investigated by modeling of progressive random discharge in die-sinking EDM on
NiTi workpiece. The temperature profile on the surface has been analyzed, and a
large temperature gradient is found on the surface [9]. Evaluation of thermal phase
transformation and residual stresses in the recast layer along with HAZ is predicted
using a single-spark EDM model [10].

Single-spark numerical simulation has been performed by the researches. How-
ever, in actual practice to create a feature in the workpiece, multiple sparks are
required to be generated in a sequence dictated by the minimum gap between two
electrodes. In view of that, an effort has been made to develop a novel model to
account for the generation of multiple progressive sparks based on the minimum
IEG. The IEG between tool and workpiece is determined through the arbitrary sur-
face roughness induced to both the electrodes’ surfaces.

18.2 Multi-sparks in the EDM Process

Tool and workpiece surface have irregularities and asperities due to which the local-
ized gap between them is not constant everywhere. The asperities to both the sur-
faces are assigned by the random surface roughness value (Ra). Figure 18.1 shows a
schematic representation of the tool and workpiece surface with random asperities.
Point 1 is the positionwhere the localized gap isminimum, so the first spark generates
at that point and lasts for the pulse-on duration. The spark switches its occurrence
to position 2 which happens to be the next minimum gap. In a similar manner, the
continuous sparks are generated between the tool and workpiece according to the
ascending order of IEGs which results in the machining of a layer of material from
both the surfaces.

The number of sparks corresponding to the set of open-circuit voltage and capac-
itance is determined by the crater radius of single sparks with certain crater overlap
(10%). The total time of the simulation for a single layer of machining is the number
of spark times the duration of a single spark. Duration of single sparks has been
assumed to be the sum of pulse-on and pulse-off duration.
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Fig. 18.1 Schematic diagram showing the formation of multiple sparks in the EDM process

18.3 Model Description

The electrothermal model is generally used to describe the micro-EDM process
wherein a plasma channel formation results in superheating of the workpiece elec-
trode. The consequence of superheating is the generation of a crater on the workpiece
as well as the tool surface. Superheating involves melting and vaporization, so the
mechanism for crater formation is the result of melting and vaporization of electri-
cally conductive material. In the current work, the thermal conduction model and
thermal ablation model are combined to make a more realistic model.

Certain assumptions are applied to the model due to the stochastic nature of the
EDM process. The uncertainty arises due to some governing factors such as energy
distribution between the tool and workpiece, plasma radius, and the shape of the
plasma channel.

The following assumptions are made for the model generation:

1. Thermophysical properties of the workpiece material do not depend on temper-
ature.

2. The material of the workpiece is homogenous and isotropic in nature.
3. The discharge would occur at an instantaneous voltage (50%) of the open-circuit

voltage.
4. A certain fraction of the total discharge energy is conducted to the workpiece.

This fraction of energy varies with different conditions of the tool, workpiece
combination, and dielectric medium.

5. The plasma breakdown has already taken place, and the condition in the inter-
electrode gap is such that certain percentage of total discharge energy is going
into the workpiece electrode and the tool electrode.
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6. Flushing efficiency is assumed to be 100%. It implies that the total volume of
the workpiece material having a temperature above the melting temperature of
the workpiece is removed.

18.3.1 Boundary Conditions

Figure 18.2 shows a 2D axisymmetric domain considered for the current study.
Boundaries 2, 3, and 4 are assumed to be insulated as the pulse-on duration is very
low in the micro-EDM process for the diffusion of heat to these boundaries. The
fraction of discharge energy going into the workpiece (anode) is approximated by
the Gaussian distribution and applied to Boundary 1.

At Boundary 1, the condition during the discharge time is

K
∂T

∂y
= q(r) [at r ≤ R]

The distribution of the heat input to theworkpiece is approximated by theGaussian
heat flux distribution as follows:

q(r) = q0 exp

{
−4.5 ×

( r

R

)2
}

(18.1)

The heat conducted to the workpiece is the fraction of the total discharge energy.
The maximum of that heat is expressed as

q0 = (η × 4.45 × E)

ton × π × R2

(
W/m2

)
(18.2)

Fig. 18.2 Schematic of the
2D physical domain used
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where q0 is the maximum heat flux at r = 0.
E is the discharge energy per pulse = { 1

2× C × (Vd)2}, R is the plasma channel
radius which is a function of pulse-on time, ton is pulse-on time or discharge duration,
andη is the fraction of the total energy going into theworkpiece. In the currentmodel,
η is taken as 0.39 [11].

The plasma radius expands with an increase in pulse-on time and is given by the
relations [11]

Ra = 0.0284 (ton)
0.9115 (18.3)

Rc = 0.0425(ton)
0.0895 (18.4)

where Ra andRc represent plasma radius at the anode (workpiece) and cathode (tool).
Boundaries 2, 3, and 4 are insulated. Therefore, no heat loss occurs at these

boundaries.

∂T

∂n
= 0

where n is normal to the boundaries.

18.3.2 Thermal Conduction Model

The governing equation used for heating the workpiece is the thermal conduction
equation without any heat generation and is given by

∂T

∂t
= α

(
∂2T

∂x2
+ ∂2T

∂y2

)
(18.5)

where α is thermal diffusivity expressed as ( K
p×CP

), K is the thermal conductivity,
Cp is the specific heat capacity, and ρ is the density of workpiece material. T and t
represent temperature field and time, respectively.

18.3.3 Thermal Ablation Model

In order to measure the dimensions of the crater formed due to the melting and even
evaporation of the workpiece material, it is difficult to obtain it employing only the
thermal conduction model as the conduction of heat results into melting as well as
evaporation. With the addition of thermal ablation model, the portion of the melt
pool having a temperature above melting temperature is removed to comply with the
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100% flushing efficiency. The formed crater geometry and its depth, as well as the
radius, are comparable with the crater formed using only the conduction model [6].

For applying the thermal ablation model to the micro-EDM process, some bound-
ary conditions have to be applied in order to satisfy the mechanism of thermal abla-
tion. The first boundary condition is related to ablation temperature condition which
constrains the temperature on the workpiece during machining not to exceed above
melting temperature. This is because the volume of material inside the crater, hav-
ing a temperature above the melting point, is assumed to flush out from the crater.
For applying this approach, the temperature of material inside the crater should not
reach above its melting point as melted part of the crater, in accordance with the
assumption, should not be present inside the crater.

At Boundary 1 during pulse-off time:

K
∂T

∂y
= qa = ha × (Tm − T ) [at r ≤ R] (18.6)

where qa is ablative heat flux, Tm is melting temperature, ha is ablative heat transfer
coefficient, and T is ambient temperature.

The ablative heat transfer coefficient (ha) in this model is assumed to be
temperature-dependent and linearly increases with increase in temperature. This
temperature dependency of ablative heat transfer coefficient is necessary for proper
functioning of the initial boundary condition. So, the value of ha be defined as

ha is zero when T < Tm and linearly increases when T > Tm.
The above condition implies that the portion of the crater above melting point

temperature releases heat by convection, and the amount of heat release is equal
to the ablative heat flux. With the increase in temperature inside the crater (above
melting point temperature), the value of ablative heat transfer coefficient increases
and consequently the convective heat transfer rate increases. Deformed geometry
feature with a normal ablation velocity is used to reduce the solid boundary.

18.4 Results and Discussion

Numerical simulation has been performed employing FEM solver COMSOL Mul-
tiphysics considering SS-EN 24 as the workpiece material. The process parameters
used in the simulation of single as well as multi-sparkmicro-EDMprocess are shown
in Table 18.1. The thermophysical properties of SS-EN 24 are given in Table 18.2.

Table 18.1 Process parameters and their levels

S. No. Parameter Unit Levels

1. Open-circuit voltage V 90 105 120

2. Capacitance nF 0.1 1 10
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Table 18.2 Thermophysical properties of workpiece material

Material Melting point
(K)

Thermal
conductivity
(W/mK)

Specific heat
capacity
(J/kgK)

Density
(kg/m3)

Latent heat of
fusion (kJ/kg)

SS-EN 24 1427 42 460 7850 265

18.4.1 Results of the Crater Formed Due to Single Spark

Crater diameter and crater depth have been calculated by the numerical simulation of
the single-sparkmicro-EDMprocess at different combinations of process parameters
(open-circuit voltage and capacitance), and then the effect of these input parameters
on crater geometry is analyzed. A typical crater formed during the single-spark EDM
process is shown in Fig. 18.3.

Variation of Crater Depth with Open-Circuit Voltage and Capacitance

Figure 18.4a and b show the variation in crater depth with open-circuit voltage and
capacitance, respectively. With an increase in open-circuit voltage and capacitance,
the crater depth increases continuously as both the parameters define the discharge
energy per pulse. The increased discharge energy results in the formation of a crater
with higher depth. The increased value of the capacitor also increases the discharging
time which allows the large penetration of heat into the workpiece. The variation in
crater depth with open-circuit voltage is not much significant as the discharging
time invariably remains constant for a constant value of capacitance. However, the
discharge energy depends on the supplied voltage for maximum heat delivered to the
gap.

Variation of Crater Diameter with Open-Circuit Voltage and Capacitance

The open-circuit voltage has a very less effect on crater diameter as compared to
the capacitance value. This is due to the fact that for the RC-based power generator,
the charging time is invariably constant with constant capacitance value. Since the
discharging time (pulse-on time) is assumed to be 10% of the charging time, it also
remains constant. The plasma radius is directly related to discharging time given

Fig. 18.3 Representation of crater diameter and crater depth (SS-EN 24, 120 V, 1nF)
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Fig. 18.4 Variation of crater depth, a with open-circuit voltage, b with capacitance

by Ra = 0.0284 (td)0.9115. Therefore, the formed crater diameter is a function of
discharging time which increases with the capacitance value. The effect of open-
circuit voltage is very small on discharging time, and thus the crater diameter shows
a very less variation with it (Fig. 18.5a). However, the discharge energy as well as
discharging time increases with capacitance which results in a larger diameter of the
crater formed as shown in Fig. 18.5b.
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Fig. 18.5 Variation of crater diameter, a with open-circuit voltage, b with capacitance

18.4.2 Results of Multi-spark Micro-EDM Simulation

Based on the crater geometry observed at different values of capacitance, open-circuit
voltage, and incorporation of 10% of crater overlap, the number of sparks required
to remove a layer of material from workpiece has been calculated. The generation of
spark at least inter-electrode gap results into the formation of a crater. The switching
code generated in MATLAB determines the occurrence of subsequent sparks at
the next locations. Therefore, the accurate prediction of overlapping between two
adjacent sparks and the total number of sparks removes a layer of material from the
workpiece surface. The progression of sparks in multi-spark numerical simulation
is shown in Figs. 18.6, 18.7, and 18.8. The simulated images show the workpiece
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Fig. 18.6 Workpiece profile after five sparks

Fig. 18.7 Workpiece profile after 15 sparks

surface after 5, 15, and final spark, respectively. The workpiece material is SS-EN
24 machined at 120 V and 0.1 nf.

The total time for a single layer of machining has been calculated by the product
of the total number of sparks and the average time required for the machining of a
single spark. The capacitor charging time is calculated using standard RC circuit and
discharging time is assumed to be 10% of the charging time.

Variation of Material Removal Rate with Capacitance

Figure 18.9 depicts the variation on material removal rate with the capacitance at
different levels of open-circuit voltage.
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Fig. 18.8 Initial workpiece surface and the machined surface after the final spark

Fig. 18.9 Variation of MRR with capacitance

Material removal rate increases with both open-circuit voltage as well as capaci-
tance as the energy per pulse increases with both the input parameters. It is evaluated
by the ratio of the average volume of a single layer removed and the total time of
machining per layer. The third dimension of the workpiece is assumed to be unity.

Variation of Material Removal Rate with Open-Circuit Voltage

The variation of MRR with open-circuit voltage at different capacitance levels is
shown in Fig. 18.10. TheMRR increases with open-circuit voltage at constant capac-
itance value. This variation is a consequence of rising discharge energy with open-
circuit voltage. More material is removed with increased discharge energy and as a
result of this the MRR increases.
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Fig. 18.10 Variation of MRR with open-circuit voltage

18.5 Conclusions

In this work, a novel approach of multiple spark generation has been used for sim-
ulation of micro-EDM process to analyze the consequences of process parameters,
viz., capacitance value, open-circuit voltage on the performance of the micro-EDM
process. It is observed that the capacitance value has a critical effect on crater geom-
etry. Large variations in crater diameter and crater depth with capacitance have been
found. Open-circuit voltage has a small effect on crater dimensions.Material removal
rate directly depends on the open-circuit voltage and capacitance. With the increase
in either open-circuit voltage or capacitance, MRR increases because increasing any
one process parameter results in increasing discharge energy. This is an exploratory
work in the direction ofmultiple sparks inEDMprocess. Further investigationswould
incorporate crater overlap, workpiece thermophysical property, etc., to explore the
material removal in micro-EDM process.

References

1. Liu, X., DeVor, R.E., Kapoor, S.G., Ehmann, K.F.: The mechanics of machining at the
microscale: assessment of the current state of the science. J. Manuf. Sci. Eng. 126(4), 666–678
(2005)

2. Ho, K.H., Newman, S.T.: State of the art electrical discharge machining (EDM). Int. J. Mach.
Tools Manuf. 43, 1287–1300 (2003)

3. Patel, M.R., Barrufet, M.A., Eubank, P.T., DiBitonto, D.D.: Theoretical models of the electrical
discharge machining process. II. The anode erosion model. J. Appl. Phys. 66(9), 1 (1989)

4. DiBitonto, D.D., Eubank, P.T., Patel, M.R., Barrufet, M.A.: Theoretical models of the electrical
discharge machining process. I. A simple cathode erosion model. J. Appl. Phys. 66(9), 4095–
4103 (1989)



224 M. Singh et al.

5. Eubank, P.T., Patel, M.R., Barrufet, M.A., Bozkurt, B.: Theoretical models of the electrical
discharge machining process. III. The variable mass, cylindrical plasma model. J. Appl. Phys.
73(11), 7900–7909 (1993)

6. WeingäLrtner, E., Kuster, F., Wegener, K.: Modeling and simulation of electrical discharge
machining. Procedia CIRP 2, 74–78 (2012)

7. Shao, B., Rajurkar, K.P.: Modelling of the crater formation in micro-EDM. In: 9th CIRP
Conference on Intelligent Computation inManufacturing Engineering - CIRP ICME’14 (2015)

8. Somashekhar, K.P., Panda, S., Mathew, J., Ramachandran, N.: Numerical simulation of micro-
EDM model with multi-spark. Int. J. Adv. Manuf. Technol. 76(1–4), 83–90 (2015)

9. Liu, J.F., Guo, Y.B.: Thermal modeling of EDMwith progression of massive random electrical
discharges. Procedia Manuf. 5, 495–507 (2016)

10. Tang, J., Yang, X.: Simulation investigation of thermal phase transformation and residual stress
in single pulse EDM of Ti–6Al–4V. J. Phys. D: Appl. Phys. 51, 135308, (12 pp) (2018)

11. Yeo, S.H., Kurnia, W., Tan, P.C.: Electro-thermal modelling of anode and cathode in micro-
EDM. J. Phys. D: Appl. Phys. 40, 2513–2521 (2007)



Chapter 19
Analysis of Fiber Laser Micro-grooving
on 316 L Stainless Steel

A. Sen , B. Doloi and B. Bhattacharyya

Abstract Within the domain of austenitic stainless steel, 316 L stainless steel is
widely used in both biomedical and automotive industries due to its superiormechan-
ical properties. In the present research study, the performance of the fiber laser
micro-grooving process with regard to kerf width and surface roughness Ra has been
analyzed. The process parameters, i.e., laser power (7.5–20W), pulse frequency (55–
80 kHz), and cutting speed (0.5–3 mm/s) are considered to examine the aforesaid
responses. The results of the experiments exhibit that the presence of flowing con-
dition of the high-pressure assist air in combination with varying aforesaid process
parameters, have a considerable effect on the kerf width characteristics along with
the average surface roughness Ra of microgroove cut on 316 L stainless steel.

Keywords Fiber laser ·Micro-grooving · Stainless steel · Kerf width · Surface
roughness

19.1 Introduction

Over the past decade, it has been observed that fiber lasers have played an essential
role in the laser industries ranging from high to low power laser sources required for
various engineering applications. Although the number of research works utilizing
fiber lasers has increased in the previous years, the research works integrating fiber
lasers have not yet obtained their optimum utilization in the domain of microma-
chining. At present, the utilization of fiber laser micromachining process on 316 L
stainless steel (SS) for the manufacturing of stents has increased rapidly. The previ-
ous researchworks involving 316 L showcase various aspects of geometrical features
such as kerf width, depth in order to achieve desired profiles, etc.

A pulsed fiber laser setupwas utilized byMeng et al. [1] in order to fabricate stents
on 316 L. Laser output power, pulse frequency, pulse length, assist gas pressure (oxy-
gen) along with cutting speed were considered as the primary process parameters for
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the analysis of the kerf width. With the change in laser power along with the cutting
speed, the kerf width dimensions were varied significantly. The authors found that
at a laser power 7 W, 0.15 ms pulse duration, cutting speed of 8 mm/s, assist oxygen
pressure of 0.3 MPa, and pulse frequency of 1500 Hz, the kerf width along with sur-
face roughness and heat-affected zone (HAZ) width was minimized. A comparative
study of fiber laser micro-cutting on 316 L under different conditions was performed
by Muhammed et al. [2]. The authors derived that, in the wet condition, kerf width
was low in comparison to that of the dry condition. The back wall damages along
with HAZ width were reduced significantly during the wet condition. Kleine et al.
[3] further utilized single-mode fiber laser in order to micro-cut stainless steel stents.
The considered responses were kerf width and surface quality on the sidewall of
the micro-cut profiles. The authors concluded that during high settings of pulse fre-
quency, spot overlap was a dominant factor which in turn produced low and good
quality kerf widths. However, when the spot overlap reached over 85%, the factor
was insignificant for surface roughness parameters. Sen et al. [4] on the other hand,
carried out a fiber laser micro-grooving operation on 316 L SS at 200, 250 °C as well
as at room temperature to assess the influence of cutting speed and laser beam focal
position on the kerf width in combination with HAZ width. The authors also found
out that at 250 °C, the uniformity of the micro-groove profiles was higher compared
to the other temperatures. However, at room temperature, kerf width along with the
HAZ width dimension was relatively lower compared to the elevated temperatures.
Further, the uniformity and waviness of the profiles were also affected considerably
in the room temperature compared to the higher temperatures. The authors concluded
that the formation of taper notably affected the uniformity as well as the kerf width
of the micro-groove profiles. Fuss et al. [5] showcased that when micro-grooves
were generated on the surface of 316 L, the rate of human aortic endothelial cells
(HAEC) increased significantly. Thus, it is essential to fabricate micro-grooves on
316 L in order to utilize the stent with its specific geometrical features to improve
the biocompatibility as well as the tissue response time.

In this regard, the assessment of fiber laser on the machinability of 316 L SS (at
room temperature) in atmospheric condition and in flowing assist air condition is
yet to be carried out by the researchers. The high range of pulse frequency which
leads to an increment in the laser spot overlapping factor has also not been studied
extensively. From the trial runs, the selection of process parameters is carried out
for the present study. Further, laser beam sawing angle, along with the laser beam
opening type (the offset value between the micro-groove cut width andmicro-groove
wall), is correlated to the surface profiles of the fiber laser fabricated micro-grooves
with the considered process parameters to study their effects on the performance
criteria.

In this present research study, a comparative analysis has been conducted in order
to find out the effect of fiber laser process parameters, i.e., cutting speed, laser power,
and pulse frequency in atmospheric condition as well as in condition of flowing assist
air pressure on kerf width and surface roughness Ra of micro-groove cut on 316 L
SS by fiber laser micromachining process.
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19.2 Experimental Plan

In the present research study, a total of 18 experiments has been carried out on 316
L SS (50 mm× 50 mm× 1 mm) without the supply of assist air, i.e., in atmospheric
condition. In addition to this, with a similar set of process parameters, the same
number of experiments is repeated with assist airflow at a pressure of 4 kgf/cm2. In
each set of experiment, oneprocess parameter is kept as a variablewhile the remaining
two process parameters are kept as constants at their lowest values, considered in
the experimental investigation. A total of 36 experiments is carried out with multi-
diodes pumped 50 W nanosecond pulsed fiber laser system. However, in the present
research work, due to the Gaussian beam profile of the laser beam, straight cut
micro-groove profiles have been fabricated with the triangle-shaped formation at the
depth edges. The experiments are categorized into three sets in which one set of
the process parameter is varied with and without the supply of high-pressure assist
air. The experiments are carried out by utilizing software designed for micro-cutting
applications, inwhich the offset value (based on the sawing angle) between themicro-
groove width and micro-groove wall in combination with the sawing angle has a
notable influence. The higher the sawing angle, the higher is the opening of themicro-
groove profile. Thus, in order to achieve smaller dimensions of kerf width, a low
sawing angle is preferred. As a result, in the present research study, the sawing angle
ismade constant at 0.01°. In Fig. 19.1, a schematic diagramcomprising themovement
of the laser beam inside a micro-groove is exhibited. The micro-groove profiles are
measured by Leica optical microscope at 1.25×, 20× and 50× optical lenses. The
surface roughness (Ra) is measured by a Mitutoyo SJ 410 surface roughness tester
with a Gaussian filter. Parameters related to surface roughness measurements are as
follows: sampling length (l) of 4mmand cut-off length (λc) of 0.8. Themeasurements
of both the kerf width and surface roughness are carried out at five reference lines,
and the result is the average of these values. The array of fiber laser fabricated micro-
grooves is shown in Fig. 19.2.

Fig. 19.1 Schematic
diagram of laser beam
movement during
micro-groove formation
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Fig. 19.2 Microscopic view of an array of fiber laser fabricated micro-grooves

19.3 Experimental Results

A total of 18 experiments (corresponds to three sets of experiments) has been per-
formed without assist air along with another 18 experiments, which have been
repeated with the aid of high-pressure assist air. The effect of laser power, pulse
frequency, and cutting speed with respect to surface roughness parameters of fiber
laser produced micro-grooves on 316 L SS are discussed and analyzed subsequently.

19.3.1 Effect of Laser Power on Kerf Width and Surface
Roughness, Ra

In the first set of experiments, the laser power is varied from 7.5 to 20 W while
the other fixed parameters are set at a pulse frequency of 55 kHz, cutting speed of
0.5 mm/s and the duty cycle of 99%. The high value of the duty cycle is considered
for all the 36 experiments in order to achieve high laser power corresponding to the
input laser power value. Figure 19.3 corresponds to the effect of laser power on kerf
width during the supply of assist air and without the assist air supply. Figure 19.4
represents the effect of laser power on surface roughness Ra with and without the
supply of high-pressure assist air. The average value of Ra to assist air supply and
without assist air is found at 2.13 μm and 2.09 μm, respectively.

In Fig. 19.3, it can be observed that in the presence of assist air supply, the kerf
width dimensions tend to increasemore compared to the experiments conductedwith-
out the supply of assist air. However, the maximum kerf width dimension is found
to be 97.44 μm in the absence of assist air at a laser power of 20 W. Advancement
of high laser power causes high laser peak power in the machining zone. Subse-
quently, a high amount of energy is further generated by an increase in the laser
peak power. Therefore, immediate melting and vaporization occur in the machined
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Fig. 19.3 Effect of laser
power on kerf width
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Fig. 19.4 Effect of laser
power on Ra
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zone subsequently. Furthermore, a high amount of material is removed and leads to
high kerf width dimensions. The presence of a high-pressure flow of assist air has
attributed less formation of resolidified material at the micro-groove edges which in
turn has increased the kerf width dimensions. However, when the laser power reaches
20 W, sufficient amount of laser pulse energy, as well as laser beam peak power, can
remove the resolidified material from the edges and lead to a steep rise in the kerf
width dimension.

From Fig. 19.4, it is noted that when laser power increases up to 15W, Ra tends to
increase irrespective of the supply of assist air. A drop in values of Ra can be observed
at a laser power of 17.5 W in which the high flow of assist air aids in lowering of
Ra value considerably. This phenomenon can be the effect of resolidified material



230 A. Sen et al.

along the micro-groove zone which lowers the surface roughness. Furthermore, with
the increment in laser power, there is a rapid increase in Ra value in both the condi-
tions due to the reason that the machining zone gets the suitable energy to melt and
evaporate instantly. Thus, the laser peak power intensity can penetrate furthermore.
However, simultaneous evaporation of the surfaces may occur in the irradiated spot
center, and therefore, the irradiated laser surface shows a bumpy surface. The high
amount of removal of material is observed during the flow of high pressurized assist
air while combining with high laser power. It is also observed that the homogene-
ity of the micro-groove profiles is inconsistent throughout the entire length of the
micro-groove.

19.3.2 Effect of Pulse Frequency on Kerf Width and Surface
Roughness, Ra

In the second set of experiments, pulse frequency varies from 55 to 80 kHz, whereas
the constant parameters are laser power of 7.5 W, cutting speed of 0.5 mm/s with
and without the supply of assist air. Figure 19.5 shows the effect of pulse frequency
on kerf width with and without the supply of assist air whereas the effect of pulse
frequency on surface roughness Ra is shown in Fig. 19.6. The effect of the supply of
high-pressure assist air with the increment of pulse frequency is found to be more
predominant than the laser power. From Fig. 19.5, it is observed that in the presence
of assist air supply, kerf width dimensions are reduced with the high values of pulse
frequency. On the contrary, a reverse phenomenon is observed with the absence of
assist air. During pulse frequency of 75 and 80 kHz, a notable decrease in the values
of kerf width dimensions is observed in the presence of assist air supply, although the

Fig. 19.5 Effect of pulse
frequency on kerf width
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Fig. 19.6 Effect of pulse
frequency on Ra
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drop in laser peak power is inevitable at a high pulse frequency setting.Ahigh number
of laser pulses induce high laser material interaction time while keeping the pulse
energy constant. In the absence of assist air supply, high laser material interaction
time provides a sufficient amount of time for the ablation of material removal. The
resolidification phenomenon along with HAZ are the dominant factors in absence of
assist air. Resolidification phenomenon revereses and leads to the lowering of kerf
width dimensions due to high spot overlapping factor in combination with the flow
of high-pressure assist air. In addition to this, the changes in kerf width dimensions
without assist air are not as high as compared to the assist air supply. High-pressure
assist air forces the extra amount ofmoltenmaterial from themachining zone, leading
to the reduction in kerf width dimension along with the thicker cut width.

When pulsed laser beam irradiates on 316 L SS surface, a thin melted layer
is formed on the machined surface. Further, the machined surface is found to be
less interrupted by the liquid displacement on the micro-machined zone. This phe-
nomenon is due to the action of recoil pressure [6], formed during the fiber laser inter-
action with 316 L surface. As a result, smooth machined surfaces can be observed
at a high pulse frequency. The effect is prominent when a high jet flow of assist
air is applied to remove the molten material from the micro-groove zone. As the
material removal rate is low at high pulse frequency due to low laser beam peak
power, the flow of high-pressure assist air reduces the attributes of sputtering as well
as HAZ width from the micro-groove profiles. The absence of assist air supply leads
to high values of Ra in comparison to the presence of assist air supply. Thus, high
peak power in combination with assist air significantly reduces Ra in a considerable
amount. Only when the pulse frequency is kept as 80 kHz in the presence of assist
air supply, Ra tends to showcase an observable rise as compared to the previous set
of values.

At 50× magnification, a microscopic view of the micro-grooves profiles cut at
the variation of pulse frequency in the presence of assist air supply has been shown
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Fig. 19.7 aMicroscopic view of a micro-groove profile at 50×magnification at a pulse frequency
of 80 kHz. bMicroscopic view of micro-groove profile at 70 kHz of pulse frequency during assist
air pressure (constants: laser power of 7.5 W and cutting speed of 0.5 mm/s)

in Fig. 19.7. From Fig. 19.7a, b, it is evident that HAZ is a detrimental factor which
hinders while obtaining a uniform and smooth micro-groove profile.

19.3.3 Effect of Cutting Speed on Kerf Width and Surface
Roughness, Ra

In this set of experiments, pulse frequency of 80 kHz and laser power of 7.5 W are
kept as constants. The effects of cutting speed with and without assist air supply on
kerf width are shown in Fig. 19.8. Figure 19.9 depicts the effect of cutting speed on
average surface roughness Ra of the cut surface of micro-groove with and without
assist air supply. The supply of high-pressure assist air has considerably improved
micro-groove homogeneity by reducing the surface roughness. At higher cutting
speed, kerf width without assist air follows a gradual decrease in the kerf width
dimension as observed from Fig. 19.8.

On the contrary, a kerf width dimension in the presence of assist air is higher
at cutting speed of 1.5 mm/s, followed by a gradual decrease in the kerf width
dimensions. The average dimensions of the kerfwidth are comparatively higherwhen
the assist air is supplied at high pressure. This increment in kerf width dimension
suggests that assist air supply has partially blown away the molten material from the
machining zone to facilitate more penetration of the laser beam in the machining
zone. Machining time in combination with the assist air determines the homogeneity
and uniformity of the micro-groove profiles. When the cutting speed increases, it is
evident that the machining time is subsequently reduced, which in turn lowers the
kerf width dimensions. When the laser beam moves to and fro with the machining
zone as shown in Fig. 19.1, some amount of molten material is accumulated at
the machining zone which ultimately reduces the laser beam penetration rate. At
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Fig. 19.8 Effect of cutting
speed on kerf width
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Fig. 19.9 Effect of cutting
speed on Ra
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each pass, the penetration rate is decreased with or without the supply of assist air.
However, a sufficient amount of assist air pressure leads to the removal of the molten
material and subsequently increases the kerfwidth dimensions. This increment in kerf
width dimensions holds true at higher assist air pressure in combination with cutting
speed of 1.5 mm/s. Nevertheless, low machining time along with low penetration
rate ultimately reduces the kerf width dimension as observed from Fig. 19.8.
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Fig. 19.10 Microscopic view of fiber laser fabricated micro-groove profiles at 50× magnification

Selection of cutting speed along with pulse frequency determines the laser spot
overlapping factor and laser–material interaction time. The lower lasermaterial inter-
action time during high cutting speed helps to reduce the surface roughness param-
eters considerably. When high cutting speed (low MRR) in combination with high-
pressure assist air comes into effect, the excess amount of molten material is blown
away [7]. In the presence of assist air, heat can quickly go out from the machining
zone. This loss of energy successively produces resolidified material on the inner
surfaces of the micro-grooves as shown in Fig. 19.10. Without the supply of assist
air, it is difficult to remove the extra amount of molten material from the micro-
groove periphery. Furthermore, in the absence of assist air, the excess amount cannot
be blown away completely which results in high surface roughness, Ra.

19.4 Conclusions

Fiber laser micro-grooving of 316 L SS has been studied to analyze the effect of
the flow of high-pressure assist air on micro-groove kerf width and average surface
roughness Ra. In the presence of assist air supply at high laser power, the kerf width
dimensions tend to increase more rapidly as compared to the experiments conducted
without assist air supply. The effect of assist air supply is more on the kerf width
dimensions in combinationwith high values of pulse frequency.Without the presence
of assist air, the kerf width dimensions tend to increase with the increase in pulse
frequency, whereas the reverse phenomenon is observed with the aid of assist air. At
cutting speed of 1.5 mm/s, the presence of the jet of assist air results in a larger kerf
width of micro-groove. Higher ranges of kerf width dimensions are observed when
the assist air is supplied during the fiber laser micro-grooving on 316 L SS.

The experimental results also indicate that the effect of assist air is prominent in
order to achieve a low average surface roughness of the cut profiles. In the presence of
high-pressure assist air, the average surface roughness Ra of the cut profiles increases
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with the increment of laser power. The similar phenomenon is also observed in
the experiments conducted without the presence of assist air supply. However, it is
observed that the difference in the obtained surface roughness values in both the
cases does not exhibit observable differences. Due to the supply of high-pressure
assist air, surface roughness values decrease for high values of pulse frequency. An
opposite set of the phenomenon is observed in the experiments conducted without
the supply of assist air. At higher cutting speed in the presence of a jet flow of assist
air supply, surface roughness values lower at a considerable amount as compared to
the experiments conducted without the supply of assist air.

The research findings are useful in order to analyze other surface characteristics
such as waviness, tapering of the micro-grooves, and also to obtain the desired
micro-groove geometries with respect to the considered process parameters during
fiber laser micro-grooving on 316 L stainless steel.
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Chapter 20
Characterization of Cutting Edge Radius
of a Single Crystal Diamond Tool
by Atomic Force Microscopy

Akhilesh Gupta, G. Ganesan, Sonal Sonal, A. S. Rao, Rakesh G. Mote
and R. Balasubramaniam

Abstract Single crystal diamond (SCD) is the ideal tool material in ultra-precision
machining because of its high hardness, wear resistance, chemical stability, and the
ability to sharpen the cutting edge in nanometers. The sub-micron level in the cutting
edge profile could affect the accuracy of the fabricated surfaces, since cutting edge
radii strongly influence the specific cutting energy, cutting forces, cutting tempera-
ture, residual stress in the workpiece. Therefore, cutting edge profile of an SCD tool
should be checked periodically. Themeasurements of cutting edge radii of SCD tools
are very difficult because of their geometric features (angles, radius... etc) and their
dimensions in the nanometric level. This paper deals with various methods of cutting
edge characterization of SCD tool by Atomic Force Microscopy (AFM). The change
to measurement of the cutting edge radii has been done based on the methodology
of the least square circle fit over cutting edge radius with error minimization in the
calculation and determined iteratively.

Keywords Atomic force microscope (AFM) · Single crystal diamond tool (SCD) ·
Cutting edge radius · Least square method (LSM)

20.1 Introduction

Ultra-precision machining of the non-ferrous metal optical mirrors like Fresnel
lenses, Infrared aspherical lenses and molding dies for diffractive optical lenses by
using diamond turning is most preferable. Here, high accuracy, complicated shapes
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and micro-surface structures are commonly achieved. Measurement resolution and
movement accuracy of the machine have been improved from nanometric level to
sub-nanometric (10−10 m) level in the last two decades but the fabrication of SCD tool
is still a challenging issue. The quality of cutting edge of the SCD tool is an important
factor to determine the surface roughness and form accuracy of themachined surface.
Since it is greatly influenced by sharpness and contour accuracy of the cutting edge of
the SCD tool [1]. Hence, the measurement of cutting edge radius deserves with very
accurate method. From the intersection of rake and flank face, three fundamental
cutting edge radius shapes are defined and those are sharp, rounded, and chamfered.
A cutting edge radius is a transition between the flank and rake face [2]. The highly
precise method is required for assuring the accuracy of the cutting edge profile.

The undeformed chip thickness of the material must be smaller than the cutting
edge radius in ductile mode machining of brittle materials [3]. Thus, nanoprecision
measurement of the SCD tool has become a key issue in ductile mode cutting of
brittle materials. The larger cutting edge radius creates a larger contact area and
consequently, heat generation in workpiece increases due to friction [4]. The shear
stress decreases with increase in the cutting edge radius and when it is beyond the
critical limit, the insufficient shear will cause subsurface damage on the machined
workpiece.

Characterization of the SCD tool cutting edge radius has been done by many
researchers using many equipments such as optical microscope, AFM, and Scanning
Electron Microscope (SEM). It is a challenging task to measure the cutting edge
radius of the tool by using an optical microscope which can suffer low contrast
images as a result of light coming fromoutside of the focal plane,measurement noise,
the transparency of diamond and uncertainty of measurement. Due to constrains of
lateral and vertical resolution of laser interferometer microscope and step height
profilometer, the measurement of nano-scale feature is limited. Some researchers
have used SEM as the most effective and most accurate approach to measure cutting
edge radius due to the very high magnification of SEM [5]. Electron Beam Induced
Deposition (EBID) is a direct method and an effective way to obtain tool edge radius
and wear land without coating on the surface of the tool.

The SEM images are unable to show 3D structure topographical data points, so
SEM is not capable of getting cutting edge radius data and evaluation of cutting-edge
radius [6]. AFM is one of the best tools to measure the cutting edge radius since it
has an excellent resolution in 3Dmeasurement and capable of carrying out the mea-
surement in the air [7] but the alignment of cutting edge of the SCD tool and AFM
tip were tedious and time consuming. Additionally, there is the possibility of loss of
contact between the AFM tip and cutting edge of the SCD tool. A newly developed
laser-based AFM instrument for alignment of AFM tip with cutting edge was devel-
oped for obtaining 3D topology of the tool with high accuracy, high resolution, and
reliability.
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20.2 Least Square Method (LSM) of Circle Fitting
with Error Minimization

The general form of the circle can be given as [8],

x2 + z2 + 2(ax + cz) + c = 0 (20.1)

By arranging the above equation in the general circle equation with radius and center
data as given in Eq. 20.2.

(x + a)2 + (z + b)2 − (
a2 + b2 − c

) = 0 (20.2)

Hence, it can be seen that the center of the circle is (−a, −b) and the radius is
r = √

a2 + b2 − c. If this circle is used to approximate a collection of set of points,
the shortest distance from point P (xi , zi ) to the circle is

di =
√

(xi + a)2 + (zi + b)2 − r (20.3)

Consequently, the squared distance is

Di
2 = (xi + a)2 + (zi + b)2 − 2r

√
(xi + a)2 + (zi + b)2 + r2 (20.4)

It is noted that r −
√

(xi + a)2 + (zi + b)2 = 0 when P lies on the circle. Instead of
solving a nonlinear least square problem formed from the above equations, we may
measure the deviation from p to the circle as

(xi + a)2 + (zi + b)2 − r2 = xi
2 + zi

2 + 2axi + 2bzi + c (20.5)

The sum of the squared error is given by Eq. 20.5 as

ε =
n∑

i=1

(
xi

2 + zi
2 + 2axi + 2bzi + c

)2
(20.6)

From the equation of maxima and minima, ε is minimized if

dε

da
= 0,

dε

db
= 0,

dε

dc
= 0 (20.7)

Explicitly. we need to solve

2
n∑

i=1

(
xi

2a
) + 2

n∑

i=1

(xi zi b) +
n∑

i=1

(xi c) +
n∑

i=1

(xi
2 + zi

2)xi = 0 (20.8)
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2
n∑

i=1

(xi zia) + 2
n∑

i=1

(
zi

2)b +
n∑

i=1

(zi c) +
n∑

i=1

(xi
2 + zi

2) = 0 (20.9)

2
n∑

i=1

(xia) + 2
n∑

i=1

(
zi

2)b + nc +
n∑

i=1

(xi
2 + zi

2) = 0 (20.10)

For simplification, let us take

a0 = 2
n∑

i=1
xi 2

a1 = 2
n∑

i=1
xi zi

a2 =
n∑

i=1
xi

b0 = −
n∑

i=1

(
xi 2 + zi 2

)
xi

a3 = 2
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i=1
xi zi

a4 = 2
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i=1
zi 2
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i=1
zi

b1 = −
n∑

i=1

(
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)
zi

a6 = 2a2
a7 = 2a5

a8 = nb2 = −
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i=1

(
xi 2 + zi 2

)

⎫
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(20.11)

Then the least square circle is obtained by solving the following system of linear
equation by putting the values of the above-defined constants as

⎡

⎣
a0 a1 a2
a3 a4 a5
a6 a7 a8

⎤

⎦

⎡

⎣
a
b
c

⎤

⎦ =
⎡

⎣
b0
b1
b2

⎤

⎦ (20.12)
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20.3 Experimentation

20.3.1 Equipment Specifications

Scanning of cutting edge radius of SCD tool has been done with AFM (ASYLUM
Research Company, model MFP 3D Bio). Table 20.1 shows the detailed description
of the AFM probe.

20.3.2 Diamond Tool Specifications

ASCD tool of type II Bwith nose radius 1.5mmwas used formeasurement of cutting
edge radius. The flank and rake angles are 10° and 0°, respectively. The cutting edge
radius is 150 nm.

20.3.3 Experimental Setup

Figure 20.1 shows the experimental setup which is used for the characterization of
cutting edge radius of the SCD tool with the help of a small tool holder.

20.3.4 Scanning of Cutting Edge Radius

The cutting edge of the SCD tool is scanned for the position as shown in Fig. 20.1 in
tapping mode with a scanning frequency of 50 Hz, the lowest value of frequency so
as to avoid damage of silicon-based AFM tip due to the sharpness of the cutting edge.
Scanning of the area (30 µm * 30 µm) is selected so as to get a better magnification
of the scan.

Table 20.1 Probe
specifications

Spring k (N/m) 2

Frequency (kHz) 70

Shape Rectangular

Material Silicon

Tip radius (nm) 7

Tip height (µm) 15

Tip shape Three-sided

Tip coating (nm) None
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Fig. 20.1 Experimental
setup

20.4 Result and Discussion

20.4.1 Data Processing

The data obtained from AFM scanning has been filtrated using the Gwydion soft-
ware for the noise reduction. From the captured 2D profile, the small area has been
chosen inorder to reduce the computational time. Different 2D profiles were plotted
for different regions of the small selected region so as to reduce error in the char-
acterization of the tool. The Fig. 20.2 shows the data without noise reduction, with
noise reduction, and the small region selected for calculation purpose, and in that,
different 2D plots were obtained which were used further for calculation of cutting
edge radius.

The 2D profiles of actual surface profile for different regions were plotted with
the profile of roughness and form for the same selected region. The cutting edge of
the tool is mainly associated with the form of the tool; hence, the form has been
selected for further characterization as shown in Fig. 20.3.

20.4.2 Characterization of Cutting Edge Radius

20.4.2.1 By Form Factor Method

The form factor method is the simplest approximation method to calculate the radius
of any curvature [9]. This method is simple and the ambiguity in the calculation is
less. It is suitable for approximation where the accuracy is not required.
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Fig. 20.2 3D profile of AFM data, a before filtration, and b after filtration, c small region of area
for the measurement

Fig. 20.3 2D profile of actual surface profile with form and roughness
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Fig. 20.4 Schematic
diagram for form factor
method

As shown in Fig. 20.4, the two tangents were drawn on a waving curve and let two
tangents passes through point A (x1, z1) and B (x2, z2) and let point C be the point
where the two tangents cross each other. An angular bisector is drawn from point C
and let it intersect the curve at pointD (x3, z3) and thus, these three coordinates were
obtained. The distance between points A and C is called Sa and the distance between
points B and C is called Sb which is measured. The values of Sa and Sb are obtained
for various 2D profiles and it is found to be different for different 2D profiles which
are obtained and the values of the radius were calculated using

R = Sa + Sb
2

(20.13)

The average of all the radii was calculated to minimize the error. The cutting edge
radius for the different curve was calculated and its average is found to be 205 nm
which was quite higher than the expected value of the cutting edge radius.

20.4.2.2 Calculation by the Radius of Curvature Formula

Various order polynomial were fitted to obtained data and it was found that second-
order polynomial is fitting best to obtained data in a red color curve and the black
curve represents the form profile as illustrated in Fig. 20.5.

As we know that for plane curves given by the explicit equation Z = f(x), the
radius of curvature at a point (x, z) is given by the following expression.

R = (1 + (f′(x))2)
3
2

f′′(x)
(20.14)

From the fitting curve for 2D profile, equation of curvature was obtained in general
form as Eq. 20.15.



20 Characterization of Cutting Edge Radius of a Single Crystal … 245

Fig. 20.5 Second-order polynomial curve fitting

Z = a + bx + cx2 (20.15)

By using Eq. 20.14, the radius of curvature equation of cutting edge radius can be
calculated.

The second-order graphs were fitted for a selected region of the curve and for
various 2D profiles. The average value of cutting edge radius was calculated and it
is found around 198 nm which is still higher than the expected value of cutting edge
radius and this is mainly due to the selection of region for 2D curve fitting which
affects the constant values of the fitted curve and cutting edge radius calculation.

20.4.2.3 Calculation by the Least Square Method

In this method of calculation of cutting edge radius for a set of values of X and Z,
the fitted radius of the fitted circle is calculated by the formula:

x2 + z2 − 2(ax + cz) + a2 + c2 = r2 (20.16)

In a given formula, a and c are the centers of circle and r is the radius of the fitted
circle which can be calculated for the given set X and Z values.

For various set of values of X and Z, the fitted radius r was calculated and mean of
that radii was calculated to reduce error in the calculation. LSM is the widely used
method for fitting the circle but its constant values of the fitted circle are affected by
the selection of fitting points; to minimize this variation in calculation, authors have
selected only 3 sets of points i, j, and k as shown in Fig. 20.6, for the calculation
which is the most widely used point for geometrical manual fitting. It is assumed that
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Fig. 20.6 Schematic diagram for the least square fitting

the circle passing through points of the tangent drawn to curvature and intersection
of the angular bisector of angle traced by two tangents and curve is a best-fitted
circle for the given set of values of X and Z. In this method, radius of curvature is
calculated directly by the formula for various 2D curves obtained at different regions.
By averaging the calculated values, cutting edge radiuswas found to be 187 nmwhich
is closer to the expected value of cutting edge radius.

20.4.2.4 Calculation by Least Square Method with Error Minimization

The three points A, B, and C are considered for circle fitting method because circle
passing through these three points are considered to best-fitted circles as shown in
Fig. 20.7. The above process is repeated for the various 2D profiles to obtained three
crucial points for each plot.

Fig. 20.7 Fitting of three points for calculation
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Table 20.2 Calculation of
cutting edge radius by
different methods

Method Cutting edge radius (nm)

Cutting edge radius form factor
method

205

Calculation by the radius of
curvature formula

198

Calculation by the least square
method

187

Calculation by the least square
method with error minimization

160

By using Eq. 20.12, values of constants a, b, and c were calculated. The radius
of the circle can be calculated by averaging the values of r (r = √

a2 + b2 − c).
The fitting of circle with the LSM gives an approximate nearby value of cutting
edge radius but there some error exists in this calculation method; hence, authors
were tried to put the mathematical error minimization method through which the
error in calculation of constants a, b, and c can be directly minimized to give exact
value of cutting edge radius by reducing error in the LSM. By using this method of
calculation, cutting edge radius was found to be 160 nm after averaging all values of
cutting edge radius of the SCD tool has been calclulated from the same method.

The calculations of cutting edge radius by different methods are tabulated as
given in Table 20.2. As mentioned by tool specifications, cutting edge radius should
be around 150 nm and it is clear that by the new approach of calculation, error in
calculation is minimized and the approximately exact value of the cutting edge radius
was obtained. There is still a small variation in the cutting edge radius because the
uncertainty in measurement and calculation are not considered here.

20.5 Conclusion

The special fixture is used to keep the tool at a particular angle to scan the cutting
edge profile directly by using the AFM without damaging its probe. The authors
were tried to compare different methods of circle fitting and proposed a method of
circle fitting by using the error minimization approach so as to reduce error in the
calculation of the cutting edge radius. The previous works of calculating cutting edge
radius using various approximation methods like form factor method, least square
method, and curvature formula are not taken care of for mathematical fitting error at
the time of characterization of the cutting edge. But in this paper, authors have taken
care of the minimization of error and to get the most accurate result for the cutting
edge radius,160 nm, which is 10 nm more than the actual value of the tool due to
uncertainty in calculation and further improvement in process, is expected so as to
get the exact value of the cutting edge radius.
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Chapter 21
Effect of Different Electrodes
on Micro-feature Fabrication
in Biomedical Co-29Cr-6Mo Alloy
Machined Using µ-EDM Process

Siddhartha K. Singh and H. S. Mali

Abstract µ-EDM is a versatile non-conventional machining process that is used
to machine any difficult-to-cut material. In this process, material is removed due to
sparking, which causes localized melting and evaporation. Beginning with metals,
application ofµ-EDM has now been extended to most materials, such as non-metals,
alloys, composites, and ceramics. Co-29Cr-6Mo is a biomedical alloy which offers
industrial/medical applications like hip implants, knee implants, drug delivery, and
so on. For these applications, various micro-features are required on the surface
along with different micro-devices. In the present work, machinability of Co-29Cr-
6Mo using different popular electrode materials, namely copper, brass, and tungsten
carbide is investigated. Micro-sized holes of equal dimension are machined at the
samemachining parameters using the three different electrodes and resulting cavities
are imaged using optical microscope. Material removal rate, tool wear rate, and
overcut between the three electrodes are evaluated, analysed, and compared. Use of
tungsten carbide results in most accurate micro-features but consumes most time.

Keywords Micro-EDM · Co-29Cr-6Mo · Electrode

21.1 Introduction

Micro-fabrication is a rapidly evolving field of technology that aims at fabricating
features that are in the micro-domain (<1 mm). There are various techniques that are
employed to create such features or devices. One such technique ismicro-electric dis-
charge machining (µ-EDM). It is an electro-thermal-type non-conventional machin-
ing process which removes material by bombardment of electrons and ions. When
an electrical field is applied between the electrode and the workpiece in the pres-
ence of a dielectric medium, eventually the dielectric between them breaks down
and the flow of electrons and ions is established in a narrow zone called plasma
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Fig. 21.1 Different
electrodes for machining

channel, which causes removal of material from both the workpiece and the elec-
trode, as shown in Fig. 21.1. This process is highly versatile in the sense that one
could machine any material irrespective of the hardness of the material, provided
it is electrically conductive. Hence, this technique is used to machine many hard
and difficult-to-cut materials. Co-29Cr-6Mo is one such material that is difficult to
machine using conventional machining techniques. Co-29Cr-6Mo is a biomedical
alloy that has applications in various fields, like aviation, aerospace, gas turbines,
medical implants, and so on. It is widely used to make components of hip, shoulder,
and knee replacement [1]. Apart from this, Co-29Cr-6Mo is also used in the drug
delivery system by employing devices like micro-pumps, and so on.

Constant attempts are being made by different investigators to ascertain the feasi-
bility of machining various kinds of metals, alloys, composites, and ceramics using
µ-EDM. Chiou et al. [2] performed µ-EDM on SKH59 steel alloy with tungsten
carbide electrodes and then compared it to machining using highly conductive Ag
and Cu electrodes coated with WC. Cu electrode coated with WC exhibited superior
behaviour in material removal compared to other electrodes while lowest tool wear
was observed in WC electrodes which also has the highest melting point. Moreover,
the best surface finish was obtained while using WC-coated Ag electrodes. Gosavi
et al. [3] machined titanium wrought alloy VT-20 used in aerospace industry, using
hollow, tubular brass electrode of diameter 500 µm. They found that an increase in
pulse-off time reduces both the material removal rate (MRR) and electrode wear rate
(EWR). Also, discharge energy was observed as the most significant factor affect-
ing MRR, EWR, taper angle, and overcut. Kibria et al. [4] analysed the effect of
different dielectric by fabricating micro-holes in titanium alloy Ti-6Al-4V using a
cylindrical, 300 µm electrode of tungsten. Deionized water was found to be a bet-
ter dielectric compared to kerosene in terms of MRR. Addition of B4C additive
with deionized water further enhanced the MRR and also resulted in thinner recast
layer. Mali et al. [5] used ultrasonic vibration with µ-EDM to machine superalloy
Inconel 718 and titanium nitride-aluminium oxide (TiN-Al2O3) ceramic composite.
The investigation revealed that use of vibration significantly improves the MRR,
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which in turn is significantly affected by capacitance. Schubert et al. [6] conducted
experiments on a non-conducting zirconia (ZrO2) ceramic using 115 µm tungsten
electrode and compared the results with the machining of chromium-nickel steel. To
make the machining feasible and to begin, a layer of silver varnish of about 20 µm
was applied on the surface of the workpiece. They achieved stablemachining, though
after formation of a second recast layer. The final surface roughness of the part too
was observed and was found to be two to three higher than in steel.

The process of EDM which began with machining of conducting metals has
been extended to machining of alloys, composites, and non-conducting ceramics
as well. Keeping in line with the same, coupled with the recent rise of biomateri-
als and the imbibed need of micro-features in biomaterials, the feasibility of using
µ-EDMtomachine andgenerate such features is beingwidely explored.However, the
availability of literature on this topic is minimal and despite the extensive application
of Co-29Cr-6Mo alloy, the authors found no literature investigating the feasibility
and ease of machining Co-29Cr-6Mo with different types of electrodes via µ-EDM
process. Hence to fill such void, this work is undertaken.

21.2 Experimentation

In order to perform the investigation, cobalt-chromium-molybdenum alloy, also
known as stellite, was used. Its constituents are listed in Table 21.1.

The alloy was cut into a machinable block of dimension 20 mm × 10 mm ×
5 mm. The block was then abraded using emery paper and then finally polished
before carrying out the machining. Table 21.2 lists down the properties of Co-29Cr-
6Mo alloy.

For investigating the machinability of Co-29Cr-6Mo, same micro-feature was
machined using different electrodes and three iterations were carried out with each
electrode. To carry out themachining, threemost popular electrodematerials, namely

Table 21.1 Composition of Co-29Cr-6Mo alloy

Element Cr Mo C Mn Fe Co

Weight (%) 29.4 6 0.6 0.5 0.4 Rest

Table 21.2 Co-29Cr-6Mo
properties

Property Value

Melting point 1350–1450°C

Density 8.5 g/cm3

Hardness 40–45 HRC

Coefficient of thermal expansion 13.6 × 10−6 m/m/°C

Young’s modulus 220 GPa
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copper, brass, and tungsten carbide (WC) were selected. Cylindrical WC electrode
of diameter 0.50 mm was procured, while the rest two were fabricated by micro-
turning copper and brass rods of diameter 3 mm. The final obtained diameter of
copper electrode was 0.52 mm and that of brass electrode was 0.53 mm, as measured
using Mitutoyo digital vernier calliper with a least count of 0.01 mm. Figure 21.2
shows the different electrodes as obtained after micro-turning.

All the experiments were carried out on MIKROTOOLS DT 110i hybrid micro-
EDMmachine. The experimental setup is shown in Fig. 21.3. The electrode which is
taken as the negative terminal to keep tool wear to a minimum is connected to a RC
circuit for pulse generation. The workpiece acts as the positive terminal, while the
dielectric is fed between the electrodes through a nozzle so as to impart it velocity
high enough to take out debris and molten material from the machining zone. The
electrode has the Z-motion while the workpiece which is kept on the machine bed
can move in X- and Y-directions. To ascertain the effect of electrodes, blind micro-
holes of depth 1 mm were drilled. With each electrode, three separate holes were
drilled, while all the parameters were kept constant. These parameters are listed in
Table 21.3.

All the experiments were carried out in commercially available SUN EDM Oil
100 as the dielectric medium. The dielectric was supplied using a nozzle for localized

Fig. 21.2 Schematic of
experimental setup

Fig. 21.3 Machined
micro-holes
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Table 21.3 Parameters and
their values

Parameter Value

Capacitance 0.1 µF

Peak voltage 120 V

Electrode speed 1000 rpm

Feed 0.2 mm/min

effect and flushing. To evaluate the material removal rate (MRR), machining time
for each hole was noted down using a stopwatch. To evaluate tool wear rate (TWR),
dimensions of the electrode were taken using Z-axis of the µ-EDM machine which
has a resolution of 0.1 µm. Further, in all experiments, the tool was made as cathode
and the workpiece as anode. After machining the micro-holes, diameter of each
individual hole was measured using AxioCam AX10 ZEISS optical microscope.

21.3 Results and Discussion

Inµ-EDM, apart from the electrical parameters, the influence of electrode and work-
piece material on machining characteristics is quite significant. The thermal and
electrical properties of the materials in use affect every machining output parameter
such as MRR, TWR, and overcut. The difference in the profiles of the micro-holes
obtained with different electrodes is also visible with naked eye, as observed in the
block after machining. The three holes with the same electrode were machined in a
row at a gap of 2 mm from each other. Thus nine micro-holes were finally machined
as shown in Fig. 21.3. For identification, column 1–3 progresses from left to right.

21.3.1 Material Removal Rate

While machining with WC, an initial delay was observed in establishment of stable
spark compared to machining with Cu and brass electrodes. This initial delay leads
to an overall increase in machining time comparatively. The delay in spark may be
a consequence of the lower electrical conductivity of the WC electrode as compared
to the other two electrodes. It can be observed from Fig. 21.4 that of all the three
electrodes, WC electrode has the least MRR and thus takes the maximum time to
fabricate a micro-feature. This may also be due to relatively less electrical conductiv-
ity of WC compared to Cu and brass. The highest MRR, initially, was obtained with
brass electrode although the MRR with Cu electrode too was much higher than with
WC electrode. Further, it can be observed that variation in MRR between Cu and
brass electrode is minimal, and initially brass provides better MRR but is superseded
by copper as machining progresses. Also, with all three electrodes an increasing
trend in MRR can be observed, which is due to the increase in overcut as machining
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continues. This enhanced material removal is a result of increased energy transfer
between the electrodes with the progression of machining. As machining progresses,
wear out of the tool and workpiece leads to removal of oxide layer present initially on
the surface of the electrodes, thus bringing fresh material to the surface. As a result,
enhanced energy transfer occurs between the electrodes leading to greater material
removal.

21.3.2 Tool Wear Rate

In terms of wear out of the tool material, it can be observed from Fig. 21.5 that in the
first two columns of micro-holes, WC offers the lowest tool wear followed by brass,
while copper has the highest tool wear. However, while machining the third column,

0.00E+00

2.00E-04

4.00E-04

6.00E-04

8.00E-04

1.00E-03

1.20E-03

1.40E-03

0 1 2 3

To
ol

 W
ea

r R
at

e 
(m

m
3 /

s)

Column No.

WC

Cu

Brass

Fig. 21.5 Comparision of tool wear rate



21 Effect of Different Electrodes on Micro-feature Fabrication … 255

considerably high tool wear is observed inWCwhich almost coincides with the wear
in Cu electrode, while brass surpasses the other two electrodes in terms of wear. The
comparatively low wear of WC tool may be due to its relatively higher melting point
as compared to copper and brass electrodes. Moreover, it is interesting to note that
lowestMRRobtainedwhilemachining the hole at column 2 usingWCcoincideswith
the lowest TWR. This means that while machining the second micro-hole minimum
exchange of energy has taken place between the electrodes. Further, a drastic increase
in tool wear is observed in WC for machining the micro-hole at column 3. It may
have a correlation with comparatively larger size of micro-hole at column 3. As
a general trend, it can be observed that TWR increases with continued machining
except when copper electrode is used. The three iterations were re-performed using
copper electrode to confirm whether the sudden drastic reduction in tool wear while
machining the thirdmicro-holewas not obtained erroneously. But during the repeated
iterations too, a similar trend was observed. This confirms that although tool wear
increases with repeated machining with WC and brass electrodes, tool wear reduces
if copper electrode is used for repeated machining.

21.3.3 Overcut

The third parameter that was evaluated to compare the performance of different elec-
trodes is overcut. Overcut is an unavoidable and undesirable phenomenon in electric
discharge machining. Figure 21.6 shows the distribution of overcut obtained in all
the holes. It can be observed that use of WC electrode results in maximum overcut,
while the use of brass electrode causes minimum overcut, and overcut while using
Cu electrode remains in between WC and brass electrode. Moreover, an increas-
ing trend in overcut is observed as machining progresses from column 1 towards 3.
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An increase in overcut is an indicator of increase in material removal and thus the
trend of overcut corresponds to the trend observed for MRR. This trend is observed
for all the three electrodes, so it may be said that electrode material does not have
a significant effect on this observed trend. One possible reason for this trend may
be deposition of material on the electrode surface as machining progresses over
time, thus causing a change in dimension of the electrode and hence greater overcut.
Another possible reason may be the increased presence of loose electrons and ions
as machining progresses, which may result in greater material removal and conse-
quently more overcut. However, to analyse with certainty, the reason of this obtained
trend, further investigation is required.

21.4 Conclusions

In this investigation, machinability of a biomedical material, Co-29Cr-6Mo using
different electrodes via micro-EDM process is studied. For this purpose, WC, Cu,
and brass electrodes were selected and similar microstructure was fabricated using
these different electrodes. From this study, the following remarks may be drawn:

• WC electrode takes the longest time to machine a micro-feature, but also results in
lowest wear in the tool. However, using WC also causes relatively largest overcut
in the machined micro-feature.

• When using Cu electrode, which has the highest electrical conductivity among the
three, time taken to machine a micro-feature is relatively much lower than WC
but minutely larger than brass. But, it is also prone to more tool wear than other
electrodes.

• Brass electrode takes the least amount of time to machine a micro-feature among
the three, and also leads to least overcut. However, tool wear in brass is found to
be much greater than WC.

So, to conclude,µ-EDMtechnique is highly feasible for generatingmicro-features
on Co-29Cr-6Mo which is used for several biomedical applications. For this purpose
different type of electrodesmaybe selected depending upon the requirement of output
parameters. For generation of precise features in less time, brass electrode may be
used but will also cause greater tool wear. Additionally, lowest wear is obtained using
the electrode with relatively higher melting point and less conductivity.
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Chapter 22
Micro-tool Fabrication and Micro-ED
Milling of Titanium Nitride Alumina
Ceramic–Composite

Rupali Baghel , H. S. Mali and Vivek Baghela

Abstract TitaniumNitride Alumina Ceramic–Composite has potential applications
in aerospace, tool industries, and thermal shielding. However, it has poormachinabil-
ity using conventional machining processes. This article presents a novel approach of
on-machine fabrication of high aspect ratiomicro-electrodes (�= 500µm) and stud-
ies the machining characteristics of TiN-Al2O3 ceramic–composite by micro-EDM.
Micro-electrodes of diameter 500µmare successfully fabricated usingmicro-turning
process. Micro-channels are also fabricated with those electrodes on TiN-Al2O3

ceramic–composite bymicro-EDMilling. The surface topography ofmicro-channels
is studied by scanning electrode microscope. The machined surfaces were filled with
droplets of debris, craters, and micro-pores, indicating melting and vaporization as
a mechanism of material removal.

Keywords ED milling ·Micro-tool · Ceramics · Turning · Discharge energy

22.1 Introduction

Miniaturization of components needs micro-features, like micro-holes, micro-
channels, high aspect ratio holes, and micro-groves, and so on, to be fabricated on
its parts. Such micro-components have applications in many industrial products like
ultra-precision die-molds for lenses of digital cameras, fuel injection nozzle mem-
brane, and so on. Micro-electro-discharge machining (µ-EDM) comes out to be a
promising method for machining micro-components [1]. The µ-EDM technology
basically depends on a series of electric discharge between the tool and the work-
piece caused by the pulsed voltage in the presence of dielectric fluid. EDM provides
some remarkable advantage, that is, no contact between electrode and workpiece
which justify the use of this manufacturing method for machining of very hard or
fragile materials because the only force is an impulse produced by the flash-over.
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EDM is helpful in generating micro-features such as 3D cavities, micro-holes with
high aspect ratio, accuracy and fine surface quality [2]. Advanced ceramics are the
emerging class of material known for its high strength, chemical inertness, high
toughness, and excellent wear resistance. They have high potential for a wide vari-
ety of industrial applications such as wear parts, micro-sensors, micro-fuel pump,
bearings, and medical implants. Advanced ceramic–composite is a diverse family of
materials, including both conventional and advanced ceramics, like alumina, silica,
and so on, and their composites. Applications of ceramics are as vast as refractories,
pottery, cutting tools, aerospace components, hybrid engine, fuel cell, metal matrix
composites, orthopedic implants, dentistry, armor plates, a shield for security cameras
and communication equipment, and so on. Ceramics are inorganic and non-metallic
materials with ionic and covalent bonds. These kinds of bonding are the causes of
unique properties of ceramics, like low ductility, low tensile strength, high hardness,
low conductivity, and so on. These properties of ceramics lead it as a very difficult-
to-machine material compared to metal. Ceramics are very hard, non-combustible,
and chemically inert [3]. Ceramics can be used at very high temperatures as com-
pared to metals, but full-scale applications of these ceramics are always inhibited
as they are very hard to machine. Advanced ceramics are developed by controlling
their micro-structures to improve machinability.

Advanced materials like ceramics alloy and composites are used for complex
design requirements (high precision, good surface quality) but manufacturing indus-
tries are facing challenges for micro-machining these advanced and difficult-to-cut
ceramic–composites in terms of machining process as well machining cost. Conven-
tional machining processes have limitations to machine complex shapes, like tur-
bine blades, complex cavities, die-molds, non-circular and curved holes, low rigidity
structures, andmicro-mechanical components with tight tolerances and good surface
finish. Expensive equipment, tooling, and high processing time make conventional
machining processes economically unviable, so the new process comes into con-
sideration. Unconventional machining process, that is, electro-discharge machining
(EDM) has been used to machine non-conductive ceramics [4, 5] as well as conduc-
tive ceramics [6, 7] in present days. The unconventional machining processes have
been continuously improving by developing hybrid machining processes. Hybrid
machining processes (HMPs) are becomingmore preferredwhilemachining advance
materials and composites. In HMPs, two or more processes work together in a con-
trolled manner and show a significant effect on process performances [6]. HMPs
are becoming more popular in recent years because they enhance the advantages
and diminish the disadvantages of each process. HMPs are based on the simultane-
ous and controlled interaction of process mechanisms having a significant effect on
the process performance [8]. Although EDM is one of the most significant machin-
ing processes among non-conventional machining processes for hard to machine
materials such as ceramic and composites, rare studies have reported on a funda-
mental understanding of on-machine fabrication of electrodes and electro-discharge
machining ceramic–composite.
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22.2 Materials and Methods

Titanium Nitride Aluminum Oxide (TiN-Al2O3) ceramic–composite is a new gen-
eration of advanced ceramic–composite. TiN-Al2O3 ceramic–composite is prepared
by hot pressing the starting powders (TiO2 and AlN) at 1450 °C for 30 min with
graphite die and punch (70 mm diameter). The inside wall of the die and outside
wall of the punch were coated with boron nitride for lubrication and protection of the
powders from reaction with graphite. The product was then characterized by X-ray
diffraction for phase analysis, ultrasonic test for elastic modulus, universal testing
apparatus for four-point flexural strength, hardness tester for micro-hardness and
laser flash test for measuring thermal diffusivity. Bulk densities were measured by
Archimedes method. It has high resistance to thermal degradation, high mechanical
strength, and electrical conductivity. The composite is prepared by high-temperature
reaction sintering technique. TiN-Al2O3 also shows high resistance to various kinds
of abrasion, chemical inertness, low friction coefficient, high hardness. TiN-Al2O3 is
an aerospacematerial and also has applications in the tool industry and heat shielding
[9]. It is being used in high-end areas, that is, medical implants, drug delivery sys-
tems, gas turbines, aerospace parts, and micro-pumps. Owing to its high hardness,
it faces difficulty in machining by traditional machining methods. The conventional
machining of this ceramic–composite is challenging due to low fracture toughness
and high hardness at elevated temperature. Generation of high tool wear and surface
damage due to high cutting forces hinder full-scale applications of advanced ceramics
in different engineering areas. Hybrid µ-EDM process is used because of its merits
of machining hard conductive material [10]. All the experiments are performed on
hybrid µ-EDM DT-110i machine. The DT-110i machine has the ability to perform
multiple micro-machining processes on the same machine, allowing the machine to
excel at hybrid µ-EDM. “SUN EDM oil” is used in Mikrotools® DT110i Hybrid µ-
EDM machine. It is made of de-aromatized hydrocarbons and additives. SUN EDM
oil is a high-quality, odorless, low-viscosity dielectric, which is a superior alternative
to smoky, smelly viscose traditionally used EDM oil. The micro-electrodes are fab-
ricated by brass rods (3 mm diameter and 60 mm in length), as shown in Fig. 22.1.
The micro-tool fabrication is done on micro-turning machine setup. The details of
the tool material and workpiece are given in Table 22.1.

Fig. 22.1 Initial brass tool
electrode (� = 3 mm)
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Table 22.1 Details of the
tool and workpiece

Electrode material Brass

Length (mm) 60

Diameter (µ) 500

Machining process Micro ED-milling and micro-turning

Workpiece TiN-Al2O3 ceramic–composite

22.3 Experimentations

During miniaturization, the handling of micro-electrodes is a challenge as they tend
to bend and get damaged during manual handling. In this regard, on-machine tool-
fabrication techniques lower the risk of damaging the tool electrodes. The tool
electrodes are fabricated on micro-turning setup on Mikrotools® DT110i Hybrid
µ-machine.

The initial diameter of the brass tool was 3.0 mm that was reduced to 500 µ by
micro-turning process, as shown in Fig. 22.1. The carbide insert is used as a single-
point cutting tool for micro-turning process. The spindle is rotated at the speed of
1200 rpm for micro-turning process. The brass rod is turned in five steps. The depth
of cut for machining is varying from higher to lower values. The depth of cut during
tool turning is 300, 300, 250, 250 and 150-µ sequentially and feed rate is taken as
0.2 mm/min. After the micro-turning process, the micro-tool is prepared, as shown
in Fig. 22.2. The micro-tool (� = 500 µ) prepared is shown in Fig. 22.3.

The micro-tools prepared are used as tool electrodes during the micro-EDmilling
process. In this process, micro-channels of length 60 mm and depth 500 µ are fabri-
cated onTiN-Al2O3 ceramic–composite. The fabricatedmicro-channels are as shown
in Fig. 22.4. Devices containing micro-channels in ceramics are gaining importance
for theminiaturization and reducing the weight to volume ratio.Micro-channels have
applications in micro-electro-mechanical system (MEMS), micro-chemical reactor
(MCR), and biomedical systems. These micro-channels could also be used in heat
exchangers to provide rapid heat transfer. The input parameters responses selected
for this study are shown in Table 22.2. The material removal rate (MRR) is measured
by total volume lost per unit machining time. Electrode wear rate (EWR) is also
measured by total volume loss per unit time for each experiment. Tool wear ratio is
measured as the ratio ofMRR to EWR. The discharge energies duringmicro-channel
fabrication are measured by Eq. 22.1.

Discharge energy (E) = 1

2
CV 2 µJ (22.1)

where

C capacitance in micro-farad
V voltage in volt.
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(a) 3000 μm (b) 2400 μm

(c) 1800 μm (d) 1300 μm

(e) 800 μm (f) 500 μm

Fig. 22.2 Fabrication of micro-electrode in steps (a, b, c, d, e, and f) by the micro-turning process
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Fig. 22.3 Fabricated micro-electrode (� = 500 µm)

Fig. 22.4 Micro-channels fabricated by µ-EDM

Table 22.2 EDM parameters and response parameter for micro-channels

S. no. Energy
(µJ)

Spindle speed
(rpm)

MRR
(mm3/min)

TWR
(mm3/min)

TW ratio

1 500 1000 0.0001390 0.0052124 0.026667178

2 605 1000 0.0003250 0.005440062 0.059741967

3 720 1000 0.0002570 0.005540664 0.046384335

4 845 1000 0.0001396 0.0041679 0.033494084
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22.4 Results and Discussion

The advanced ceramics TiN-Al2O3 has been machined and micro-channels are fab-
ricated by the on-machined fabricated brass tool. The dimensions of micro-channels
are 6 mm in length and cross-section area is of 500 × 500 µ. The study indicated
that the on-machine fabricated tool could be used to create micro-features on hard-
to-cut materials so that chances of tool damage can be reduced. The results also show
that the material removal rate is very less, that is, 0.000325 mm3/min as shown in
Fig. 22.5. ED milling of TiN-Al2O3 also shows that there is a very high TW ratio,
which indicates that there is excessive tool worn out while machining. The EWR plot
with discharge energy shows that from 500 to 700 µJ electrode wear rate increases
and after that EWR suddenly falls, as shown in Fig. 22.6.

More tool wear is due to the very high melting temperature of TiN-Al2O3 as
compared to brass. The results also show that MRR is the highest at 600 µJ and
after that MRR decreases (Fig. 22.5). This is due to high discharge energy, at which
the brass tool could not sustain high temperature. The EWR also shows a similar
trend, that is, increases up to approximately 600 µJ and a sudden decrease is noticed
afterword. Further investigations may be required to ascertain the exact cause of the
sudden decrease in both EWR and MRR at higher energy levels (Fig. 22.6).

Based on the experimental investigation, the mechanism of material removal
is also discussed for the EDM process. The study on surface morphology of
machined surface is also conducted. The surface was examined by scanning electron
microscopy (SEM). The SEM images provide the glimpse of surface defects and
effects of input parameters on the machined surface. The SEM image in Fig. 22.7
shows microspores and droplets type of debris, indicating that melting and vapor-
ization are the mechanisms of material removal. The presence of a metal particle on
the machine surface also confirms the material migration mechanism. The machined
surface is also filled with micro-cracks that shows the contraction mechanism of
molted metal.

Fig. 22.5 Plot of MRR with
discharge energy
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Fig. 22.6 Plot of EWR with
discharge energy

Fig. 22.7 SEM image of the
machined surface

22.5 Conclusions

In this study, micro-tools are fabricated by “on-machine fabrication technique” to
avoid micro-electrode damage by manual handling, and micro-channels are fabri-
cated on TiN-Al2O3 ceramic–composite by these micro-electrodes. The machined
surface of fabricated channels is also studied. The machined surfaces are filled with
irregular debris, microcracks, and droplets. This study also shows that machining
of TiN-Al2O3 ceramics using brass electrode at higher energy leads to lower MRR
and hence machining at low energy is advised. For better MRR, a material with a
higher melting point should be used as tool electrode as brass cannot sustain high
temperature.
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Chapter 23
Experimental Investigations on the Effect
of Energy Interaction Durations During
Micro-channeling with ECDM

Tarlochan Singh and Akshay Dvivedi

Abstract In the present study, the effect of feed rate (that implies the energy inter-
action durations), applied voltage and pulse on time on performance characteris-
tics of machined micro-channels was experimentally investigated. One factor at a
time approach was used to perform the experiments. The width of micro-channels
(WOC) and depth of penetration (DOP) were considered as the response charac-
teristics. Additionally, the mechanism of energy interaction during fabrication of
micro-channels has also been discussedwith appropriate illustrations. DSO-recorded
voltage signals were used to describe the discharge characteristics as well as their
respective gas film behavior. During experimentation, the maximum DOP and min-
imum WOC were found 104 and 480 µm, respectively.

Keywords ECDM · Energy interaction durations ·Micro-channels

23.1 Introduction

These days, the use of micro-fluidic devices in various applications (such as biomed-
ical, lab-on-a-chip devices and drug delivery systems) grabbed great attention of
the manufacturers. The micro-fluidic devices comprise a set of micro-channels and
micro-holes on a single substrate. Micro-channels are the important part of micro-
fluidic devices. The connection of various micro-channels over single substrate can
be used to perform multiple operations, such as mixer, micro-pump, sorter and con-
troller [1]. Literature revealed the use of various non-conventional micro-machining
processes (like electric discharge machining, laser beam machining, electrochemi-
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cal machining and ultrasonic machining) for the machining of micro-channels for
micro-fluidic devices [2]. However, the above-mentioned machining processes pos-
sess some limitations in regards to the material properties, economical aspects and
machining accuracy. Electrochemical discharge machining (ECDM) process is a
non-conventional micro-machining method that can be used to machine any kind of
materials irrespective of their electrical conductivity, hardness and strength [3]. The
basic configuration of ECDM is quite similar to the electrochemical cell (ECC). It
consists of two electrodes, DC power supply and electrolytic chamber. The tool elec-
trode (cathode) has to be immerged in the electrolyte up to 2–3mm.Theworkmaterial
has to be placed below the tool electrode. Auxiliary electrode is fully immerged in the
electrolyte. The electrolyte connects both the electrodes and develops electrochemi-
cal cell circuit (ECC). As the voltage is supplied across both the electrodes of ECC,
the hydrogen and oxygen bubbles evolved from the tool and auxiliary electrodes,
respectively. The coalescence of hydrogen bubbles over the tool electrode gener-
ates gas film. The formation of a gas film over the tool electrode ceases the flow
of electrons across the circuit and develops high dynamic resistance. Owing to high
dynamic resistance, the ohmic heating of gas film takes place, and as a consequence,
gas film breaks down. The breakdown of gas film results in spark discharging. The
thermal energy liberated by spark discharges over the work material results in mate-
rial removal due tomelting and vaporization [4]. The tracing of these spark discharges
in a predefined direction result in the generation of micro-channels over the work
material [2]. During micro-channeling, the energy liberated by spark discharges and
the tracing speed of tool electrode are important process parameters that mainly con-
trol the geometry of micro-channels andmaterial removal rate. Literature reveals two
strategies that have been used to machine the micro-channels. In the first strategy, the
tool electrode has to be placed just above the work material at some working gap [5].
In the second strategy, the tool electrode has to be placed inside the work material
and then, it moves over the work material. In order to effectively utilize the ECD
energy, the second strategy seems very appropriate [2]. But, in case of small applied
voltage, the tool electrode experienced bending forces and thereby it leads to the
failure of tool electrode [5]. Apart from this, the effect of feed rate also contributes in
influencing the machine performance during micro-channeling. Several researchers
performed various experimental studies to investigate the effect of feed rate during
micro-channeling [2, 5, 6]. But, all the studies were limited to just investigate the
effect of feed rate on the geometry of machined features. The effect of feed rate on
discharge characteristics (energy interaction durations) is yet not explained. Thus, in
the present investigation, feed rate, applied voltage and pulse on time were selected
as process parameters and the effect of above-mentioned process parameters on dis-
charge characteristics and their respective energy channelization/interaction behavior
has also been discussed. The materials and methods that were used to perform the
study are given in the subsequent section.
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23.2 Materials and Methods

In the present study, an in-house developed ECDM setup was used to perform the
experiments. A schematic view of the experimental setup is shown in Fig. 23.1.
It consists of various components such as tool electrode, auxiliary electrode,
X-Y slider, electrolytic bath and DC-pulsed power supply. A stainless steel (SS-304)
cylindrical rod of diameter 400 µm was used as a tool electrode and was mounted
in a chuck. Borosilicate glass was used as a work material and it was positioned
below the tool electrode at zero working gap. The graphite block was placed below
the work material and it was connected to the positive terminal of the power supply.
In ECDM, the electrical signals in terms of current versus time and voltage versus
time have been used to describe the discharge characteristics and their respective
gas film behavior [7, 8]. In the current investigation, a digital storage oscilloscope
(DSO) (Model: DSOX3034A, Agilent) was used to record voltage signals and it
was connected to both the electrodes of the electrochemical cell circuit (ECC). The
photographic view of the voltage signals recorded during experimentation is shown
in Fig. 23.1. Here, the peak voltage represents the maximum voltage (Vmax) and it
corresponds to the intensity of spark discharges.

On the basis of preliminary experimentation and literature review, the process
parameters and their selected ranges to machine the micro-channels are given in
Table 23.1. Seterozoom microscope (Model: SMZ745T, Nikon) was used to capture
and measure the dimensions of the machined micro-channels.

Fig. 23.1 Schematic view of the ECDM setup
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Table 23.1 Process parameters and their levels

S. no. Process parameters Levels

1 Applied voltage (V) 50–70 (in steps of 5 V)

2 Feed rate (mm/min) 6–14 (in steps of 2 mm/min)

3 Pulse on time (ms) 1–5 (in steps of 1 ms)

4 Pulse off time (ms) 1

5 Electrolyte concentration (%) 20 (sodium hydroxide (NaOH))

6 Inter-electrode distance (IED) (mm) 25

23.3 Results and Discussion

In ECDM, feed rate decides the interaction durations between tool electrode and
work material to liberate the electrochemical discharge (ECD) energy. In order to
fabricate the accurate micro-channels, the synchronization between applied ECD
energy and feed rate is very essential. Thus, in the present study, the feed rate was
varied from 6 to 14 mm/min while the rest of other process parameters were fixed
at constant levels, such as applied voltage = 60 V, pulse on time = 3 ms. The effect
of feed rate on width and depth of machined micro-channels is shown in Fig. 23.2.
The discharge characteristics recorded at different feed rates are also depicted in
Fig. 23.2. The optical images to depict the machined micro-channels at different
feed rates are shown in Fig. 23.3.

It was observed that at low feed rate of 6 mm/min, the WOC and DOP is at
maximum value. The reason thereof is the maximum interaction time between the
tool electrode and work material. Moreover, it can also be observed from the voltage

Fig. 23.2 Influence of feed rate on machined features and discharge characteristics
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Fig. 23.3 Influence of feed rate on profile of machined micro-channels

signals shown in Fig. 23.2 that at low feed rate the intensity of discharges is very high
(Vmax = 98 V), but as the feed rate increases the intensity of discharge decreases. It
means that at low feed rate, the thick gas film is formed around the tool electrode due
to the accumulation of more gas bubbles in per unit time period. Thus, the breakdown
of thick gas film produced high-intensity low-frequency discharges, as depicted in
Fig. 23.2. The discontinuous flow of electrochemical discharge energy produced by
these high-intensity low-frequency discharges results in zig-zag profiles of micro-
channels. As the feed rate increases beyond 6 mm/min, the WOC and DOP decrease
sharply. The reason thereof is the effective synchronization between applied ECD
energy and feed rate. Hence, a feed rate of 10mm/min produces micro-channels with
straight edges, as shown in Fig. 23.3.

During ECDM, the applied voltage plays an important role as it directly controls
the supply of electrochemical discharge (ECD) energy. In this study, the effect of
applied voltage on width of channel and depth of penetration was analyzed by con-
ducting the experiments. The experimentation was conducted by varying the applied
voltage from 50 to 70 V, while the rest of other process parameters were fixed at
constant levels (pulse on time= 3 ms, electrolyte concentration= 20% and feed rate
of 10 mm/min).

The effect of applied voltage on WOC and DOP is depicted in Fig. 23.4, and on
discharge characteristics and material removal mechanism during micro-channeling
are given in Figs. 23.4 and 23.5, respectively. It was observed that at low applied
voltage of 50 V, the DOP and WOC are at its lower values. The reason thereof is
the availability of low ECD energy at machining zone. The lower applied voltage
produces low-frequency, low-intensity spark discharges, as can be seen from the
Fig. 23.4. The intensity of spark discharges is 59 V at applied voltage of 50 V. Thus,
the energy liberated by low-intensity spark discharges is not sufficient to remove
the material from work surface. Hence, the energy liberated by the tool electrode
in the form of rings overlapped with each other, as can be seen from the Fig. 23.5,
and thereby it results in low DOP. The overlapping of discharging rings at low ECD
energy is also reported by Saranya et al. (2017) [9].

As the applied voltage increases from 50 to 60 V, the rate of bubbles accumula-
tion around the tool electrode also increases, and, as a consequence, results in the
formation of a thick gas film. Further, the breakdown of thick gas film produces
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Fig. 23.4 Influence of voltage on machined features and discharge characteristics

Fig. 23.5 Mechanism of energy interaction during electrochemical discharge milling

high-intensity spark discharges, as can be seen from the Fig. 23.4. The energy liber-
ated by these discharges synchronizes the ECD energy with feed rate in such a way
that it developed straight micro-channels as depicted in Fig. 23.5. On the other hand,
the increase in applied voltage increases the WOC and DOP, simultaneously (refer
Fig. 23.4). However, the rate of increase for DOP is higher than the rate of increase
for WOC. But beyond 60 V, the increase in applied voltage produces high-intensity,
low-frequency spark discharges, as depicted in Fig. 23.4. The energy liberated by
these spark discharges results in zig-zag profiles of micro-channels, as shown in
Fig. 23.5. The reason thereof is the liberation of high ECD energy per unit interac-
tion period, and the applied ECD energy is used to increase the WOC at a higher
rate than the DOP as illustrated in Fig. 23.4. The discharge patterns obtained during
experimentation concur with the findings reported by Gupta et al. [10].
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In ECDM, the use of pulse power supply is recommended over the continuous
power supply [10]. The pulse power supply provides pulse on and pulse off phases,
where pulse on phase is used to liberate the ECD energy over the work material, and
pulse off is used to flush out the sludge and debris from machining zone [10]. An
appropriate combination of pulse on and pulse off time for the effective machining
is very essential. Thus, in this study, the pulse on time was varied from 1 to 5 ms,
while the pulse off time was fixed at a constant level of 1 ms.

The effect of pulse on time onWOC, DOP and discharge characteristics is shown
in Fig. 23.6. The profile of machined micro-channels is depicted in Fig. 23.7. It was
observed that with an increase in pulse on time, the width of channels and depth
of penetration increases simultaneously. The reason thereof is the increase in heat
energy per unit pulse time [10]. It can also be seen from the discharge signals depicted
in Fig. 23.2 that the intensity as well as frequency of discharges increases with an
increase in pulse on time. Thus, the energy liberated by these high-intensity, high-
frequency spark discharges increases the material removal, which in turn results in
an increase in both WOC and DOP. However, the rate of increase for DOP is higher
as compared to the rate of increase for WOC.

Fig. 23.6 Influence of pulse on time on machined features and discharge characteristics

Fig. 23.7 Effect of pulse on time on profile of machined micro-channels
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Beyond 3 ms pulse on time, the increase in pulse on time also increases the DOP
and WOC simultaneously. But, the rate of WOC is quite higher than the rate of
increase in DOP. It means that the beyond 3 ms pulse on time, the applied ECD
energy is used to increase the width of the micro-channels instead of the depth. The
effect of ECD energy onwidth ofmicro-channels can also be seen from themachined
micro-channel profiles shown in Fig. 23.7.

23.4 Conclusions

In ECDM, the interaction durations play an important role to control the form of
machined micro-features. Low feed rate provides more interaction time; thereby,
it develops thick gas film around the tool electrode. The breakdown of thick gas
film produces high-intensity low-frequency discharges and thereby results in wider
micro-channels. The feed rate of 10 mm/min synchronizes with the applied ECD
energy; therefore it develops micro-channels with straight edges instead of zig-zag
profiles. Lowapplied voltage provides insufficient ECDenergy to generate themicro-
channels. Thus, the micro-channels fabricated at low applied voltage provide low
WOC and DOP with zig-zag profiles. However, higher applied voltage provides
excessive thermal energy at machining zone. Thus, it also leads to the fabrication
of micro-channels with inaccurate profiles. The maximum DOP of 104 µm was
obtained at the parametric combination of applied voltage = 60 V, pulse on time =
5 ms and feed rate = 10 mm/min. However, the minimum WOC was found to be
480µmfor applied voltage of 50V, pulse on time of 3ms and feed rate of 10mm/min.
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Chapter 24
Influence of Chip Thickness Models
on Deflection Aspects of an End Mill
Cutter and a Spindle Bracket
of a Miniaturized Machine Tool

Kadirikota Rajesh Babu

Abstract The forces generated duringmicromilling are relatively small (<10N) due
to the limited size and strength of the tool edge. Force model can be combined with
tool stiffness to estimate the deflection of the tool as a function of depth of cut, the up-
feed per revolution and the geometry of the part. In view of the importance attributed
to the tool deflection in achieving the high-quality surface of a micro component, in
the present study an attempt is made to utilize the different chip thickness models in
characterizing themicro endmillingoperations from theviewpoint of static deflection
of a cutter and spindle bracket of a miniaturized machine tool (MMT) by including
cutter stiffness in force model. The variation of cutting force and the consequent tool
deflection as a function of tooth position angle are illustrated graphically.

Keywords Chip thickness models · Tool deflection · Spindle bracket

24.1 Introduction

In the recent past, micro-sized products with complex miniaturized features man-
ufactured in small volumes are in full demand for many industries, such as optics,
electronics, biomedical, defense and so on [1]. Indeed, micro meso-mechanical man-
ufacturing (M4) systems are perceived by many as potentially promising machine
tools of the twenty-first century. Furthermore, mechanical manufacturing will gen-
erate free form and three-dimensional (3D) surfaces in metal and non-metal compo-
nents. The widely used micro mechanical manufacturing process in an industry is
micro endmilling [2]. Being one of themost flexible components inmicromachining
system, micro scale tools commonly dominate the static and dynamic characteristics
of a machine tool during micro milling. It is a well-known fact that in end milling,
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chip thickness changes as the cutter rotates and therefore the path of cutter (trajec-
tory) would affect the surface topography of the workpart [3]. This implies that chip
thickness is a function of tooth position angle. Therefore, there is a need to study the
deflection aspects of a micro end mill cutter from the point of view of chip thickness
models [4]. And another vital component of a miniaturized machine tool (MMT) is a
spindle bracket as it directly affects themounting of a cutter into the spindle assembly
of a milling machine. The work herein also focuses on the deflection aspects of the
spindle bracket.

24.2 Chip Thickness Models

Assuming the path of a cutter is circular, Martelloti expressed the chip thickness
as [3]

h = ft sin θ + R −
√
R2 − f 2t cos θ (24.1)

In most milling processes, feed per tooth is smaller than the cutter radius (R),
thus Eq. (24.1) can be further simplified as

h = ft sin θ (24.2)

where h is the undeformed chip thickness, ft is the feed per tooth, and θ is the angular
position of the tooth. This equation of chip thickness model is widely used in the
analysis of traditional milling process. As far as true path (trochoidal path) of the
cutter tooth is concerned, Bao and Tansel model [5] is used in the present analysis
and it is of the following form:

h = ft sin θ − z

2πR
f 2t sin θ cos θ + 1

2R
f 2t cos2 θ (24.3)

with z = number of teeth, R is the radius of the cutter and other notations have same
meaning as indicated for Eq. (24.2).

24.2.1 Tooth Position Angle (θ) Calculation

Chebyshev’s spacing method of approximate selection, in which the optimum loca-
tion of the angular positions θ1, θ2, θ3, θ4, and θ5 are given by [6]

θ j = θ f + θo

2
− θ f − θo

2
cos

[ π

2m
(2 j − 1)

]
(24.4)
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Table 24.1 Selected angular positions by Chebyshev’s spacing and equal spacing method

Spacing method θ1 (°) θ2 (°) θ3 (°) θ4 (°)

Chebyshev spacing 4.40 37.09 90 142.90

Equal spacing 0 45 90 135

where j = 1, 2, . . . ,m; m is the number of angular positions to be selected, that is,
m = 5. θo and θ f represent the entry angle and exit angle during cutting, respectively.
In the full range of angular positions θo = 0

◦
and θ f = 180

◦
. Table 24.1 gives the

values obtained for θ j .

24.3 Cutting Force Models

In end milling, the mechanistic cutting force model is used because the chip load
and cutting forces are evaluated based on the cutting geometry and the machining
conditions. In this model, the cutting force is directly proportional to the chip area
of the cut [4]. The equations which relate the elemental chip loading to the cutting
forces contain empirical constants or simply cutting constants.

24.3.1 Specific Cutting Force Model

In an end milling operation, the conventional or specific cutting force models (based
on chip load) in tangential and radial directions of cutting are given as follows [4].

Tangential cutting force,

Ft = Kthb (24.5)

Radial force,

Fr = kr Ft (24.6)

where Kt is a specific cutting pressure and is constant for a specific tool–work pair
and has a unit of N

/
µm2, and kr is the dimensionless constant called force ratio and

relates radial force to tangential force, and b is the axial depth of cut.
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24.3.2 Cutting Force Model with Cutter Stiffness Included

The present work also focuses on evaluating cutter deflection by including cutter
stiffness in the force model. This implies that a closed-loop form of control is estab-
lished between the cutter deflection and its force component [7]. And if the deflection
of the cutter is considered, then Eq. (24.5) now becomes,

Ft = Ktb

[
h − Ft

K

]
(24.7)

where K is the stiffness of the cutter and Ft
K is the deflection of the cutter. Then[

h − Ft
K

]
is the chip thickness for the first pass. Solving for the force, we have

Ft = Ktbh[
1 + Ktb

K

] (24.8)

The ratio between cutting stiffness (Ktb) and cutter stiffness (K ) controls whether
or not the effect of the deflection of cutter will be significant [7].

24.4 Tool Deflection of a Micro End Mill

The features of large shank, taper and reduced diameter at the cutting edges, as shown
in Fig. 24.1, are unique characteristics of a micro end mill. This design is required
for micro end mills to provide tool holding with the shank and to keep the length to
diameter ratio small in the fluted region for stiffness. Fig. 24.2 illustrates the idealized
model of vertical MMT depicting vital components of a machine tool.

Comparison of the cutting force models has been carried out by assuming the
following numerical data and by considering two cases, namely, circular tooth path
and trochoidal tooth path. In the present study, the effect of the cutter runout has
been neglected and also assumed that end milling taking place at constant cutting
constants.

Fig. 24.1 Fig. 24.2. Micro
end mill [8]
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Fig. 24.2 Idealized structure
of MMT [9]

24.4.1 Path of Cutter Tooth—Circular

Assume the following data for the purpose of comparing the above-cited twomodels.
Feed per tooth, ft = 2µm; specific cutting pressure, Kt = 1.2 N

µm2 ; axial depth of
cut, b = 10µm.

In case of circular tool path, the required equation for an uncut chip thickness
of an end milling operation is given by Eq. (24.2). The radial stiffness (Kr ) of the
cutter is Kr = 3E I

L3 , where flute length of the cutter (assuming aspect ratio as 3:1),
L = 3d, diameter of the cutter, d = 200µmwith E =Young’s modulus of the cutter(
E = 6 × 105 N

/
mm2

)
, I = section modulus of the cutter

(
π
64d

4
)
.

Table 24.2 illustrates the tangential force and radial force values of the micro end
mill cutter by considering the circular cutter path and cutter stiffness in the cutting
force models.

As a rule, for the second pass, radial force is 20% less than the first pass, that is,
80% of the radial force of the first pass [9]. The corresponding deflection values are
tabulated as shown in Table 24.3.

From the above tables, it is clear that as the cutting force decreases the deflection
of the end mill cutter also decreases. The associated plots representing the variation

Table 24.2 Cutting forces and static deflection values of a cutter for different tooth position angles
(θ) (Chebyshev’s spacing method)

θ (°) Uncut chip
thickness (µ)

Tangential force
(N)

Radial force
Fr = 0.3FT (N)

Deflection δ = Fr
Kr

(µ)

4.40 0.1534 0.09523 0.02857 0.04365

37.09 1.2064 0.74878 0.22460 0.34316

90 2.0000 1.24130 0.37240 0.56898

142.90 1.2064 0.74878 0.22460 0.34320

175.60 0.1534 0.09523 0.02857 0.04365
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Table 24.3 Cutter deflection values during the second pass of the cutter

θ (°) Radial force Fr2 = 0.8Fr (N) Deflection δ = Fr2
Kr

(µ)

4.40 0.022856 0.03492

37.09 0.179680 0.27453

90 0.297920 0.45518

142.90 0.179704 0.27456

175.60 0.022856 0.03492

Fig. 24.3 Variation of cutter deflection as a function of tooth position angle

of deflection of the end mill cutter with respect to the different tooth position angles
were illustrated in Fig. 24.3a.

24.4.2 Trajectory of Cutter Tooth—Trochoidal

By using the same numerical data as assumed for circular tool path, one can easily
estimate the cutter deflections even for the trochoidal cutter path, and the estimated
values were tabulated as in Tables 24.4 and 24.5, respectively.

The corresponding deflection plots as a function of tooth position angle were
depicted in Fig. 24.3b.

24.5 Static Deflection of Spindle Bracket of a MMT

Say, for a given geometrical configuration of a machine tool and assuming that the
machine tool uses micro end milling cutter, we can model the spindle bracket as
a cantilever beam (see Fig. 24.4) whose end deflection has to be estimated by an
analytical approach [10].
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Table 24.4 Cutting forces and static deflection values of a cutter for different tooth position angles
(θ) (Chebyshev’s spacing method)

θ (°) Uncut chip
thickness (µ)

Tangential force
(N)

Radial force
Fr = 0.3FT (N)

Deflection δ = Fr
Kr

(µ)

4.40 0.1723 0.10696 0.03208 0.04903

37.09 1.2130 0.75287 0.22586 0.34508

90 2.0000 1.24130 0.37240 0.56898

142.90 1.2253 0.76050 0.22815 0.34858

175.60 0.1743 0.10818 0.03245 0.04958

Table 24.5 Cutter deflection values during the second pass of the cutter

θ (°) Radial force Fr2 = 0.8Fr (N) Deflection δ = Fr2
Kr

(µ)

4.40 0.026316 0.04021

37.09 0.180688 0.27607

90 0.297920 0.45518

142.90 0.182520 0.27887

175.60 0.025963 0.03966

Fig. 24.4 Cantilever beam
subjected to radial and
tangential (axial) loads

For a specific combination of tool and work material, and letting θ = 25.84◦,
axial depth of cut, b = 10µm feed per tooth, ft = 2µm, specific cutting pressure,
Kt = 1.2N

/
µm2. Substitution of the above numerical data in the ‘specific cutting

force model’ equation yields tangential cutting force, Ft = Kthb = 10.46N, radial
force, Fr = kr Ft = 0.3Ft = 3.138 N. Further substitution of the above force val-
ues together with material (aluminum) properties, E and I in the following static
deflection equation will result in end deflection of a spindle bracket [10].

δstatic = Frl3

3E I
[
1 − 2Ft l2

5E I

] (24.9)

with l = 127mm; E I = 82.10724 × 1010 N-m2 and hence the static deflection of a
spindle bracket is δstatic = 2.61 nm.
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Table 24.6 Cutter maximum
tool deflection values of
circular and trochoidal
trajectories of a cutter path

Tooth position angle (90°) Maximum tool deflection (µm)

Circular path Trochoidal path

First pass 0.56898 0.56898

Second pass 0.45518 0.45518

24.6 Results and Discussion

Micro end mill cutter static deflections were determined analytically by considering
circular and trochoidal cutter tooth trajectories. In calculating the tooth position
angles of a cutter, Chebyshev’s approximation technique has been used (Table 24.6).

From the above table, it is evident that maximum deflection values were the same
in both the trajectories. As far as deflection of the spindle bracket is concerned, the
end deflection of the same was determined analytically by modeling it as a cantilever
beam and it was found to be 2.61 nm. This numerical value is also in agreement
with the static deflection of a cantilever beam model (spindle bracket) for the given
geometrical data and cutting conditions.

24.7 Conclusions

In this research study, micro end mill cutter deflections were estimated by consid-
ering two different chip thickness models—circular tooth path and trochoidal cutter
path—and two cutting force models—specific cutting force model and an instan-
taneous force model (inclusion of cutter stiffness). To say explicitly, Chebyshev’s
approximation technique has been used in determining the tooth position angles of
the cutter and then the cutter deflections were found at these tooth position angles.
It was observed that maximum deflection (of the same value) of the cutter (for both
circular cutter path and trochoidal cutter path) had occurred at tooth position angle
of 90

◦
. This implies that chip thickness models have little or no impact as far as

maximum deflection of the cutter is concerned. The associated deflection plots were
drawn as a function of tooth position angles. In addition, the static (end) deflection
of a spindle bracket of MMT has also been estimated by classical cantilever beam
theory. Finally, the work herein will aid the design engineer to assess the deflec-
tion aspects of a cutter and a spindle bracket by closed-form solutions in a more
systematic way.
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Chapter 25
Micro-hardness Improvement of HSS
Using Tungsten Tool Through
Micro-electrical Discharge Process

S. Mohanty , Avijit Roy , Brij Bhushan , A. K. Das
and Amit Rai Dixit

Abstract In the present state of work, a tungsten tool is used for alloying of HSS
workpiece material by depositing a hard carbide layer of tungsten and iron through
micro-electrical discharge machining (µ-EDM) process. Commercial EDM oil was
used as a dielectric that reacts with the tungsten tool electrode to form tungsten car-
bide over HSS work material. The micro-hardness values and the Energy Dispersive
Spectroscopy (EDS) plots proved the appearance of carbide phase of the tool onHSS.
X-ray diffraction (XRD) plot suggest the formation of hard carbide phase of tungsten
(tungsten carbide) and iron (cementite) on the alloyed surface. The diffusion of tool
and dielectric material from the base material (HSS) towards the transition region
has been studied by EDS reports.

Keywords Micro-hardness · EDS ·M-EDM · XRD · Diffusion

25.1 Introduction

Micro-electrical discharge machining process (µ-EDM) has craved to develop hard
coatings over miniaturized tools to be profoundly used for micro-manufacturing [1].
The micro-tools find application in cutting, drilling, turning, boring, etc. The life of
such tools can degrade with prolonged use. Thus increasing the strength and life of
the particular surface exposed to the cutting environment is a major challenge these
days.µ-EDM process has made it convenient for local alloying of miniaturized parts
wherein reverse polarity of electrode (tool positive and workpiece negative) helps
the deposition possible on workpiece from the tool.

A lot of research has been conducted for improving the micro-hardness of engi-
neering materials [2]. Kumar et al. [3] carried a review on various methods of surface
modification in EDM. Prakash et al. [4] carried out experiments on Nickel sheets
using Ti6Al4V micro-tool electrodes using EDM oil and kerosene to form a hard
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carbide layer of TiC on work surface. In another study, Aspinwall et al. [5] used
W/CrC/Co, TiC/WC/Co, and WC/Co tool to increase the surface hardness of steel
(2% Cr), reason being the presence of W, C, and Co. Bleys et al. [6] reported the
pyrolysis of dielectric occurs with the transfer of both electrode material over the
workpiece surface to form hard phase recast layer. Kumar et al. [7] conducted EDM
alloying experiments on OHNS die steel using Inconel electrode and results indicate
88% improved micro-hardness of the alloyed surface. The SEM and XRD results
indicate the transfer of chromium and nickel from the tool material to the workpiece
surface.

A number of research articles suggest the surface modification using conventional
electrical discharge machining process. The large tool size cannot be used for micron
sized components since a large discharge energy damages the workpiece. On other
hand, µ-EDM involves microsize tool electrodes wherein less discharge energy is
generated and hence, the diffusion depth is less as compared to that of the conven-
tional one. Thus, the present study involves the alloying of miniature components
made of HSS using µ-EDM to improve its micro-hardness. The work focusses on
localized alloying of miniaturized tool components made from HSS material which
are prone to extreme environmental conditions during machining operations. This
further can find application in various miniaturize tool and die industries.

25.2 Methodology

The experimentswere carried outwith in-house developedmicro-electrical discharge
machine setup taking high-speed steel (HSS) as workpiece, tungsten as tool electrode
with commercial EDM oil as dielectric liquid. The 3D model of the setup used for
alloying process is shown in Fig. 25.1. It constitutes of a rotating chuck that holds the
tool and the workpiece is submerged in the dielectric tank fitted with arrangements
to give linear movements in X-Y direction. The tool electrode is attached to a DC
motor for giving rotational motion. LAB-View software is employed for controlling
the directional movement of the X, Y, and Z stages. Transistor pulse power unit is
adopted for the process. The µ-EDM works on the principle of generation of sparks
between electrodes in a dielectric medium and hence necessary material melting,
vaporization, and solidification take place on the workpiece surface. Figures 25.2
and 25.3 show the workpiece and the tool used for experimentation. The workpiece
dimensions were 40 mm × 20 mm × 3 mm whereas the tool was cylindrical in
shape with 1 mm diameter. A reverse polarity (tool positive and workpiece negative)
was ensured for carrying out the alloying process as such more material melting
takes place from the tool surface. The pilot experiments were conducted to define
the optimal range of parameters before the actual start of experiments. A total of
27 experiments were conducted using parametric settings at different levels of duty
factor (DF), voltage (V), and alloying time (Tm) shown in Table 25.1. Duty factor
indicates the ratio of total pulse on time to the total pulse duration.
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Fig. 25.1 Experimental setup used for alloying

Fig. 25.2 HSS workpiece
after alloying in µ-EDM

Fig. 25.3 Tungsten tool
electrode used in alloying

Table 25.1 Parametric
settings for alloying

Parameter Range

Voltage (V) 30, 45, 60

Duty factor (%) 45, 55, 65

Alloying time (min) 5, 10, 15
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25.3 Results and Discussion

25.3.1 Micro-hardness

The experimental results (shown in Table 25.2) constituting the micro-hardness
parameter were assessed by Economet micro-hardness testing machine (Model
number- VH-1 MD, Make - Chennai Metco), measuring range lying between 8
and 2900 HV. The hardness testing was carried out at a load-bearing 0.1 kgf with
a dwell time of 10 s using a diamond indenter (a pyramid with square base). The

Table 25.2 Observation table for micro-EDM alloying of HSS

Sl No Voltage Duty factor Alloying time HV

1 30 0.45 5 621.06

2 30 0.45 10 667.58

3 30 0.45 15 728.589

4 30 0.55 5 771.06

5 30 0.55 10 752.06

6 30 0.55 15 790.31

7 30 0.65 5 789.10

8 30 0.65 10 813.33

9 30 0.65 15 847.17

10 40 0.45 5 878.64

11 40 0.45 10 911.01

12 40 0.45 15 935.01

13 40 0.55 5 940.28

14 40 0.55 10 947.08

15 40 0.55 15 959.27

16 40 0.65 5 910.28

17 40 0.65 10 947.08

18 40 0.65 15 981.27

19 60 0.45 5 1130.81

20 60 0.45 10 1174.22

21 60 0.45 15 1268.52

22 60 0.55 5 1192.97

23 60 0.55 10 1300.11

24 60 0.55 15 1339.80

25 60 0.65 5 1381.35

26 60 0.65 10 1429.31

27 60 0.65 15 1446.38
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observations were recorded and relationship between the micro-hardness values and
the input alloying parameters were derived as shown in Fig. 25.4. The average micro-
hardness values lie in the range of 621.06–1446.38 HV which is almost three times
more than the base material (611.21 HV). It implies the mean micro-hardness values
of the recast layer of the alloyed region can be up to three times to that of the base
material [8, 9]. The increase in hardness of the alloyed sample could have been due
to the presence of tungsten carbide and other intermetallic compound formed on the
recast layer. This has been verified by the X-ray diffraction (XRD) results.

In addition to this, with the increase in voltage and duty factor (as shown in
Fig. 25.4 a–c), high melting of material takes place as a result, the hardness values
of the average recast layer increases [4]. The other reason for improved hardness is
the sudden cooling of the melted material from the tool and workpiece on the recast
layer within the dielectric medium [10]. The prolonged exposure of the workpiece
surface to the tool and dielectric results in more and more deposition of the carbide
phase on the recast layer. Thus, an increase in alloying time results in increase in
width of recast layer and micro-hardness value.

Fig. 25.4 Effect of voltage and alloying time on micro-hardness at duty factors a 0.45, b 0.55, and
c 0.65
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25.3.2 EDS Analysis

The energy dispersive spectroscopy (EDS) report shown in Fig. 25.5 suggests the
presence of iron (Fe), tungsten (W), chromium (Cr), carbon (C), molybdenum (Mo),
vanadium (V), cobalt (Co), and oxygen (O) for a sample alloyed at 45 V, 0.55 duty
factor and 10min alloying time. The presence of carbon element confirms the carbide
phase formed on the recast layer of the workpiece surface. Since the experiments
have been carried out in an open atmosphere, oxygen content has been found in the
EDS report. The presence of carbide and oxide phase of elements may be one of
the reasons responsible for an improvement in micro-hardness of HSS work surface
which has been confirmed in XRD results.

25.3.3 XRD Analysis

The XRD plot of a sample prepared with parametric setting voltage 60 V, duty factor
65% and alloying duration of 10 min is shown in Fig. 25.6. It indicates the presence
of tungsten carbide (WC) and cementite (Fe3C) that is responsible for increase in
micro-hardness of the HSS specimen. The dissociation of elements from the tool,
workpiece, and the dielectric takes place which results in formation of intermetallic
compounds. It is clear that there is carrying away of the tool and dielectric fluid
material to the alloyed work surface.

25.3.4 Diffusion

The elemental diffusion into the recast layer of the alloyed specimen from the tool
and the dielectric is examined by EDS reports. A sample prepared at 60 V, 0.55

Fig. 25.5 EDS report of the
alloyed specimen prepared at
45 V, 0.55 DF, and 10 min
alloying duration

Element Weight %
Fe 61.39
C 11.13
Mo 8.35
Co 6.69
O 4.93 
Cr 3.54 
W 3.04 
V 0.92 
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Fig. 25.6 XRD plot
showing the alloyed
workpiece sample at 60 V,
0.65 duty factor and 10 min
alloying time

duty factor, and 10 min parametric setting was taken up for the diffusion study. A
smaller portion of area is considered for analysis starting from HSS base material
and proceeding towards the alloyed recast layer on the work surface, covering the
transition region. Each of the spectra gives the elemental content of that particular
area taken into consideration. Figure 25.7 shows the spectra produced for each of the
area of transition phase with corresponding EDS report (Fig. 25.7a–d). Figure 25.7e
depicts the FESEM image of the alloyed recast layer formed over the base metal
indicating area considered for each of the spectra. Figure 25.7f shows the variation
in weight percentage of major elements from the base material (region 1) towards the
alloyed surface (region 4). It is evident that carbon content increases from the base
metal towards the recast alloyed layer since the formation of tungsten carbide and
cementite takes place. Moreover, a decrease in tungsten up to the transition region
indicates its dissociation and again its increase denotes the formation of tungsten
intermetallic compound with carbon that gets deposited over the alloyed surface.
A similar trend is followed by iron that dissociates to form iron oxide and iron
carbide that is one of the reasons for the improvement in hardness. This confirms the
transmission of tool and dielectric material to the alloyed surface of the workpiece
post alloying using micro-electrical discharge process.

25.4 Conclusions

The experimental results reveal the formation of a hard phase of tungsten and iron
on the HSS die steel work surface. The micro-hardness was seen to be increased
along with the voltage, duty factor, and alloying duration. More melting of material
allows more deposition on the work surface in the form of recast layer. Prolonged
exposure to the sparks (due to an increase in alloying duration) leads to higher
deposition on the recast region. The micro-hardness value was increased from 1.61
to 136.64% compared to that of the base material (HSS). The Energy Dispersive



296 S. Mohanty et al.

Interface

Base material 
Transition region to recast layer 

Fig. 25.7 EDS images showing elemental diffusion in the recast layer at a region 1, b region 2,
c region 3, d region 4, e different regions, and f change in weight % with distance from transition
region

Spectroscopy (EDS) results also confirmed the presence of basic elements of tool
and substrate material. X-ray Diffraction analysis (XRD) identified the nature of
intermetallic compounds formed on the substrate material, i.e., tungsten carbide and
cementite that is responsible for increasing the micro-hardness of the HSS specimen.
The elemental diffusion from the tungsten tool and the dielectric on the workpiece
material was studied by EDS results by considering area of each spectrum initiating
from HSS base material and continuing towards the alloyed region. The aim of the
study to produce hard surface over HSSmaterial has been successfully accomplished
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by micro-electrical discharge process. Thus, the locally alloyed miniaturized HSS
parts find application in micromachining of various engineering materials such as in
case of micro-tools, micro dies, micro-punch, etc.
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Chapter 26
Nano-finishing of Internal Surface
of Power Steering Housing Cylinder
Using Rotational Magnetorheological
Honing Process

S. K. Paswan and A. K. Singh

Abstract The rotational magnetorheological honing (MRH) process is an advanced
finishing process. The MRH tool is designed and developed for nano-finishing the
internal cylindrical surfaces of ferromagnetic parts. The magnetorheological pol-
ishing fluid is used as a finishing medium. The power steering housing cylinder is
finished in this work. Rotational motion is given to the cylindrical workpiece through
the servomotor using the automatic centering 3-jaw chuck in the opposite direction
to the rotational motion of the MRH tool. The relative speed of an active abrasive
gets enhanced and continuous shuffling of the active abrasives takes place in this
process. The change in surface roughness was found to be 71.87% at the rotational
speed of workpiece at 40 rpm which is measured with Mitutoyo Surftest. The scan-
ning electron microscopy is conducted on the finished cylinder internal surface for
analysing the surface texture. The surface textures and roughness profiles revealed
that the rotational MRH is more capable and productive.

Keywords Rotational ·Magnetorheological · Honing · Power steering housing
cylinder · Internal surface

26.1 Introduction

Initially for finishing the internal cylindrical surfaces, cylindrical grinding, conven-
tional honing, etc., are some traditional finishing processes which are used to finish
the inner cylindrical surfaces [1]. These finishing processes are having less control-
lability and unwanted high heat generation due to direct contact of the rigid tool
during finishing [2]. These things enforce the products in residual thermal stress,
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heat affected zone, subsurface damage, microcracks, and changes in microstructures
[3, 4]. In these finishing processes, various surface defects such as deeper grooves,
pits or cavities, torn and folded, etc. on the internal cylindrical surface take place. [5,
6]. These imperfections diminish the internal surface integrity of cylindrical parts in
both grinding and conventional honing process [7]. To get rid of these limitations
and to enhance the quality of interior cylindrical surfaces, various types of advanced
finishing operations have been introduced [2]. To achieve the nanolevel of finishing
over the internal surface of the power steering cylinder, the rotational magnetorhe-
ological honing (R-MRH) process is used. The power steering housing cylinder is
an essential component of a power steering system which encloses hydraulic pis-
ton, rack, and pinion gear, etc. The hydraulic piston is mounted on rack shaft and
is reciprocated over the inner surface of the power steering housing cylinder. The
inner surface of the power steering housing cylinder requires nano-finished surface
quality to reduce friction, lower oil consumption, less efforts for turning the steering
and to avoid the oil leakage from piston ring surface. In present work, nano-finishing
of inner surface of power steering cylinder takes place in reduced finishing time
as compared to the existing MR polishing fluid-based finishing processes. In this
process, rotational motion is also given to the power steering cylinder along with
the rotational and reciprocation movement of the magnetorheological honing tool
as shown in Fig. 26.1. The magnetorheological (MR) polishing fluid is a mixture of
the carbonyl iron particles (CIPs) powder and non-magnetic silicon carbide (SiC)
abrasive particles in carrier base fluid (AP3 grease and heavy paraffin oil) which is
used in MR polishing fluid-based finishing processes as a finishing agent [8].

Automatic centering 3-jaw 
chuck 

Servomotor to control 
the Z-slide motion

Reciprocation motion of MRH-
tool on Z-slide Servomotor for the 

rotational motion of 
MRH-tool

C-shaped bracket for holding the 
MRH tool and servomotor Timing pulley 

MRH tool rotational 
motion  

Permanent magnet based 
MRH tool 

MR polishing fluid Power steering housing cylinder
rotating with the rotation of 3-jaw 
chuck 

Rotational motion of 3-jaw 
chuck

Fixture to support the 
chuck

Servomotor for rotational 
motion of 3-jaw chuck

Pillow block bearing

Fig. 26.1 Photograph of the experimental setup of the rotational magnetorheological honing
(R-MRH) process
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26.2 Design of Magnetorheological Honing Tool
and Experimental Setup

For designing the magnetorheological honing (MRH) tool, the magnetostatic simu-
lation of the CAD modelled MRH tool is performed. The CAD model of the MRH
tool is as shown in Fig. 26.2. The uniform distribution of magnetic field density over
the finishing end surface plays a crucial role in finishing. There are three curved
(NdFeB) permanent magnets used in the present magnetorheological honing tool.

From themagnetostatic simulation inMaxwellAnsoftV13 software the optimized
dimensional specification of the magnets is considered. The dimensional specifica-
tion of magnets is 70 mm outer diameter, 55 mm inner diameter, the axial length is
60 mm, and the arc length of the curved magnet is 15 mm. The internal diameter
of the power steering housing cylindrical workpiece is 38 mm and the workpiece
sample made for the experimentations is of height 60 mm. The gap between the
finishing surface of the MRH tool and the housing cylinder is kept 1 mm. The two-
dimensional magnetostatic simulation for magnetic flux distribution from the finite
element analysis (FEA) performed in Maxwell Ansoft V13 software using the input
parameters from Table 26.1, exposes that the outer surface of the finishing end of
the MRH tool in front of the permanent magnet is uniformly distributed as shown
in Fig. 26.3a. It also shows the pattern of flow of the magnetic flux line in the MRH

Permanent magnet 
Aluminum cover  

(a) (b)Stainless steel shaft 

Aluminum Shield 

Screw  

Stainless steel shaft 

Aluminum shield 

Screw  

(c) 

Fig. 26.2 CAD model of magnetorheological honing (MRH) tool a complete assembled tool,
b cross section view of the tool, and c exploded view of the tool

Table 26.1 Input parameters for the magnetostatic finite element analysis (FEA) of the magneto-
logical honing (MRH) tool

Parameters Materials Relative permeability

Tool holding shaft Stainless steel 1

Shield for magnet Aluminium 1.000021

Permanent magnet NdFeB 1.091000

Power steering housing cylindrical workpiece Iron alloy 100

Finishing medium MR polishing fluid 5
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Fig. 26.3 Magnetostatic finite element analysis (FEA) a magnetic flux distribution in present
finishing operation and b variation of the magnetic field in the working gap

tool. As per the pattern of magnetic lines followed, it is observed that in the first
magnets the lines are emerging out normal to the inner surface of the workpiece.
Therefore, the magnetic flux attracts the magnetorheological (MR) polishing fluid
from one side of the tool and repels on another side, which causes the indentation of
active abrasive particles into the workpiece surface.

Fig. 26.3b showed the trend of the magnetic field distribution. The trend of mag-
netic field distribution is desirable for finishing as it makes capable of performing
the relative motion of active abrasives by resisting the sticking of the CIP on the
finishing surface of the workpiece. This relative motion of abrasive particles causes
finishing action over the finishing surface.

The experimental setup is made of the three servomotors, one fixture for holding
an automatic three-jaw chuck, a Z-slide for performing the reciprocation motion of
the MRH tool, and a breadboard to mount all the aforesaid components of the exper-
imental setup as shown in Fig. 26.1. The motions in the present work are given by
the three servomotors and are governed by the programmable logic controller (PLC).
The workpiece used in the present work is power steering housing cylinder on which
spectroscopy was performed to analyze its composition. The major composition of
the workpiece material is Fe 98.3%, C 0.426%, Si 0.2313 %, and Mn 0.4670%. In
the present work, magnetorheological (MR) polishing fluid is utilized as a finishing
agent which is made of magnetic carbonyl iron particles (CIPs), silicon carbide and
base medium in percentage volumetric proportion of 20%, 20%, and 60%, respec-
tively. The base medium is made by mixing AP3 grease (20%wt) and heavy paraffin
oil (80% wt) and by stirring soundly in the mixing chamber.

26.3 Experimentation

With designed and fabricatedmagnetorheological honing (MRH) tool the experimen-
tation is performed. The power steering housing cylinder workpiece is rotated by the
servomotor mounted on mild steel fixture rigidly fixed on the breadboard. There are
three workpiece samples that are made from a power steering housing cylinder, are
used for the experimentation. The workpiece cylinders were tightly clamped in the
automatic three-jaw chuck mounted on the fixture as shown in Fig. 26.1. The gap
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between the end surface of the tool and workpiece is maintained and measured by
the wire gauge. In the present work, the surface roughness parameters (Ra, Rq, and
Rz) were measured using the Mitutoyo surface roughness tester (model- SJ 400)
with a cut-off length of 0.25 mm. The original surface of the workpiece was finished
for the working condition of power steering housing cylinder during its manufactur-
ing. Before the start of experimentations, roughness parameters were measured at
12 different positions on the internal surface of the workpiece cylinder. The initial
measured surface roughness parameters at a random location were Ra = 0.320 µm,
Rz= 2.1 µm, and Rq= 0.390 µm as shown in Fig. 26.4a. The first experimentation
was conducted by rotating and reciprocating the magnetorheological honing (MRH)
tool and keeping stationary the workpiece cylinder. During this experimentation, a
uniform gap of 1 mm is maintained. The rotation and reciprocation speed of the tool
was kept constant as reported in Table 26.2 throughout all four experimentations.
The MRH tool is rotated with 400 rpm, reciprocating speed of 70 cm/min and at
the same time, the workpiece cylinder is kept stationary for the first experiment. To
analyze the surface texture of the inner surface of the power steering housing cylinder
(workpiece cylinder) before and after finishing, the scanning electron microscopic
(SEM) examination was also performed on the Zeiss Scanning ElectronMicroscope.

The relative motion between the active abrasive particles stuck in the carbonyl
iron particle (CIP) chain structure and the workpiece surface causes a shearing action
on the ploughed grain of the workpiece. This shearing action causes to material
removal from the vicinity of ploughed grains, and finishing activity takes place.
Experimentation was conducted for the 80 min with four sets of finishing cycle of
20 min each. After completion of each set of finishing cycles, the surface roughness
of the finished surface was measured. Also, the MR polishing fluid was changed
after each set of finishing cycle to provide fresh edged SiC abrasive particle for
finishing and avoid the blunted abrasives. After finishing the internal surface on

Fig. 26.4 Change in the
surface roughness values Ra
(µm) of the internal surface
of the power steering housing
cylinder in all the type of
experimentations performed
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Table 26.2 Experimental
process parameters and
conditions

Process parameters Conditions

MRH tool rotational speed 400 rpm

MRH tool reciprocation
speed

70 cm/min

Rotational speed of
cylindrical workpiece

0, 20, 40, 60 rpm

Working gap 1 mm

SiC abrasive particles 20% by volume (800 mesh
size)

Carbonyl iron particles 20% by volume (500 mesh
size)

Base fluid medium 60% by volume

Cylindrical workpiece
material

Ferromagnetic medium
carbon alloy steel

different parameters for 80 min with the MR honing tool, the final surface roughness
parameter Ra was measured on 12 different positions but at the same position where
the measurement of the initial surface was done.

26.4 Results and Discussion

From the magnetostatic finite element analysis (FEA) as shown in Fig. 26.3a and
b, it is observed that in front of the permanent magnet the magnetic field density is
uniform and highwhereas on the edges of themagnets themagnetic field is extremely
high due to the edge effect. The slope of magnetic flux density from the tool end
surface to the workpiece is negative. This results the magnetic CIP particle to stick
on the tool surface more stiffly than sticking on workpiece surface which favours the
relative motion of active abrasive particles on the finishing surface.

The average surface roughness values (Ra) after each set of finishing cycle (i.e.,
20, 40, 60, and 80 min) for all the experimentations were measured and plotted their
variation as in Fig. 26.4. It was observed that after each set of finishing cycle the
surface roughness was decreasing. But, the rate of diminishing the surface roughness
in experimentation with rotating workpiece with 40 rpm is significantly higher than
all other cases of experimentations under same finishing condition.

It is observed that the relative speed of active abrasives against the inner surface
of the power steering housing cylinder due to its rotation in the opposite direction to
the rotation motion of magnetorheological honing tool influences the finishing rate
and capability of the process.

The measurement of roughness profile was performed with the Mitutoyo Surftest
(SJ-400model) for all the types of experiment. But, in the present work the roughness
profile of the initial surface, after finishing the workpiece for 80 min by keeping it
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stationary and after finishing the rotating cylindrical workpiece at 40 rpm for 60 min
are given as in Fig. 26.5a–c, respectively.

As the workpiece cylinder is given rotational motion in the opposite direction
to the rotational motion of the MRH tool, the relative motion of active abrasive
particles gets enhanced, and hence shear force also increased. Therefore, with the
provision of rotational movement to the workpiece cylinder, the finishing rate and
the finishing capability get increased. After a specific value of the rotational speed of
the workpiece cylinder, the finishing rate and capacity both start decreasing because
of the more increased relative motion of an active abrasive particle confirms to the
decreased interacting time for cutting the grain. Due to the optimum enhancement
in relative speed of the active abrasive particle by providing the rotational motion to
the workpiece cylinder the best surface roughness parameters were found as Ra =
0.09 µm, Rq = 0.13 µm, and Rz = 0.7 µm at the rotational speed 40 rpm of the
workpiece cylinder in 60 min of finishing time as it is given in Fig. 26.5c.

(c) Ra=0.09μm, Rq=0.13μm, Rz=0.70μm

(b) Ra=0.11μm, Rq=0.15μm, Rz=0.8μm
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Fig. 26.5 Surface roughness profiles of a initial internal surface of the power steering housing
cylinder, b MR finished surface after 80 min while cylindrical workpiece kept stationary, and c MR
finished surface after 60 min while cylindrical workpiece kept at rotational speed of 40 rpm using
the rotational magnetorheological honing process
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Figure 26.6a shows the SEM images of the initial internal surface of the present
workpiece cylinder. The initial internal surface of the power steering housing cylinder
was already finished with the cylindrical grinding process and the measurement is
used as the initial surface before conducting the experiment. The initial surface has a
large number of grinding marks, pit holes, and surface irregularities. The Fig. 26.6b
is the SEM image of the finished inner surface of workpiece cylinder after 80 min
by keeping it stationary during the present MR finishing operation, which had some
finishing marks as it has been indicated in its image. By providing the rotational
motion to the workpiece cylinder, the surface roughness got decreased and improved
surface textures, as it can be observed with roughness profile and SEM image shown
in Figs. 26.5c, and 26.6c, respectively. Therefore, from the results obtained in the
form of roughness profiles and surface textures in SEM images, it is found that the
present MR finishing process is highly applicable to reduce the friction, lower oil
consumption, easier turning the steering and to avoid the oil leakage from piston ring
surface the inner surface of the power steering housing cylinder.

26.5 Conclusions

From the magnetostatic finite element analysis and experimentations in the present
rotational magnetorheological honing (R-MRH) process following conclusions are
made and ensured the improvement in productivity.

• The higher magnetic field (0.53 T) at the end surface of the MRH tool and lower
magnetic field (0.38 T) on the inner surface of the ferromagnetic power steering
housing cylinder, results in relative motion between active abrasive particle and
workpiece which favours the better finishing of the surface.

• With increase in rotational speed of workpiece cylinder in the present finishing
process, the surface finishing rate and its finishing capability were found better,
but after a limit of increase in rotational speed.

(a) (c) 

Pit holes

Grinding marks 

Surface irregularity 

(b)

Finishing marks  

Fig. 26.6 Scanning electron microscopy images of a initial surface of power steering housing
cylinder, b final MR finished surface of stationary workpiece cylinder after 80 min, and c final
MR finished surface after 60 min at rotational speed of cylindrical workpiece of 40 rpm using the
rotational magnetorheological honing process
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• Themaximum percentage change in surface roughness (%�Ra) was seen as 65.62
and 71.87% in 80 and 60min of finishing over the internal surface of the stationary
cylindrical workpiece and rotating cylindrical workpiece (at 40 rpm), respectively
which revealed the supremacy of R-MRH process over the existing MRH process.

• Roughness profile and SEM images of the finished surface revealed the capability
of the R-MRH process to achieve the nano-finishing of the internal surface of the
power steering housing cylinder with higher productivity.
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Chapter 27
Investigation and Evaluation of Erosion
Efficiency in Micro-EDM Dressing
of Biocompatible Ti6Al7Nb Material

M. S. Shah and P. Saha

Abstract Machinability of Ti6Al7Nb byMicro-EDMdressingwas investigated and
evaluated with and without vibration of the tool plate. Experiments were conducted
at three discharge energy settings. Using a simple electrical energy model, the ero-
sion efficiency of contributing pulses was calculated at those energy settings. It was
found thaterosion efficiency is highly influenced by the discharge energy. From the
experimental results, it was also noticed that erosion efficiency of normal pulses gets
lower at higher discharge energy, whereas there was a continuous increase in the ero-
sion efficiency of effective pulses with the increment in discharge energy. Moreover,
the processes under vibration at any discharge energy settings yield higher erosion
efficiency for both normal and effective pulses.

Keywords Discharge energy · Vibration · Erosion efficiency · Normal pulse ·
Effective pulse

27.1 Introduction

The Micro-EDM dressing is one of the emerging variants of micro-EDM process
that allows fabricating complex three-dimensional arrays of micro-rods. This pro-
cess is well accepted for machining any conductive materials independent of their
hardness, brittleness, and wear resistance. However, occurrence of varying high-
frequency repetitive sparks inconsistently erodes the material from electrodes that
in turn generate different shapes or sizes of micro-craters. This drives the process
toward instability by drastically bringing change in the breakdown strength of the
dielectric fluid. Also, generation of bubbles and improper flushing of debris and car-
bon particles (from cracked dielectric fluid) contaminate the interelectrode gap (IEG)
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and hence lower the erosion efficiency. The process can be driven under a stable con-
dition with high-erosion efficiency either by introducing techniques such as vibration
assistance electrode, magnetic field assistance, jet flushing, rotating electrodes, or
geometrically modified electrodes. However, vibration assistance micro-EDM has
proved to be effective compared to others due to dimensional constraints [1].

Endo et al. [2] implemented vibration on themicro-EDMprocess and successfully
produced a small square shaft to investigate themachining stability. The experimental
results showed an increase in machining stability with a large reduction in machin-
ing time. Jahan et al. [3] machined micro-holes with the application of vibration and
observed significant increase in effective discharge ratio. In addition, the effective
discharge ratio significantly improves at lower discharge energy setting compared
to higher one. Only a few literature exist in which the researchers attempted for
evaluating the machining erosion efficiency of micro-EDM process. Using the fun-
damental erosionmechanism ofmaterial,Wong et al. [4] estimated erosion efficiency
of material due to vaporization, melting, and by both. They showed that with higher
efficiency, the material gets removed by vaporization at lower energy levels. They
also concluded that for any discharge energy settings, erosion efficiency due to only
melting is found to be always less compared to erosion efficiency due to vaporization
alone. However, the work was limited to only single discharge and the erosion effi-
ciency determined by them would not reveal any information on the stability of the
process. In another literature, Mastud et al. [5] have done computational modeling
of the debris motion and its interaction with the dielectric fluid under low-amplitude
vibrations imparted via a magnetorestrictive actuator by using single-pulse micro-
EDM dressing process. It was again based on single discharge. However, single
discharge cannot describe the whole process.

Thus, the above literature reveals no work on evaluating the stability of Micro-
EDM dressing process in terms of erosion efficiently and subsequently improving it.
Investigation and evaluation of this parameter may assist in improving the produc-
tivity and economics of micro-EDM dressing process.

27.2 Experimental Details

Experiments were conducted on a DT-110Mikrotools machine. The machine had an
optical linear scale with a resolution of 0.1 μm and positional accuracy of ±1 μm
for each of the three axes. Both electrodes were submerged in dielectric fluid during
micro-EDM dressing process. EDM oil was used as a dielectric. A NI digitizer card
(model: 5122)with 100MSsampling ratewas used to capture the signals fromcurrent
probe (model: i30; make: Fluke) and voltage probe (model: 701938; make: Yoko-
gawa). Signals from current and voltage probes were imported via the digitizer card
to the LabView software. Now the pulses were discriminated based on an algorithm
written in LabView [6]. The flowchart 1 and 2 as shown in Fig. 27.1, respectively
depicts the pulse classification strategy and calculation of average energy associated
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(a) 

(b) 

Fig. 27.1 Flow chart of micro-EDM dressing a pulse classification strategy and b energy per
corresponding pulse

with each pulse used in this work. Experimental conditions and materials for work-
piece and tool are listed in Table 27.1. Further to carry out the process with vibration,
a setup was designed and developed in-house and integrated with the micro-EDM
machine. It consists of a fixture and a PZT actuator (P-885.55 Physic Instrumente).
The PZT actuator was driven from aDC power supply, function generator, and power
amplifier. First, conventionalmicro-drillingwas done onmultipurposemicromachin-
ing setup. Then, finally micro-EDM dressing was conducted to fabricate length of
100 μm micro rod at each energy setting. To evaluate erosion efficiency, average
energy for different pulses can directly be obtained from the PD system. Machining
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Table 27.1 Machining Conditions

Material

Ti6Al7Nb (Workpiece, 500 μm diameter) and Brass (Tool plate, 500 μm thickness with
300 μm predrilled hole)

Experimental conditions

Total supplied spark energy (ET) E1 (110 V, 0.1 nF) = 0.605 µJ
E2 (100 V, 1.0 nF) = 5.000 µJ
E3 (090 V, 10 nF) = 40.500 µJ

Feed rate 10 μm/s

Fig. 27.2 Schematic diagram of experimental setup

was done with and without vibration at three different discharge energy settings.
Amplitude and frequency of vibration were used as 1 μm and 600 Hz, respectively
which was calibrated through Laser Doppler Vibrometer. The schematic diagram of
the whole experimental setup is shown in Fig. 27.2.

27.3 Errosion Efficiency of Micro-EDM Dressing

27.3.1 Assumptions

In order to derive simple theoreticalmodel for evaluating erosion efficiency, following
assumptions were made:
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• A constant sampling rate, i.e., 100 Ms/s is used for all discharge energy settings.
• Presence of negative current data due to parasitic capacitance of the system is
filtered before arrays of voltage and current data get multiplied and program gets
executed.

• The pulses discriminated based on above 72% of open-circuit voltage (OCV) are
called normal pulses and those between 72 and 65% of OCV are called effective
pulses. Therefore, effective pulses appear similar to normal pulses but contribute
less in material removal.

• For one particular discharge energy, all normal pulses are assumed to be identical
in shape and sizes and same for effective pulses.

• Breakage of dielectric fluid occurs only when voltage crosses above 55% of the
OCV.

27.3.2 Theoretical Modeling

The total supplied spark energy (ET ) per pulse of the RC pulsed circuit delivered to
the machining gap, as given in Eq. (27.1)

ET = 1

2
CV 2 (27.1)

where C is the capacitance and V is the applied open circuit voltage. A part of
total supplied energy from the spark erodes the material, which determines “erosion
efficiency” (ï). Therefore, erosion efficiency can be defined as the ratio of the actual
energy (Ea) used to erode the material to the total supplied energy in the gap (ET ),
as given in Eq. (27.2).

η = actual erosion energy

total supplied energy
= Ea

ET
(27.2)

Experimentally, actual erosion energy for different pulses can be obtained from
developed PD system. The expression for Ea can be written as

Ea = �t

Nx

[
i=n1−1∑
i=1

Vi Ii +
i=n2−1∑
i=1

Vi Ii +
i=n3−1∑
i=1

Vi Ii + . . . . . . . . . . . . . +
i=nn−1∑
i=1

Vi Ii

]

(27.3)

where �t = Time interval between two consecutive data points, Nx = Total number
of either normal (Nn) or effective pulses

(
Nef f

)
, Vi , Ii = ith data points of discharge

voltage and current signatures, respectively, and i = Number of data points within
single pulse.
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Fig. 27.3 Voltage and current waveforms a without vibration and b with vibration

It is well-known that normal pulse contributes mostly in material removal due to
its high voltage amplitude value, whereas effective pulse contributes the least due to
its low voltage amplitude range. This can be confirmed from Eq. (27.3) also. Thus,
amplitudes of voltage, corresponding current, and shape and size of the pulses decide
the amount of energy contained per pulse. From this, one can conclude that normal
pulses will have always higher average energy compared to the effective pulses.

It is obvious that with no flushing across IEG, erosion efficiency will always
be less in comparison with flushing condition. Figure 27.3 shows a snap shot of
the voltage and current signatures taken with and without vibration condition. The
signatures reveal that the existence of more number of normal pulses occurs with
high discharge points (>80 V) and charging points (close to zero voltage) in case of
with vibration. Thus, vibration has been provided to the tool plate to enhance the
erosion efficiency in micro-EDM dressing process.
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27.4 Results and Discussion

27.4.1 Erosion Efficiency of Normal Pulses

Erosion efficiency was calculated using Eq. (27.2). Figure 27.4 depicts erosion effi-
ciency of normal pulses at three different discharge energy settings with and without
vibration of the tool plate. It can be noticed from this figure that erosion efficiency
is comparatively less in E1 and E3. That means maximum normal pulse energy is
utilized by the work material that is set at E2. The cause of low erosion efficiency at
E1 can be due to poor ionization and deionization effect owing to low plasma explo-
sive force [4]. Thus, trapping of debris is more common at low-energy setting. On
the other hand, at higher energy setting (E3) removes material in the form of cluster
that contaminates the IEG and results to more arcing and sometime short-circuiting
[7] that again reduces the erosion efficiency. These large populated debris reduce the
IEG and lower the dielectric strength; hence, cause arcing. This phenomenon further
worsens if physical contact takes place between tool and workpiece; hence, causes
short-circuiting.

It can also be observed fromFig. 27.4 that efficiency of normal pulses under vibra-
tion is always higher irrespective of any energy settings. This is because vibration
further improves ionization and deionization effect due to the existence of larger vari-
ations in dielectric pressure aswell as the act of largemomentum to the dielectric fluid
and debris particles across IEG [5]. This phenomenon reduces the debris agglom-
eration across IEG that further reduces the arcing or short-circuiting and allows the
capacitor to get charged and discharged up to themaximumpossible level. Therefore,
increase in erosion efficiency of the normal pulse is being observed with vibration-
assisted micro-EDM dressing. Inother words, IEG condition gets improved by the
application of vibration to the process.

Fig. 27.4 Erosion efficiency
of normal pulse with
vibration versus without
vibration
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Fig. 27.5 Erosion efficiency
of effective pulse with
vibration versus without
vibration

27.4.2 Erosion Efficiency of Effective Pulse

Erosion efficiency was calculated using Eq. (27.2). Figure 27.5 depicts erosion effi-
ciency of effective pulses at three different discharge energy settingswith andwithout
vibration of the tool plate. Effective pulse energy is the low-strength plasma energy
that also contributes tomaterial removal but lesser than normal pulse. Thus, it is obvi-
ous that debris with less concentration gets generated under such pulses. It can be
noticed from this figure that erosion efficiency due to effective pulse increases with
discharge energy. This may be due to higher plasma explosive force at higher dis-
charge energy [8], which is able to reduce localized debris-rich region and maintain
an acceptable IEG condition.

Further, with the aid of vibration at any discharge energy level, the erosion effi-
ciency of effective pulse increases. It can be understood from the fact that repetitive
suction and pumping action during vibration are able to trap less gas bubbles, carbon
particles, and debris across IEG [9]. This repetitive suction and pumping movement
of vibration continuously provides, both positive and negative thrusts to keep the pol-
luted particles in the dynamic condition. In this way, by achieving a stable machining
gap condition, the magnitude of effective amplitude voltage rises that in turn leads
to higher pulse energy and ultimately, contributes to larger erosion efficiency.

27.5 Conclusions

Following important conclusions are drawn:

• Erosion efficiency of normal pulses degrades for too low and too high discharge
energy setting.

• With the aid of vibration, erosion efficiency of normal pulses increases.
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• Erosion efficiency of effective pulses increases with discharge energy.
• With the aid of vibration, erosion efficiency of effective pulses increases.

27.6 Future Directions

In order to broaden the application of the micro-EDM dressing with flexibility in
process to the industries, a deep understanding ofmaterial removalmechanism across
dynamic IEGat different energies under vibration is necessary. In this regard, research
workmust focus on determining and understanding the fundamental science of effect
of different plasma explosive forces at different vibration parametric forces.
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Chapter 28
Correlation Between Mechanical
Properties and Microstructure
of Fe-Ti-Zn Alloys Fabricated by Powder
Metallurgy

D. Arthur Jebastine Sunderraj, D. Ananthapadmanaban,
K. Arun Vasantha Geethan and S. Vijayananth

Abstract Two Iron-based alloys namely, 93Fe-5Ti-2Zn and for 88Fe-10Ti-2Zn,
Specimens were prepared using powder metallurgy techniques. XRD results on both
alloys showed the presence of intermetallic phase in 88Fe-10Ti-2Zn. The hardness
of 88Fe-10Ti-2Zn samples was higher than that of 93Fe-5Ti-2Zn sample. Impact
value for Sample 1 (93Fe-5Ti-2Zn) was 66 J and for Sample 2 (88Fe-10Ti-2Zn) was
73 J. Mechanical property values were correlated to the XRD and microstructures
obtained.

28.1 Introduction

Iron melts at 1538 °C and Titanium at 1668 °C. This being the case, manufacturing
an alloy of Iron and Titanium with minor alloying addition of Zn becomes very
cumbersome and energy consuming if it is done by the normal casting process.
Powder metallurgy is a route which has been followed for the last 30–40 years in
order tomanufacture such highmelting alloys.Whilemechanical properties obtained
are comparable to alloys manufactured by casting techniques, reduction in porosity
is an added advantage if powder metallurgy is used. Titanium was chosen as the
major alloying element in order to reduce weight of the alloy and Zinc was chosen
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as the minor alloying element in order to reduce corrosion resistance. Many high
melting alloys have been fabricated by using Powder Metallurgy, most commonly
Aluminium and Titanium based refractory alloys and Nickel-based Superalloys. Fe-
35 Mn alloys have been manufactured for use in stents [1]. Iron-Copper Tin Lead
alloys have been fabricated using P/M for use in self-lubricating bearings [2, 3]. On
studying the Iron-Titanium phase diagram, it is found that up to 15% Titanium, we
have ferrite at higher temperatures. Since Ferrite is soft and not so strong, it is not
possible to strengthen Iron-Titanium alloys using casing techniques [4]. Hence, it is
more important that powder metallurgy techniques are made use of. Iron-Titanium
system which is known to show the presence of intermetallics, namely Fe-Ti and
Fe2Ti.

28.2 Experimental Work

28.2.1 Manufacture of Alloy Using Powder Metallurgy

In this process, the final component is made from a mixture of powders. Usually,
metal removal rates can be drastically reduced as the process is a near net manu-
facturing process. Thus it is clear that yield will be more and losses are reduced,
thereby reducing costs. But, on the other hand, the high volume to the surface area
of the powders renders the powders more reactive to the atmosphere. Highly reactive
powders like Titanium and Iron are more prone to oxidation.

Many special products are possible with powder metallurgy technology. A non
exhaustive list includes Al2O3 whiskers coated with very thin oxide layers for
improved refraction; iron compacts with Al2O3 coatings for improved high tem-
perature creep strength; light bulb filaments made with powder technology; linings
for friction brakes; metal glasses for high-strength films and ribbons; heat shields
for spacecraft reentry into Earth’s atmosphere; electrical contacts for handling large
current flows; magnets; microwave ferrites; filters for gases; and bearings which can
be infiltrated with lubricants.

One should be extra careful of metal powders and adequate safety precautions
should be taken, especially when bulk powders are handled. This is because in the
finely divided formmany powders pose health hazards. The same powder whichmay
be benign in bulk form can be dangerous in fine powder form (Fig. 28.1).

Powder metallurgy consists of the following process.

• Mixing of powder
• Compacting
• Sintering
• Secondary Finishing.
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Fig. 28.1 Flow chart indicating the powder metallurgy process

28.2.2 Mixing of Powders

Mixing of the powders is the most important step since proper mixing will ensure
uniform distribution of the constituents. If the constituents are not mixed properly,
there is a possibility of obtaining non-uniform mechanical properties, while mixing
and compacting, lubricants like stearic acid added to help in lubrication. The alloy
is mixed under two different proportions and compacted. The two alloys are tested
for various mechanical properties and microstructure and were compared.

The powders of iron, zinc and titanium are mixed in the planetary ball miller. Ball
mills are of different types like horizontal, vertical, tumbler mill, cement mill, etc.
Here, a laboratory scale model has been used. The number of balls and the number
of hours of milling are important variables. Normally, research is performed varying
the number of hours of milling as 5, 10, 15 and 20 h. In this case, 8 h of milling has
been used. 0–2wt% stearic acid or magnesium stearate have been used in literature to
mill Titanium-based powders. This internal lubricant improves compressibility [5].
A lubricant such as stearic acid, stearin, metallic stearates or other organic compound
of a waxy nature is added to the mixture. The mixture is milled in the planetary ball
mill for about 8 h. Finally, the mixture is taken out. Graphite has also been added
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as a lubricant during Powder Metallurgy manufacture of alloys [6]. Stearic acid and
Molybdenum disulfide are some of the other lubricants commonly used in powder
metallurgy. The mixed powder may be injected into a die or a press.

28.2.3 Compacting the Mixture

The mixture of iron, titanium and zinc powders obtained from the planetary mill
is then compacted to solid of 40 × 15 × 10 mm rectangle. First, the die cavity is
filled with the powder mixture. The die is pressed in the hydraulic pallet press. The
pressure of about 650 N/mm2 is applied on the die. Then the compacted powder
mixture is ejected out of the die and left for some time. Generally, it is enough if
cold compaction is performed [7]. However, in case where very high accuracy and
surface finish is required, for example in defence applications hot compaction is
resorted to attain high accuracy and surface finish [8]. Hot compaction is sometimes
referred to asHipping orHot isostatic pressing [9]. Theword isostaticmeans applying
equal pressure from all directions. This ensures uniformity of properties.

28.2.4 Sintering

Sintering can be considered to proceed in three stages. During the first, neck growth
proceeds rapidly but powder particles remain discrete. During the second, most den-
sification occurs, the structure recrystallizes and particles diffuse into each other.
During the third, isolated pores tend to become spheroidal and densification con-
tinues at a much lower rate. The words ‘solid state’ in solid state sintering simply
refers to the state the material is in when it bonds, solid meaning the material was
not turned molten to bond together as alloys are formed [11].

One recently developed technique for high-speed sintering involves passing a high
electric current through a powder to preferentially heat the asperities. Most of the
energy serves to melt that portion of the compact where migration is desirable for
densification; comparatively little energy is absorbed by the bulk materials and form-
ing machinery. Naturally, this technique is not applicable to electrically insulating
powders.

Titanium and Iron are both highly reactivewith Iron. So, extra care should be taken
while melting. Sintering in commonly conducted in party ovens and Tab. ovens [10,
11]. These sintering systems are called conventional sintering. The compacted metal
powder needs to be sintered in order to gain mechanical strength. There is also some
porosity present in compacted specimens. This can be reduced by sintering since
the titanium in the alloy is highly reactive to the atmospheric gases such as oxygen,
nitrogen, etc. the tubular furnace with inert gas supply is chosen. The compacted
alloy is sintered at 1320 °C for 45 min. The sintered workpiece is cooled to room
temperature and then the secondary finishing operations are done. In our case, no
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secondary operationwas performed. Sintering is usually done at 2/3 rds of themelting
point. Assuming the Melting point of this alloy to be around 1350 °C, the right
sintering temperature works out to 900 °C. Most literature on sintering of Iron-
Titanium alloys gives sintering temperatures of between 950 and 1200 °C. Literature
is available only for Titanium alloys mixed with Iron powder and not Ironmixed with
Titanium. Hence, our work is a new work and for this combination, sintering data are
not available. Here, the sintering temperature chosen is very high at 1320 °C. Hence,
some partial melting is to be expected, which has happened as seen in Fig. 28.3. The
dendrites seen in Fig. 28.3 confirm partial melting.

Normally, Powder metallurgy gives the final finished product. But, Secondary
finishing may be performed in rare cases. This may just consist of some fine sur-
face finishing. A sintered product can be finished in a way similar to cast products.
Normally, finishing is done to improve corrosion resistance, mechanical properties,
wear resistance, porosity and surface finish. Various finishing operations include–
plating, coating, deburring, brazing, welding furnace treatment, etc. Oil or resin
impregnation is also used in some cases, especially in self-lubricating bearings. Oil
to the extent 20–30% is absorbed in this case. Resin impregnation is also used to
improve machinability. Coining or sizing is sometimes done to modify surface prop-
erties. This process also provides stricter dimensional control.

28.2.5 Testing of the Alloy

Testing consists of mechanical tests like hardness, tensile and impact tests. Here
only hardness and impact tests have been carried out. After this, the material is
normally characterized using XRD, SEM, Microstructure analysis, SEM-EDS, etc.
and the mechanical properties are correlated to the structure. In our case, XRD and
microstructural analysis were done.

X-Ray Diffraction

X-Ray diffraction (XRD) is one of the simplest characterization techniques, which
can be used to give information about the presence of phases or perform elemental
analysis. Electron Dispersive Spectra is also sometimes used as an attachment to
XRD.

XRD for both the alloyswas carried out. Hardnesswas taken for four locations and
the average was computed. Impact test was done on both the samples andmicrostruc-
tures of the samples were taken with the help of metallurgical microscope.
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28.3 Results and Discussion

28.3.1 XRD Results

XRD shows one major peak in both samples. As seen in the XRD peaks, and one
peak in the first sample and two peaks in the second sample. The hardness as seen
from Table 28.1 is also more in the second sample. So, we can infer from these
two data that there is a possibility of some intermetallic formation in both samples,
with higher volume of intermetallic in the second sample. The XRD peak in the
second sample is also strained, with the horizontal striated part being broader. This
again is an indication that there may be more of intermetallics in the second sample.
Intermetallics being brittle, in all probability also give rise to strain, which is reflected
in the XRD pattern. Higher Iron content in the second sample could have led to
intermetallic formation (Fig. 28.2).

The peak in the second sample is slightly lower in intensity. Combined with the
hardness results, which indicate the presence of intermetallic, it is possible that a
Ti-Zn intermetallic has formed. But a very high sintering temperature chosen could
have softened the hardening effect of the intermetallic and so hardness values are
lower than that reported in literature. Literature has reported intermetallics of hard-
ness 250 HV as has been already mentioned. TiZn16 and Ti3Zn22 are two of the
intermetallics mentioned in literature.

Table 28.1 Shows hardness comparison for 88Fe-10Ti-2Zn and 93Fe-5Ti-2Zn

Sample Hardness HV 0.5 Average hardness HV

Sample 1 88Fe-10Ti-2Zn 131.23 129.56 130.66 132.66 131.027

Sample 2 93Fe-5Ti-2Zn 139.66 141.05 138.02 140.05 139.57

Fig. 28.2 XRD for: 93Fe-5Ti-2Zn sample and for 88Fe-10Ti-2Zn samples, respectively
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28.3.2 Microstructure

Normally, powder metallurgy structures show spherical or nodular morphology of
structure, especiallywhen seen under the Scanning ElectronMicroscope. Figure 28.3
shows a dendritic structure. Generally, components manufactured by powder met-
allurgy do not exhibit dendrites. But, the presence of dendrites, in this case, can be
attributed to some partial melting and cooling.

So, it is possible that at the high temperature of 1325 °C, some partial melting of
lower melting elements has occurred. In Sample 1, this partial melting could have
softened or dissolved some intermetallics. However, Fig. 28.3 does not show any
dendrites and so it can be assumed that partial melting has not occurred, with the
result that the Sample 2 is harder Zinc has a melting point of 420 °C and since
Zinc is present in this powder mixture, we can say with fair degree of certainty that
Zinc powder has melted and solidified. It is also seen from the microstructures that
porosity is less.

28.3.3 Hardness Test Results

Hardness tests are the simplest tests, which give wealth of relevant information.
They are generally used to give an idea of precipitates or intermetallics. Hardness
tests should be used in conjunction with XRD or SEM in order to give meaningful
results and come to accurate conclusions.

Literature reports a hardness of around 250 HV for conventionally sintered Iron
powder. There is a lot of work available on Ti-Al intermetallic sand and Ti-Cu
intermetallics. Ti-Cu intermetallics have hardness of the order of 630 HV. This could
be due to the presence of nanoparticles. When the compaction pressure is very high,
nanoparticles have been reported in literature. It is a known fact that nanoparticles
show unusual properties like very high hardness. In our work, since hardness is on the
lower side, there is very little possibility of nanoparticle formation. There is very little

Fig. 28.3 Microstructures for samples 1 and 2, respectively
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published work on Ti-Zn intermetallics, especially pertaining to hardness. Studies
pertaining to phase stability are reported in literature [6]. In our work, hardness
is on the lower side. The alloy has been sintered at 1320 °C. Normally, sintering
temperature should be above 2/3 rd of the melting point of the constituent elements.
Themelting point of Iron is 1500 °CSo, choice of sintering temperature is correct, but
sintering time is only 45 min. It is possible that a higher sintering time could improve
hardness values. Literature shows the hardness value of Titanium increases up to
0.13 wt% of Iron [12]. But, generally, Titanium being softer than Iron, we can expect
Fe-Ti alloys to be less harder than Pure Iron. Better control over the sintering time
and temperature could also yield better hardness values.

28.3.4 Impact Test Results

Impact value for Sample 2 (93Fe-5Ti-2Zn) was 66 J and for Sample 1 was 73 J
(88Fe-10Ti-2Zn). Impact values are a combination of strength and ductility. Earlier
it was enough to have good strength or good ductility but in recent times a good
combination of both the properties is verymuch essential for amaterial to be accepted
by the customer. A good impact value indicates a good combination of strength and
ductility. However, from the microstructure analysis, Sample 1 shows some partial
melting and solidification (as evidenced by the dendrites) and hence, ductility could
be more in Sample 1. So, even though hardness is slightly low, it is made up by the
higher ductility and as Impact strength the overall effect is higher impact strength
is evident in Sample 1. Sample 2, though having higher hardness could possibly be
exhibiting very low ductility due to the presence of intermetallics and also absence
of any melting. XRD data also confirm strain hardening due to intermetallics. This
could be the reason for brittleness in Sample 2. So, even though strength may be
high, the bad impact of low ductility could have resulted in lower impact strength in
Sample 2.

28.4 Conclusions

Hardness value for the second alloy 93Fe-5Ti-2Zn is higher showing that probably
intermetallics are more in this alloy. However, the overall hardness in both alloys
is on the lower side. This may be due to the high sintering temperature used and
possibility of some partial melting. Impact strength of the first alloy 88Fe-10Ti-2Zn
is slightly higher possibly due to lower amount of intermetallics in this sample.
The microstructure of 88Fe-10Ti-2Zn shows some partial melting and presence of
dendrites, which are not seen in Sample 2, 93Fe-5Ti-2Zn.
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Chapter 29
Experimental Investigations into Wire
Electrical Discharge Machining Process
for the Machining of Ti-6Al-4V

Mahavir Singh , V. K. Jain and J. Ramkumar

Abstract In the present work, an experimental investigation on Ti-6Al-4V is con-
ducted for micro-slit cutting operation using wire electrical discharge machining
process. The objective is to analyse the effect of different input parameters such as
discharge energy per pulse, wire feed rate and wire speed on the typical responses
such as average cutting/machining rate and average kerf loss. Further, the machining
rate and kerf loss are also compared by performing the machining operation at differ-
ent angles of inclination from the horizontal axis. Finally, applying the kerf loss data
obtained at a certain set of input parameters (discharge energy and wire feed rate)
a multi-slit operation has been performed to fabricate ultra-thin wall. A minimum
wall thickness of 8.78 µm between two adjacent slits was accomplished using wire
displacement approach.

Keywords WEDM · Kerf loss · Cutting rate · Feed rate ·Multi-slit · Thin wall

29.1 Introduction

Wire electrical discharge machining (WEDM) process has got a considerable impe-
tus in the machining of hard electrically conductive materials. It is conceived as a
variation of the traditionally used EDM process wherein a thin wire of diameter
generally ranging from 30 to 300 µm is used as a tool electrode [1]. The capabil-
ity to machine intricate geometries with a superior degree of dimensional accuracy
and surface integrity has been the driving force in the well acceptance of the pro-
cess in the last several decades. WEDM process extensively being used in enormous
array of industries for various applications such as slicing of thin silicon wafer used
in photovoltaic solar cell [2, 3], precise cutting of Titanium alloys (Ti-6Al-4V),
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Fig. 29.1 Schematic diagram of the WEDM process and concept of kerf loss

machining of Inconel (Ni-based superalloy) used in turbine blade, manufacturing of
precise components, viz., micro gears, shafts, pins, etc. To evaluate the performance
characteristics of a typical WEDM process, the kerf loss/kerf width is one of the
utmost criteria besides average cutting/machining rate, average surface roughness,
heat affected zone (HAZ) and so on. The kerf loss inWEDMprocess can be expressed
as the width of the material that is removed during the operation. This includes the
diameter of the wire and the lateral discharge gap on either side of the wire (the gap
between the wire and the workpiece in the lateral direction). As wire progresses in
the cutting direction, secondary sparks happen in the gap between wire and work-
piece which results in the overcut in the machined profile. This overcut contributes
to the undesirable removal of material known as kerf loss. The minimum amount of
overcutting is essential as it eliminates the short circuit and flushes the debris out
of the machining zone. However, it also deteriorates the dimensional accuracy of
the machined feature. The wire vibration in the lateral direction besides secondary
sparks also increases the kerf loss [4]. Figure 29.1 shows a schematic diagram of
a typical WEDM system and the conception of kerf loss. It is to be noted that the
unmachined width of the material between two successive passes of wire travel is
known as wall thickness or wafer thickness.

29.2 Experimental Details

For conducting the experiments, hybrid micro-EDM machine tool: DT-110 (Make
Mikrotools Pte. Ltd., Singapore) equippedwithwire-EDMattachment has been used.
The experiments were performed by varying the parameters using one factor at a time
approach. The various input parameters and their levels are given in Table 29.1.

The constant parameters used in the present work are as follows:
Wire electrode: Tungsten (Diameter: 70 µm), Workpiece: Ti-6Al-4V (800 µm

thickness), Initial inter-electrode gap: 20µm and Slit-length: 500µm.Wire-tension:
10%, Dielectric fluid: EDM-Oil.
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Table 29.1 Input parameters and their levels

S. no. Parameters Unit Levels

1. Discharge energy (µJ) 0.072 0.72 7.2 72 720

2. Wire feed rate (µm/s) 2 4 6

3. Wire speed (%) 10 15 20

29.3 Results and Discussion

This section describes the variation of average cutting rate and average kerf loss with
discharge energy per pulse, wire feed rate and wire speed.

29.3.1 Variation of Average Cutting Rate with Discharge
Energy and Feed Rate

Discharge energy is varied at five different levels from 0.072 to 720µJ. The discharge
energy per pulse in RC-based power generator is given by Ed = 1

2 × C × V 2.
This expression is applicable for the condition of maximum energy delivered to the
discharge gap such that Vd = V

2 , where C is the capacitance of the capacitor used,
V is the open-circuit voltage and Vd is the discharge/breakdown voltage.

From Fig. 29.2a it is evident that there is an increase in the cutting rate with
an increase in the discharge energy except at 7.2 µJ. The increase in cutting rate
with discharge energy can be explained by the formation of larger size crater per
pulse and hence the higher volume of material removed per pulse. But the increase
in discharge energy is governed by the increase in the capacitance which in turn
reduces the frequency of sparks as the charging-time and discharging-time of the

Fig. 29.2 Variation of the average cutting rate with a discharge energy, b feed rate
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capacitor is higher for higher capacitance value. Therefore, there is always a trade-
off between higher discharge energy and lower frequency of the sparks. This could
lead to the reduction in cutting rate at discharge energy of 7.2 µJ. At a certain level
of discharge energy if the feed rate is not appropriate, then there is a tendency of
the frequent short circuit or wire takes more time for maintaining the gap between
wire and workpiece which may lead to low cutting rate. The cutting rate increases
with an increase in the wire feed rate because the non-productive time associated
with short circuit and compensation of the gap due to the formation of the crater is
minimized. However, beyond a certain wire feed rate, a frequent short circuit occurs
which deteriorate the machining accuracy.

29.3.2 Variation of Average Kerf Loss with Discharge Energy
and Feed Rate

Figure 29.3a, b represents the variation of average kerf losswith discharge energy and
wire feed rate, respectively. As the discharge energy increases the material removal
per pulse would also increase. Therefore, the secondary sparks occurring in the gap
between the wire and side of the kerf would experience the larger volume of material
being removed. Whereas, the kerf loss decreases continuously with the increase in
wire feed rate as the higher feed rate would facilitate less time for secondary sparks
to occur in the side-discharge gap. However, frequent short circuit beyond a certain
limit of feed rate would result in increased kerf loss.

Figure 29.4a shows the SEM image of the micro-slit machined on the Ti-6Al-4V
workpiece. The image depicts uniformity of the slit width along the length as well
as the thickness of the workpiece. Hence, it can be concluded that the taper free slit
machining is possible by the WEDM process. The semi-circular end radius of the
slit is due to the equal length of the sparks from the centre of the wire electrode.
The utmost significance of kerf loss is indicated in the male–female miniature gear

Fig. 29.3 Variation of kerf loss with a discharge energy, b wire feed rate
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Fig. 29.4 a SEM image of the micro-slit machined on Ti-6Al-4V, b miniature spur gear profile
machining (discharge energy: 0.72 µJ and wire feed rate of 6 µm/s)

cutting operation shown in Fig. 29.4b where higher kerf loss would lead to the larger
clearance between internal and external gears. The higher kerf loss consequences
into the functional problems in the meshing of two gears.

29.3.3 Effect of Wire Speed

Wire speed determines the relative speed of the wire with which it circulates through
the workpiece. Figure 29.5a shows a slight increase in average cutting rate with wire
speed due to improved flushing of the gap. Whereas the kerf loss reduces with wire
speed due to a reduction in short circuits caused by better flushing (Fig. 29.5b). It
has also established that the wire speed has a little impact on machining rate and kerf
loss as compared to other input parameters [5, 6].

Fig. 29.5 Variation of a average cutting rate, b average kerf loss with wire speed
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29.4 Comparative Assessment of Micro-slit Machining
at Different Inclination Angles

Micro-slit machining has been performed by varying the angle of inclination with the
horizontal axis as shown in Fig. 29.6a. The slit inclination angle has been changed
from 30° to 45°, 60° and finally to 90° (straight cutting). The primary aim is to assess
the variation in machining characteristics such as average cutting rate and kerf loss
obtained at different inclination angles. This study could be useful in the machining
of compliant structures predominantly used in the handling and manipulation of
delicate micro-objects. The machining is required to be performed at various angles
to machine these structures [7].

The results obtained from the experimental investigations are shown in Fig. 29.7a,
b. The results include the variation of the average cutting rate as well as average kerf
loss for machining of slits at varying inclination angles.

Fig. 29.6 a Schematic diagram representing the slit machining at different inclination angles, b slit
cutting operation at various angles, c straight cutting (at 90°) (discharge energy= 720 µJ, feed rate
= 6 µm/s)

Fig. 29.7 Variation of a average cutting rate, b average kerf loss with varying angle of inclination
(discharge energy: 0.72 µJ, feed rate: 4 µm/s)
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The experimental investigation reveals that the average cutting rate is continu-
ously increasing with the increase in inclination angle from the horizontal direction.
The cutting rate is found to be maximum at 90° inclination angle where the only
unidirectional motion of wire is required for cutting. Other than 90° the wire moves
in such a manner that both x- and y- coordinates of the subsequent points changes.
This causes a continuous change in the inter-electrode gap (IEG). The simultaneous
movement of wire in both x- and y- directions may cause the striking of it with the
workpiece surface. Therefore, more short circuits and poor dielectric flushing can
reduce the performance of the process. To verify it, the slit cutting operation at 30°,
45°, 60° and 75° angles are performed in a single experiment and number of short
circuits were counted (Fig. 29.6b). The same operation is done for straight cutting
(90°) using the same input parameters (Fig. 29.6c). The number of short circuits is
reduced while cutting at 90°. The machining time is also found to be slightly less
while machining at 90° due to a smaller number of short circuits.

The kerf loss is consistent with the machining rate observed with inclination
angles. The lower kerf width at smaller inclination angle can be attributed to the
small spark length of the secondary discharges though the accurate explanation will
require detailed investigations of the process. Therefore, the material removal from
the side surface of the wire is small. The results show a slight decrease in kerf loss
while machining at 45° probably due to an equal change in the x- and y-coordinates
while moving forward from one point to another.

29.5 Machining of Micro-slits with Thin Wall

Thin wall machining or generation of thin wafers from the ingots of various materials
such as Silicon, Titanium and Graphite are getting substantial popularity in various
fields. The commonly used methods of thin wafer slicing include wire-saw method,
internal diameter sawmethod, etc. Thesemethods are limited by the largemechanical
force acting on the wafer [8, 9]. Therefore, the minimum thickness of the wafer is
limited by the mechanical forces, brittle-fracture and hardness of the material.

The kerf loss analysis performed in Sect. 3.2 which aids in determining the appro-
priate wire displacement from the previous pass to create a structure with suitable
wall thickness.

Figure 29.1 shows schematically the concept of wall thickness wherein the wire
is displaced by some suitable distance from the centre of the previous path. At the
different set of process parameters, the kerf loss is different. Therefore, the wire
displacement includes the kerf loss and the approximate thickness of the intended
wall. If the displacement is less than the kerf loss generated at the certain discharge
energy and feed rate, then the next wire-pass would overlap (partially) the first pass
and no wall thickness is achieved. Lower the kerf loss higher will be the thickness
of the wall and lesser will be the material loss for a constant displacement of wire.
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Fig. 29.8 Multi-slit machining with a minimum wall thickness of 8.78 µm (machining conditions:
discharge energy = 0.72 µJ, feed rate = 6 µm/s)

Figure 29.8 shows a multi-slit thin wall machining operation. Displacement of
wire from its previous path results in the generation of a thin wall of thickness less
than 10 µm (wall dimensions: 8.78× 300× 800 µm). If the thickness of the wall is
not sufficient to withstand the thermal deformation caused by the high temperature
and wire vibration, then it will deform severely.

29.6 Conclusions

The following conclusions have been drawn from the experimental investigations
presented in the current work:

• The average cutting rate is influenced by the discharge energy and frequency of
the pulses in the RC-based power generator. Flushing also plays a significant role
in the improvement in average cutting rate.

• The wire feed rate has a considerable impact on the machining rate as well as kerf
loss improvement. However, there is a maximum limit of wire feed rate beyond
which frequent short circuit occurs.

• Wire speed has less effect on cutting rate and kerf loss as compared to other
parameters.

• The machining characteristics of the slit machined at various inclination angles
are different than that with the slit machining at 90°. However, the detailed inves-
tigation of accurate machining behaviour while cutting at angles other than 90º is
needed.

• Reducing discharge energy to 0.72 µJ and applying a wire feed rate of 6 µm/s
an ultra-thin wall of thickness 8.78 µm is fabricated using wire displacement
approach.
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Chapter 30
Design and Development of Tool
Electrode for Electrochemical
Micromachining Using Reverse EMM
Technique

S. Sangeethakrishnan , E. Rajkeerthi , P. Hariharan and G. Bhavesh

Abstract The leaning of micro components is being utilized in various fields such
as electronics, aerospace, automotive, biomedical, avionics, and optics industry. The
surface finish of micro parts is enhanced by using electrochemical micro machin-
ing (EMM). Tool shape and size plays a major role in dimensional accuracy and
shape of micro parts being produced. This paper presents design and fabrication of
micro tool in reverse electrochemical micro machining with a usage of special fix-
ture arrangement. Micro conical tools were fabricated by reverse polarity or reverse
electrochemical micro machining aids to enhance material removal rate (MRR) and
reduce overcut during machining processes. EMM is more favorable in the fabrica-
tion of a microelectrode due to no heat affected zone, lower machining time, absence
of residual stress, and good surface quality. A hollow conical shaped micro tool of
F300 µm was fabricated from a hollow cylindrical shaped micro tool of �800 µm
and the same hollow conical micro tool was used to machine the micro holes on 304
stainless steel of 400 µm thickness by EMM. The effect of electrolyte concentra-
tion with and without reciprocating feed was studied. The fabricated micro tools by
reverse EMM is analyzed with output responses like MRR and overcut. It is inferred
that hollow conical tool gives more MRR and produces lesser overcut.

Keywords Reverse EMM · Hollow conical tool ·Material removal rate (MRR)
and overcut

30.1 Introduction

Unconventional machining is a process of removing material in which there is no
direct contact between the tool and the workpiece. In unconventional machining,
a form of energy is used to remove unwanted material from a given workpiece
(Example: Electrochemical micro machining). Electrochemical micro machining is
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a process of removingmaterial by themechanism of anodic dissolution.When power
source is given and an optimum interelectrode gap is maintained between tool and
workpiece, owing to Faraday’s law of electrolysis the ion will start to displace from
the workpiece and deposits over the tool. Before they deposit on the tool electrolyte
present between the tool andworkpiece will be pumped out continuously, so that ions
will move out along with electrolyte without depositing on to the tool. Due to this
no disturbance will occur to the tool hence the same tool can be used to produce the
number of components. Depending upon the above process, the mechanism of mate-
rial removal is based on ion displacement. EMM process is reverse of electroplating
process where dissolution takes place at anode. The surface of atoms in machined
surface becomes ions which migrate in electrolyte between anode and cathode into
the interelectrode gap.

The material removal rate (MRR) in EMM process depends on the number of
ions displaced from the workpiece, gram atomic weight of workpiece material, the
valency of electrons, and electrical conductivity of the electrolyte.

Reverse EMM can be utilized for the development of the tool electrode in elec-
trochemical micromachining. In Reverse EMM, the tool act as anode against the
cathodic fixture. A very few kinds of research on advancements in EMM, an influ-
ence of tool shapes and process parameters in EMM have been made worldwide.
Bhattacharyya et al. [1] explored the effect of voltage and electrolyte concentra-
tion on the anode material. It is concluded that machining voltage range of 7–10 V
and electrolyte concentration of 15–25 g/l, which generate higher MRR and mini-
mum overcut. Bhattacharyya et al. [2] described the effect of various EMM process
parameters such as voltage, concentration of electrolyte, duty cycle and frequency on
material removal rate, accuracy, and surface finish. High pulse off-time is endorsed
for improving the accuracy and surface finish. Geethapriyan et al. [3] studied the
most impelling process parameters to machine an anode material using NaCl and
NaNO3 electrolyte. Mithu et al. [4] examined the effect of tool shape on a nickel
plate and compared the shape and size of micro holes with tool shape. Rathod et al.
[5] developed disc shaped micro tool by Reverse electrochemical micromachining in
order to reduce overcut, taper angle, and stray current effects in EMM. Thanigaivelan
et al. [6] investigated the influence of process parameters. According to the study they
found that the most efficient range for machining voltage, pulse on-time, machin-
ing current, and electrolyte concentration which aids to enhance MRR and reduce
overcut. Liu et al. [7] analyzed model and development of micro hole by electro-
chemical micromachining to enhancemachining accuracy using the retracted tip tool
by reducing stray current effect and bell mouth entrance. Based on the experiments
it is inferred that MRR, machining time, and shape of micro holes were effectively
influenced by tool dimension. From the literature survey available in electrochemical
micromachining (EMM) of various areas such as advancement in EMM, influence of
tool shapes, influence of process parameters in EMM were studied and learnt major
ideas such as a tool design not only depend on cathode dimension but also depend
on electrolyte flow path as well as the machining rate and overcut are also depend
on suitable tool electrode profile.
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30.2 Experimentation Details

The EMM machine setup available in the laboratory consists of machining struc-
tures, power supply unit, and Inter-Electrode Gap (IEG) control system as shown in
Fig. 30.1. The machine work table has a size of 260 mm× 110 mm× 100 mm. The
maximum work table range is 130 mm × 75 mm × 75 mm. ECM power controller
module has a voltage range 1–25 V, Current rating up to 2.5 A, Pulse on-time, Pulse
off-time and pulse width modulation is controlled by pulse generator. Gap control
has a constant current condition by setting target value.

The sacrificial tool electrode used for fabrication of conical tool with a rounded
tip for electrochemical micro machining (EMM) is a copper tube. Fixture and tool
electrode both are made by copper of thickness 5 mm and diameter of 800 µm,
respectively. Tool material is same as that of workpiece material, the electron affinity
of both materials will be same for the ease of ion displacement which will be easier.
Experimental conditions for the development of conical tool electrode with rounded
tip as shown in Table 30.1.

In reverse EMM, a tool (copper tube) is fixed in tool holder which act as anode
and a fixture which act as a cathode is fixed in the machining chamber with NaNO3

electrolyte. In the present work, the fixture is designed in order to develop a tool
electrode for electrochemical micro machining as shown in Fig. 30.2.

Fig. 30.1 Electrochemical micromachining setup

Table 30.1 Experimental
conditions of reverse EMM

Fixture material Copper

Workpiece material Copper

Power supply DC Pulsed

Electrolyte NaNO3

Electrolyte concentration 1 g/l to 4 g/l
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Fig. 30.2 Fixture setup

30.3 Results and Discussion

Trial Experiments were performed to find the optimized process parameters namely
machining voltage, concentration of electrolyte, reciprocating feed, and duty ratio. A
conical shaped hollow tool electrode with rounded tip was developed using reverse
EMM by varying concentration of electrolyte with and without reciprocating feed.

30.3.1 Effect of Electrolyte Concentration (2 and 2.5 g/l)
on Tool Shape—Without Reciprocating Feed

A conical shaped hollow tool electrode with rounded tip was developed using reverse
EMM by varying concentration of electrolyte without reciprocating feed. Sacrificial
hollow tool electrode was machined for 15 and 30 min. Taper angle as well as tip
portion of tools were measured in video measuring system (VMS) at fixed intervals
to examine the effect of machining time on tool shape. Figure 30.3a (i–ii) shows
that sodium nitrate as electrolyte (2.5 g/l) without reciprocating feed has produced
needle like shape at tooltip due to high exposure of tool at higher machining time
and level of electrolyte concentration was more. Figure 30.3b (i–ii) explored that
the same parameters with less machining time have produced conical shape but the
sharp edge was observed at tip portion of tool electrode. Diffusion layer was formed
around the tool. Due to presence of gravity the diffusion layer was developed along
tool length and accumulated at the tooltip which affects the tip portion of the tool.
From Fig. 30.3c (i–ii), it has been observed that sodium nitrate used as electrolyte
(2 g/l) without feed rate has produced higher taper angle with high aspect ratio and a
diffusion layer around the tool. The deposition of dirt was observed at tool electrode
tip.

From the experimental results, it was found that the tip portion of the hollow tool
electrode gets affected due to the absence of reciprocating feed and higher exposure
of tooltip at machining domain.
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Fig. 30.3 a (i–ii) VMS image of copper tool (2.5 g/l, 30 min) b (i–ii) VMS image of copper tool
(2.5 g/l, 15 min) c (i–ii) VMS image of copper tool (2 g/l, 30 min)

30.3.2 Effect of Electrolyte Concentration (2–2.5 g/l) on Tool
Shape—With Reciprocating Feed

A conical shaped tool with a rounded tip by varying electrolyte concentration and
machining time with reciprocating feed using revere EMM was fabricated. The
Fig. 30.4a–b reveals that sodium nitrate used as an electrolyte (2 g/l) with a feed
rate of 0.5 mm/min, a hollow conical shaped micro tool of F300 µm was fabri-
cated from hollow cylindrical shaped micro tool of �800 µm. The tool exposed to
machining was less due to constant feed rate which aids to reduce the formation of
the diffusion layer around the tool. The unit material removal rate was uniform to
avoid short circuit as it severely damages the topography of the workpiece material.
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Fig. 30.4 a VMS image of copper tube with reciprocating feed. b SEM image of the fabricated
hollow conical tool

30.3.3 Surface Roughness Profile of Micro Tools

Average Surface Roughness (Ra) was measured by means of Non-Contact Talysurf
CCI 3000A. The surface roughness (Ra) of cylindrical copper tube and fabricated
conical copper tube were measured at the different portions such as tip, mid, and air-
electrolyte interface. Then the surface roughness of tools was compared (cylindrical
and conical) and concluded that fabricated conical copper tube has lower surface
roughness value than cylindrical copper tube due to ion displacement and constant
feed rate as shown in Fig. 30.5a–b.

30.3.4 Machining of Micro Holes on 304 SS

The outcome of Fig. 30.6a reveals that the fabricated conical copper tube with a
circular tip is used tomachine 304SSof thickness 400µmandcompare theMRRwith
a cylindrical copper tube. It was concluded that MRR gets enhanced by the usage of
fabricated conical copper tube electrodewith circular tip due to the diameter of tooltip
is lesser which confines the potential and increases the current density to remove the
material from sacrificial material by localized machining. Hence, the machining rate
is faster by localized machining compared to a hollow cylindrical tool. Figure 30.6b
shows the variation of overcut with respect to hollow tool electrode shapes. The
optimum gap is maintained between the tool and workpiece for ion displacement.
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Fig. 30.5 a Surface quality of microtool before machining (Sa = 23.627 µm & Ra = 0.196 µm).
b Surface quality of microtool after machining (Sa = 16.016 µm & Ra = 0.188 µm)

The current density increases in machining gap results in higher overcut due to
localization and stray current effect lead to insufficient flow of electrolyte which
makes difficult to remove the debris in the machining gap. The time of tool stay
along the length of developed fixture during travel is dependent on reciprocating
feed. It shows that the overcut can be reduced by using hollow conical shaped tool
electrode with rounded tip due to sufficient flow of electrolyte which helps to remove
the debris in the machining zone.

30.4 Conclusions

In the present study, experiments were conducted and an investigation has been
carried out to find the effect of process parameters such as applied voltage, feed
rate, pulse on-time, pulse off-time, and duty cycle to develop tool electrode. Hollow
conical shaped tool electrode was fabricated by Reverse EMM and the fabricated
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Fig. 30.6 a Variation of MRR with respect to hollow tool electrode shape, b variation of overcut
with respect to hollow tool electrode shape

micro tool was used to machine the micro holes on 304 stainless steel. From the
experimental results, the following conclusions were drawn

(i) Experimental outcome reveals that the choice of NaCl electrolyte is less suit-
able for the development of copper tool electrode because it affects tool elec-
trode surface in reverse polarity.

(ii) Presence of diffusion layer was observed on tool electrode during reverse
electrochemical micro machining (EMM).

(iii) Diffusion layer formed around the tool makes it less conductive. It hinders
the movement of hydroxide ion towards the tool electrode which reduces
the dissolution rate. The reciprocating feed should be synchronized so that
proper electrolyte flushing may take place with a constant interelectrode gap
in machining domain.

(iv) Tip portion of the tool gets affected when there is no feed given during fabri-
cation of tool electrode.

(v) Sodium nitrate used as the electrolyte (2 g/l) with feed rate (0.5 mm/min) has
produced hollow conical tool electrode with high taper angle as well as high
aspect ratio and there is no sharp and crosscut edge observed at the tooltip.

(vi) From the experimental results, machining micro holes on the workpiece (304
SS) by using fabricated hollow taper shaped tool electrode with a rounded tip
at experimental conditions 16 to 18 V, the material removal rate (MRR) gets
enhanced and overcut was reduced compared with a hollow cylindrical shaped
tool.



30 Design and Development of Tool Electrode for Electrochemical … 347

(vii) The surface roughness of fabricated hollow conical tool electrode was taken
at three different portions (Tip, Middle, and Air-electrolyte interface portion).
At tip portion surface Roughness (Ra) is less compared to mid and interface
portion due to constant feed.
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Chapter 31
Micro-dimple Array Fabrication
by Through Mask Electrochemical
Micromachining

S. Mahata , S. Kunar and B. Bhattacharyya

Abstract Micro-dimple arrays are a common mechanical structure in engineering
components. Surface texturing is an attractive approach for improving the friction and
tribological performance of mechanical components. Through-mask electrochemi-
cal micromachining (TMEMM) has shown good feasibility in the field of machining
difficult-to-cut metal parts with micro-patterned arrays. Experiments have been car-
ried out utilizing mask thickness of 16 μm to search out for the respective contribu-
tions of principle input parameters, viz. input voltage, pulse frequency and duty ratio
in controlling the machining performances, such as undercut (Uc) and dimple depth
(Dd) of the fabricated micro-dimples. An experimental plan designed based on the
standard L9 orthogonal array have been incorporated to recognize the best possible
combination of machining parameters of TMEMM using Taguchi Methodology. By
applying Taguchi design, the time required for experimental investigation can be
significantly reduced, as it is effective in investigating the effects of multiple factors
on performance. In this study, the best possible parametric combinations have been
found with the help of signal-to-noise (S/N) ratio and ANOVA analyses that min-
imize the undercut and maximize the dimple depth respectively. Input voltage has
been varied from 8 to 12 V whereas the machining frequency and the duty ratio has
been altered from 2 to 10 kHz and 20 to 40% respectively during experimentation.
Confirmation experiments under most favorable parametric combination are carried
out to certify the certainty in the enrichment in quality characteristics of TMEMM
process. Both the performance characteristics are found to be mostly influenced by
Duty Ratio followed by Machining Frequency and Input Voltage.

Keywords TMEMM ·Micro-dimple ·Machining depth ·Mask · Orthogonal array
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31.1 Introduction

In the present industry, with the drastic technological advancements, the parts’ size
has become smaller and there is a requirement of a precisionmachined surface for the
parts that include micro or nano-scale. Further, stainless steel is widely used in auto-
mobiles, bio-products, electric and electronic appliances, and an airplane etc. as its
surface is pretty and it’s easy to process. The surface texture, such as micro-dimples
or grooves, has been a well-known approach to improve tribological performances of
sliding surfaces. It was experimentally investigated that metal surfaces with micro-
dimples of appropriate geometry are more effective for reducing the coefficient of
friction as compared to the smooth surface [1]. It has been established by researchers
that ECM is a viable method for generating micro-dimple in micron range because
of its merit of high efficiency; good surface quality; stress-free and no tool wear [2].
In one of the ECM method, 10% NaCl electrolyte with an electrolyte flow pattern
of forward flow along with added backpressure was found to be a handy method for
increasing the MRR and improving surface roughness [3]. Electrochemical Micro-
machining (EMM) removes materials by electrochemical reaction selectively at the
anode. TMEMM is a variant in EMM utilized for generation of micro-dimple arrays
with controlled size, shape, and geometry of dimple. It is a precise and relatively
prompt process which is competent of producing well-defined surface topographies
from themicro- to themacro range, also compatible with chemically resistant metals.
Using this method, micro-hole arrays with hemispherical cavities were fabricated on
titanium [4]. Moreover, it was experimentally demonstrated that a sheet of an insu-
lation layer, closely attached to a workpiece surface, could be used as a mask to
electrochemically etch microstructures. Dimple-arrays in the scale of several hun-
dred microns have been produced with the help of a modified through-mask EMM
process [5]. In another study, multilevel cavities with a narrow opening as well as
large aspect ratio cavities have been produced by isotropic electrochemical etching
of titanium in an electropolishing electrolyte by using oxide film laser lithography
(OFLL) [6].

The thickness of the mask plays a crucial role in the shape evolution of the fab-
ricated microstructures. It was learned from previous works of literature that during
TMEMM, the current distribution at the anode surface is highly non-uniform when
the aspect ratio of the mask is <1. Machining with low aspect ratio mask has been
previously considered to be a restraint in TMEMM. Some studies have been carried
out using a 250 μm thick PDMSmask for generation of micro-dimple array wherein
it was stated that sound micro-dimples can be fabricated only by increasing the mask
thickness i.e. >200 μm [7]. Because of the hydrophobic nature of PDMS mask, the
electrolyte may not stream into the mask’s micro-holes averting ECM. This may not
generate a sound dimple surface. As such, AZ4903 have been considered as mask
in the present research work due to its flexibility as well as compatibility during the
experimentation. Moreover, the thickness of the mask has been restricted to 16 μm
to establish the viability of TMEMM using low aspect ratio mask.
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In this paper, Taguchi methodology has been applied to study the best parameter
settings for fabrication of micro-patterned arrays during TMEMM process. The pro-
cess input parameters taken are input voltage (V), machining frequency (ν) and duty
ratio (%) whereas the quality characteristics analyzed are Uc and Dd. Based on the
robust design concept, an L9 orthogonal array (OA) has been used for conducting the
experiments to search out the suitable process parametric combinations for minimiz-
ing undercut (Uc) and for maximizing the dimple depth (Dd) separately. Moreover,
ANOVA on the basis of S/N ratio has been used to determine the percentage contri-
bution of each input parameters on the responses. Confirmation experiments validate
the parametric combination for minimization of undercut as well as maximization
of dimple depth respectively.

31.2 Experimentation

31.2.1 Experimental Conditions

Experiments were performed using the developed TMEMM setup. The schematic
diagram of the developed set up for TMEMM is given in Fig. 31.1. SS 304 sheets
of 200 μm thickness are coated with a negative photoresist AZ4903 using Spin
Coater for achieving coat of specific thickness. The coated samples are then baked
followed by exposure through UV-Lithography and developed for obtaining micro-

Fig. 31.1 Schematic representation of developed TMEMM set-up
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scale pattern. Each sample consists of micro dimple arrays of 65 μm diameter. A
cylindrical copper tool having 12 mm diameter is utilized as the cathode during
experimentation.

31.2.2 Experimental Planning

After proper understanding of the TMEMM fundamentals along with a survey of
the literature of the past research works, the experimental scheme has been designed
according to Taguchi method for three input factors, each one having three levels.
The various important TMEMM process parameters like input voltage, machining
frequency, and duty ratio are considered as varying parameters by keeping other
machining parameters such as inter-electrode gap, flushing pressure and electrolyte
concentration etc. as constant. Considering these input factors with their multiple
levels and according to the orthogonal array of Taguchi method minimum 9 exper-
iments should have to be conducted. So, 9 experimental runs have been carried out
and the subsequent machining performances are recorded and utilized for statisti-
cal analyses. Each experiment has been performed thrice and average values of the
responses are considered during analysis. The detailed experimental conditions are
shown in Tables 31.1 and 31.2. Further, Table 31.3 shows the levels of various process
parameters along with the experimental layout and results for Uc and Dd according
to the L9 orthogonal array of Taguchi method respectively.

Table 31.1 Fixed machining parameters during experiments

Average diameter of micro-holes on the mask 65 μm

Thickness of the patterned mask 20 μm

Workpiece SS 304

Thickness of the workpiece 200 μm

Material of the mask AZ 4903

Inter electrode gap (IEG) 2000 μm

Flow velocity 3.8 m/s

Concentration of electrolyte NaCl (10%) + NaNO3 (10%)

Machining time 120 s

Table 31.2 Variable machining parameters with their levels

Symbol Machining parameters Level 1 Level 2 Level 3

A Input voltage (V) 8 10 12

B Machining frequency (kHz) 2 6 10

C Duty ratio (%) 20 30 40
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Table 31.3 Design of experiments along with results

Expt. No. Design of experiments Undercut
(μm)

Dimple depth
(μm)Input voltage

(V)
Machining
frequency
(kHz)

Duty ratio
(%)

1 8 2 20 9.10554 19.83

2 8 6 30 5.73767 11.46

3 8 10 40 5.53923 16.14

4 10 2 30 10.4696 21.92

5 10 6 40 21.0483 34.04

6 10 10 20 3.84037 7.58

7 12 2 40 28.2651 41.46

8 12 6 20 6.18792 13.44

9 12 10 30 13.8909 21.84

31.2.3 Measurement of Experimental Outcomes

Experiments are carried out as per chalked out plan and the outcomes are recorded
for every experimental run. Here, undercut and dimple depth are considered as two
performance criteria of the fabricated micro-dimples where undercut has been cal-
culated by simply calculating the difference in radius of a micro-dimple before (with
mask) and after machining (upon mask removal). This is accomplished initially with
the help of Leica DM2500 optical precision microscope. Precise measurements of
depth along with the diameter of the generated micro-dimples are carried out with
the help of Talysurf CCI Non-Contact Profilometer (Taylor Hobson). For achieving
accuracy in measurements, the values have been taken at various positions of the
sample and the average results are used for analyses.

31.3 Taguchi’s Robust Methodology and Investigation
of the Machining Parameters

The current analysis comprises parametric optimization technique based on Taguchi
method to find out the effects of different controllable parameters considered dur-
ing machining, on the TMEMM quality characteristics and to investigate the most
favorable parametric combination for optimizing the responses. Design of experi-
ments (DOEs) is a statisticalmethod used to effectively plan and execute experiments
[8, 9]. In order to minimize the total number of experiments, Taguchi uses DOE by
constructing a special table known as Orthogonal Arrays (OA). Experimental results
are analyzed by using the S/N ratio and ANOVA. The analyses of S/N ratio and
ANOVA have been done to examine the significance of the input parameters on Uc
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and Dd of the micro-dimples generated by TMEMMprocess. Based on S/N ratio and
ANOVA analysis, the best possible parameter setting for Uc and Dd of the fabricated
micro-dimples are obtained and verified. Statistical analysis has been accomplished
on the experimental information obtained through Taguchi design using statistical
software MINITAB 16.

31.3.1 Orthogonal Array Selection

At first, the total degrees-of-freedom (DOF) for the experiments is computed for
selection of a suitable OA for experimentation. Input voltage, Machining frequency,
and Duty ratio are the three controllable parameters that have been considered during
the experimentation. Three levels of values have been taken for each factor. The total
DOFs with three factors and three levels can be computed as 7. In this experimental
investigation, the interaction among the machining parameters has been neglected.
It is established from the DOF value (7), that minimum seven experiment needs to
be carried out to investigate the effect of each input parameter. The standard OA
which possess at least three columns at three levels i.e. L9 has been selected for
carrying out the experimentation. The selected OA has four columns and nine rows.
As such, it can include four machining parameters having three-level each. Each
machining parameter can be allocated to a column pertaining to the availability of
nine parametric combinations in the standard L9 OA matrix. Therefore, only nine
experiments need to be carried out as per L9 OA to study the effects of the controllable
input parameters on the performance of TMEMM process.

31.3.2 Analysis of Signal-to-Noise (S/N) Ratio

In robust design, Taguchi philosophy of orthogonal arrays determines the effects
of various process parameters efficiently. The analyses of experimental results have
been carried out based on the values of signal to noise (S/N) ratios. The term signal
represents the desiredmeanvalue of the output parameters and the termnoise signifies
the undesirable value for the responses. Three categories of S/N ratio are lower-the-
better, higher the better, and nominal-the-best. In order to attain the most favorable
machining outcome for Uc, the lower-the-better quality characteristic is considered.
The S/N ratio for Uc, for jth experiment, can be calculated as

η j = −10 ∗ log10

(
1

m

m∑
i=1

y2i j

)
(1)

where m is the total number of replications and yij represents the value of Uc of
ith replication run for jth no. of experiment. Table 31.3 reflects the results obtained
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from the experimental design for Uc and the respective S/N ratio calculated using
MINITAB 16. Being an orthogonal experimental design, it is feasible to figure out
the effect of each input parameter at various levels. The average S/N ratio for each of
the levels for all input parameters taking Uc as the response is graphically shown in
Fig. 31.2. Uc isminimumat the highest average S/N ratio. It is clear from the S/N ratio
graph that for achieving minimum Uc, the best parametric machining combination
is A1B3C1 i.e., 8 V input voltage, 10 kHz machining frequency, and 20% duty ratio.
On the other hand, for obtaining the best machining performance for dimple depth
the higher-the-better quality characteristic is taken into consideration. The S/N ratio
for jth experimental run, n taking Dd as the response can be computed as,

η j = −10 ∗ log10

(
1

n

m∑
i=1

1

y2i j

)
(2)

where yij, is the value of Dd for ith test of replication for jth no. of experiment.
Table 31.3 also contains the experimental results forDd. TheS/N ratio can be obtained
through MINITAB 16. The mean S/N ratio for Dd for all the factors at various levels
is calculated. The S/N ratio graph for Dd is revealed in Fig. 31.3.

The maximum depth is represented by a greater S/N ratio (average). From the
S/N ratio graph (Fig. 31.3), it can be concluded that the most suitable parametric
combination for maximization of dimple depth is A3B1C3 i.e. input voltage of 12 V,
machining frequency of 2 kHz and 40% duty ratio.
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Fig. 31.3 S/N ratio graph for dimple depth

31.3.3 Analysis of Variance (ANOVA)

In this study, the ANOVA has been carried out not only to determine the significant
TMEMMparameters and also tofigure out the respectivemachining parameters’ con-
tribution in controlling the responses of the TMEMMprocess. To carry out ANOVA,
SST i.e. the total sum of squared deviation can be calculated from the total mean S/N
ratio (ïm) as

SST =
P∑
j=1

(η j − ηm)2 (3)

where P represents the total experiments as per experimental design.

(SST ) =
⎛
⎝ N∑

j=1

η j

⎞
⎠/P (4)

The total SST can be differentiated into two sources: (i) the sum of squared devi-
ations for each machining characteristics i.e. SSA, SSB and SSC and (ii) the sum of
the squared error (SSE).

Themean squareddeviation for eachdesignparameter is calculated for performing
the F test. It can be computed as SST divided by the total no. of DOFs associated
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with the machining variables. For each machining parameter, F is the ratio of the
mean squared deviation to the mean squared error. The percentage contribution by
each of the controllable machining parameters can be calculated as the ratio of the
F value of each input parameter to the total sum of the values of F for all the input
parameters. The result for ANOVA analysis for undercut is depicted in Table 31.4.
The larger the F value, the more significant that factor becomes for controlling the
respective response of the TMEMM process. So the value of F can be utilized to
rank order the contribution of different factors. From ANOVA analysis, it is revealed
that the duty ratio is the most significant factor for influencing Uc. The input voltage
and machining frequency approximately contribute equally to the Uc during the
generation of a micro-dimple array in TMEMM.

The result of ANOVA for Dd is depicted in Table 31.5. It is also observed that the
duty ratio has the most significant effect on the dimple depth fabricated by TMEMM
process. Out of the other machining parameters, the machining frequency has a
moderate effect on Dd followed by the input voltage. The order of contribution by
the input parameters for Dd is duty ratio, machining frequency and input voltage
which is identical for Uc.

Table 31.4 ANOVA analysis results for undercut (Uc)

Symbol Input
parameter

DOF Sum of
squares (SS)

Mean squares
(MS)

F Contribution
(%)

A Input voltage
(V)

2 56.92 28.46 1.06 26.8313

B Machining
frequency
(kHz)

2 61.96 30.98 1.15 29.2071

C Duty ratio (%) 2 93.25 46.63 1.73 43.9616

Error 2 53.90 26.95

Total 8 266.04

Table 31.5 ANOVA analysis results for dimple depth (Dd)

Symbol Input
parameter

DOF Sum of
squares (SS)

Mean squares
(MS)

F Contribution
(%)

A Input voltage
(V)

2 18.55 9.276 0.66 13.2273

B Machining
frequency
(kHz)

2 47.13 23.565 1.68 33.6067

C Duty ratio (%) 2 74.55 37.277 2.66 53.1660

Error 2 28.03 14.016

Total 8 168.27
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31.3.4 Confirmation Tests

After the selection of the best controllable parameters, the ultimate step is to forecast
and authenticate the improvement in the selected responses of the TMEMM pro-
cess during the generation of a patterned micro-dimple array. The optimum value
(predicted) of S/N ratio ηopt can be computed from Eq. 5 as

ηopt = ηm +
q∑
j=1

(η j − ηm) (5)

where ηm is the total mean of S/N ratio, nJ denotes the mean S/N ratio at the optimum
level, and q is the number of major design parameters that influences the quality
characteristics.

The predicted S/N ratio using the best machining parameters for Uc can be
obtained and minimum undercut can be formulated using Eq. (1). Table 31.6 shows
a comparison between the predicted Uc with the experimental Uc using the most
favorable machining parametric combination where it could be judged that there is a
good liaison between the actual Uc obtained through experiments and predicted Uc

calculated theoretically.
The positive difference in S/N ratio between the primary machining parameters

to the best parameters is 1.9355 dB which establishes the fact that the Uc of the
micro-dimple array decreases to 0.58 times of the primary value. Microscopic image
of a micro-dimple array fabricated at optimized parametric combination is shown
in Fig. 31.4a. An undercut of 2.5395 μm could be observed when TMEMM was
conducted at themost favorable parametric combination ofA1B3C1 i.e., input voltage
of 8 V, machining frequency of 10 kHz and duty ratio of 20%. Figure 31.4b shows
the magnified image of a single dimple.

A comparison between the theoretically predicted Dd and the experimentally
found Dd using the finest machining parameter setting is described in Table 31.7.
The predicted Dd is reasonable with the actual Dd. The increment in the S/N ratio
from the primary to the best machining parameters is 14.384 dB and hence the final
value of Dd after improvement is 4 times that of the primary value.

Table 31.6 Confirmation experiment results for undercut

Primary machining parameters Best machining parameters

Predicted Experimental

Level A2B2C2 A1B3C1 A1B3C1

Undercut (μm) 3.1734 2.9684 2.5395

S/N ratio −10.0305 −9.4505 −8.0950

Improvement in S/N ratio = 1.9355 dB
Prediction error in S/N ratio = −1.355 dB
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Fig. 31.4 Micro-dimples formed at best parametric combination a Patterned array b Single dimple

Table 31.7 Confirmation experiment results for dimple depth

Primary machining parameters Best machining parameters

Predicted Experimental

Level A2B2C2 A3B1C3 A3B1C3

Dimple depth (μm) 9.656 50.0086 41.46

S/N ratio 19.6959 33.9809 32.3526

Improvement in S/N ratio = 14.384 dB
Prediction error in S/N ratio = 1.6283 dB

31.4 Conclusions

Design optimization of the machining parameters is firstly introduced for genera-
tion of micro-dimple arrays of TMEMM process. From the experimental findings,
S/N ratio and ANOVA analyses along with the results of the confirmation test; the
following conclusions can be put up:

(a) On the basis of percentage contribution, the duty ratio, machining frequency and
input voltage are the three influential parameters which significantly influence
theUc aswell asDd ofTMEMMprocess. The input voltage has the least effective
among the input variables on the selected outputs of TMEMM process.

(b) The best level of parameter setting for attaining minimum Uc, is A1B3C1 i.e.,
input voltage = 8 V, machining frequency = 10 kHz and duty ratio = 20%.

(c) For achieving dimple depth to its maximum, the best level of the parametric
combination is A3B1C3, i.e., input voltage of 12 V, machining frequency of
2 kHz and duty ratio of 40%.

(d) From the results acquired through the confirmation test, it is accomplished that
under most favorable parametric combination, the least value of the 2.5395 μm
could be observed in the Uc whereas a fourfold increase with reference to the
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initial value could be noticed in dimple depth. The confirmation test results
verify the best parametric combinations suitable for improvement in the different
experimental outcomes of the Through Mask EMM process.

TMEMM is a process in which microstructure patterning is accomplished by
selective material removal through photoresist masks. It is a process with reasonably
high accuracy and a fast machining process that produces micro-dimple arrays with a
specified size on the workpiece surface. Various geometries to be effectively utilized
for various industrial applications e.g. Micro-square arrays etc. can be effectively
machined with this methodology of Through-Mask EMM (TMEMM).
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Chapter 32
Parametric Optimize and Surface
Characterisation of Micro Electrical
Discharge Machining Drilling Process

Jush Kumar Siddani , C. Srinivas and N. N. Ramesh

Abstract Micro electrical Discharge Machining Drilling (MEDM Drill) technol-
ogy has recently come into existence. The MEDM Drill process is an amalgamation
of electromagnetic, thermodynamic and hydrodynamic behaviour and stochastic in
nature. Optimize the course of action parametric combination,modelling themethod,
employ Artificial Neural Network (ANN) as well as to characterize the MEDM
Drill external from end to end time progression technique. Therefore feed—forward
reverse dissemination neural network base on top of very important composite rotat-
able investigational drawing mechanism, developed to model machining procedure.
The best possible parametric combination is particular for development.

Keywords MEDM Drill · ANN · Process optimization · Surface characterization

32.1 Introduction

MEDM Drill is an upcoming process to drill micro holes with high accuracy, no
cutting forces capability to attain small holes in workpiece and remains unaffected
material hardness. Electrical discharge machining is a thermoelectric method, wear
away bits and pieces from workpiece by series, cut off spark among the gap of
workpiece and electrode immersed (tool) in liquid dielectric in-between workpiece
and tool [1]. The electrical discharge vaporizes and assembles tiny amount of work
material, which are flushed as well as driven out away by dielectric fluid.

Therefore augment of voltage or reduce of the gap connecting the workpiece and
electrode result within vaporization and ionization dielectric into the important con-
ductivity link and form, spark channel linking the two surfaces. The spark channel is
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caused by the high amount of current. The pressure and temperature augment within
the spark channel. Therefore spark duration is extremely short and little quantity of
material of electrode and workpiece is melted and vaporized at a very high tempera-
ture spark. In this process the spark and heating exploit to come to an end instantly,
at the end of electrical pulse, voltage is isolated resulting in vapour bubble collapse
and explosive removal, melted material commencing both electrode and workpiece
surface. The EDM’s process is an arrangement of electromagnetic action, thermo-
dynamic action, electrodynamic exploit and hydrodynamic exploit within the period
of microseconds to milliseconds.

In Micro EDM drilling procedure has differed from sinking EDM procedure with
the aimof aNanotube as itengages as the tool electrode. Theworkpiece ismounted on
the clamp frame. The dielectric medium delivering at the gap between the tube (tool)
andworkpiece is flushed through theNanotubes in the sparking area. This gap among
tool and workpiece range from 0.025 close to 0.05 mm [2] frequently maintained
by a computer restricted position system. The producer and customer for eternity
desire to attain better-quality machining productivity through a wanted precision
along with surface finish. This typical MEDMDrill drilling rate is 200 mm2/min for
a 30 mm substantial tool steel along with 600 mm2/min for a 100 mm substantial
aluminium [3] as well as surface finish feature is at the same time as well as 0.03–
0.20 Ra. MEDMDrill uses deionised water as dielectric fluid contain surrounded by
sparking zone. In this process the deionisedwater is not appropriate for Sinking EDM
because it cause- electrode wear, except—low viscosity and rapid cooling rate create
it perfect for MEDMDrill [4]. The investigation into persuading of machining input
parameter lying on performance of Sinking EDM and Wire—EDM has subsisted
broadly reporting [5–8]. Numerous attempt to be prepared to represent the process
[9, 10].

32.2 Experimental Procedure

Process Modelling by Artificial Neural Network, this process consists of two oper-
ations. One is finishing operation and the other is surface finishing operation. In the
final and surface finishing operation, in the surface finishing is introductory signifi-
cance. The elevated cutting speed as well as smooth surface finish can be reached at
the same time, no meticulous recipe of matching.

The reproduction expressive connection between machining condition and pro-
cess performance is vital. TheMEDMDrill process the intricate and stochastic envi-
ronment has made it complex to establish certain notional form; a practical method
is adopted for the progress. This lead to the development of an observed replica able
to predict and measure the presentation. The procedure used to further optimize,
research, a reasonable setup of parameter is particularly similar to inputs through
other parameters affecting the performance of the process fixed. Generally, a smaller
setup of input parameter yields simpler replica; on the other hand, larger number
of parameter may give the model additional accurate projecting control and wider
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function spot. The experiment is carried out on a Rapid Drill (electronic) schematic
of the tool-workpiece system, the dielectric medium supply of the machine and the
spark gap is shown in Fig. 32.1.

Parameters to locale the RapidDrill are planned in Table 32.1. Therefore input and
fixed parameter have been employed in the present studywhich is listed in Table 32.1.
These are selected in the course of review of knowledge, record survey, and some
preliminary investigation.

Therefore factor and their level are shown inTable 32.2, composite rotatable inves-
tigation mechanism of design and uniform precision for modelling the micro EDM
Drill was designed as shown in Tables 32.3 and 32.4. The experimental runs were
randomly designed for Sixteen factorial (inherent level±1) run shown in Tables 32.3
and 32.4 (Tables 32.5 and 32.6).

Fig. 32.1 Schematic illustration of micro EDM drill

Table 32.1 Parameters of the machine setup

S. No Parameters Setting

1 Input Pulse width (A) Factor (A)

Time between two pulses (B) Factor (B)

Tool feed space (WS) Factor (WS)

2 Fixed Tool (Nano tube) copper or brass 0.5–1.9 mm

Temporary reduction in frequently (FF) 80%

Current voltage (V) −60 V

volts pulse time (Tac) 0.2 µs

Mean voltage 22 V

Dielectric (deionization) 10
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Table 32.2 Factor and level for operation

Key factors Level/code

1/−2 2/−1 3/0 4/+1 5/+2 Unit

Pulse width (A) 0.4 0.6 0.8 1.0 1.1 µs

Time between two pulses (B) 2 4 6 8 10 µs

Tool Feed Alacrity (WS) 4.0 5.5 6.4 8.2 10.0 mm/min

Table 32.3 Result of alacrity on top of roughness indices (material: H.S.S)

S. No Index Alacrity (mm/rev)

1.834 1.834 1.946 1.946

1 Ra (µm) 2.84 3.96 4.38 6.66

Table 32.4 Effect of alacrity on roughness indices (material: titanium)

S. No Index Alacrity (mm/rev)

0.948 0.948 1.64 1.64

1 Ra (µm) 1.51 2.75 5.13 5.46

Table 32.5 Experimental design for H.S.S

Exp. No A (µs) B (µs) WS (m/min) Ra (µm) Wa (µm) Alacrity (mm/min)

1 0.6 4 5.5 2.660 1.845 1.845

2 1.0 4 5.5 2.745 1.394 1.946

3 0.6 8 5.5 2.008 1.126 1.866

4 1.0 8 5.5 1.895 1.149 1.807

5 0.6 4 5.5 2.454 1.185 1.908

6 1.0 4 5.5 2.324 1.199 1.962

7 0.6 8 5.5 1.466 0.129 1.833

8 1.0 8 5.5 1.108 0.127 1.834

9 0.6 4 8.2 1.245 0.154 1.844

10 1.0 4 8.2 1.306 0.166 1.856

11 0.6 8 8.2 1.346 0.163 1.840

12 1.0 8 8.2 1.464 0.158 1.843

13 0.6 4 8.2 2.100 1.368 1.836

14 1.0 4 8.2 2.147 1.239 1.932

15 0.6 8 8.2 1.955 0.136 1.944

16 1.0 8 8.2 1.986 0.133 1.868

Total 12.8 96 109.6 30.209 11.671 29.964

Average 0.8 6 6.85 1.888 0.729 1.873
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Table 32.6 Experimental design for titanium

Exp. No A (µs) B (µs) WS (m/min) Ra (µm) Wa (µm) Alacrity (mm/min)

1 0.6 4 5.5 1.804 0.148 1.640

2 1.0 4 5.5 1.665 0.167 1.543

3 0.6 8 5.5 1.060 0.148 1.548

4 1.0 8 5.5 1.006 0.143 1.499

5 0.6 4 5.5 1.768 0.146 1.467

6 1.0 4 5.5 1.456 0.144 1.489

7 0.6 8 5.5 1.398 0.136 1.463

8 1.0 8 5.5 1.387 0.138 0.987

9 0.6 4 8.2 0.946 0.045 0.948

10 1.0 4 8.2 0.956 0.066 0.936

11 0.6 8 8.2 0.988 0.059 0.944

12 1.0 8 8.2 0.974 0.054 0.942

13 0.6 4 8.2 1.179 0.198 0.952

14 1.0 4 8.2 1.180 0.147 1.400

15 0.6 8 8.2 1.199 0.155 1.501

16 1.0 8 8.2 1.204 0.158 1.581

Total 12.8 96 109.6 20.170 2.052 20.840

Average 0.8 6 6.85 1.260 0.128 1.302

32.3 Results and Discussions

The experimental result is performed at random (i.e.., commence illustrate in first
column of Table 32.3 and 32.4). The specified input parameter is set and the work
piece ofH.S.S andTitaniumwas drilled completely through for each run. The time for
drill through the workpiece is recorded. Then cutting speed is calculated according
to depth of drill and cutting time. H.S.S and Titaniumworkpieces revealed that speed
of 1.834 and 0.987mm/min are the most suitable. The surface roughness Ra of H.S.S
and Titanium are best suitable at 1.108 and 1.387 µm and then average values if Ra
was recorded in Tables 32.3 and 32.4. The surface waviness Wa 0.127 and 0.138 µm
are recorded in Tables 32.3 and 32.4. The conclusion that Ra, Wa and cutting speed
are useful to remodel Ra, Wa as well as cutting speed which are measured as yield
parameter of representation. The investigational results in Tables 32.3 and 32.4 by
using logical neural network by means of the single form 3-4-3 to 3-16-3. The
hyperbolic tangent function is experienced as transfer function in neural network.

f(z) = e2 − e−1

e2 + e−1
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and logistic sigmoid function

f(z) = 1

1+ e−1

The hyperbolic tangent role is improved than logistic sigmoid function as well
as 3-8-3 be nearly all fitting size for the neural network. In the 3-8-3 extent neural
network are shown in Fig. 32.2. Figures 32.3 and 32.4 showRa,Wa and cutting speed

Fig. 32.2 Neural networks for micro EDM drill

Fig. 32.3 Roughness and Fourier spectra of H.S.S material sample workpiece 1

Fig. 32.4 Roughness and Fourier spectra of H.S.S material sample workpiece 2
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response, the fitted ANN replica by means of value toward input control factor A
and B.

A large amount of factor is production of surface roughness. In this the effect of
drive, the roughness profiles, aswell as their Fourier spectra, are exposed inFigs. 32.3,
32.4, 32.5 and 32.6. Therefore roughness indices are listed within Tables 32.3 and
32.4. Meanwhile predictable roughness increase by means of feed rate. Taking place
the roughness, profile impetus characters as well turn out to be clearer and major.
The subordinate momentum rate roughnesses become independent to speed as well
as function the tip of the tool only [1]. Cause’s more micro roughness, i.e., superim-
pose irregularity greater than the grooves generated through chip removal. Therefore
artificial stream part is reasonably added. Similarly when alacrity is more and tip of
the tool radius is small. This shows artificial flow is contrary to momentum track by
means of elevated low alacrity in the direction and lead to elevated roughness next
to small speed. An associated irregularity has been reported with lesser roughness
and advanced momentum due to pure drilling achievement and comparative absence
of bulge. Therefore the similar way next to small alacrity, material gets ploughed
rather than in the shape of chips. The existences of optimum speed, speculation
suggest roughness to be a function, the open area of momentum, within put into
practice; it is further like openly related to rapidity rate. This shows outstanding in
the direction of knocking down of ridge side flow or tool-workpiece relative vibra-
tions. The possessions are corroborated by Fourier transforms. Creation of more
than a few harmonics next to lower speed rates owing to ploughing achievement is
seen evidently in the direction of the influence presented in micro roughness next

Fig. 32.5 Roughness and Fourier spectra of titanium material sample workpiece 1

Fig. 32.6 Roughness and Fourier spectra of titanium material sample workpiece 2
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to high rapidity. Therefore decrease in micro roughness and marked periodicity is
to see by means of the retreating harmonics as it finally reduces to single harmonic
matching in the direction of speed. This is added to skewness in a positive way
which shows the roughness shape to be partial valley at elevated rapidity that indi-
cates metal otherwise chip taking awaymechanism of roughness making next to high
alacrity. These consequences are extremely alike to H.S.S specimen as well and ele-
vated credibility in the direction of the preceding outcome compared, to Titanium in
addition to conversation.

32.4 Conclusions

The performance productivity and the surface texture of the workpieces H.S.S and
Titanium were performed with uniform precision and optimization of the Micro
EDM Drill process in order to model the process. Between the two pulses, pulse
width and tool feed speed were chosen at the same time as that of control factor.
Callous speed, waviness and surface roughness of workpieces of H.S.S and Titanium
were selected as process outputs. The 3-15-3 feed forward back propagation ANN
modelwas developed to represent theMicro EDMDrill process. The developedANN
replica which shows, the best possible procedure of parametric combination en route
for dissimilar waviness and surface roughness. The factors such as tool-workpiece
thickness and material may be attempted for further research as input parameters.
The output such as topological surface, hardness, etc. might be investigated. The
Micro EDM Drilling or any other Drilling operations may be suggested for further
studies in drilling operations (Figs. 32.7 and 32.8).
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Chapter 33
Experimental Study of Nanosecond Fiber
Laser Micromilling of Ti6Al4V Alloy

A. K. Sahu , H. A. Patel , J. Malhotra and S. Jha

Abstract Fiber Laser micromachining technique has a great ability to because
of high laser beam intensity, good focusing characteristics with lesser maintenance.
In laser micromilling for higher depth, multiple scans of laser beam are required. In
this study, controllable factor like pulse overlap, number of scans were considered to
determine the depth of Ti6Al4V. The central composite designed (CCD) technique
based on response surface methodology (RSM) is employed to plan the experiment
and to develop mathematical regression model. A significant parameter has been
selected based on the analysis of variance (ANOVA). The depth is achieved between
49 and 163μm.Maximum average surface roughness wasmeasured up to 19.95μm.

Keywords Laser micromilling · RSM · Depth · Microgroove

33.1 Introduction

Titanium and its alloy havewide application inmedical implants, aerospace, biomed-
ical, and automotive industries because of their high strength-to-weight ratio and
better corrosion resistance properties at room and elevated temperatures. Ti6Al4V
alloy is most widely used as its application of 50% of total titanium alloy production.
Aluminum (Al) increases phase stabilization and hardness of alloy. Vanadium (V)
provides hot workability of the alloy. Titanium and its alloys are hard to machine
due to their properties by conventional and nonconventional machining processes.
Machining of titanium and its alloys by conventional methods require high running
costs (tool cost and coolant) with low productivity [1].

There are different method to machine titanium like EDM, ECM or by con-
ventional machining. By which EDM is a very popular method but this is a very
slow process. The MRR in EDM is very low although surface quality of machined
part is better. Conventional micro machining having very limited area to machine
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hard to machine material and also cost of tooling is so high because of high tool
manufacturing cost and tool wear. So laser micromachining can be opted for faster
micromachining of Titanium.

Laser micromachining (LMM) is a highly precise, fast, and force-free technol-
ogy for micromilling of hard to machine material, alloys, and composites. In LMM
process high energy collimated laser beam focused by optics to a selected surface of
material which cause melting and vaporization of material to create the desired fea-
ture. LMM involves machining of microns and submicron size feature with nanome-
ter (nm) tolerances and high precision on metals and nonmetals substrates. In LMM,
the feature size highly depends on beam quality (M2), wavelength, and focusing
lens and aperture of lens [2]. LMM is widely used in mold and die making indus-
try, microfluidics to fabricate 3-D submicron sized structures. Microfluidics and
microreactors have application of microchannels, hollow channel for miniature flow
of liquids and gasses.

Biffi et al. performed percussion microdrilling on Ti (0.5 mm thick) with 50 W
pulsed fiber ns laser to study the effect of pulse energy and pulse frequency on quality
of machined through holes, i.e., diameters, taper, circularity, area of top spatter, and
surface morphology. They developed adequate regression model for Dtop and Dbottom

[3]. They also analyzed effect of microdrilling on material microstructure of region
in close proximity. Exit hole found free from spatter and drop. Dtop and Dbottom

increased due to higher heat input. Taper depends only on pulse energy and no
effect of pulse frequency. Spatter, i.e., molten metal inside hole and expelled on top
surface also increases as average power increases (i.e., pulse energy * frequency).
Higher value of nano hardness usually measured in internal walls which shows
significant modification occurs on Ti property after laser processing on entrance and
exit surface of hole [4]. Lash et al. used copper laser to drill holes in 0.025–0.127 mm
thick foil of Cu, Ti, and Fe at atmospheric pressure air and argon. They used a
photodiode to detect no. of pulses to drill holes. They found that with 0.032 mm
thick Ti foil. Drilling time in argon (Ar) reduced by factor 4. No machining was
observed on the surface of aluminum foil in argon [5]. Biswas et al. investigated Nd-
Yag laser microdrilling process considering hole taper and circularity at entry and
exit, through response surface methodology based experiments on titanium nitride
alumina (TiN–Al2O3) composite. For investigation lamp current, pulse repetition
rate, airflow pressure, pulse width, and focal length considered as process parameter.
The parameter optimum condition for hole taper and circularity has been evaluated.
Only significant parameters have been selected based on the analysis of variance
(ANOVA) in model [6].

Singh et al. optimized parameters of the electrical discharge machining process,
i.e., pulse on time (Ton), pulse off (Toff), and current (I) to improve the surface
roughness of Ti-6AL-4V by analysis of variance. Copper (Cu) electrode used as tool
EDM tool [7]. Arnaboldi et al. investigated laser micro cutting of nickel-titanium-
copper (Ni40Ti50Cu10) alloy. It is a ternary Shape memory alloy derived from NiTi
binary alloy [8]. Cutting edge quality features, such as the amount of spatter and
the kerf width considered as response. The number of laser passes, type of shield-
ing gas, gas pressure, and process speed has been opted for micro cutting analysis.
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Table 33.1 Composition of Ti6Al4V

Composition Ti Al V C O N H Fe

% 90 6 4 <0.1 <0.2 <0.05 <0.0125 <0.3

Finally, functional characterization, i.e., differential scanning calorimetry (DSC) and
mechanical measurements (nano indentations), of the laser cutting edge were per-
formed. Nitrogen (N) and Argon (Ar) assist gasses at 2 and 5 bar pressure were
investigated. Process speed varied between 1 and 50 mm/s. Zhou et al. has fabricated
microchannels of different size and shape to investigate the surface morphology and
geometrical measurements by Scanning ElectronMicroscope using different process
parameters of micromilling operation. The outcome shows the surface morphology
of micro features is affected by scanning speed and laser power, also the depth of
microchannel is increased by increasing laser power and number scans [3]. Kasman
et al. performed micromilling on AISI H13 using 30W fiber laser to investigate opti-
mal process parameters for minimum roughness and maximum depth of channels.
The result shows with decreasing laser power and pulse frequency at high speed will
decrease the roughness. Also, the combination of the fill spacing and lower scan
speed decreases the roughness and increases the depth of channel [9].

Consequently, few researcher were reported to use laser micromachining of Tita-
nium and its alloy by Nd-Yag laser. The aim of this study is to model response depth
in terms of input parameter, i.e., pulse overlap and No. of scans on Ti6Al4V of
thickness 10 mm by fiber laser. Composition of Ti6Al4V shown in Table 33.1.

33.2 Experimental Setup

Laser micromachining having a fiber laser source with optics system were mounted
on precision linear positioners. A 50W fiber laser source of nanosecond pulse width
(SPI lasers) of near infrared wavelength (1064 nm) and cutting head with suitable
optics were mounted on the system. Cutting head has focusing lens and provision to
assist gas supply. The purpose of optics containing focusing lens to guide collimated
beam and is to focus on the surface of substrate with small spot size. Fiber laser
is operated in continuous mode for fabrication of microgroove. The workpiece of
Ti6Al4V of size 50 × 100 × 10 mm was placed horizontally on motorized stage.
The stage translates while keeping the laser spot stationary. To ensure laser beam
focus onworkpiece surface the stage height can be adjusted relative to focus position
by z axes movement. The accuracy of height adjustment of axis is 10 μm. All the
experimentswere performed in assist gasmediumas air supplied at a pressure of 5 bar
by air compressor. Length of microgroove fabricated is 40 mm each. Pulse overlap
calculated as per Eq. 33.1. For No. of scans each groove scanned by laser beam one
over another. LMM system specification Shown in Table 33.2. After laser processing
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Table 33.2 LMM system
specification

Laser type Fiber

Avg. power 50 W

Mode CW

Mˆ2 1.3

Pulse energy 1 mJ

Pulse duration 290 ns

Assist gas Air (5 bar)

Wavelength 1064 nm

the workpiece was removed for depth and surface roughness measurement. Zeta 3d
optical Profilometer has been used at 20 X condition for measurements.

33.3 Experimental Plan Based on Response Surface
Methodology

Experiments have been designed according to the central composite rotatable (CCD)
second-order design based on response surfacemethodology. Response surfacemod-
eling was used to establish the mathematical relationship between the response,
yu and the various machining parameters [10]. A general second-order polynomial
response surface model as shown by Eq. (33.1) was considered to analyze the para-
metric influences on the various response:

yu = β0 +
n∑

i=1

βi i x
2
iu +

∑

i< j

βi j xiu x ju + eu (33.1)

here yu is the corresponding response, e.g., depth of microgroove of the laser beam
micromilling process, xiu is the coded value of the ith machining parameter of the
uth experiment, n is the number of machining parameters and βi, βii, βij are the
second-order regression coefficients, the residual eu is a measure of experimental
error of the uth observations.

For response surface methodology two parameters, i.e., pulse overlap and No.
of scans having three level each has been selected considering FCC (α = 1) and
experiment has been designed and analyzed by design expert. Selected parameter and
levels are shown in the table below. Total 13 experiments has been designed as shown
in Table 33.3 and each experiment has been carried out two times and an average
of response has been considered for analysis. Levels of parameters considered for
experiments is shown in Table 33.4.

Pulse overlap (%) depends on scanning speed and pulse repetition rate. It has been
calculated as per Eq. 33.2.
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Table 33.3 DOE of process parameter and observed response

S. No Run Pulse overlap (%) No. of scans Depth (μm)

1 13 99.94 1.00 49

2 7 99.98 1.00 103

3 5 99.94 3.00 139

4 1 99.98 3.00 163

5 8 99.94 2.00 80

6 12 99.98 2.00 137.5

7 6 99.96 1.00 61

8 2 99.96 3.00 132

9 4 99.96 2.00 102

10 11 99.96 2.00 110

11 3 99.96 2.00 102

12 9 99.96 2.00 101.5

13 10 99.96 2.00 103.5

Table 33.4 Actual level of
parameter

Parameter Levels

−1 0 1

Pulse overlap (%) 99.94 99.96 99.98

No. of scans 1 2 3

Pulse Overlap% = 1 − U

f ∗ d
× 100 (33.2)

where

U Scanning speed (mm/s)
f Pulse repetition rate in Hz
d Spot Size (μm)

Similarly, for No. of scans microgroove scanned one over another subsequently.

33.4 Results and Discussion

33.4.1 Parametric Influence on Depth

Pulse overlap and no. of scans effect on depth of microgroove shown in Fig. 33.1.
Depth has been varied between 49 and 163 μm with pulse overlap and No. of scans.
From the surface plot, it has been observed that by increasing pulse overlap the depth
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Fig. 33.1 Response surface
interaction plot of scans and
pulse overlap for depth

increases. This is because higher overlap occurs at low scanning speed, so the laser
beam pulses interaction per unit length is higher, so laser ablation increases due to
melting andvaporization.Themeltedmaterial removed fromgroovebyhigh-pressure
air. So higher depth is achieved.

Similarly, by increasing the no. of scans the depth increases. This is because of
multiple scans at same surface achieved higher depth. Although removal of depth in
second and third scan is comparatively lower than first scan, which can be explained
by focusing condition which remains the same and depth of focus limits more depth
of removal.

It is because of the laser beam having constant depth of focus which is limited to
certain depth. Also at higher depth removal of melted material by assist gas pressure
is limited and not effective due to groove wall. Images of microgroove fabricated by
laser micromachining has shown in Fig. 33.2.

33.4.2 Mathematical Regression Model

The experimental result of the depth of microgroove is listed in Table 33.3 from
the designed experiment which is used for development of mathematical regression
model for depth. Equation 33.3 shows model in actual parameter.

Depth(µm) = 101.71 + 22.58 ∗ PulseOvelap + 36.83 ∗ No. of Scans

+ 10.20 ∗ PulseOverlap2 − 7.50 ∗ PulseOverlap ∗ No. of Scans
(33.3)
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Fig. 33.2 Fabricated microgroove at 99.98% pulse overlap profile and corresponding depth graph
at a one b two and c three scans

In themodel only significant termswere considered.Analysis of variance has been
carried out to test adequacy of developed mathematical model for depth. Analysis of
variance is shown in Table 33.5 by analysis of variance it is clear thatmost influencing
parameter is No. of pulses. For developed model R-squared 0.9771, Pred R-Squared
of 0.8362, and Adj R-Squared of 0.9616 has been found after analysis. The Pred
R-Squared is in reasonable agreement with the Adj R-Squared.



378 A. K. Sahu et al.

Table 33.5 Analysis of variance (ANOVA) for depth

Source Sum of
squares

DF Mean source F value Prob > F

Model 11761.49 4 2940.37 85.25 <0.0001 Significant

Pulse overlap 3060.04 1 3060.04 88.72 <0.0001

No. of scans 8140.17 1 8140.17 236.01 <0.0001

Pulse overlap2 336.29 1 336.29 9.75 0.0142

Pulse overlap
* No. of scans

225.00 1 225.00 6.52 0.0340

Residual 275.93 8 34.49

Lack of fit 225.63 4 56.41 4.49 0.0876 Not significant

Pure error 50.30 4 12.58

Cor total 12037.42 12

33.4.3 Roughness Measurement Inside Groove

Roughness was measured with the help of Zeta 3d profiler inside microgroove. For
measurement average surface roughness value Ra has been evaluated at 99.96%
overlap and 1–3 scans over 500 μm along the length of microgroove Fig. 33.3. It
has been found that Ra value increased by increasing No. of pulses as more metal
get melted and vaporized so crater observed as roughness shown in Fig. 33.4. There
is significant variation that has been observed at third scan compared to first and
second. It is because of in third scan depth increased significantly and at higher
depth the material gets melted but it has not been removed out with assist gas due
to unreachability of gasses and groove walls. Recast layer redeposition of melted
material and material get resolidified and higher roughness is achieved. Roughness
measured is 1.703, 4.27, and 19.95μmfor first to third scans at 99.96%pulse overlap.
Roughness profile is shown in Fig. 33.4 for three grooves.

33.5 Conclusions

In the present research Fiber laser micromilling of Ti6Al4V has been carried out and
the effect of process parameter on response variable has been explained in detail.
For depth mathematical model is developed based on response surface methodology.
The analysis of variance test done to identify the process parameter that contributes
most significantly on depth. The No. of scans having the most significant effect on
Depth. The maximum depth achieved was 163 μm. After three scans roughness
increases drastically as compared to one and two scans. Maximum average surface
roughness was 19.95 μm. Parameters need to optimize for higher depth and lower
surface roughness.
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Fig. 33.3 Roughness profile (Ra) inside microgroove at 99.96% overlap. a 1 scan, b 2 scan, c 3
scan

Fig. 33.4 Roughness Ra at
99.96% overlap

0 1 2 3 4

R a (
μm

)

No of scans



380 A. K. Sahu et al.

References

1. Rahman, M., Wang, Z., Wong, Y.: A Review on High-Speed Machining of Titanium Alloys ∗
49(1), 11–20 (2006)

2. Schaeffer, R.D.: Fundamentals of Laser Micromachining. Taylor & Francis Group, Llc CRC
Press is an Imprint of Taylor & Francis Group, p. 49 (2012)

3. Zhou, W., Deng, W., Lu, L., Zhang, J., Qin, L., Ma, S., Tang, Y.: Laser micro-milling of
microchannel on copper sheet as catalyst support used in microreactor for hydrogen pro-
duction. Int. J. Hydrog. Energy 39(10), 4884–4894 (2014). https://doi.org/10.1016/j.ijhydene.
2014.01.041

4. Biffi, C.A., Lecis, N., Prevital, B., Vedani, M., Vimercati, G.M.: Fiber laser microdrilling
of titanium and its effect on material microstructure. Int. J. Adv. Manuf. Technol. 54(1–4),
149–160 (2011). https://doi.org/10.1007/s00170-010-2918-6

5. Lash, J.S., Gilgenbach, R.M.: Copper vapor laser drilling of copper, iron, and titanium foils in
atmospheric pressure air and argon. Rev. Sci. Instrum. 64(11), 3308–3333 (1993)

6. Biswas, R., Kuar, A. S., Biswas, S. K., Mitra, S.: Artificial neural network modelling of Nd:
YAG laser microdrilling on titanium nitride-alumina composite. Proc. Inst. Mech. Eng. Part B
J. Eng. Manuf. 224(3), 473–482 (2010). https://doi.org/10.1243/09544054jem1576

7. Singh, S.K., Kumar, N.: Optimizing the EDM parameters to improve the surface roughness of
titanium alloy (Ti-6AL-4V). Int. J. Emerg. Sci. Eng. 10, 10–13 (2013)

8. Arnaboldi, S., Bassani, P., Biffi, C.A., Carnevale, M., Lecis, N., Conte, A.L., Tuissi, A.: Micro-
cutting of NiTiCu alloy with pulsed fiber laser. In ASME 2010 10th Biennial Conference
on Engineering Systems Design and Analysis. American Society of Mechanical Engineers,
pp. 593–602 (2010)

9. Saklakoglu, I.E., Kasman, S.: Investigation of micro-milling process parameters for surface
roughness and milling depth. Int. J. Adv. Manuf. Technol. 54(5–8), 567–578 (2011). https://
doi.org/10.1007/s00170-010-2953-3

10. Montogomery, design and analysis of experiment Arizona (2013)

https://doi.org/10.1016/j.ijhydene.2014.01.041
https://doi.org/10.1007/s00170-010-2918-6
https://doi.org/10.1243/09544054jem1576
https://doi.org/10.1007/s00170-010-2953-3


Chapter 34
Evaluation of Side Wall Roughness
and Material Removal Rate in Vibration
Assisted Powder Mixed Micro-EDM
Drilling on Inconel 718

Deepak G. Dilip , Satyananda Panda and Jose Mathew

Abstract Micro-EDM drilling on difficult to machine materials has disadvantages
like low MRR, high surface roughness, and others. In this manuscript the effect of
two variants, workpiece vibration frequency and powder concentration in dielec-
tric was applied together with the normal micro-EDM drilling operation. Voltage,
Electrode Rotation Speed, Feed Rate, Workpiece Vibration Frequency, and Powder
Concentration inDielectric were taken as the five factorswithMaterial Removal Rate
(MRR) and Surface roughness along the sidewalls of the hole as the responses. Box
Behnken design for five factors varied in three levels was taken as the experimental
design. ANOVA was done on both the responses to find the significant factors and it
was observed that all five factors were significant in both the cases. Multi-objective
optimization using desirability approach was done and the optimum parameter set-
ting was obtained. The optimized results were then validated with experiments and
the relative error obtained was less than 4%.

Keywords Micro-EDM · SiC · Optical profiler · Areal surface roughness

34.1 Introduction

The society’s demand for high precise minute components has prompted the manu-
facturing industries to go for newer materials and high precision operations. Micro
machining has emerged to be a very important methodology for precision machining
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of minute parts. Micro machining can be defined as the methodology to manufacture
components in the size range of 1–500 µm. Micro machining is basically a scaled
down version of the original manufacturing process [1]. The advent of newmaterials
which are capable to withstand the arduous environments without much wear has
called upon the manufacturing industries to look for newer machining techniques, as
almost all these materials come under the category of difficult to machine materials.
Electrical Discharge Machining (EDM), which due to its unique ability to machine
any electrically conductive material irrespective of their mechanical properties is
an ideal method to machine these new materials. EDM is a thermal process where
material removal happens via melting and vaporization. EDM works on the princi-
ple of spark machining. The two electrically conductive electrodes are connected to
the positive and negative terminals, respectively; a gap is maintained between them,
which is filled with a dielectric fluid. The negative tool electrode is moved down-
wards and when a certain optimum gap is reached the dielectric breaks downmaking
the gap conductive in nature and sparking occurs [2]. Micro-EDM is a scaled down
form of EDMwhere the material removal mechanism is similar to that of EDMwith
certain small differences like small unit removal to facilitate for accurate machining,
increased frequency of sparks, etc.

One of the major applications of micro-EDM comes in deep hole drilling. The
conventional drilling process has some inherent disadvantages like high cutting and
thrust forces, burr formation, poor surface finish, etc. In micro-EDM drilling, the
tool electrode is rotated and the holes are made using the spark discharge mechanism
of EDM which eliminates the disadvantages of the normal drilling process. Before
going to the main content of the paper, a brief overview of various works conducted
in this regard is presented as follows.

Themicro-EDMdrilling process is associated with poor surface finish, lowMRR,
high overcut, and taper. One important methodology to overcome this issue is to mix
semiconductor powder particles in the dielectric. This variant is known as powder
mixedmicro-EDM (PMMEDM). Here the conducting powder particles in the dielec-
tric provide a bridging effect between the tool and the workpiece thereby the plasma
channel becomes enlarged and widened. The spark is uniformly distributed among
the powder particles, hence electric density of the spark decreases. Due to uniform
distribution of the spark among the powder particles, shallow craters are produced
on the workpiece surface. This results in improvement in surface finish [3]. Kibria
et al. [4] concluded that there is a great influence of mixing of boron carbide additive
in deionized water dielectrics for enhancing machining performance characteristics
in micro-EDM during micro hole generation on Ti-6Al-4V alloy. Kuriachen et al.
[5] studied the effects of EDM parameters like voltage, capacitance, and Silicon car-
bide powder concentration in dielectric on MRR and tool wear rate (TWR) during
micro-EDM milling. From the obtained results, it was recommended to use powder
concentration of 5 g/L, capacitance of 0.1 µF, and voltage of 115 V for achieving
highest material removal and lowest tool wear.

Another variant which has been extensively applied in improving micro-EDM
drilling process stability is providing axial vibration to the workpiece while machin-
ing. There are two important methods by which ultrasonic vibration to the tool or
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workpiece can improve the overall performance of EDM/micro-EDM. One is by
direct contribution to the material removal and the other by assistance in dielectric
flushing. Sundaram et al. [6] conducted a study on process parameters of ultrasonic
assisted Micro-EDM based on Taguchi Method and observed that a good reduction
of machining time was observed which results in reduced tool wear. Li et al. [7]
studied the morphology of micro holes and linear grooves made on cemented car-
bide tools using micro-EDM assisted with high frequency vibration. Results showed
that micro holes and linear grooves with high dimension accuracy and exact position
were machined by micro-EDM assisted with high frequency vibration. Jahan et al.
[8] investigated the feasibility of drilling deep micro holes in difficult-to-cut tung-
sten carbide by means of low frequency workpiece vibration assisted micro-EDM.
He observed that the workpiece vibration has a significant effect on the removal
of debris particles from the machining zone. The arcing and short-circuiting was
reduced considerably, thus improving the overall machining conditions.

Prihandana et al. [9, 10] conducted the effect of ultrasonic vibration in powder
mixed micro-EDM studies and concluded that there was a drastic improvement in
the overall machining performance with respect to the MRR. The literature survey
conducted points to the fact that the overall machining stability can be improved by
the addition of powder in the dielectric and imparting vibration on the workpiece
surface.

In the present work, an attempt has been made to combine the effectiveness of
both powder mixed dielectric and vibration assisted workpiece on the micro-EDM
drilling of Inconel 718. The MRR and sidewall roughness (SWR) were taken as
the responses with Voltage, Feed rate, Electrode Rotation Speed (ERS), Workpiece
Vibration frequency, and Powder concentration in dielectric being the five factors.
Here the vibration frequency and powder concentration are varied along with other
factors to find the optimum combination which gives the highest MRR and lowest
surface roughness on the sidewalls.

34.2 Experimental Setup

The experiments were conducted on DT-110 Multipurpose micro machining centre,
make:Mikrotools Singapore.Voltage, FeedRate, ERS,Vibration frequency andPow-
der concentration were taken as the factors withMRR and SWR being the responses.
All the factors were varied in three levels and they are as shown in Table 34.1.

Response surfacemethodologywas used to formulate the experimental design and
Box Behnken design for five factors all varied in three levels was selected amounting
to a total of 45 runs. In order to do the experiments, an external dielectric circulation
system was made. The low frequency vibration device is kept in the dielectric tank
and the workpiece was fixed on top of it. The nozzle fed the dielectric onto the
machining zone and continuous circulation takes place during drilling. The powder
particle used is SiC. Tungsten carbide rod of 0.4 mm diameter was taken as the tool
electrode with Inconel 718 sheets of thickness 2 mm as the workpiece. Through
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Table 34.1 Factors and their
various levels

Factor −1 0 +1

Voltage (A) 80 V 115 V 150 V

ERS (B) 800 rpm 1600 rpm 2400 rpm

Feed rate (C) 8 µm/s 16 µm/s 24 µm/s

Frequency (D) 300 Hz 650 Hz 1000 Hz

Powder con: (E) 2 g/l 4 g/l 6 g/l

holes were drilled with the experimental setup as per the experimental design and
the MRR and Surface roughness along the sidewalls were measured and analyzed.

34.3 Results and Discussion

The holes were drilled as per the experimental design and the major factors which
determine the feasibility of the process, MRR, and surface roughness along the
sidewalls of the holes were measured. The results were analyzed and then multi-
objective optimization was done on the obtained MRR and surface roughness to
identify the ideal combination for machining.

34.3.1 Analysis of Material Removal Rate

Material Removal Rate (MRR) is the most important parameter which determines
the economic feasibility of a process. During micro-EDM drilling using a cylindrical
electrode, though we expect a cylindrical hole with dimensions equal to that of the
tool, errors due to side sparking and improper flushing of debris lead to a shape
similar to a frustum of a cone. The MRR was calculated using Eq. (34.1).

MRR = Volume of the cone

time
=

1
3π

(
x21 + x22 + x1x2

)
h1

t
, (34.1)

where x1 and x2 are the top and bottom radii of the hole, respectively, h1 is the depth
of the hole and t is the total time taken for drilling the hole. The top and bottom
diameter were measured using a noncontact 3D optical profiler, Make: Alicona and
the thickness of the sheet was taken as the depth. Experiments were conducted,
and Analysis of Variance (ANOVA) with 95% confidence interval was done for the
obtained MRR to find out the significant factors. Minitab was used for the analysis.

The regression equation in terms of coded factors considering only the significant
terms has been shown in Eq. (34.2).
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Fig. 34.1 Main effects plot
for MRR

MRR = +6.44+ 2.11× A + 1.28× B + 0.6455

× C − 0.3442× D + 0.8875× E + 1.42

× AB + 1.02× BC − 0.9792× BD + 0.8551

× BE − 0.8543× CE − 1.76× A2− 1.19× D2− 1.35× E2 (34.2)

The R2, Adj. R2 and Pred. R2 values are 0.9199, 0.8825, and 0.8061, respectively.
This shows that the equation is valid in the design space and all the factors are
significant. The main effects plot showing the average variation ofMRRwith respect
to all factors individually are shown in Fig. 34.1.

The MRR is directly dependent on the discharge energy, so when the voltage
increases the intensity of each spark increases resulting in more material removal
per spark, leading to an increased MRR. The ERS also positively influences the
MRR, as the electrode rotation helps in flushing the debris particles and continuous
circulation of the powder particles within the discharge zone. Thus as ERS increases
MRR also increases. MRR stays almost constant initially on increasing the feed rate
till 16 µm/s and increases on increasing it further. Thus by increasing the feed rate
the sparking rate increases and the overall MRR increases. The workpiece vibration
frequency provides an axial motion onto the debris particles facilitating its easy
removal from the discharge zone during machining. As we increase the frequency
to 1000 Hz, the very high workpiece vibration results in high undulation within the
dielectric leading to the debris and the powder particles being scattered towards the
sides and thus resulting in more side sparking and reduction in MRR. The powder in
dielectric has a positive influence on the MRR. The powder particles create a bridge
between the tool and the workpiece, thus reducing the dielectric strength. This results
in an increased spark gap which in turn increases the MRR.
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34.3.2 Analysis of Surface Roughness Along Sidewall

The applications for a machining process are directly dependent upon the quality
of the surfaces generated by it. In this study, the surface finish of the micro-EDM
drilled holes was evaluated by calculating the sidewall roughness (SWR). Sa is the
extension of Ra (arithmetical mean height of a line) to a surface. It expresses, as an
absolute value, the difference in the height of each point (Z(x, y)) compared to the
arithmetical mean of the surface. It can be expressed mathematically as

Sa = 1

A

¨

A

|Z(x, y)|dxdy (34.3)

The measured roughness values were analyzed by ANOVA and the regression
equation considering the significant factors is given by Eq. (34.4).

SW R = +1.69+ 0.3860× A + 0.0395× B + 0.1171× C + 0.0641

× D − 0.1668× E + 0.2114× AC − 0.0704× B2 − 0.1609× E2

(34.4)

TheR2,Adj. R2, andPred.R2 values are 0.883, 0.857, and 0.796, respectively. This
shows that the equation is valid in the design space and all the factors are significant.
Themain effects plot showing the average variation of SWRwith respect to all factors
individually are shown in Fig. 34.2.

The increase in voltage results in more material being removed per spark as we
observed from Fig. 34.1; more material removed means increased crater depth and
higher surface roughness. ERS does not have much of an influence in the SWR and
it remains almost a constant within the design space. As the feed rate increases the
rate of sparking increases, which in turn attributes to the increased SWR.

The workpiece vibration adversely affects the surface finish. An increase in vibra-
tion frequency attributes to the powder particles axially being moved in the discharge

Fig. 34.2 Main effects plot
for sidewall roughness
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Fig. 34.3 Sidewall of hole drilled at a 115V, 1600 rpm, 8µm/s, 1000Hz and 4 g/l b 80V, 1600 rpm,
16 µm/s, 650 Hz and 6 g/l

zone. This may lead to the powder particles being embedded onto the surface caus-
ing unevenness or the powder particles causing surface damage due to the impact
force leading to increased SWR. As we increase the powder concentration, the sur-
face roughness reduces due to the multiple bridges being formed in the discharge
zone which in turn results in shallower craters. Figure 34.3a, b bear testimony to
the fact that shallower craters are seen in the low voltage high powder concentration
condition.

34.3.3 Multi-objective Optimization of MRR and SWR

The multi-objective optimization with the aim of maximizing MRR and minimizing
SWR was done using Minitab. Desirability approach was followed and the optimum
condition obtainedwasVoltage 126V, ERS 2400 rpm, Feed rate 12.7µm/s, Vibration
Frequency 392 Hz, and Powder concentration 6 g/l. The composite desirability was
obtained as 0.81. The obtained reading was then validated experimentally and is as
shown in Table 34.2. The relative error percentage was observed to be less than 4%
validating the same.

Table 34.2 Predicted versus
experimental readings for
optimized result

Response Predicted Experimental

MRR (×103 mm3/min) 8.8861 8.571

SWR (µm) 1.3306 1.3611

Error (%) 3.67 2.24
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34.4 Conclusions

Vibration assisted powder mixed micro-EDM drilling was done on Inconel 718 with
Voltage, Electrode Rotation speed, Feed rate, Vibration frequency, and Powder con-
centration in dielectric as the main factors and Material Removal Rate and Sidewall
roughness as the responses. The major conclusions drawn were

• For all the factors except vibration frequency, the MRR increased by increasing
the factors in the design space. For vibration frequency the local maxima were
650 Hz, beyond which the MRR reduced as very high vibration frequency leads to
unwanted undulation within the dielectric resulting in inhibition of proper spark-
ing.

• The powder concentration in the dielectric attributes in improving the surface
finish by bridging the discharge from the tool onto the workpiece. This results in
the distribution of the discharge channel which in turn leads to shallow craters on
the workpiece resulting in better surface finish.

• Multi-objective optimization to maximize MRR and minimize SWR was done
using desirability approach and the optimum condition was found to be Voltage
126V, ERS 2400 rpm, Feed rate 12.7µm/s, Vibration Frequency 392Hz, and Pow-
der concentration 6 g/l. The relative error between predicted and actual response
was less than 4%.
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Chapter 35
Analysis of Effect of Heat Treatment
on Machining Characteristics During
Micro-end Milling of Inconel 718

Ankit Awasthi , N. Anand Krishnan and Jose Mathew

Abstract Miniaturized products are getting great importance in highly growing
industries such as aerospace, automobile, and biomedical due to the high demand and
great applications of micro part/feature. Out of the different micromachining tech-
niques, micro-end milling is one of the preferred processes because of its flexibility,
ability to produce complex part, and high material removal rate. A detailed analysis
of cutting force and areal surface roughness during micro-end milling of Inconel 718
is performed to analyze the effect of heat treatment on machining characteristics.
The different heat treatments were performed on Inconel 718 at 920 °C. Micro-end
milling experiments on different heat-treated samples by varying feed per tooth were
conducted. The cutting force wasmeasured usingKISTLER dynamometer (9256C2)
and areal surface roughness is measured using Alicona 3D optical profiler (Infinite
Focus G5). Comparative analyzes of different heat-treated samples were analyzed. It
was found that the cutting force, as well as areal surface roughness, shows a similar
trend under different heat treatment conditions. At lower feed per tooth higher cut-
ting force was observed with nonlinear pattern due to the higher plowing force. Size
effect in cutting force was observed near to 1 μm feed per tooth. Outside the size
effect region, both cutting force and areal surface roughness show the trend similar
to macro-machining. The minimum value of areal surface roughness is obtained for
water quenching condition. The minimum value of areal surface roughness obtained
near to 3 μm, which is the cutting edge radius of the micro endmill cutter.
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35.1 Introduction

Micro parts/features are getting great attention in industries due to the high demand in
the fields such as aerospace, automobile, biomedical, communication, and biomed-
ical. The micro-milling is one of the most preferred micromachining techniques
because of high material removal rate, low cost, great flexibility, and ability to pro-
duce complex three-dimensional features. Inconel 718, a nickel-base superalloy, is
mainly intended for high-temperature applications. This property owns a complex
microstructure formed by a matrix of Ni and a variety of precipitates. The type, the
form, and the amount of these phases significantly affect the resulting properties of
these alloys. At sufficiently long exposure to high temperatures, the transformation
phase can occur, which can lead to degradation of properties of these alloys. So it is
important to study the effect of heat treatment on mechanical properties of Inconel
718.

Inconel 718 has a very complex phase transformation mechanism which helps it
to retain its strength even at elevated temperatures. The main matrix phase of Inconel
718 is cubic face centered. γ′ is having the cubic structure and it is the equilibrium
phase. γ′′ is the main strengthening phase of Inconel 718 which makes it as a high
strength material but it is metastable and undergoes dissolution to different phases
at high temperature. The γ′′ phase is having the tetragonal structure. The stable
phase corresponding to the γ′′ phase at high temperature is δ phase. Although the δ

phase is not as such strengthening phase, it stabilizes grain size and also enhances
its high-temperature rupture properties. As the high temperature is reached, the γ′
and γ′′ phase will dissolve and δ phase is also having a low-volume fraction, so the
strength of Inconel 718 starts decreasing. But during aging, the γ′′ starts converting to
δ phase which results in stabilizing its mechanical properties. The δ phase is having
the orthorhombic structure.

Researches have been done to analyze the behavior of Inconel 718 under different
machining conditions. Iturbe et al. [1] have done the analysis to assess the machin-
ability of Inconel 718 by microhardness measurement and microstructural analysis
of samples at high temperature and strain rate. The correlation is also developed
for relating mechanical properties of Inconel 718 with the microstructural state. The
effect of microstructure on flow stress and cutting force on Inconel 718 is also ana-
lyzed for the milling process. The analysis is done considering the effect of grain
growth and dynamic recrystallization due to the high temperature generated during
machining. The grain growth improves machinability due to reduced flow stress.
Softening effect such as preheating is also used to reduce the cutting force. The grain
size-dependent cutting force model was developed to consider the recrystallization
effect [2]. Venkatachalam et al. [3] analyzed the influence of grain boundaries, grain
size, and crystallographic orientation on flow stress and cutting forces. Rahman et al.
[4] investigated the effect of chip thickness and grain size on flow stress. The varia-
tion of surface quality and chip morphology due to varying tool sharpness and grain
size is also analyzed. The microstructure effect on machinability of hard to machine
material is also analyzed at different cutting speeds. Effect of different grain sizes,
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obtained by varying annealing conditions, on cutting forces is investigated and it
is observed that for large grain size, deformation twinning occurs. The effect of
microstructure on tool wear is also very significant when it comes to micromachin-
ing [5]. Vipindas et al. [6] investigated the effect of cutting edge radius on cutting
force, surface roughness, and chip formation during micro end milling of titanium
alloy. This paper explained the cutting edge radius in detail.

A few modeling works were observed by considering the microstructure analysis
in machining. Pan et al. [7] developed the model having the thermal, mechanical,
and microstructural coupled analysis during machining. The analysis is also consid-
ered the microstructural changes occurred in the workpiece during machining. The
changes in surface integrity andmechanical properties due tomicrostructure changes
were also investigated. Vogler et al. [8] developed the algorithm for considering the
influence of minimum uncut chip thickness. The slip line plasticity model for finding
force is used when uncut chip thickness is more than the minimum chip thickness,
and elastically deformable model for force is used when uncut chip thickness is less
than the minimum chip thickness. Simulations were also performed at microstruc-
ture level for finding the parameters of force model. In micro-end milling, since the
process inputs such as feed and depth of cut are comparable with the grain size, so
it is very important to analyze the microstructure of the workpiece material too.

This work is mainly focused on the effect of heat treatment on themachining char-
acteristics such as cutting force as well as areal surface roughness during micro-end
milling of Inconel 718. Most of the literature was focused on the effect of heat treat-
ment on the material properties only. This work describes the heat treatment effects
on machining characteristics by considering microstructure and microhardness of
the Inconel 718. The Inconel 718 sheets were heat treated to 920 °C (Above the
recrystallization temperature); held for 15 min and then water and furnace cooling
was performed. Micro-end milling experiments were performed on both heat-treated
and the normal workpiece. Then the variation of the effect of feed per tooth on cutting
forces, microhardness and areal surface roughness were analyzed.

35.2 Experimental Work

35.2.1 Workpiece Material

Inconel 718 is used as the workpiece material for this work because of its supe-
rior properties like high hardness, lightweight, high strength to weight ratio, high
resistance to high-temperature loading, and high resistance to corrosion. Table 35.1
shows the mechanical and physical properties of Inconel 718.
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Table 35.1 Properties of
Inconel 718

Mechanical properties Inconel 718

Density (kg/m3) 8200

Thermal conductivity (W/mK) 6.5

Vickers hardness 350

Yield strength (MPa) 915

Melting temperature (°C) 1225

35.2.2 Cutting Tool

AlTiN-coated WC end mill with an effective cutter diameter of 500 μm, 80 rake
angle and 100 clearance angles were used for this work. Since edge radius of the
cutting tool has amajor effect on size effect inmicromachining, it has been physically
measured using a non-contact 3D optical profiler (Make: Alicona, Model: Infinite
Focus G5). The measured edge radius of the micro endmill cutter was near to 3 μm.

35.2.3 Experimental Setup

Experiments were performed using micromachining center (Make: Mikrotools,
Model: DT110) with AlTiN-coated WC micro endmill tool with a diameter of
500 μm. Micro slots of 10 mm length and 0.1 mm depth of cut were machined
on Inconel 718. Figure 35.1 shows the experimental setup for the cutting force mea-
surement. Muti-component mini-dynamometer (Make: KISTLER, Model: 9256C2)
was used for the cutting force measurement and areal surface roughness was mea-
sured using Alicona non-contact 3D optical profiler. Inconel 718 sheet was directly

(a) (b)

Fig. 35.1 a Micromachining center b detailed experimental setup
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Table 35.2 Experimental
plan

Item Description

Machine tool Micromachining center (DT110,
Mikrotools, Singapore)

Cutting speed (m/min) 7.85

Depth of cut (mm) 0.1

Feed rate (μm/tooth) 0.1, 0.3, 0.5, 0.7, 0.9, 1.1, 1.3, 1.5,2,
2.5, 3, 3.5, 4, 4.5, 5, 5.5, 6

mounted on to the KISTLER dynamometer as shown in Fig. 35.1. Microhardness
of the heat-treated and normal samples were measured using microhardness tester
(Make: Matsuzawa Model: VMT-X7) by Vickers hardness method.

Workpiece samples were prepared with a dimension of 30 mm × 10 mm × 3 mm
using wire EDM for performing the heat treatment and then performing the micro-
end milling experiments. The heat treatment was done on the samples according to
the standard heat treatment procedure. The samples were heated to 920 °C in the
induction furnace and maintained at 920 °C for 15 min. Glycergia etchant was used
for getting the microstructure of Inconel 718. The etching is done to obtain the grain
size and to visualize the grain boundaries. Table 35.2 shows the detailed experimental
plan.

35.3 Results and Discussion

35.3.1 Effect of Grain Size on Heat-Treated Samples

For Inconel 718 glycergia is used as the etchant (15 cc HCl + 10 cc Glycerol +
5 cc HNO3) and held it for 5 s to perform the etching on the workpiece surface.
The etching was done to obtain the grain size and visualize the grain boundaries.
The metallurgical microscope is used to analyze the microstructure and to obtain the
grain size. The line interception method is used to find the grain size. The analysis
is done using ASTM E 112-2013 standards. Table 35.3 shows the grain size of the
different heat-treated and normal samples.

Table 35.3 Effect of heat
treatment on grain size

SI. no. Workpiece Grain size (μm)

1 Normal workpiece 18.5

2 Water quenching 16.5

3 Furnace cooling 20.75
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Table 35.4 Effect of heat
treatment on microhardness

SI. no. Workpiece Hardness (HV)

1 Normal workpiece 258

2 Water quenching 309

3 Furnace cooling 208

35.3.2 Effect of Microhardness on Heat-Treated Samples

Microhardnesses of the normal and heat-treated workpiece surfaces were measured
using microhardness tester (Matsuzawa VMT-X7) by Vickers hardness method. The
load of 10 kgf is applied for 5 s for indentation. The microhardness at three different
positions on the workpiece was taken and the average was used for the compar-
ison. The results were compared for water-quenched, furnace-cooled, and normal
workpiece of Inconel 718.

The hardness value for the water quenched sample is observed to be the highest
among the three because of the fast quenching rate which results in the increase in
hardness value. The grain size is reduced due to fast cooling in quenching causes
increase in grain boundaries. These grain boundaries act as the hindrance during
machining which results in an increase in cutting force requirement. Table 35.4
shows the effect of heat treatment on microhardness.

35.3.3 Effect of Heat Treatment on Areal Surface Roughness

The areal surface roughness of the micromachined slots was measured using a non-
contact 3D optical profiler (Alicona, Infinite Focus G5) using areal surface roughness
(Sa). Figure 35.2 shows the variation of areal surface roughness with feed per tooth.
It was found that the areal surface roughness value was minimum at a feed per tooth
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close to the cutting edge radius as the trend followed in the micromachining process.
The roughness values obtained for water quenched is always higher than the furnace-
cooled sample for corresponding feed per tooth. The cooling rate in furnace cooling
is slow as compared towater quenching results in the grain growth and the refinement
of the microstructure, which results in the development of coarse grains.

The coarse grains result in the ease in machining which results in the poor surface
finish. Due to these reasons, the furnace-cooled specimens got higher areal surface
roughness values as compared to water quenched specimens. While comparing the
areal surface roughness results of heat-treated samples with actual workpiece sample
(without heat treated), it was found that the lower value of surface roughness was
obtained for water quenched samples. This is due to the fact that water quenching
has a high cooling rate, which results in the removal of impurities, internal stresses,
and refinement of grain structure which leads to the rearrangement of grain structure
and causes the grain growth. At lower feed per tooth, the areal surface roughness
obtained was very high due to high plowing in the size effect region. As the feed per
tooth increased above 3 μm, the areal surface roughness showed an increasing trend
as like macro-machining.

35.3.4 Effect of Heat Treatment on Cutting Force

The cutting force during micro-end milling was obtained with the help of KISTLER
mini-dynamometer (9256C2). Figure 35.3 shows the variation of cutting force with
the feed per tooth. In all cases, the cutting force shows a similar trend with the feed
per tooth. The cutting force was observed to beminimum for all cases, where the feed
per tooth is close to the minimum uncut chip thickness. The minimum uncut chip
thickness is varied from one-third to one-fourth of the cutting edge radius [9]. The
cutting force values obtained for water quenched was observed to be higher than the
furnace-cooled sample for corresponding feed per tooth due to the lower grain size
value. In the case of furnace cooling, the cooling rate is slow as compared to water
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quenching which results in the grain growth and the refinement of the microstructure
which results in the development of coarse grains.

The coarse grains results in the ease in machining which results in a lower cutting
force. That is why, the furnace-cooled specimens have lesser cutting force values as
compared to actual specimens and water quenched specimens. The cutting force at
lower feed per tooth shows a nonlinear trend due to high-plowing effect in the size-
affected region. Then near 1 μm feed per tooth, the cutting force shows its minimum
value. So it can be observed that near to 1 μm the plowing to shearing transition
occurs. According to Fernando et al. [9], the minimum uncut chip thickness varies
from one-third to one-fourth of the cutting edge radius irrespective of the workpiece
material and tool material. Here, the cutting edge radius of the endmill cutter is 3μm.
After 1 μm feed per tooth the cutting force shows the linear increasing trend similar
to conventional machining.

35.4 Conclusions

This paper presents a detailed analysis of the effect of heat treatment on machining
characteristics in micro-end milling of Inconel 718. The microstructure analysis of
Inconel 718 is performed to analyze the effect of heat treatment on microhardness,
cutting force, and areal surface roughness. Experimental investigation of cutting
forces clearly showed the size effect in the micro-end milling process in all heat
treatment conditions. For all the cases the cutting force, as well as areal surface
roughness, shows a similar trend with feed per tooth. The size effect in cutting
force was observed to near to 1 μm. The heat treatment of the Inconel 718 leads
to change in microstructure which changes the machining characteristics. These
changes are occurring mainly because of grain recrystallization and grain refinement
effects. For water quenching, higher grain size was obtained due to the high cooling
rate. Within the size effect region, the cutting force shows a nonlinear trend unlike
macro-machining due to size effect. It was found that inside the size effect zone the
areal surface roughness reduces with feed per tooth. However, outside the size effect
region, the areal surface roughness showed an increasing trend with feed per tooth-
like macro-machining. The minimum value of surface roughness obtained near to
3 μm, which is the edge radius of the cutting tool.
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Chapter 36
Modeling of Mechanical Residual
Stresses in Micro-End Milling
of Ti-6Al-4V Alloy

Y. Rahul , K. Vipindas , Kattari Muni Sekhar and Jose Mathew

Abstract Wide range applications of micro-components make micromachining an
important manufacturing method in industry. The distribution of machining-induced
residual stresses has significant effects on the fatigue life, corrosion resistance, pre-
cision, and durability of parts. This study is focused on the modeling and validation
of the residual stress induced in the workpiece after micro-end milling of Ti-6Al-
4V. A coupled elasto-plastic model of mechanical stress inside the workpiece was
developed to predict the residual stress. The contact between the cutter edge and the
shear plane are considered a rolling contact which admits isotropic hardening only.
In order to validate the developed residual stress model on the machined surface
was evaluated by comparing the published literature result with similar cutting con-
dition. It was found that the experimental and predicted values of both model and
experimental results show hook-shaped distribution, with good agreement.

Keywords Micro-end milling · Ti-6Al-4V · Effective rake angle · Residual
stress · Stress relaxation

36.1 Introduction

Nowadays, there is an increasing demand for micro-components in many industries
such as electronics, optics, aerospace, and medicine and biotechnology. Micro-end
milling, one of the micromachining methods, that utilizes end mill cutter typically
vary in diameter from 1 to 500 μm and have edge radii that vary from 1 to 10 μm
[1]. In micromachining as the depth of cut is become the same order as the tool
edge radius, size effect come into picture and assumption that tool edge radius is
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perfectly sharp is no longer valid. Micromachining may involve significant sliding
on the flank face and plowing due to large effective negative rake angle. Plowing
effect is responsible for higher surface roughness, high cutting, and thrust forces
during machining [2]. It is well known that machining processes such as turning,
milling, etc. create undesirable residual stresses on the surface of the workpieces.
Depending upon their nature, these residual stresses can have significant effects on
component life by influencing fatigue, creep, and stress corrosion cracking resistance
[3]. Stress induced due to applied load higher than the material yield strength, plastic
deformation of the material will be occurred. This leads to plastic strain suffered
by the surface will be greater than the core. This particular behavior is associated
to the different strain hardening rates of the surface layer and the core, owing to
residual stress which is interlock inside the material even after external loading has
been removed. Research effort has been composed of finding out induced residual
stress in machining by analytical modeling, FEM modeling.

Zeng et al. [2] developed an analytical model to predict residual stress induced in
workpiece duringmicro-endmilling process. It was observed that maximum residual
stress located at a depth of 2μm from the surface and residual stress reaches to zero at
depth of 12μm.Ulutan et al. [3] and Lazoglu et al. [4] studied about the development
of residual stress in machining processes. A thermomechanical model was used to
predict the residual stress. Jacobus et al. [5] have proposed amodel to predict in-plane
biaxial residual stress developed in a machining process using incremental plasticity
model. Su et al. [6] incorporated cutting force and thermal model to propose a model
to predict surface and subsurface residual stress profile developed during milling
process.

Zhipeng et al. [7] considered the effect of microstructural evolution on residual
stress and proposed a model to predict residual stress in orthogonal turning process.

This paper presents a mathematical model to predict residual stress during micro-
end milling of Ti-6Al-4V. Most of the literature on residual stress were concen-
trated on conventional macro machining process. In spite of widely used material
in aerospace and biomedical industries, because of superior properties such as high
tensile strength, lowweight density, outstanding corrosion resistance, andhigh tough-
ness, Ti-6Al-4V is considered to be one of the difficult machine materials due to its
low thermal conductivity, high chemical affinity to tool materials, and rapid tool
wear. Few works were reported in literature on modeling of residual stress espe-
cially during micro-end milling of Ti-6Al-4V. In this study Ti-6Al-4V was selected
as workpiece material. An elasto-plastic model is developed to finding out the resid-
ual stress distribution in the workpiece during micro-end milling process. Governing
equationswould be required to relate the elastic and plastic deformation at the surface
to corporate the residual stress. Generalized hooks law and associate flow rule have
been used to establish the relation between increments of stress and strain. Govern-
ing equations were solved by MATLAB simulation with plane strain and isotropic
hardening assumption. Simulated results were validatedwith the experimental obser-
vation reported in the literature.
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36.2 Elastic Loading

Mechanical stress induced due to contact between the tool edge and the workpiece,
and the other is due to shearing at shear plane. The tool edge contributes to a normal
load coupled with a tangential load. The shear zone adds shear stress and normal
stress. Combined state of stress induced at the contact of tool and the workpiece is
shown in Fig. 36.1. Following assumptions have been taken during modeling that
workpiece is treated as a semi-infinite, homogeneous, isotropic, and elastic-plastic
material. The tool is treated as a rigid body and the workpiece deforms in a plane
strain manner. Effect of heat generation in primary shear zone (due to shearing at
shear plane), secondary zone (due to friction between tool and chip at the rake face of
tool), and tertiary zone (rubbing between clearance face and machined surface) are
neglected. Only isotropic hardening is in consideration with orthogonal machining.

36.3 Loading Beyond Yielding

From Fig. 36.2, the rectangular workpiece on which end milling operation has been
performed and aim to find out the residual stress inside the workpiece at the point of
interest (z) and the surface. The cutting tool tip moves in the positive x-direction as

Fig. 36.1 2D model of
workpiece

Fig. 36.2 Domain of
workpiece
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shown in Fig. 36.1. During this motion of the tool, stresses induced at the point of
interest, initially tool is at point (A) at which elastic loading started and imparted the
elastic residual stress which is recoverable and finally, say at point B in Fig. 36.2,
plastic deformation starts and continues until the onset of elastic unloading at point
C. In this section, the analytical approach applied within plastic zone (BC) to find out
the residual stress at point of interest (z). From the fundamental elasto-plastic strain
Eqs. (36.13)–(36.22), for a small movement of cutting tool in x-directions, dx, stress
increments dσ xx, dσ zz, dσ yy, and dσ xz can be calculated using Eqs. (36.13)–(36.22).
The increment dσ yy can be calculated using plane strain condition during machining.
Total strain increment due to elastic and plastic deformation, in the y-direction should
be zero.

dεyy = dεe + dεp = 0 (36.1)

Beyond the point C as shown in Fig. 36.2, elastic unloading takes place. Once
the elastic unloading is completed, cutting forces reduced to zero, and it will not
induce any stresses at the point of interest. Following section deals relating induced
stresses during machining to the residual stresses through a relaxation procedure.
Figure 36.1, shows the state of stress at a point of contact between workpiece and
tool. Initially, the strain and stress developed at the point of contact are elastic in
nature. From Hooke’s law, the relation between stress and strain can be written as
Eqs. (36.2)–(36.5).

dεxx =
(
1 − μ2

)

E
dσxx − μ(1 + μ)

E
dσzz (36.2)

dεzz =
(
1 − μ2

)

E
dσzz − μ(1 + μ)

E
dσxx (36.3)

dεxz = 1

2G
dσxz (36.4)

dεyy = 0 = dσ yy

E
− μ(dσ xx + dσ zz)

E
(36.5)

36.4 Increment in Plastic Strain Due to Plastic Loading

When the material is loaded beyond yield strength, plastic deformation initiated.
To predict the exact behavior of plastic deformation, associate flow rule has been
used to finding out yield function [2]. Associate flow rule is utilized to formulate the
relationship between increment in stress and strain with isotropic hardening (yield
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surface expansion or contraction uniformly without changing shape). Assuming that
the workpiece behaves as an isotropic material and follows the Von Mises yield
criteria. The yield function is defined by

F = 1

2
Si j Si j − K 2 (36.6)

where K is yield shear strength

Si j = σi j − σkk(δi j/3) (36.7)

where σ ij is a resultant state of stress at a point and σ kk is the sum of normal stresses
as given Eq. (36.8).

σkk = (σxx + σyy + σzz) (36.8)

Associated flow rule from the theory of plasticity is used to finding out the incre-
ment in plastic strain and stress in a direction normal to the yield surface. So that

dε p = dλ

(
dF

dσ

)

Y

(36.9)

where dλ is nonnegative multiplier. Using associate flow rule of plastic strain, plastic
strain increment can be written as

dεp = 1

2HK 2
Si j dσkl (36.10)

where H is the plastic modulus, depends on plastic strain and gives the information
about the change of the shape and size of the yield surface.

dσkl =
(
2σxx − σyy − σzz

)

3
dσxx +

(
2σyy − σxx − σzz

)

3
dσyy

+
(
2σzz − σyy − σxx

)

3
dσzz + 2

(
3σxz − σyy − σzz − σxx

)

3
dσxz (36.11)

Total strain = Elastic strain + plastic strain

dεT = dεe + d εp (36.12)

The total increment of strain by including elastic and plastic deformation during
machining can be obtained from Eq. (36.12), as follows:

dεxx =
(
1 − μ2

)

E
dσxx − μ(1 + μ)

E
dσzz +

(
2σxx − σyy − σzz

)

2(H)σ 2
dσkl (36.13)
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Similarly

dεzz =
(
1 − μ2

)

E
dσzz − μ(1 + μ)

E
dσxx +

(
2σzz − σyy − σxx

)

2(H)σ 2
dσkl (36.14)

dεxz = 1

2G
dσzx +

(
3σxz − σyy − σzz − σxx

)

2(H)σ 2
dσkl (36.15)

dεxy = 0 =
(
σ xx + σ yy + σ zz

)

2(H)σ 2
dσkl (36.16)

Levi–Mises relation is used to relate the increment in strain with stress within
plastic deformation zone as written in Eqs. (36.17) and (36.18).

dε
p
xx

σxx
= dε

p
zz

σzz
(36.17)

dε
p
zz

σzz
= dε

p
zx

σxz
(36.18)

where

dε p
xx =

(
2σxx − σyy − σzz

)

2(H)σ 2
dσkl (36.19)

dεpyy =
(
2σzz − σyy − σxx

)

2(H)σ 2
dσkl (36.20)

dε p
xz =

(
3σxz − σyy − σzz − σxx

)

2(H)σ 2
dσkl (36.21)

dσ yy can be solved by Eq. (36.22) given as

dεyy = 0 = dσyy

E
− μ(dσxx + dσzz)

E
+ 3

2(H)σ 2

(
2σyy − σzz − σxx

3

)
dσkl

(36.22)

36.5 Relaxation Procedure

Relaxation procedure is used to relax the variable to satisfying the boundary condition
and it relates the increment of stress to residual stress. At end of relaxation, cutting
forces reduced to zero. Thus, corresponding stress remained in workpiece would be
residual stress [2, 9, 10]. According toMerwin and Johnson [8], plane strain has been
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taken along the y-direction which leads to σ zy = εyy = εyz = εxy = 0. The remaining
stress and strain components will not vary with y-direction because (width of cut
� depth of cut). Further, surface remains planar after deformation; therefore, strain
in x-direction (εxx) at the workpiece surface treated as zero and other remaining
stress and strain components will not vary with x-direction. It is assumed that the
equilibrium condition exists and the surface is treated as traction-free, such that σ zz

and σ zx cannot exist. The outcome from the above discussion can summarized as
follows:

(εxx )r = (
εyy

)
r

= 0, (σxx )r = f1(z),
(
σyy

)
r

= f2(z), (εzz)r = f3(z), (σzz)r = 0,

(εxz)r = f4(z), (σxz)r = 0

Generally, during the loading, equilibrium condition does not exist. The compo-
nent of residual stress should not be neglected. During relaxation, for purely elastic
relaxation, yield function (F) < 0 and for elastic-plastic relaxation, yield function (F)
= 0.

36.6 Simulations and Validation

In order to validate the simulated residual stress model, Simulation results are com-
pared with the published literature experimental result [7] with similar cutting con-
dition (Spindle speed-5000 rpm, Feed-4 mm/min, Depth of cut-100 μm, Length of
slot-50 mm) and same material. Simulated model is developed for the residual stress
prediction in the orthogonal end milling of Ti-6Al-4V material using associate flow
rule and compared the result with published literature experimental results.

From Figs. 36.3 and 36.4, it can be observed that simulated maximum residual
stress is compressive in nature at the machined surface because of high strain rate. In
general, in micromachining the effect of plastic deformation dominant over thermal
stress results compressive residual stress induced at the surface. The magnitude of
the compressive residual stress decreases to zero at the depth 200 μm because strain
hardening rate decreases with the depth. Experimentally, it was found that from
published literature, maximum compressive residual stress located at the 25 μm
depth from the machined surface because in actual case at the surface, less material
hindered the plastic deformation owing to stress relaxation. At certain depth, bulge
of material prevents the plastic deformation leading to accumulation of stress.
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Fig. 36.3 Residual stress in transverse direction (σ yy)

Fig. 36.4 Residual stress in
cutting direction (σ xx)
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36.7 Conclusions

This study presents a method to predict residual stress during micro-end milling
of Ti-6Al-4V based on the concept of theory of elasticity and plasticity. Following
conclusions can be drawn from this study

1. FromFigs. 36.3 and36.4, itwas observed that simulated result from themodel and
the experimental result from the published literature, profile and themagnitude of
the residual stress beneath the surfacematching better, whereas the error becomes
less evident when compare residual stresses at deeper levels.
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2. It was found that from the simulated results, maximum residual stress in cutting
direction and in the transverse direction, located at the machined surface which is
compressive in nature with a magnitude of 380 MPa and 580 MPa, respectively.

3. From the published literature experimental results, maximum residual stress in
cutting direction and transverse direction, located at 25 μm below the machined
surface which is compressive in nature, because of the bulge of material prevent
plastic deformation at certain depth compare to surface.
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Chapter 37
Machining of High-Quality
Microchannels on Ti6Al4V Using
Ultra-Short Pulsed Laser

Murugesh Munaswamy and G. L. Samuel

Abstract Design and development of microscale features are found to be an evolv-
ing field of interest in various manufacturing industries including aerospace, auto-
mobile, spacecraft, and biomedical. Even though there are various advancements in
ultraprecision machining techniques, accomplishment of microscale features with
higher geometrical quality is still found to be the critical area of research, which
needs to be explored as it affects the performance of the micro-components. Hence,
in the present work a detailed investigation on the lasing parameter with respect
to the surface integrity of microfeature has been carried out, and it is discussed in
detail. Microfeatures in the form of channels and circular profile were machined on
Ti6Al4V using ultra-short pulsed laser trepanning technique at various scan speeds.
All the laser processed surfaces were analyzed using an optical microscope and 3D
profilometer to evaluate the formation of heat-affected zone. Experimental results
show a significant reduction in the width of heat-affected zone with the increase in
scan speed from 2 to 2000 mm/s. Further analysis on the profile of the microfea-
ture depicted the occurrence of higher order distortions at scan speed of 2 mm/s,
which can be attributed to the occurrence of re-solidification layer and debris entrap-
ment. A benchmark can be set from the current observations for the future investi-
gations in selecting the optimal scan speed for achieving high-quality microfeatures
on Ti6Al4V.

Keywords Ultrafast pulsed laser · Trepanning ·Microfeatures · Characterization

37.1 Introduction

In recent years, laser micromachining is playing a major role in the field of advanced
material processing. Conventional short pulse lasers (nanosecond, picosecond) are
having limitation to produce the high accuracy microfeatures due to thermal damage
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and recast layer. The development of pulsed laser technology gives a way to achieve
precise control over feature size [1]. Nowadays, the importance of microchannels
is rapidly increasing due to their numerous advantages. The application areas of
microchannels include micro heat exchangers, micro-coolers, micro heat pipes and
micropumps which are extensively used in the field of aerospace, automotive, refrig-
eration and air conditioning, solar system, and biomedical sectors [2]. In the present
decade, developments in short pulsed laser technologies are playing a major role in
micro- and nanomanufacturing due to its capabilities in controlled removal of mate-
rial, which lead to a wide range of industrial applications. The ultra-short pulse lasers
have the cutting-edge capabilities in producing precise microfeatures in submicron
range. Various studies are available on production of microchannels on nonmetallic
materials, such as Polycarbonate (PC) [3], Polymethylmethacrylate (PMMA) [4],
and glass [5], but very less research activities have been reported on fabrication of
microfeatures in hard to machine materials like titanium and nickel alloys. Titanium
alloy Ti6Al4V is an extensively used material in industries, such as the medical field
for prosthetics and surgical instruments, as well as in the other industries as diverse
as aerospace and the automotive industries [6]. The micromachining/micro-drilling
by nanosecond (ns) or longer pulsed lasers may be good at achieving geometrical
precision but it leads to the formation of melting and recast layer. Even in picosec-
ond pulse laser drilling, ablated surfaces display large heat-affected zones and recast
layers due to high energy input and thermal stress, which affects the accuracy and
reliability of the process [7, 8].

Though the ultra-short pulsed laser micromachining is having the capability of
producing microfeatures without re-solidification or thermal damage, systematic
investigations are essential. It is required to analyze the effects of parameters which
influence the quality of themicrofeatures. The key parameters include average power,
fluence, and scanning speed. Effect of scanning speed on the ablation quality was
investigated on regularmetals such as tungsten carbide and its alloys and reported that
the low scanning speed yields larger heat accumulation—ablation to recast volume
ratios [9]. Hydrophobicity of micro/nano-patterned morphologies on stainless steel
also infers the dependency of scanning speed. Four distinctly different nano-patterns
observed at different lasing parameters, namely, nano-rippled, parabolic-pillared,
elongated sinusoidal-pillared, and triple roughness nanostructures [10].

An investigation in micromachining of glass with fs pulses states the occurrences
of micro-cracks at low scanning speeds. At low scanning speeds, greater number
of pulses were delivered on one laser spot and more laser spots were overlapped
resulting in stronger shock wave and thermal heat due to longer laser interaction
time. This results in thermal cracks debris deposition as droplets at the ablation area.
The results recommend the optimal scanning speed for laser ablation of Gorilla glass
without cracks and debris was above 200 mm/s [11]. Very less investigations are
conducted on high-temperature materials such as Ti6Al4V and Nickel alloys. In the
current paper, the experiments were performed to produce microchannels (linear and
circular) at various levels of scan speed with a constant average power of 8 Watts
(W). The analysis of the produced microchannels is explained systematically in the
subsequent sections.
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Fig. 37.1 Schematic
diagram of ultrafast laser set
up
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37.2 Experimental Setup

37.2.1 Experimental Setup and Materials

Femtosecond (fs) laser system used for the present investigations is a commercial
diode-pumpedfiber laser (SATSUMAHP2,Amplitude Systems, France)with a pulse
width of 350 fs at a wavelength of 1030 nm wavelength and the repetition rate of
2 kHz–2MHzwith an Acusto-OpticModulator (AOM). The output of the collimated
beam is a Gaussian profile with M 2 < 1.2 and of pulse energy 40 µJ. The polarized
laser beam can be focused on the workpiece at a focal length of 255 mm at a spot size
of 121 µm. The installed beam delivery unit minimizes the losses in pulse energy
and ensures a higher quality laser output. The precise motion of Z-axis with a µm
resolution helps to achieve the required depth by ensuring the focusing of fs laser
precisely at each layer. Synchronization of Galvo scanner X- and Y-axes motion with
Z-axis motion was programmed with the Kyla Software. The software was also used
to flexibly control the laser path taking multiple parameters of the laser as input.
The high-speed inline camera was used to monitor the process during machining.
Figure 37.1 shows the schematic diagram of the micromachining facility.

The microchannels were produced on titanium alloy (Ti6Al4V). The samples
of required geometry (20 × 40 × 2 mm) were prepared with the help of wire-cut
electrical dischargemachine (WEDM). Figure 37.2 shows the elemental composition
of Ti6Al4V.

37.2.2 Characterization of Microfeatures

Microtopography of the channels was characterized by stereomicroscope (Make:
Carl Zeiss™ Stemi 2000-C) and 3D optical profiling system (Wyko NT1100, Veeco
Instruments). The quality of microchannels was affected by the debris entrapment,
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Element Weight %
Al 5.9
Ti 90.2
V 3.9

EDSx Report of Ti6Al4V

Fig. 37.2 Elemental investigations by EDSx

recast layer, and width of heat-affected zone (HAZ), altering the geometry. Achiev-
ing accurate results from the produced microfeature is possible only by removing
the entrapped nanoparticles over machined surface, and hence, each sample has
undergone an ultrasonic cleaning for 5 min at room temperature (25 °C). Microc-
racks were observed using Field Emission Scanning Electron Microscope (FESEM)
(Make: Inspect™ SEM, FEI).

37.3 Results and Discussions

Computing the feasible operating range of least thermal damage and better geomet-
rical accuracies is crucial for the mass production of microchannels. Microchannels
(linear and circular) were produced at various intervals of scanning speeds. The aver-
age power was maintained at 8 W for all the experiments. The effect of scanning
speed had to be investigated before deciding the full set of observations because it
is one of the most significant process parameters which has a direct impact on the
geometrical accuracy. Further, a poor selection of working range in scan speed leads
to higher order distortions on the laser processed surfaces. The observations from the
experiments are shown in Table 37.1. The full set of fixed parameters of the laser are
as follows: Average power: 8 W, Pulse Repetition frequency (RR): 500 kHz for the
experiments 1–3, and 200 kHz RR for experiments 4–8 (in Table 37.1). The fluence
(pulse energy per unit area) will be increasing with the increase in the number of
pulses. The number of pulses is calculated from Eq. (37.1).

Equation (37.1) states that there is an inverse relationship between the number of
pulses and the scan speed. The number of passes (repetitions)was relatively increased
to keep stable machining conditions considering the decreasing number of pulses.
Observations made on both slot and circular profile.

Number of pulses = Pulse repetiition frequency (Hz)× Spot size (mm)

Scanning Speed
(37.1)
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Table 37.1 Matrix of the investigated parameters

S. no. Scan
speed
(mm/s)

No. of
passes

No. of
pulses

Linear channel (slot) Circular channel

Width of
HAZ
(µm)

Depth
(µm)

Width of
HAZ
(µm)

Depth
(µm)

1 2 3 90750 77.93 108 79 108

2 10 7 42350 62.94 82 60 113

3 50 11 13310 41.77 89 42 54

4 400 101 6111 22.37 92 22 93

5 800 101 3055 22.58 69 22 65

6 1200 101 2037 17.57 55 19 61

7 1600 101 1528 16.23 43 16 54

8 2000 101 1222 13.30 32 13 46

37.3.1 Micro Channel—Slot

The investigations were performed at default width of laser spot size, i.e., 121 µm.
The inferences can be used inmicroscale up to feature size in range up to 500µm.The
experiments were started with the scanning speed of 2 mm/s (Fig. 37.3a) resulting in
90750 pulses for the span of 3 mm. It can be inferred that more overlap of each laser
spots which caused a thermal shock resulted in high heat accumulation consequently
higher heat-affected zone (77.93µm). From the image, it can be noted that the width
of the channel is 70.22 µm which is lower than the width of HAZ, this is due to the
redeposition of debris. The second observation at 10 mm/s (Fig. 37.3b) resulting in
42350 pulses shows the reduction in the width of heat-affected zone (62.94µm)with
the channel width of 69.29µm. Further, the third experiment at 50 mm/s (Fig. 37.3c)
with 13310 pulses shows a further reduction in the width of HAZ (41.77 µm) at
channel width of 65.54 µm. The trend of reduction in heat accumulation can be
noticed.

It is also found the occurrence of micro-cracks at a low scanning speed of 50mm/s
and below), Fig. 37.4. Shows the micro-crack found at scan speed of 50 mm/s. This

Fig. 37.3 Microchannel at low scan speeds. a 2 mm/s, b 10 mm/s, c 50 mm/s
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Slot Circle

Fig. 37.4 Micro-crack found at scanning speed: 50 mm/s

is due to the thermal shock that occurs at deposition of more pulses per same laser
spot [11]. The occurrence of crack was also noticed 2 mm/s and 10 mm/s. The
redeposition at the ablation area can also be the oxides formed during the machining
at high temperatures with vanadium element. Vanadium does not react with oxygen
at room temperature but it does at elevated temperatures above 600–700 °C. The
contrast of color in Fig. 37.3a–c shows the oxide layer [12].

The subsequent observations were performed at 400 mm/s (5A), 800 mm/s (5B),
1200 mm/s (5C), 1600 mm/s (5D), and 2000 mm/s (5E). It is evident that the heat
accumulation is reducing with increasing scanning speed resulting in a quality chan-
nel at the scanning speed of 2000 mm/s. As mentioned earlier, the increase in scan
speed results in less number of pulses per spot. Thewidth of the channel also increased
(117.64 µm at 400 mm/s) close to the programmed width of microchannel, i.e.,
120 µm (123.84 µm at 2000 mm/s) (Fig. 37.5).

3D surface profile of the microchannel produced at 2 mm/s (Fig. 37.7a) and
2000 mm/s (Fig. 37.7b) is considered for additional evidence to recommend the
suitable working zone of scanning speed for achieving better quality. The width
of HAZ plotted against scanning speed (Fig. 37.6) confirms the decreasing trend
against increasing scanning speed. As discussed above with stereo microscope
images, here 3D surface also shows the evidence of resolidification with higher
order debris/distortions at 2 mm/s (Fig. 37.7a) and a clear surface at 2000 mm/s
(Fig. 37.7b). From 3D scan surfaces cross-sectional profile can be extracted, which
can be used to find the depth of removal and the distortions on the feature; for the
current observations, the cross sectional profile is shown in Fig. 37.8, the variation in
depth of removal against scan speed is shown in Fig. 37.9. Considering the observa-
tions from the stereomicroscope and 3D surface profiler, the scan speed of 2000mm/s
is recommended for producing the superior quality microchannels.



37 Machining of High-Quality Microchannels on Ti6Al4V … 417

Fig. 37.5 Microchannel at higher scan speeds. a 400 mm/s b 800 mm/s c1200 mm/s d 1600 mm/s
e 2000 mm/s
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Fig. 37.6 Change in width of HAZ against scanning speed

37.3.2 Microchannel—Circular

The experimental investigations for circular microchannels were performed at the
same lasing parameters as linear (slots). Themicrochannels produced at low scanning
speeds 2 mm/s (Fig. 37.10a), 10 mm/s (Fig. 37.10b) and 50 mm/s (Fig. 37.10c)
reveal the similar effects as in slots; micro-cracks, re-solidifcation, and oxidation
layer. The width of HAZ at 2 mm/s found to be 79µm, at 50 mm/s the width of HAZ
reduced to 42 µm. Similar to microchannels (slots) as shown in Sect. 37.3.1, the
heat accumulation is reducing with increasing scanning speed, resulting in a quality
circular microchannel at the scanning speed of 2000 mm/s (Fig. 37.11).
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Fig. 37.7 3D surface profile. a 2 mm/s and b 2000 mm/s

Fig. 37.8 Cross-sectional
profile from 3D surface date
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Fig. 37.9 Variation in depth of removal against scanning speed

The observation confirms the trend of change in width of HAZ and heat accu-
mulation. The recorded values of width of HAZ shown in the plot in Fig. 37.12.
The experiments at higher scanning speeds from 400 to 2000 mm/s infer the reduc-
tion in heat accumulation/thermal damage on the ablation surface. 3D Surface plots
observed (Fig. 37.13) for the circular channels produced at 2 mm/s and 2000 mm/s.
Similar to slots, here also the profile shows higher order distortions at 2 mm/s and
uniform removal at 2000 mm/s.
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Fig. 37.10 Circular channels at scan speeds. a 2 mm/s, b 10 mm/s and c 50 mm/s

Fig. 37.11 Circular microchannels. a 400 mm/s, b 800 mm/s, c 1200 mm/s, d 1600 mm/s and
e 2000 mm/s
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Fig. 37.12 Variation in the width of HAZ with increase in scanning speed
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Fig. 37.13 3D surface profile of circular channels. a 2 mm/s, b 2000 mm/s

Fig. 37.14 Cross-sectional profile acquired from 3D surface profile

3D Surface profile (Fig. 37.13) with the cross-sectional profile (Fig. 37.14) shows
the evidence of higher order distortions at scanning speed 2 mm/s and uniform
removal at 2000 mm/s. Figure 37.15 shows the decreasing trend of the depth of
removal against increase in scanning speed. From the observations, the recommended
range of scanning speed for circular microchannels also can be 2000 mm/s.

37.4 Conclusion

The investigations on the effect of scanning speed in generating microfeatures (slot
and circle) on Ti6Al4V confirm that the recommended scanning speed should be
2000 mm/s for uniform material removal with least heat accumulation. The thermal
damage and recast layer were found to be high at the scanning speed of 2 mm/sec and
was noticed to be decreasing with increase in scanning speed to 2000 mm/s (no evi-
dence of molten component was observed). It also found that there were occurrences
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Fig. 37.15 Variation of the depth of circular channel against scan speed

of micro-cracks due to thermal shock at lows scanning speeds up to 50 mm/s. From
Eq. (37.1) it can be inferred that at higher scan speeds, the number of pulses will be
less which directly implies spot to spot overlap. From the current observations, it can
be noted that pulses in the range of 1200 numbers provide good quality microchan-
nels; hence, pulse duration in this range can be used for machining microfeatures.
Variation in ablation rate and the lower thermal conductivity of titanium metal are
found to be the predominant factors which deteriorate the geometrical quality of
microfeatures. The findings from the present work can be referred as a benchmark in
choosing appropriate lasing parameters for mass production of micro/nano square or
rectangular fins and microchannels. The observations from the circular profiles will
be helpful in adopting for micro- and nano-drilling of micro holes. The literature also
confirms that an investigation on scan speed is required for producing nano-fillers or
nano-texturing.
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Chapter 38
Investigation of Electrochemical
Micromachining Process Using
Ultrasonic Heated Electrolyte

M. Soundarrajan and R. Thanigaivelan

Abstract Electrochemical micromachining (EMM) is one of the important machin-
ing methods for fabrication of micro-components on alloys and composites materi-
als. Fabrication of micro hole is the important micro-machined feature, which are
used in many components that find application in various fields such as aerospace,
automobile, power circuit board (PCB), Ink jet nozzle, and the electronics indus-
tries. In this research, micro-hole is generated on 300 µm thick copper workpiece
using 460 µm diameter stainless steel electrode. Sodium nitrate (NaNO3) is con-
sidered as electrolyte and during machining process, the electrolyte is heated using
Ultrasonic Vibration (USV). The experiments are planned according to L18 Orthog-
onal Array (OA) using the machining parameters such as electrolyte concentration,
machining voltage, duty cycle, and electrolyte temperature. The machining parame-
ters are optimized using Multi-Objective Optimization of Ratio Analysis (MOORA)
method. Weight of each response is calculated using entropy method as wj for Mate-
rial Removal Rate (MRR)= 0.4941 and wj for Overcut (OC)= 0.5051. The optimal
combination obtained using MOORA is 30 g/l of electrolyte concentration, 9 V of
machining voltage, 55% of duty cycle, and 36° of electrolyte temperature. According
to Analysis of Variance (ANOVA) results, the machining voltage contributes about
55% of overall performance. Additionally, Scanning Electron Microscope (SEM)
images are taken for the further understanding of micro-hole profile.
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38.1 Introduction

Due the operational method of traditional machining, manufacturing of burr-free
surface in the copper material is the difficult task due to the geometry of the tool,
rotational speed, and vibration [1]. EMM is one of the dependablemethods formicro-
machining of copper with accuracy [2]. In the last decade, various research works
has been carried out worldwide to improve the machining performance of EMM.
Bhattacharyya et al. [3] have studied the machining performance of EMM on a cop-
per plate in addition to vibration of the tool. They found that sludge removal from the
machining zone significantly improved the machining rate and accuracy. Liu et al.
[4] have used two types of electrolytes such as aqueous NaCl and ethylene glycol
mixed NaCl in EMM on titanium alloy. These electrolytes significantly influence the
taper angle and surface roughness. Zhang et al. [5] have used as quasi-solid elec-
trolyte (agarose hydrogel) in NaOH solution to fabricate the micro-tools in EMM.
They noted that the accuracy of micro-tool increased significantly in quasi-solid
electrolyte than the liquid electrolyte. Guodong et al. [6] have investigated the effect
composite electrolyte at different concentration levels for machining stainless steel.
They found that the mixture of sodium nitrate with sodium citrate stimulates the ion
attraction in the electrolyte. Therefore, disposal of dissolved material is unhindered
in the inter-electrode gap which leads to high material removal and better accuracy.
Sekar et al. [7] have blended the nanocopper particles in aqueous NaCl electrolyte
to machine high carbon and high chromium die steel. The copper particle crashes
the hydrogen bubbles in the machining area resulting in an increase in the material
removal rate and good surface quality. The optimization of process parameters plays
a vital role in manufacturing for reducing the machining time and cost. Therefore,
various optimization techniques has been followed by the researchers since the last
decade. Jeykrishnan et al. [8] have used the Taguchi technique in ECM on D3 die
steel to optimize the machining parameters. From the above literatures, it is under-
stood that the researchers have improved the EMM performance with various types
of electrolytes and optimized the process parameters with different techniques. This
research focuses on electrolyte heating and in electrochemical machining, the elec-
trolyte temperature plays s significant role inmaterial removal [9]. Different methods
are adapted by the researchers to heat the electrolyte and all those methods have dis-
advantages of heating the subsystems of the EMM setup. Considering this difficulty,
a detailed experiment is planned to introduceUSV to simultaneously heat and vibrate
the electrolyte [10]. Here the USV is kept in the electrolyte tank and heating of the
other EMM subsystems is averted The effect of electrolyte temperature on EMM
process is studied with L18 OA experiment design and the process parameters are
optimized by the MOORA method.
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38.2 Experimental Method

Figure 38.1 shows the EMM system used for conducting experiments. The exper-
iments are carried out using an indigenously developed system. The EMM system
operated with the subsystems such as tool feeding system, pulse rectifier, and elec-
trolyte supply system. Stainless steel ofF 460 µm is used as electrode, and 300 µm
thick copper plate is used as a work-piece. The electrode is insulated with epoxy resin
to reduce overcut. The aqueous sodium nitrate (NaNO3) is used as an electrolyte.
The machining time has been noted using a stop watch for through-hole machining.
The completion of through hole is witnessed by evaluation of hydrogen gas bubbles
beneath the workpiece. The experiments are carried out on the basis of L18 OA and
the temperature of the electrolyte is measured using a digital thermometer. Com-
mercially available 24 V ultrasonic mist maker is used as the ultrasonic vibrator,
which is fixed in the electrolyte tank in a partially submerged position. The ultra-
sonic vibrator inbuilt with 110 kHz piezoelectric transducer and F 20 mm ceramic
plate to generate high-frequency vibration is passed beneath the electrolyte surface.
The high-frequency vibration creates rapid collision among the water molecules;
consequently, the kinetic energy of the water molecules increases; due to this, the
electrolyte heat increases in the machining zone (Fig. 38.2).

The machining parameters are varied for different levels during the experiments
and MRR and OC are evaluated for the assessment of the machining performance.
From the preliminary study, the machining parameters and their levels are fixed
as shown in Table 38.1. The variable machining time and hole diameter of each
experiment have been displayed in Table 38.2. The MRR has been evaluated by the
ratio of constant thickness of work material in µm to the variable machining time in
seconds and the difference between the tool and hole diameter is considered for OC
in µm. Optical microscope image is used for the evaluation of hole diameter [11].

Fig. 38.1 EMM system
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Fig. 38.2 Electrolyte tank attached with ultrasonic vibrator

Table 38.1 Machining parameters and their levels

Symbol Factors Level 1 Level 2 Level 3

EC Electrolyte concentration (g/l) 20 25 30

MV Machining voltage (V) 7 8 9

DC Duty cycle (%) 45 55 65

ET Electrolyte temperature (°C) 32 34 36

Machining parameters and their responses are shown in Table 38.2, which are
considered to evaluate the optimal combination using entropy-weighted MOORA
method.

38.3 MOORA (Multi-objective Optimization on the Basis
of Ratio Analysis) Optimization Method

MOORA is one of best and simple tools to find the optimal parametric combination
from the experiment results. The following steps are followed for the ranking [12].

Step 1: The decision matrix consist of ‘n’ attributes and ‘m’ alternatives and the
responses are kept in the matrix as shown in the Eq. 38.1.

Y =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

y11 y12 y13 . . . . . . y1n
y21 y22 y23 . . . . . . y2n
y31 y32 y33 . . . . . . y3n
...

...
...

. . .
. . .

...
...

...
...

. . .
. . .

...

ym1 ym2 ym3 . . . . . . ymn

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(38.1)

Step 2: The matrix responses are normalized using Eq. 38.2.
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ki j = yi j√∑m
i=1 y

2
i j

j = 1, 2, . . . , n (38.2)

where kij is a dimension-less number which belongs to the interval [0, 1] for ith
alternative and jth attribute which represents the normalized performance.

Step 3: The maximum normalized performance values are should added (for
beneficial attributes) and minimum normalized values are should subtracted (non-
beneficial attributes) as in Eq. 38.3

qi =
g∑
j=1

ki j−
n∑

j=g+1

ki j (38.3)

where g is the no. of attributes to be maximized, (n − g) is the number of attributes
to be minimized, and qi is the normalized assessment value.

Step 4: The importance of responses to the attributes wj are be multiplied with
the corresponding weight.

qi =
g∑
j=1

wjki j −
n∑

j=g+1

wjki j (j = 1, 2, . . . , n) (38.4)

where wj is the weighted value obtained using the entropy method. Then these qi
values are ranked as per the preference values, in which higher value deserves the
optimal combination.

38.4 Result and Discussion

38.4.1 Input Parameters Effect on MRR

The machining parameters and their mean responses are plotted in the graph as
depicted in Figs. 38.3, 38.4, 38.5, and 38.6. It is evident from the figures that higher
parameter level deserves the higher MRR. The ultrasonic vibration heats the elec-
trolyte by creating the molecular collision. Due to heating, the ions in the electrolyte
experience higher displacement, resulting in higher MRR [13]. Additionally, the
USV dispels the debris produced during machining from the machining zone. This
continues the removal of debris that helps to improve the machining, resulting in
higher MRR.
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Fig. 38.3 EC versus MRR
and OC
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Fig. 38.4 MV versus MRR
and OC
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Fig. 38.5 DC versus MRR
and OC
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38.4.2 Input Parameters Effect on OC

The USV-heated electrolyte produces the overcut ranging from 75 to 110 µm. This
range is comparatively lesser with the existing literatures [9]. USV electrolyte con-
tributes for two times better overcut compared to the other electrolyte heating tech-
nique. The use of USV removes the debris continuously and possibilities of stray
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Fig. 38.6 ET versus MRR
and OC
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attack are reduced. The responses against the machining parameters are displayed in
Figs. 38.3, 38.4, 38.5, and 38.6.

38.4.3 MOORA

Entropy-weighted MOORA method has been adopted for the optimization of MRR
andOCusingUSV-heated electrolyte. Equations 38.1–38.4 are used for theMOORA
values and its ranking, which is indexed in Table 38.2. The attribute weights are
assigned using the entropy method as wj = 0.4941 for MRR and wj = 0.5051 for
OC. The highest MOORA value is considered as the best value, which holds the
first rank and considered as the optimal combination for the best machining perfor-
mance. Therefore, experimental run 9 holds the highest MOORA value 0.1202. The
experimental run 9 shows better result—0.933 µm/s MRR and 102.01 µm OC—
compared to other experimental runs using MOORA. Also, the experimental runs
17 (0.1176) and 3 (0.1171) are the next two optimal combinations. Therefore, 30 g/l
of electrolyte concentration, 9 V of machining voltage, 55% duty cycle, and 36° of
electrolyte temperature are recommended for better machining performance.

38.4.4 ANOVA Table for MOORA

MOORAvalues are statically studied byANOVAwhich identifies the significant pro-
cess parameters and its contribution toward the machining performance. Therefore,
machining voltage contributes about 55.51% in machining performance. Table 38.3
shows the percentage contribution of electrolyte concentration and temperature as
18.78% and 7.28%, respectively. According to ANOVA Table 38.3, duty cycle is
insignificant compared to other parameters.
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Table 38.3 ANOVA table for MOORA

Symbol DF Seq SS Adj MS F % of contribution

EC 2 0.0010356 0.0005178 4.86 18.78

MV 2 0.0030605 0.0015302 14.3 55.51

DC 2 0.0000572 0.0000286 0.27 1.04

ET 2 0.0004013 0.0002006 1.88 7.28

Error 9 0.0009588 0.0001065 17.39

Total 17 0.0055133 0.015 100

38.5 SEM Analysis

SEM graphs that are shown in Figs. 38.7 and 38.8 are for the first and second optimal
combinations. Figure 38.7 shows the round circumference micro-hole without any
irregularity inmajor areas. Although one side of its circumference had an over-etched
surface, the profile of the micro-hole is circular without any irregularities. It is due
to the fact that the ultrasonic vibrations passed beneath the electrolyte from one side
of tank and the smaller tank capacity makes way for debris encounter resulting in

Fig. 38.7 SEM for the first
optimal solution (30 g/l, 9 V,
55%, 36 °C)
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Fig. 38.8 SEM for the
second optimal solution
(30 g/l, 8 V, 55%, 36 °C)

few stray cuts. Figure 38.8 shows the better circularity, machined under the second
optimal combination.

38.6 Conclusion

EMMperformance is enhancedwith aids ofUSVheated electrolyte. The experiments
is planned based on the L18 OA. Entropy method is used to identify the weight of
each response. MOORAmethod has been used to calculate the optimal combination.

• Weight for each responses are calculated using as wj for MRR = 0.4941 and wj

for OC = 05051 using entropy method.
• The optimal combinations for better performance are 30 g/l of electrolyte con-
centration, 9 V of machining voltage, 55% duty cycle, and 36° of electrolyte
temperature.

• Based on ANOVA, the machining voltage contributes about 55% in the overall
machining performance.

• USV-heated electrolyte shows two times lesser overcut compared to the other
methods.
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• USV heated electrolyte is more suitable for better MRR and accuracy. Further
experiments can be planned to hinder the over-etching surface in the machining
area.
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Chapter 39
Microstructure and Mechanical
Properties of Atmospheric Plasma
Sprayed 8YSZ Thermal Barrier Coatings

N. R. Kadam , G. Karthikeyan and D. M. Kulkarni

Abstract Thermal Barrier Coatings (TBCs) are favorable to provide better thermal
insulation to hot components of gas turbine and aero engines leading to improve
durability. The TBCs were prepared using a NiCoCrAlY as a bond coat and 8YSZ as
a top coat with the thickness range of 100 ± 25 μm and 250 ± 25 μm respectively,
by atmospheric plasma spray. This paper presents the study of surface microstructure
and mechanical properties of 8YSZ TBC. The surface microstructure was examined
by scanning electron microscopy and microhardness was by the microindentation
test. Also, the surface roughness and elemental composition present in the coating
was studied with surface profilometer and energy dispersive x-ray spectrometry. At
the high-temperature conditions, PYSZ has a good combination of thermal, physical,
and mechanical properties. Therefore, it is favorable to select the partially stabilized
zirconia coatings as TBCs for improvement in the thermal insulation and protection
from high inlet gas temperature.

Keywords Thermal barrier coatings · Atmospheric plasma spray ·
Microstructure · Mechanical property · Yttria stabilized zirconia

39.1 Introduction

The development of Thermal Barrier Coatings (TBCs) started early in the 1950s for
defense engine components [1]. Later this technology was adopted and applied in
commercial services such as prototype planes, X-15 manned rocket exhaust nozzle,
gas turbine, aero engines, diesel engine, and exhaust system components operating
at high-temperatures [2, 3]. The TBC allows improving high-temperature capability
which leads to increase in thermal efficiency thereby achieving a lower substrate
temperature. The actual image of the civil jet engine and gas turbine components
which are produced with TBCs are shown in Fig. 39.1.
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Fig. 39.1 a The actual image of the civil jet engine [3] and b TBC coated gas turbine blade [4]

The schematic representation of the TBC system consisting of a multilayer struc-
ture is as shown in Fig. 39.2. It is made up of four layers namely the superalloy
substrate, metallic bond coat followed by Thermal Grown Oxides (TGO) and final
thermal barrier layer called a ceramic topcoat. Typically, the bond coat is of thick-
ness ranging from 30 to 100 μm and consists of MCrAlY (M-Ni/Co) providing an
irregular surface for good adhesion between the substrate and the ceramic topcoat,
with better oxidation and corrosion protection to the underlying substrate reducing
thermal expansion coefficient. When the bond coat is subjected to high temperature,
it leads to oxidation forming TGO layer of a thickness ranging from 2 to 10μmwhich
acts as an oxidization barrier. The ceramic topcoat with a thickness ranging from 120
to 200 μm provides actual thermal barrier forming a thermally insulating ceramic
layer for protection of the hot component surface against high inlet gas temperatures
and erratic environments [5, 6].

Partially Yttria Stabilized Zirconia (7–8% YSZ) is the most common candidate
material used as TBC material to protect the gas turbine components from high-
temperature. The most widely and common deposition processes applied to deposit
TBCs are Atmospheric Plasma Spraying (APS) and Electron-Beam Physical Vapor
Deposition (EB-PVD). Themicrostructure developed byAPS represents a splat layer
structure and by EB-PVD represents a columnar structure.

Fig. 39.2 A schematic of a multilayer TBC system
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In the present study, the combination of 8YSZ TBCs with NiCoCrAlY bond
coat applied on Ni-based superalloy (Inconel 718) was prepared by the atmospheric
plasma spray process. To improve the mechanical properties of 8YSZ TBCs, the
surface microstructure of 8YSZ TBC with NiCoCrAlY bond coat were examined
and studied by Scanning ElectronMicroscopy (SEM). Along with SEM, Energy dis-
persive X-ray spectrometry (EDS) was used to determine the elemental composition
present in the coating. The microindentation and surface roughness test were carried
out to study the mechanical properties such as microhardness and surface roughness
for improving the properties of TBCs.

39.2 Experimental Procedure

39.2.1 Preparation of TBCs

The flat plate Ni-based superalloy (Inconel 718) as shown in Fig. 39.3a was used
as the substrate material and the dimensions were 20 × 20 × 3 mm. The chemical

Fig. 39.3 a Inconel 718 substrate, b NiCoCrAlY bond coat applied by APS and c 8YSZ topcoat
applied on the bond coat by APS
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composition of Inconel 718 by wt%: Ni-58.5%, Cr-13.6%, Mo-0.9%, Fe-bal, Nb +
Ta-2.6%. Prior to the thermal spraying, the substrate surface was grit blasted with
alumina abrasive powder to increase the rough surface resulting in better mechanical
interlocking between substrate and coating. Further, the substrate was ultrasonically
cleaned with distilled water and acetone, and dried before the thermal spray coating
deposition.

A commercially available feedstock powder with different composition and par-
ticle size distribution were used as a bond coat and topcoat for depositing TBCs. The
metallicNiCoCrAlYpowder (AMDRY997, SulzerMetco Inc., USA)with a nominal
composition of Ni-26Co-23Cr-11Al-0.9Y (in wt%) having a spherical morphology
and a particle size ranging from 40 to 80 μm in diameter was used to apply a bond
coat. Similarly, ZrO2 with 8 wt% Y2O3 i.e. 8 wt% Yttria Stabilized Zirconia (8YSZ)
ceramic powder (Metco 233B, Sulzer Metco Inc., USA) with spherical morphology
and particle size ranging from 22 to 45 μm in diameter was used to apply topcoat.
The thermal spraying was carried out using an APS equipment, with 40 KW plasma
spray system using 3MBM (Make-Sulzer Metco AG, Switzerland) plasma gun with
a 6 mm internal diameter nozzle. The above facilities were available in Spraymet
Surface Technologies, Bangalore which was used to deposit bond coat and topcoat.
The bond coat of NiCoCrAlY (see Fig. 39.3b) was applied by atmospheric plasma
sprayed with a thickness of 100 ± 25 μm in order to improve the adhesion and
minimize the thermal expansion match. The topcoat of 8YSZ (see Fig. 39.3c) was
applied with a thickness of 250 ± 25 μm on the bond coat in order to protect the
component from high-temperature. The detailed deposition and spray parameters for
bond coat and topcoat used for TBC deposition by APS are listed in Table 39.1.

Table 39.1 Spray parameters
used for APS-TBCs

Parameters Bond coat Top coat

Feedstock powder NiCoCrAlY 8YSZ

Current (A) 400 500

Voltage (V) 60 65

Primary gas flow rate—Ar
(slpm)

100 80

Secondary gas flow
rate—He (slpm)

5 15

Primary gas pressure—Ar
(MPa)

0.69 0.69

Secondary gas
pressure—He (MPa)

0.35 0.35

Powder feed rate (g/min) 100 40

Spray distance (mm) 150 75

Spray angle (°) 90° 90°

Particle velocity (m/s) ≤450 ≤450

Gas temperature (°C) 12,000–16,000 12,000–16,000
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39.2.2 Characterization

The 8YSZ TBCs samples with the layered structure were used to study the surface
microstructure andmechanical properties. Themicrostructural examination of 8YSZ
TBCs was observed by SEM (Make: Quanta FEG 250, Hillsboro, USA) which was
operated at lowaccelerating voltage conditions. In order to improve the imaging of the
samples, gold/palladium (Au/Pd) is applied using magnetron sputtering (Leica EM
ACE200, Germany). As nonconductive sample requires an Au/Pd coating to create
a conductive layer to inhibit charging, reducing thermal damage and to improve the
secondary electron signal required for topographic examination in the SEM. The
thickness of Au/Pd deposited on to the TBC samples was in the range of 5 ± 1 nm.
The EDS unit attached to the SEM was used to find the elemental composition of
the bond coat and topcoat of the TBC samples. The reported values of elemental
composition present in the coating were the average of the three values randomly
selected on the surface of the bond coat and a topcoat of TBCs.

The microindentation test was carried in order to determine the hardness value of
the coating surface. Themeasuring systemof indentation equippedwith quadrangular
pyramid diamond indenter (Make: Matsuzawa MMT-X7, Japan) and two objective
lenses (with the magnitude of 40× and 210×) was used. The microindentation test
was conducted with the maximum applied load of 20 N with a dwell period of 10 s.
In order to perform the indentation test, the substrate samples were polished and
finished with grid paper and ultrasonically cleaned with acetone and distilled water.
The bond coat and topcoat samples were directly considered for indentation test.
Each reported values of Hardness (HV) is the average of the five values made on
each TBC sample. Figure 39.3a indicates the microindentation marks on the surface
of the Inconel 718 substrate. The similar, test was carried on a bond coat and top
coat to determine the hardness value of the coating surface.

The surface roughness of NiCoCrAlY-8YSZ TBCs was measured by Mitutoyo
surf test profilometer (Mitutoyo SJ 410, Japan) with a cutoff length of 800 μm,
measurement length of 16 mm with tracing speed of 0.5 mm/s. The reported values
of the arithmetic mean roughness (Ra) was the average of six values scanned from
different areas of each TBC sample. The microindentation and surface roughness
test was performed in air at room temperature.

39.3 Results and Discussion

39.3.1 Microstructure

SEMstudy shows the surfacemicrostructure of as-sprayedNiCoCrAlYbondcoat and
8YSZ topcoat as shown in Fig. 39.4a and 39.5a. The APS deposited TBCs presents
a characteristic splat and dense microstructure. The networks of the microcracks and
pores formed in the APS-TBCs were observed. Figure 39.4a represents the plasma
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Fig. 39.4 a The microstructure of the as-sprayed NiCoCrAlY bond coat obtained by SEM. b The
magnified microstructure of NiCoCrAlY bond coat from point A of Fig. 39.4a

sprayed surfacemicrostructure ofNiCoCrAlYbond coat inwhich unmelted particles,
irregular voids, and pores are identifiable. Thus creating a rough surface which leads
to mechanical bonding for the ceramic topcoat to improve the adhesion property of
the coating. The magnified view of the surface microstructure of NiCoCrAlY bond
coat is shown in Fig. 39.4b which represents point A in Fig. 39.4a. The irregular
voids and pores formed are resulted from unmelted particles and gas entrapment.
Also, the particle velocity and melting temperature of particles play an important
role in the formation of voids and pores. Similarly, the intersplat voids and pores are
resulted due to poor adhesion between splats.



39 Microstructure and Mechanical Properties of Atmospheric … 443

Fig. 39.5 a Themicrostructure of the as-sprayed 8YSZ topcoat obtained by SEM. b Themagnified
microstructure of 8YSZ topcoat from point B of Fig. 39.5a

Figure 39.5a represents the plasma sprayed surface microstructure of 8YSZ top
coat. From Fig. 39.5a, it can be seen the presence of segmentation cracks which
improves the strain tolerance of the coating. Further, the segmentation cracks lead
to branching cracks which extend horizontally from the segmentation cracks. The
development of segmentation crack with branching cracks in the 8YSZ can be seen
in Fig. 39.5b which represents point B in Fig. 39.5a. The width of both segmented
and branching cracks is in the order of micrometer. Similarly, the length of branching
cracks is more than 50 μm.
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Fig. 39.6 EDS analysis of NiCoCrAlY bond coat from point A in Fig. 39.4a

In comparison, NiCoCrAlY bond coat has finer and fewer microcracks and pores
like that of the 8YSZ topcoat. The 8YSZ surface has more microcracks and pores
which results in strain tolerance in the coating. Also, the branching of segmentation
cracks is seen in 8YSZ topcoat compared to theNiCoCrAlYbond coat. The bond coat
surface is smooth as compared to topcoat due to the high degree of splat flattering.
The 8YSZ TBCs has dense splat layer microstructure as compared to NiCoCrAlY
bond coat.

In thick TBCs, the presence of microcracks near the defects can be observed
when the surface is analyzed in high detail. The APS-TBCs has some spherical
defects present on the surface which further were analyzed with EDS and found to
be the same elemental composition as that of the bulk coatings. The examination
of bond coat and topcoat by EDS was observed at low energy (1.730 keV) out in
order to determine and the elemental compositions present. The bond coat exhibits
a high percentage of Co, Cr, Al, and O as shown in Fig. 39.6 and a small amount of
Ni and Y elements plus some presence of Au/Pd due to the sputtering for creating
a conductive layer over the bond coat samples. Thus the bond coating comprises
mainly of NiCoCrAlY. Similarly, the topcoat exhibits a high percentage of Zr and Y
as shown in Fig. 39.7 and a small amount of O element with the presence of Au/Pd
due to the sputtering for creating a conductive layer over the topcoat samples as same
as bond coat samples.
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Fig. 39.7 EDS analysis of 8YSZ topcoat from point B in Fig. 39.5a

39.3.2 Mechanical Properties

Table 39.2 represents the hardness properties of Inconel 718 substrate, NiCoCrAlY
bond coat, and 8YSZ ceramic topcoat. Four samples were selected for deposition
and characterization of NiCoCrAlY-8YSZ TBCs. From which two samples were
NiCoCrAlYbond coat and two sampleswereNiCoCrAlY-8YSZTBCs. Themicroin-
dentation test was conducted and the results are consolidated in Table 39.2. It can
be seen that the hardness of the 8YSZ topcoat TBC sample is more in the range
of 649.30–654.95 HV as compared to NiCoCrAlY bond coat (in the range 625.03–
645.60 HV).

The surface roughness test was used to determine the smoothness, i.e., arithmetic
mean roughness value (Ra) of the coated surface which is the result of fully melted
particles and the presence of fewer microcracks and pores. The Ra is the average
deviation of the surface profile from the centerline over the measuring length. The
same samples were considered for the surface roughness test and the results obtained
were consolidated in Table 39.3. From Table 39.3, it is clear that the 8YSZ top coat
has a rough surface which can lead to nonuniform contact with the contour surface
resulting in nonuniform wear and uneven temperature drop across the TBC surface.

Table 39.2 The hardness of
APS deposited NiCoCrAlY
bond coat and 8YSZ top coat

Sample No. Hardness (HV)

Substrate Bond coat Top coat

1 362.14 625.03 –

2 375.22 635.20 –

3 345.14 629.03 649.30

4 355.04 645.60 654.95
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Table 39.3 The surface
roughness of APS deposited
NiCoCrAlY bond coat and
8YSZ topcoat

Sample No. Surface roughness (μm)

Substrate Bond coat Top coat

1 2.08 6.22 –

2 1.96 6.19 –

3 1.92 6.70 7.15

4 1.79 6.73 7.41

39.4 Conclusions

The surface microstructure and mechanical properties such as microhardness and
roughness of 8YSZ TBC deposited using APS have been studied. The experimental
observations are summarized below,

The APS-TBCs shows splat layer structure consisting of nano-micro sized par-
ticles with the presence of unmelted zone. The presence of unmelted zone in the
coating structure can result in improvement in bond strength. The presence of seg-
mentation cracks leads to improve strain tolerance and Young’s modulus resulting in
better thermal performance. Similarly, the segmented coatings result in lower poros-
ity which leads to decrease in the volume of intersplat pores due to the elimination
of splat boundaries. The coated surface results in a rough surface which leads to low
cohesion, a low degree of flattering, and low microhardness. Therefore, to improve
the cohesion property, the surface produce must be smooth with a high degree of
flattering creating large contact area between splats. Therefore, the microstructure
and properties are more dependent on the deposition process and selection of spray-
ing parameters such as particle size, particle feed rate, particle velocity, and spraying
distance.
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Chapter 40
Decoding the Grinding Zone—A Study
on Track Grinding Wheels

Debaditya Chattopadhyay and Suresh Venkatraman

Abstract Grinding plays a major role in the manufacturing of majority of industrial
parts like cutting tool, camshafts, crankshaft, connecting rods, etc.Bearing is one such
part where every individual component is ground before final assembly. Grinding
of Inner Ring (IR) track of bearing assembly offers a great challenge due to high
grinding stock, good surface finish requirement, and profile accuracy. What happens
at the grinding zone has always been a black art for years due to lack of scientific
understanding. This paper presents an approach to develop Bearing Inner Ring (IR)
track grindingwheels by using the output of the grinding diagnostic tools and relating
to themicroscopic interactions at grinding zonewith right combination of grainswith
special focus on grain shape and structure. Here using the diagnostic tool, signals
were collected fromgrinding interface, datawas analyzed and inferenceswere drawn.

Keywords Grinding zone ·Microscopic interaction · GrindTrak · IR track
grinding

40.1 Introduction

There is always a need for a more precise surface generation with every new or
emerging technology. Grinding is basically a surface generation process that involves
an abrasive which acts as a multipoint cutting tool. The main purpose of the grinding
process is to remove material from the workpiece to achieve the required form,
dimensions, surface finish, and other desired quality parameters. “Trial and error”
approach is often used to control various grinding parameters to achieve desired
results.
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The interference region between the grindingwheel and theworkpiece is called the
“Grinding zone”. In the grinding zone, grinding wheel interacts with the workpiece
to remove material in the form of chips. This is a complex process and can be
characterized into six microscopic interactions [1] as follows.

Interaction 1.1: Cutting happens when the depth of penetration of grain on the
workpiece is intense and hence the workpiece material is removed in the form of
chips.

Interaction 1.2: Plowing takes place when the depth of penetration is small and the
workpiece is mainly experiencing plastic deformation instead of material removal.

Interaction 1.3: Sliding takes place when the depth of penetration is extremely
shallow resulting in sliding of abrasive grain against the workpiece material at high
contact stress.

Interaction 2 and 3: Finally, the chips that are produced at the grinding zone,
are likely to be trapped between the adjacent grains in the grinding wheel and the
workpiece material. Hence they will be forced to slide against the bond material or
work material, causing chip/bond and chip/work interactions.

Interaction 4: If the bond is not recessed, and it remains close to the periphery
of the wheel, it is likely to slide against the work material, leading to bond/work
interaction (Fig. 40.1).

Reference: “Microscopic interactions in surface generation processes using abrasive
tools” by Dr. K. Subramanian et al. Year of Publication: December 2017

Fig. 40.1 Interactions in the grinding zone
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Fig. 40.2 Bearing inner ring
(IR)

Inner Ring (IR) Track grinding of bearing is always a challenging task. It involves
high stock removal, profile accuracy, fine surface finish, and other desired quality
parameters. This study was made to arrive at right combination of grains with partic-
ular emphasis on its shape for this grinding application. This was done by studying
microscopic interactions [1] at the grinding zone using a diagnostic tool (Grind Trak
[2]) on a cylindrical grinding machine (Micromatic Model No-SH40). This study
involved (i) process monitoring and data acquisition, (ii) data analysis, and (iii)
inferences for further action (Fig. 40.2).

The component used was made of SAE52100 steel having hardness range 58–62
HRc. The diagnostic tool monitors the power drawn by the spindle motor in a typical
grinding cycle of roughing, semi finishing, and finishing. The dresser feed rate was
also varied. Based on this, the power drawn, dressing frequency, and surface finish
were studied for the two different grain combinations.

40.2 Experiments

Combination of White Aluminum oxide (99% Pure) and Microcrystalline grains of
two different shapes namely “blocky” and “needle” were used as given in Table 40.1.
A vitrified bond system, fusible in nature was used. The grinding wheels were of
dimensions 450 mm outer diameter, 20 mm thickness, and 127 mm inner diameter.
Dimension details of components used in lab study are given in Fig. 40.3. Property
comparison of Needle shaped and blocky shaped microcrystalline grains are given
in Table 40.2. Grinding cycle parameters for the test are given in Table 40.3.

The first set of trials were taken with the above grinding cycle for both wheels
T1 & T2. During grinding process, grinding wheel is subjected to attritious wear,
abrasive grain fracture, bond fracture and loading of chips on to the grain, bond, and
pores.
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Table 40.1 Combination of White Aluminum oxide and Microcrystalline grains

Trial wheel Wheel details Type of grain Wheel photos

T1 Needle shaped
Microcrystalline
Abrasives +White
Aluminum Oxide

T2 Blocky shaped
Microcrystalline
Abrasives +White
Aluminum Oxide

Fig. 40.3 Component details for lab study

Table 40.2 Property
comparison of Needle versus
Blocky shaped grains

Parameters Needle shaped
microcrystalline

Blocky shaped
microcrystalline

Loose packed
density (g/cc)

1.76 1.82

Aspect ratio 1:7 1:1.5

Knoop hardness
(Gpa)

2100 2100

True density (g/cc) 3.92 3.90

Crystal size
(micron)

0.26–0.30 0.26–0.30



40 Decoding the Grinding Zone—A Study … 451

Table 40.3 Grinding cycle and dresser feed rate

Cycle Stock
(mm)

Feed rate (mm/min) Time (s) Dresser feed rate (mm/min)

Rough 0.1 6 1 200

Semi finish 0.075 4.5 1

Finish 0.025 1.5 1

Total 0.2 3

Fig. 40.4 Grinding signal from the diagnostic tool

40.2.1 Diagnostic Tool

The diagnostic tool (Grind Trak ofMicromaticMake) has an arrangement of a power
cell to monitor the power drawn by the spindle motor and a LVDT to measure the
infeed of wheel head during grinding of workpieces. Power drawn and LVDT with
respect to the feed were measured for grinding every workpiece. Figure 40.4 shows a
typical signal captured during grinding cycle. This depicts the signature of grinding
process.

40.2.2 Derivatives of Power and Material Removal

The diagnostic tool provides the power and infeed of the wheel in real time. Grinding
power is an indication of the energy consumed (Pc) for a given material removal rate
(MRR) Qw. Qw is calculated by using process parameters such as work velocity
(vw), depth of cut (ae), and grinding width (bw).

Qw = ae · vw · bw
The variation of MRR along with power can be used to derive the specific cutting

energy (SCE) Uc during grinding of the workpiece [3] (Fig. 40.5).
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Fig. 40.5 Specific cutting
energy [3]

Uc = [
(Pc)/Qw

]

Assuming power associated with chip making process is Pc, any change in it over
time Pc(t) can be attributed to frictional effects of the chip (Microscopic Interactions
2 and 3) with varying time. This is denoted as Pf(t).

The power after time “t” at a given MRR consists of four components. The initial
threshold power Pth (0), changes in threshold power with time Pth (t), the power for
cutting or chip making Pc and the change in the cutting power caused by the chip fric-
tion effects Pf (t). The connection between these parameters and their corresponding
microscopic interactions are illustrated [4] in Fig. 40.6.

Specific cutting energy (SCE) obtained for individual components ground for both
test wheels T1 & T2 are shown in Figs. 40.7 and 40.8.

Surface finish (Ra) on each of the ground components was measured using a
roughness measuring equipment (Mitutoyo surf test SJ210). Values obtained for
both wheels are shown in Figs. 40.9 and 40.10.

The next set of experiments were done by maintaining the same grinding cycle as
mentioned in Table 40.3 and varying the dresser feed rate as mentioned in Table 40.4.
Here the dressing depth was maintained the same.

Fig. 40.6 Components of power and microscopic interactions [4]
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Fig. 40.7 SCE for T1 wheel

Fig. 40.8 SCE for T2 wheel

Figure 40.11 shows the specific cutting energy values obtained for grinding each
component at different dresser feed rate for test wheel 1. It also shows the number
of components ground at each dresser feed rate before next dressing was warranted.
Figure 40.12 shows corresponding data for test wheel 2. Figures 40.13 and 40.14
show surface finish (Ra) values obtained on the components for test wheels T1 and
T2, respectively, at different dresser feed rate.
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Fig. 40.9 Surface finish for T1 wheel

Fig. 40.10 Surface finish for T2 wheel

Table 40.4 Dresser feed rate Sl. No. Feed rate (mm/min)

1 50

2 100

3 200

4 250
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Fig. 40.11 SCE at different dresser feed-T1

Fig. 40.12 SCE at different dresser feed-T2

40.3 Results and Discussion

40.3.1 Needle Shaped Versus Blocky Shaped Grains

In general, microcrystalline grains have high fracture resistance. The grain does not
fracture at lower loads. Even at higher loads, the fracture would be at a microlevel.
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Fig. 40.13 Ra at different dresser feed-T1

Fig. 40.14 Ra at different dresser feed-T2

Here interactions 1.1 (cutting) is maintained for a longer duration due to its high
fracture resistance alongwith interactions 1.2 (plowing) and1.3 (sliding).Also,micro
fracturing help grains retain the sharpness leading to lower SCE over a sustained
period. Surface finish (Ra) also gets maintained during this period.

Between needle shaped grain and regular blocky grain, the needle shaped grain has
a higher aspect ratio as per Table 40.2. This leads to lower loose packed density (LPD)
that naturally introduces a larger porosity and grain spacing in the grinding wheel as
per Table 40.5. This spacing between grains can accommodate more chips, which
dramatically influences and lowers chip related tribological interactions 2 (chip/bond)

Table 40.5 Wheel Porosity
comparison between Needle
and Blocky shaped grains

Type of grain Porosity
(%)

Needle shaped microcrystalline 37.21

Blocky shaped microcrystalline 32.76

4.45% porosity increase in needle shaped microcrystalline
grain



40 Decoding the Grinding Zone—A Study … 457

T1 Wheel T2 Wheel

Fig. 40.15 SEM analysis of grinding wheels

and 3 (chip/work). This means that interactions 1.1 (cutting), 1.2 (plowing), and 1.3
(sliding) are sustained over a longer period when compared to blocky grains. This is
reflected in lower SCE and more no of components ground between dressings with
needle shaped grains.

In the case of blocky grains, the porosity level is comparatively low. Even though
this grain also fractures at microcrystal level, the ability to accommodate chips is
reduced due to closer packing. So interactions 2 and 3 sets in early leading to increase
in SCE and lesser no of components ground before next dressing.

Scanning Electron Microscope (SEM) pictures of these grinding wheels indicate
more porosity for needle grains (T1 wheel) as shown in Fig. 40.15.

Surface finish (Ra) values of both experimental wheel T1 and T2 are fairly stable
till the endpointwhere it shoots up drastically. Thiswas coupledwith a heavy grinding
noise. This could be attributed to interactions 2 (chip/bond) and 4 (bond/work). As the
grinding continues, more material removal also leads to more chips getting deposited
on thewheel surface over time. This leads tomore of interaction 2 (chip/bond) though
interaction 3 (chip/work) also comes into play. Meanwhile over a period of time, the
protrusion of grain comes down due to its wear and slowly the bond gets in contact
with the workpiece leading to interaction 4 (bond/work). Vitrified bond is glassy and
brittle in nature. At higher grinding force, it starts fracturing at a rapid rate. This
leads to vibration and noise while grinding. Surface finish deteriorates as shown in
Fig. 40.10 at a comparatively lesser number of components ground.

It may be noted that the major difference between these two grains is that the
needle shaped grains can accommodate more chips due to its porous structure so that
the onset of bond fracture is delayed. This leads to lower specific cutting energy and
more number of components ground between dressing cycles.

Chemical Analysis of grinding wheel surface before and after dressing for these
two wheels reveals the presence of more iron in wheel with needle shaped grain
(Table 40.6). This shows accommodation of more chips in the pores. These chips do
not interfere with grinding process for a considerable period of time.
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Table 40.6 Fe content
comparison before and after
dressing

Wheel Type Fe content
before dressing
(%)

Fe content after
dressing (%)

T1 Needle shaped
microcrys-
talline

6.3–7.0 1.0–1.3

T2 Blocky shaped
microcrys-
talline

4.4–4.7 1.0–1.3

Table 40.7 Dresser feed rate versus dressing frequency

Dresser feed rate (mm/min) Dress frequency (No. of
components) for T1 wheels

Dress frequency (No. of
components) for T2 wheels

50 105 105

100 110 107

200 139 110

250 135 108

40.3.2 Varying the Dresser Feed Rate

A comparison of dress frequency at different dresser feed rate for both T1 and T2
wheels are shown in Table 40.7.

For T1 Wheels, The maximum number of components ground was achieved at
a dresser feed rate of 200 mm/min closely followed by 250 mm/min. Whereas at a
lower dresser feed rate, the number of components ground before next dressing is
comparatively lesser. It was evident from the previous experiment that the needle
shaped grain had a lot of naturally introduced porosity due to its specific shape and
it can accommodate more chips.

While dressing, it has to be ensured that the chips loaded deep in the pores had to
be fully cleared off. At a higher dresser feed rate, the dressing force is more, leading
to more grain fracture and clearance of chips. This results in sharper edges on the
wheel periphery with pores without any metal loading.

When grinding starts with such surface texture, interactions 1.1 (cutting) will
be predominant, followed by interactions 1.2 (plowing) and 1.3 (sliding). Since the
porous structure is reinstated on the surface due to the clearing of chip, onset of
interactions 2 and 3 are delayed. All these factors lead tomore number of components
being ground before next dressing cycle sets in.

At lower dresser feed rate of 50 and 100 mm/min, this phenomenon of chip
clearance from deep inside the pores is not effective. This leads to earlier onset of
interactions 2 (chip/bond), 3 (chip/work), and 4 (bond/work). This has resulted in
lesser number of components being ground before next dressing.
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ForT2wheels,As canbe seen fromTable 40.7, there is no appreciable difference in
no of components between the different dresser feed rates for blockymicrocrystalline
grains. As these grains are more blocky in shape, the loose pack density (LPD) is
high. The structure is more closed contrary to the porous structure of needle shaped
grains. The extent to which it can accommodate chips is limited.

Initially, interactions 1.1, 1.2, and 1.3 are good due tomicrocrystalline fracture. As
the chips start loading thewheel, interactions 2, 3, and 4 come into picture earlier than
for needle shaped grains. The penetration of chips onto the grinding wheel surface is
also shallow due to lack of porous structure. Owing to this, dressing force required to
dislodge the chip is also less. Hence even at a lower dresser feed rate of 50 mm/min,
the wheel surface is clean. A fair amount of grain fractures along with recessing
of bond leading to sharper surface which will enhance cutting action. At higher
dresser feed rates, the microfracture of grains is more, leading to sharper surfaces.
However, the overall number of components ground between dressing intervals is
comparatively lesser than needle shaped grains.

40.4 Conclusions

This paper attempts to arrive at the right combination of grains for Inner Ring (IR)
Track grinding wheel for bearing. Both needle and blocky shaped microcrystalline
grains were tried. The dresser feed rate was varied. Using a diagnostic tool, the pro-
cess signals were captured for all the experiments. The specific cutting energy (SCE),
surface finish (Ra) were compared along with dressing frequency obtained for each
experiment. Inferences were made from the above data through analysis of micro-
scopic interactions at the grinding zone. This study concludes that the needle shaped
microcrystalline grains give much better grinding efficiency and quality parameters
than a blocky shaped microcrystalline grain for this particular grinding application.
These learnings can further lead to solving process related issues or development
of new products for the bearing industry. The methodology and understanding the
importance of grinding zonewill lead to amore “cause and effect” scientific approach
in surface generation techniques than treating them as a “black art”.
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Chapter 41
Three Turn ECAP Processing of AA6061
Alloy: Microstructure and Mechanical
Properties

Atul Dayal , Ankit Sahai , K. Hans Raj and R. S. Sharma

Abstract A popular Severe Plastic Deformation (SPD) process known as Equal
Channel Angular Pressing (ECAP), is envisaged as the best method for large vol-
ume and at low cost for obtaining UltraFine Grain (UFG) in bulk metals, due to
its low pressing force requirement and the resulting low pressure on pressing tool
(plunger) and die. High-strength semifinished products produced from ECAP have
a high potential for application for the manufacture of fasteners for aircraft, com-
ponents of aircraft fuselage, medical devices, sports equipment, and microsystems.
The usefulness of experimental and FEM analysis in developing practical ECAP
process with innovative dies is demonstrated. Practical problems faced during single
turn ECAP experimentations are identified (i.e., labour intensive process, reduction
in billet size, billet jamming, etc.) and remedies are suggested in this work. A Multi-
turn (Three Turn) ECAP process to increase the process efficiency and for upscaling
the procedure is developed. Microstructural results indicate that AA6061 aluminium
billet processed through innovative Multi-Turn ECAP die after four repetitive passes
show the significant reduction in average grain size i.e., 10 µm (Fresh billet) to
0.3 µm (Processed billet after 4 passes), and smaller grain size helps substantially
to increase the yield strength and tensile strength.

Keywords ECAP · SPD · UFG materials

41.1 Introduction

Ultrafine grainmaterials/Bulk nanomaterials are among the interest areas of research
today to meet present engineering challenges. Traditionally bulk nano materials are
made by nano scale synthesis i.e., self-assembly, nontraditional lithography, template
growth and biomimetics. In these processes, nanoparticles, delivered in the form of
nanotubes, nanopowders, quantum dots, and biomaterials are staked into final prod-
uct in a designed way. These processes are quite expensive, time-consuming and
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Fig. 41.1 Schematic
diagram of ECAP process

chemically unstable [1]. Recently a top-down grain refinement approach known
as Severe Plastic Deformation (SPD) [2, 5, 7, 8] has been adopted to produce bulk
nanomaterial at a commercial level. Among different SPD approaches, one approach
known as Equal Channel Angular Pressing (ECAP) (Fig. 41.1) [3] attracted a lot of
attention recently because of its potential to be used at an industrial level, but still
its applications are restricted to laboratory level only. Larger pressing load, heavier
dies, large experimental setup and labour intensiveness are the major hurdles before
the commercialization of an ECAP process [4–8]. In this work practical problems
faced during single turn ECAP process is analyzed and A new multi-turn ECAP
process is designed, developed and experimentally tested to overcome the process
shortcomings. The outcome of this work certainly provides momentum in the com-
mercialization of ECAP process.

41.2 Experimental Setup

ECAP experimentations are performed on conventional single turn ECAP die and
newly developed three turn ECAP die. Split ECAP dies are used for the experimenta-
tion and experiments are performed on commercially available AA6061 aluminium
alloy. Since AA6061 is ductile in nature, all forming experiments are carried out at
room temperature. Plunger speed kept low (2mm/s), to avoid heating up thematerial,
which could lead to grain growth. A computerized hydraulic press with a pressing
capacity up to 100 tonnes is used for experimental analysis. An 80 kg weight cast
iron fixture is used for holding the vertically split ECAP die, this fixture had added
extra strength to the ECAP die for hard material to be processed. The fixture also
facilitates the rapid engagement and disengagement of an ECAP die for multiple
passes.
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All experiments are carried out at room temperature with or without molybdenum
disulfide (MoS2) lubricant.

Circular cross section, AA6061 billets with 10 mm diameter and 100 mm length
are used for analysis. Tolerance between plunger and ECAP channel kept very low to
prevent material flow through the joint cavity. To avoid cup formation at top portion
of the billet, top and bottom portions are grinded into a conical shape.

41.3 Limitations in Conventional Single Turn Ecap Process

During single turn ECAP experimentations few shortcomings have been faced like:

41.3.1 Labour Intensive Process

In single turn ECAP process, after each pass, ECAP die is to be dismantled for
extracting of ECAPed billet as shown in Fig. 41.2. For the next pass, the extracted
billet is surfaced finished and inserted into tightly closed ECAP die (Fig. 41.3). Due
to these activities of dismantling, surface finishing and billet rotation, the process
becomes quite labour intensive.

Fig. 41.2 Illustrative images of dismantling of ECAP die and flash removal of ECAPed billet
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Fig. 41.3 Illustrative images of die and billet placement and extrusion process for repetitive ECAP
passes

41.3.2 Reduction in Billet Size

In a single turn ECAP process, in order to obtain uniform grain refinement, the
billet has to follow the processing routes (i.e., A, BA, BC, C) as shown in Fig. 41.4.
Therefore, the ECAP die need to be dismantled and billet has to be extracted out
and again reinserted into the die after grinding of flash and removal of end portion
of the billet (Fig. 41.2). By the repetition of this process the size of processed billet
gradually reduces. The size reductions in AA6061 aluminium alloy billet during four
repetitive ECAP passes are shown in Fig. 41.5.

Therefore, the above challenges encountered in single turn ECAP process encour-
aged us to design a novel multi-turn ECAP process to resolve these process limita-
tions.

Fig. 41.4 Schematics of ECAP processing routes, A, BA, BC and C
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Fig. 41.5 Experimental
illustration of billet size
reduction during four
repetitive ECAP passes

41.4 Three Turn ECAP

The three turn ECAP design is presented in Fig. 41.6a, b, this design consists of three
channels, one in each direction X, Y and Z respectively.

Themain advantage of three turnECAPprocess over convention single turnECAP
is its 3-dimensional channel profile which enables the indie rotation of processed
billet as per route ‘Bc’ during one complete cycle (Fig. 41.7b). Whereas, in single

Fig. 41.6 Schematics of a Three turn ECAP die assembled view in FORGE FE environment,
b Isometric view of three turn ECAP die
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Fig. 41.7 Schematics of a Manual billet rotation during consecutive passes in single turn ECAP
die, b automatic indie billet rotation in three turn ECAP die

turn, ECAP die billet needs to be rotated manually and reinserted in the ECAP die
during consecutive passes (Fig. 41.7a).

Three billets pressed inside the die in a continuous manner one after another, each
billet pushes its successor along the channel and eventually out of the die. Since
billets used in three turn ECAP trials were shorter than the total passages, therefore
during continuous pressing operation twobillets always remain inside the diewhich is
extended over three turns. SinceAA6061 is ductile in nature, the forming experiments
were carried out at room temperature. The forming speed kept low (2mm/s), to avoid
heating up the material, which could lead to grain growth. Three turn die is designed
in two segments. These segments were kept together by two holding rings; these
rings are pressed on the die segments and then tightly bolted in order to prevent the
die segments to going apart during forming operation. The outer surface of the die
is kept slightly conical in order to force it into the holding rings. The die is made of
high-speed steel and manufactured by CNC milling process.

Experimental design of three turn die and processed AA6061 billets after one
complete cycle is shown in Fig. 41.8a and b, respectively. Three turn die contains
longer channel length. Therefore, after one complete three turn cycle, a considerably
full length processed billet is obtained, unlike single turn ECAP. The concealed
and tightly closed design of three turn ECAP die also helps in reducing the flash
generation.
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(a) Three turn die

(b) Processed AA6061 aluminium billet after one complete three turn cycle

Fig. 41.8 Experimental images results and discussion

Commercially availableAA6061aluminiumalloy is used for numerical and exper-
imental analysis. Raw specimen billet has been grinded up to 0.5–1 mm in diameter
to permit loose fit in the die channel. It facilitates billet to slide properly into the
tightly closed ECAP die. Before placing the processed billet into the die for next
pass, processed billet needs to be finished properly and extra flash is removed by
filing, as shown in (Fig. 41.9a), removal of the flash is necessary because this flash
gets inserted into the die’s joint cavities, and tightly sticks with the die and leads to
plunger failure.

Extrusion process has been carried out using a tool steel plunger guided by a
hydraulic press. Tolerance between plunger and ECAP channel kept very low to
prevent material flow through the joint cavity and cup formation at the top portion
of the billet. To avoid cup formation at top portion of a billet, top and bottom portion
of billet are grinded into a conical shape as shown in figure (Fig. 41.9b).
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Fig. 41.9 Billet fabrications for experimental analysis

41.4.1 Tensile Testing

The engineering stress-strain curves of AA6061 alloy before ECAP and after ECAP
are presented (Fig. 41.10). Ductility and strength are measured by uniaxial tensile
test. It is apparent that the initial coarse-grained billet is in itself an extruded rod
having grain size of about 10–15 µm and shows yield strength up to 250 MPa and
a large elongation to failure or ductility (25%). At the same time aluminium alloy
(AA6061) subjected to two passes of ECAPwith route ‘A’ shows significant increase
in strength (400 MPa), but dramatically decrease in elongation to failure or ductility
(10%). Billet subjected to two passes of ECAP with route ‘Bc’ shows almost similar
results. This result is consistent with the classical mechanical behaviour of metals
that are deformed plastically. However, with further straining up to four passes, it
shows that there is an increase in both strength (Yield strength—475 MPa) and
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Fig. 41.10 Stress strain curve of unprocessed and ECAPed AA6061 aluminium alloy

ductility (12.5%). Stress-strain curve (Fig. 41.10) indicates that material processed
with three turn ECAP die after four complete turns show slight improvement in
ductility in comparison with conventional single turn ECAP die after four repetitive
passes with route ‘Bc’. It can be seen that pressing route also helps in retaining
ductility; route ‘Bc’ shows greater retention of ductility than route ‘A’. This satisfies
the effect called ‘Paradox of Strength and Ductility in SPD processed material’ [5,
6]. It is also observed that pressing route also helps in retaining ductility; route (Bc)
shows greater retention of ductility than route (A).

41.4.2 Microstructural Analysis

The scanning electron microscope is employed to study the microstructure produced
in the processed billet. For microstructural analysis, a segment is cut from the pro-
cessed billet and properly electropolished.

Microstructural results of unprocessed billet before ECAP and ECAPed billet
after four passes with route ‘Bc’ are presented in Fig. 41.11. Results showed that the
unprocessed billet (extruded rod) contains grain with size of 10–15µm (Fig. 41.11a),
and after four passes with processing route ‘Bc’ (with single turn ECAP die (F =
90°, � = 0°)), the average grain size reduces to 0.4–0.5 µm (Fig. 41.11b). The
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Fig. 41.11 a Unprocessed
billet. b ECAPed billet after
4 passes with processing
route ‘Bc’
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result showed that after four passes, the subgrain boundaries evolve into high angle
grain boundaries and arrays of subgrains get transformed into an array of equiaxed
ultrafine grain.

The microstructure result of ECAPed aluminium (AA6061) billet processed
through three turn ECAP die during four passes are shown in Fig. 41.12a–d for
Ist, IInd, IIIrd and IVth pass, respectively. It is observed that after first pass metal
grains get elongated along the shear plane and with further repetitive passes as per
route ‘Bc’ the subgrains get transformed into ultrafine grain with high angle grain
boundaries. It is observed that after IVth ECAP pass the ultrafine grains with an
average grain size of 0.3–0.4 µm are present in the processed billet (Fig. 41.12d).

The microstructural results presented in Fig. 41.12, have suggested that material
processed with route ‘BC’ shows the presence of equated grain with high angle grain
boundaries thus demonstrates the better mechanical properties.

Fig. 41.12 Microstructure of AA6061 aluminium billet processed through three turn ECAP die
after—a First pass, b Second pass, c Third pass, d Fourth pass
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41.5 Conclusions

Uniaxial tensile test performed on AA6061 aluminium alloy indicates that after 4
repetitive ECAP passes with processing route ‘Bc’, yield strength increases from
240 to 475 MPa.

Mechanical test performed on ECAPed billet processed through three turn ECAP
die after four passes show that the yield strength of AA6061 billet increases from
240 to 500 MPa and ultimate tensile strength increases from 280 to 565 MPa. The
billet processed through three turn ECAP die follows route ‘Bc’ and it has already
proven that processing route ‘Bc’ helps in getting better mechanical properties.

It can be observed that for AA6061 alloy, with route ‘A’ percentage elongation
to failure decreases 25 to 9, while for route ‘Bc’, percentage elongation to failure
decreases from 25 to 11.5. Therefore, it is observed that the billet process with route
‘Bc’ shows slight retention in ductility in comparison with route ‘A’.

Microstructure characterizationperformedonAA6061aluminiumalloy shows the
presence of large grain sizewith an average grain size of 10–15µm in an unprocessed
billet (extruded rod). After four repetitive ECAP passes through conventional single
turn ECAP die with route ‘Bc’, it is evident that the average grain sizes get refined
up to 400–500 nm.

The microstructural characterization results of ECAPed billet processed through
three turn ECAP die shows the presence of ultrafine grains with an average grain
size of 300–500 nm.
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Chapter 42
Wear Performance Evaluation of AlCrN
Based Coating Deposited by PVD
Technique Under Dry and Cryogenic
Environments

Abhishek Singh , S. Ghosh and S. Aravindan

Abstract The current study investigates the wear performance of the AlCrN based
coatings deposited by conventional cathodic arc evaporation (CAE) technique and arc
enhanced high impulse magnetron sputtering (HiPIMS) technique. The formation of
the defect (holes, pores anddroplet formation) on the coated surface due to continuous
movement of cathode spot make the surface topography of the coating uneven in
comparison to the later thus causing reduction of tool performance. The performance
of the coating was evaluated in two environments for better understanding of the
basic mechanics involved in wear phenomenon for AlCrN based coating deposited
by different techniques. The results have demonstrated that the coating deposited by
hybrid technique has performed better in comparison to conventionally deposited
coating in both the environment.

Keywords Cathodic arc evaporation · HiPIMS · Topography · Flank wear

42.1 Introduction

More than hundred years have been passed since from its development the cutting tool
is going through continuous evolution for improving its performance and economic
aspects during the machining of various difficult to machine materials. The easiest
way possible to optimize both is by coating the cutting tools. Wear minimization
has been persuaded by various means like using high hardness cutting tools like
PCD and CBN but high cost associated with them makes it a non-viable option
in terms of economic aspects in comparison to sintered carbides [1]. PVD hard
coatings are used to enhance the wear behaviour of the cutting tools while operating
in severe environments for machining of nickel-based superalloys [2]. However, the
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improved wear behaviour of these coatings over the edge integrity depends on the
optimized physical and mechanical characteristics of the coating material over the
cutting tool. Aluminum-based multifunctional multicomponent coatings like AlCrN
and AlTiN have gained popularity among the researchers. These coatings provide
better wear resistance in comparison to the coatings which are aluminum deficient
such as CrN and TiN at elevated temperature due to its high hot hardness, low thermal
conductivity and improved oxidation resistance [3]. But when we compare AlTiN
with AlCrN it can be found that the addition of the higher content of aluminum in
the titanium-based nitride composition the crystal structure of the coating changes.
The formed hexagonal lattice from cubic lattice of TiN, makes the less favourable
properties in comparison with the chromium-based coatings which can hold more
amount of aluminum without altering the structure. These properties prove AlCrN
based coating a viable or efficient option for high-speed machining applications [4].
These coatings deposited by the conventional PVD deposition technique make the
process easier in comparison to other methods but has certain limitations in terms of
surface morphology and coating structure [5]. In order, to overcome these limitations
and to harness the advantages of both the magnetron and cathodic arc techniques are
amalgamated to deposit a coating which offers surface defect-free topography along
with excellent wear and other tribological characteristics.

However, some of the properties of these obtained coatings are available in the
literature but their behaviour in terms of wear performance is still unknown in com-
parison to AlCrN based coating deposited by CAE-PVD process. The wear perfor-
mance of the coatings can’t be better judged while machining difficult to cut material
like nickel-based superalloy which offer so many difficulties because of its proper-
ties such as high work hardening rate, high hardness and presence of hard abrasive
carbide particles and strong tendency to weld the tool and for a built-up edge [6–8].

This study focuses on the wear behaviour of AlCrN based coatings deposited by
conventional and novel hybrid deposition technique under dry and cryogenic envi-
ronment. Both the environments were selected concerning the sustainability aspects,
i.e. environmental concerns, manufacturing cost, and other machining parameters.
The study also emphasizes on the analysis of how the varied surface morphology of
the coating and elemental composition affects the wear performance of the tools.

42.2 Experimental Details

42.2.1 Coating Deposition

The coatings were deposited on the K Grade cemented carbide inserts of geome-
try CNMA 120408. Coating A and Coating B were deposited using cathodic arc
evaporation technique and are of 3.4 μm and 3.1 μm thickness and were deposited
in 128 min and 100 min respectively. The samples were cleaned and ultrasonicated
before placing inside the vacuum chamber. The substrate/tool holders were rotated
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Table 42.1 Chemical composition of the workpiece material Nimonic C 263

Element Mass (%) Element Mass (%)

Carbon 0.0480 Silicon 0.2100

Manganese 0.3900 Sulphur 0.0060

Chromium 20.1400 Molybdenum 5.8500

Nickel 50.5800 Aluminum 0.3900

Cobalt 19.8700 Copper 0.0640

Titanium 1.9500 Iron 0.2600

at fixed rpm so that the uniformity in the coating thickness can be achieved. The
deposition temperature for both the coatings are in the range of 600–6500 C and
450–5500 C, respectively. Coating C was deposited using arc enhanced HiPIMS
technique and it took 51 min for depositing a layer of 1.5 μm thickness. The thick-
ness of the coating was measured using x-ray florescence technique (XRF).

42.2.2 Machining Test

The experimental investigation was carried out on the nickel-based superalloy
NimonicC263workpiece.Table 42.1 showsmaterial composition, evaluated through
the mass spectrometry.

The machining tests were performed on Leadwell T6 turning center under dry
and cryogenic conditions. The machining parameters were kept constant at speed
of 60 m/min, feed 0.12 mm/rev and depth of cut 1 mm for both the conditions. Six
passes each of 25 mm length was performed to cut a length of total 150 mm with a
single cutting edge. For cryogenic environment, liquid nitrogen was supplied at the
cutting zone by means of the nozzle of 2 mm, through a vacuum jacketed line of
cryogenic dewar at a constant pressure of 4 bar.

42.2.3 Tool Wear Characterization

The flank wear was measured under an optical microscope after every length of
cut for each environment and coating. The flank and rake surfaces after 150 mm of
cut were analyzed under scanning electron microscope and optical microscope for
detailed analysis of the wear modes involved during the process.
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42.3 Results and Discussion

42.3.1 Coating Morphology and Composition

The coatings deposited by conventional and hybrid physical vapor deposition tech-
niques exhibited excellent surface characteristics. Though the surface morphology
of conventionally deposited Coating A and Coating B have some surface defects in
the form of holes and pores at some localized sites. The presence of these surface
defects not only impart unevenness to the surfaces but also causes hindrance to the
performance of the coated surface during its applications in the machining operation.
Coating C is free from surface defects and its surfaces are much smoother in com-
parison to the former. Figure 42.1 shows the surface morphology for all the coatings.
The Coating A is a multilayer coating with TiAlN as the base layer while AlCrN as
the top layer. Coating B is a monolayer of AlCrN while Coating C being the same
with different deposition technique and thickness. Table 42.2 represents the coating
details in a descriptive way.

Fig. 42.1 Surface morphology and elemental analysis of AlCrN based coating
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Table 42.2 Cutting tool
coatings and properties

Description Coating A Coating B Coating C

Deposition
technique

CAE CAE Arc Enhanced
HiPIMS

Hardness ~28.0 GPa ~28.8 GPa ~32.0 GPa

Coating
structure

Dual layer Mono layer Mono layer

Colour Blue-Grey Bright-Grey Grey

Energy dispersive x-ray spectroscopy was carried out to confirm the elemental
composition. It can be seen that the CoatingC has highChromium content in compar-
ison to aluminum while in case of other coating aluminum carries more weightage,
thus making it better in terms of resistance to oxidation at elevated temperature. This
is due to the fact that chromium oxide is one of the most stable oxides in comparison
to aluminum oxide formed in aluminum rich coatings. In the initial stage, the formed
oxide is CrO2 which converts to highly stable Cr2O3 at a later stage.

42.3.2 Flank Wear Studies

Though the cost of the cutting tool may be very insignificant in comparison to cost of
workpiece in most of the cases, studying their wear behaviour is of prime importance
as it affects the surface integrity of the machined surface. Cemented carbide tools
work quite well for low or medium speed machining of nickel-based superalloys but
when machining them at higher speed their hardness reduces approximately by 50%
as compared to its hardness at room temperature [9]. So, in this study coated carbide
tools are utilized. Progressive flank wear was observed for all types of tools under
both the environments. Figure 42.2 represents the progressive flank wear for all the
three coatings. While Fig. 42.3 indicate the scanning electron microscopic images of
wear obtained during the final cut. In the beginning, the tool underwent gradual wear
with the machining length. However, after 125 mm length of cut it can be seen that
the cutting edge for Coating A underwent a catastrophic failure which becomes more
prominent at 150 mm length of machining under dry condition. This failure can be
correlated to high stresses exerted on the cutting tool during the process.While under
cryogenic condition no such wear was observed. Coating B doesn’t undergo any type
of failure at the later stages, but the obtained flank wear values were subsequently
higher than that of Coating A. Severe chipping can be seen during the dry condition
for the Coating B at later stages and is due to entangling of the flowing hard particles
in the form of chip during the machining of nickel-based superalloy. This behaviour
was not observed in case of cryogenic conditions.

The use of cryogenic helps in achieving high chip breakability by increasing the
chip curling. The high chip breakability during the machining process thus helps in
better penetration of the cryogenic into the primary cutting zone (effective cooling)
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Fig. 42.2 Flank wear progression for the coated samples under dry and cryogenic conditions

as shown in Fig. 42.4. The improvement of the chip breakability in the cryogenic
cutting is due to formation of chips of reduced thickness in comparison with dry
cutting. This can be explained by the expression for chip reduction coefficient (£)

£ = eμ (π/2−α) and £ = t2/t1 (42.1)

While for both cutting conditions t1 and α are same.
Here t1 is uncut chip thickness and α is rake angle.

So, the chip thickness (t2) is dependent on the value of the coefficient of friction
at the contact zone if other parameters are kept constant.

μ(cryogenic) < μ(dry) due to cushioning effect

For the coating C deposited by the hybrid technique, the wear on the flank surface
reduced to minimum, i.e. 28.12 and 25.37 μm in the starting of the cut. It’s the
smooth surface properties and better adhesion of the coating helps in achieving
desired results. During the machining using Coating C built-up-edge formation can
be seen during the machining length of 50 mm but due to its instability as it gets
removed during the third pass. Though the use of cryogenic helps in reducing the
flank wear by some amount but didn’t help in reducing the progressive notch wear,
which plays and an important role in determining the tool life.
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Fig. 42.3 Scanning electron microscopic images for flank wear under dry and cryogenic environ-
ment for AlCrN based coating

Fig. 42.4 Schematic of chip
formation in cryogenic
cooling (adapted from [10])
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42.3.3 Rake Wear Studies

Though the flank wear is always considered as the criterion for the tool wear selec-
tion and rejection during the machining process the condition on the rake face also
affects its performance during the machining operation. It was observed that when
machining was performed under the dry condition the chips produced carry very
high temperature that not only oxidizes the tool surface but also causes their adhe-
sion nearby the cutting edge. During the study at the rake surface it was found that
formation of the crater could be seen for both the multilayer and single layer Coating
A and Coating B, respectively (Fig. 42.5). This behaviour is more prominent in the
case of single-layer coating. However, in the case of Coating C no such behaviour

Fig. 42.5 Optical microscopic images for rake surface under dry and cryogenic environment for
AlCrN based coating
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was observed. Due to absence of chip breaker the formed chips always keep on
entangling with the workpiece and tool thereby causing chipping at the auxiliary
cutting edge. The use of the cryogenic, i.e. liquid nitrogen doesn’t only diminish the
formation of red hot chips (and thereby oxidation) but also reduces the contact area of
the flowing chips with the tool surface. The obtained surfaces are much smoother in
comparison to dry cutting environment as seen in the obtained microscopic images.
High heat carrying capacity of the cryogenic reduces the temperature at the cutting
zone and also provides a cushion at the rake surface thereby reducing the friction
between the tool and flowing chips [9, 10]. The failure modes for all the coatings
were same but it’s the hardness and the adhesion of the coating which affects its
wear performance during the machining process. The high hardness of the Coating
C enables it to withstand severe dynamic stresses while the better adhesion provides
resistance against the coating peel off by the flowing chips.

42.4 Conclusions

The study has focused on the wear behaviour of the AlCrN based coating under
dry and cryogenic cutting environment correlating to its surface characteristics. The
following conclusions can be drawn from the experimental results.

• The evenness in the surface morphology of the Coating C not only reduces the
friction with the flowing chips but also enhances its wear performance.

• This improved wear performance was obtained with the coating of thickness
approximately half that of Coating A and Coating B.

• Multilayer coating performed better in comparison to single-layer coating but this
behaviour is limited to coatings deposited by conventional PVD technique.

• The use of cryogenic during the machining operation reduces the wear both at the
flank and rake surface in terms of abrasion, chip tool contact area and oxidation
behaviour.

All the coated tools underwent chipping at the auxiliary cutting edge in the absence
of the chip breaker. However, this doesn’t affect the cutting tool performance during
the machining.
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Chapter 43
Numerical and Experimental Analysis
of Plasma Nitrided XM-19 Stainless Steel

Shivanshu Dixit , R. K. Mishra and B. Ganguli

Abstract An experimental study of plasma nitriding and numerical simulation on
XM-19 stainless steel is done in this work. PN conducted at various process tem-
peratures ranging from 340 to 580 °C. The process parameters taken for PN were
4 h and in a ratio of N2:H2 = 1:4. The surface modification is done for the pur-
pose of increasing the service life of the material. Numerical simulation is done on
ABAQUS CAE and validated using the results of Guo et al. A numerical model is
simulated for the different rates of compression (high and low) test using coupled
temperature-displacement. The experimental work evaluated for microhardness and
optical microscopy. Since the material found application to a highly corrosive envi-
ronment, so a protective coating can be suggested for such material. This will be
in the interest of both the research and industrial point of view which uses plasma
nitriding on a large scale.

Keywords Plasma nitriding (PN) · XM-19 · Coupled temperature-displacement ·
Microhardness · Optical microscope

43.1 Introduction

The austenitic stainless steel [1] XM-19 (UNS S20910), when compared with other
stainless steel (316 and 317), is having higher strength as well as it is cost-effective.
It has high corrosion resistance, which makes the application of this material in
extremely corrosive environments [2, 3]. Other physical, chemical, and mechanical
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properties such as its nonmagnetic behavior, high work hardening rate, ductility,
high strength, and corrosion resistance make this material high applicable in all
types of working environments. The application of XM-19 SS is shown in Fig. 43.1.
The alloying element composition of XM-19 by (%wt): 0.06% C (max), 0.010%
S (max), 0.04% P (max), 0.10–0.30% Va, 0.10–0.30% Nb, 0.20–0.40% N, 1% Si
(max), 20.5–23.5% Cr, 11.5–13.5% Ni, 1.5–3% Mo, 4–6% Mn, and balance is Fe
[4].

The commercial names which are used by different industries are UNS S20910,
22-13-5, and XM-19 SS. This work presented in this paper includes plasma-based
nitriding experiment. Literature available shows the little use of the plasma-based
nitriding for XM-19 material while some uses gas nitriding process or liquid bath
nitriding [4–8]. Chidambaram et al. [9] studied stainless steel 316 and XM-19 type
for corrosion behavior under extreme condition of the nuclear- and coal-based power
plant. Trester et al. [10] reported tribological properties of inconel 718 and nitronic
60. Another work by Williamson [11] studied different types of metals (total-16)
having the same crystal structure (FCC). Guo [5] tested Nitronic 50 (XM-19) under
uniaxial compression test. Their study includes the response of the material in ther-
momechanical testing and obtained results under a different range of strain rates,
i.e., ranging from 0.001/s to 8000/s, and temperature ranges from 77 to 1000 K
show the value of stain (true) overshoot more than 60%. Another article by Kumar
[12] includes a coating on 23-8-N (Nitronic) stainless steel by the process of HVOF
(high-velocity oxy-fuel). The coating of metal with WC–10Co–4Cr was tested for
hardness and erosion. Schneider [13] talked about the better edge of XM-19 against
more commercially available stainless steel (316 and 17-4 PH types). Since XM-19
remains nonmagnetic and has corrosion resistance as high the aforementioned steels,
this can be a good alternative material in stainless steels.

From the literature mentioned above about the material XM-19 alloy, it was found
that the work available is generally related to pulse RF technique or gas nitriding.

Fig. 43.1 Application of XM-19 stainless steel
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Plasma-based nitriding can also be employed on such material as it falls under nitrid-
able category [7]. Present work includes the surface modification of XM-19 and
evolution of material for desired properties of high hardness and wear resistance
through material characterization. Guo [5] worked on the flow behavior of nitronic
50 at various rates, and temperature is replicated through FEA simulations. The
material properties found in the paper and other condition essential for the test were
used as same to conduct a numerical simulation on commercially available software
Abaqus 6.10-1 CAE. A close match of paper results and simulation results under
coupled temperature-displacement Step used for different strain rates (high and low)
and the temperature-dependent problem is used. Other important data is found in the
literature available for the materials.

43.2 Experimental Procedure

The experiment requires sample preparation. Tomake sample free from scratch, first,
rough grinding is done. Second, different emery papers 240, 600, 1200, and 2000 grit
sizes are used. Finally, diamond paste 0.25-μ size is used for mirror polishing and
cleaning with petroleum ether. The finished samples were used for plasma nitriding.
A final sample will appear as shown in Fig. 43.2, while experimental step-up used
for plasma nitriding is shown in Fig. 43.3.

XM-19 stainless steel was plasma nitrided with nascent [N] by glow discharge
method. The detailed process parameter includes the creation of a vacuum of 0.05–
0.10 Torr. The part on which the sample is placed is made up of cathode. The flow
of the gas mixture of N2 and H2 is controlled by flow meter at a pressure reduced
to 1–10 Torr. N2 gas on the application of high voltage dissociates into N2 ion that
is accelerated toward the cathode. When these ions strike the metal surface, they
form a glow of bluish color as shown in Fig. 43.4 also known as glow discharge
plasma. Important parameters of DC voltage and current are continuously checked

Fig. 43.2 Polished XM-19
(substrate material)
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Fig. 43.3 Plasma nitriding
experimental setup

Fig. 43.4 Glow discharge
envelops the part

for continuous plasma region. This establishes the glow between cathode and anode
and starts nitriding. This nitriding process is controlled by current, flow rate of gases,
time, and temperature.

43.2.1 Hardness Measurement

Vickers’s microhardness machine is used for hardness testing shown in Fig. 43.5.
The machine is coupled with a microscope to measure the indentation dimensions.

HV = 1.854F/d2 (43.1)
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Fig. 43.5 Micro hardness tester and Vickers hardness test diamond indenter

Table 43.1 XM-19 property
used in the simulation [6]

Property Values

Density (ρ) 7888 kg/m3

Elasticity modulus (E) 1.99E + 05

Poisson’s (μ) ratio 0.312

Conductivity (K) 15.6 W/mK

Equation 43.1 defines load F in Kg arithmetic mean of the two diagonals d1 and
d2 for calculating “d”.

43.2.2 Simulation Problem

Guo [5] performs uniaxial compression tests at different strain rates and temperature
conditions. A physics-based model is also discussed by the author. This paper is
simulated on Abaqus CAE using coupled temperature-displacement scheme, and
the results were compared within the accuracy range of 10% (Table 43.1).

43.3 Outcomes and Discussion

43.3.1 Physical Appearance

Figure 43.6 shows the difference between the untreated and nitride sample. Where
treated sample shows some ring-type structure due to the effect of direct current



488 S. Dixit et al.

Fig. 43.6 Appearance a.
Bare b. PN Sample

plasma nitriding comparing to no effect on the bare sample. The rings in the treated
sample are slightly dark blue in color.

43.3.2 Optical Microscopy

In Fig. 43.7, PM XM-19 samples were cut to see the surface morphology under a
microscope. A layer of nitrogen which is shown in Fig. 43.7 diffuses on the surface,
while the etched sample observed precipitated nitrides under an optical microscope
(500x) (Fig. 43.8).

PN 460 °C sample nitrided layer thickness = 20 μm (approx.)

Fig. 43.7 Top layer of nitrided surface and nitrided layer thickness

Fig. 43.8 A view of sample 50 μm (approx. thickness) treated at 560 °C
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Fig. 43.9 Different layers in the PN sample

For PN 540 °C sample nitrided layer thickness found 40.59 μm (approx.)
PN 560 °C sample nitrided layer thickness found 49.53 μm (approx.)

PN sample at different temperature treatments of 460, 540 and 560 °C is compared
to show the influence of temperature in PN. As from the observation from the above-
mentioned points as the temperature of treatment increases nitriding thickness is
also increased. Low-temperature PN observes no nitrided layer, i.e., below 400 °C. A
significant layer of nitrided layer is clearly observed in high-temperature PN samples
as the rate of nitrogen diffusion is enhanced at high temperature. Awhite layer (Fe2N
and Fe4N phases) is visible at a temperature high at 560 °C. The sample in which
white layer is formed is shown in Fig. 43.9.

When PN was done in lesser time period, i.e., ½ h or less, this PN treatment of
grain boundaries was found which is due to the etching action in which nitrogen
atmosphere of PN reacts with the elements present in the metal substrate, and the
formation of grain boundaries takes place which is clearly observed when the treated
sample is etched with nital solution as shown in Fig. 43.10. The adjacent picture
captures the indentation mark within the grain as the hardness of the grain boundary
is more than the substrate; the indentation was observed between the two grain
boundaries.

43.3.3 Hardness Measurement and Profile Plot

The hardness of each plasma nitrided sample was performed on Vickers’s hardness
test clearly mention in Table 43.2. The hardness values increase with temperature up
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Fig. 43.10 ½ h PN sample shows different layers morphology with grain boundary

Table 43.2 PN sample
surface hardness each under
the parameter of 4 h nitriding
time and N2:H2 1:4

S. No. Treatment
parameters (°C)

Times (Nitride)
(h)

Hardness (HV)

1. 340 4 373.5

2. 380 4 364.6

3. 420 4 547.58

4. 460 4 1609.2

5. 480 4 1412

6. 500 4 1636.6

7. 540 4 912.8

Hardness measurement of untreated XM-19 = 430.78HV

to certain temperature limit like in this case maximum hardness is achieved in 500 °C
PN sample (1632.36 HV). Before which, hardness value of the sample from 340 to
500 °C shows gradual increment. After 500 °C hardness value shows decrement,
i.e., in case 540 °C, it is 912.8 HV. In Fig. 43.11, the plot hardness under the same
process parameter against the bare sample is shown.

43.3.4 Case Depth Hardness Measurement Graph of PN
Treated Specimens

Figures 43.12, 43.13, and 43.14 describe the hardness value in the core of the nitrided
thickness whose value is maximum in this vicinity (Fig. 43.15). Whereas, when the
case depth increase or distance from the nitrided layer is increase the following graph
gives decrement in the hardness value and equalizes with the hardness value of the
bare material in the center of the specimen. For example, in PN 560 °C sample,
almost 0μm distance, i.e., in the core of nitrided layer the hardness value, was found
1308 HV, while in the center at the distance of 305 μm of the specimen, it was found
370 HV. Similar with the case of other samples also. The hardness value of 1636.62
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Fig. 43.11 The plot of hardness profile using data from Table 43.2

Fig. 43.12 Microhardness versus depth from the nitrided layer for PN 460 °C

HV was found in PN sample treated at 500 °C. It is evident from the chemical
composition of material that material contains a large amount of chromium (Cr).
At high temperature above 400 °C, the sample shows high hardness value which is
reasoned by reaction of nitrogen with chromium and forming a hard compound CrN
which is the reason of high hardness at a higher temperature. When the temperature
of the process is increasedmore reaction takes place and thus at a higher temperature,
high hardness value is obtained. Increasing the nitriding temperature increases the
nitrided layer thickness. Thehardness profile graphs of plasmanitrided treated sample
at different temperature of 460, 540 & 560 °C shows that the hardness of the nitrided
layer is far better than the core material, e.g., case of 460 °C plasma nitrided sample



492 S. Dixit et al.

Fig. 43.13 Microhardness versus depth from the nitrided layer for PN 540 °C

Fig. 43.14 Microhardness versus depth from the nitrided layer for PN 560 °C

inside the nitrided layer the hardness was found to 1609 HV at 0 μmwhile 1250 HV
at 9 μm and then there is drastic decrease in the hardness value as the data taken far
from the nitrided layer as in 493 HV at distance of 23 μm and goes on decreasing
as the distance increases. This is followed in all the case which is clearly observed
from the graph plotted in Figs. 43.12, 43.13, and 43.14.
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Fig. 43.15 FE model to simulate the test [14]

43.3.5 Numerical Simulation

Simulation to validate the results of Guo [5] was carried out in Abaqus 6.10-1.
To formulate the similar problem of different rates of compression (high and low), a
coupled temperature-isplacement schemewas used to solve that problem. Simulation
results were also compared with the physical model shown in the paper.

Material properties of XM-19 are already defined in the experimental procedure.
Various other parameters used in the Abaqus are step type of coupled temperature-
displacement, element-type quad, and aspect ratio that was found to be 1.

Element type selected is CPE4RT, which is default element type for plane strain
thermally coupled four-node quadrilateral, displacement-type bilinear, and tempera-
ture with RI (reduced integration) and hourglass control. XM-19 material properties
used in simulation in ABAQUSCAE include damage of ductile material assign using
stress triaxiality (Figs. 43.16, 43.17, and 43.18).

43.3.6 Results Comparisons

Figures 43.19 and 43.21, these results are compared with paper [5] from Figs. 43.18
and 43.20. The following figure below helps in understanding the link between the
numerical simulation and experiment results of the paper.

Comparison of other results such as true stress versus strain at different rates is
shown in series of Figs. 43.22, 43.23, 43.24, 43.25, 43.26, and 43.27. The author had
also worked and gave a physical model to predict the flow behavior of metal which
is shown in Figs. 43.26 and 43.27. These predicted results were also matched with
the simulation problem done in Abaqus.
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Fig. 43.16 The material definition in Abaqus CAE [14]

43.4 Conclusions

The experimental and numerical simulation is performed XM-19 materials and fol-
lowing notable conclusion can be drawn as follows:

• Plasma nitriding sample was evaluated for the thickness of the nitrided layer under
optical microscopy followed by in-depth hardness measurements using micro-
hardness tests. While low-temperature treatment shows now nitrided layer, i.e.,
≤400 °C PN, whereas the thickness layer of 20, 40, and 50 μm was found in
treated samples at a temperature of 460, 540, and 560 °C

• White layer iron nitrides phases Fe2N and Fe4N in the treated temperature of
560 °C are seen. Low time for half an hour treatment gives grain boundary on
surface morphology in the sample observed in the microscope.
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Fig. 43.17 Boundary condition and loading amplitude [14]

Fig. 43.18 Paper results of stress versus temperature at rate of 0.001/s [5]
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Fig. 43.19 Simulated results
from Abaqus at same rate
0.001/s and different
temperatures

Fig. 43.20 Paper results of
stress versus temperature at
rate of 3500/s [5]

Fig. 43.21 Simulated results
from Abaqus at same rate
3500/s and different
temperatures
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Fig. 43.22 Result from
paper in which experimental
stress–strain curves is
obtained at rate 3500/s [5]

Fig. 43.23 Simulated result
for temperature (T0 = 77 K)
is in a close match with
above graph keeping the rate
same

Fig. 43.24 Paper results at a
rate of 0.001/s taken from the
paper show different values
with increase and decrease in
the temperature [5]



498 S. Dixit et al.

0

500

1000

1500

2000

2500

0 0.1 0.2 0.3

XM-19, 0.001/s 
77K

400k

1000K

296K

Fig. 43.25 Simulated result for temperature (T0 = 77, 296, 400, 1000 K) is tried to match with
above graph (Fig. 43.24) at rate 0.001/s

Fig. 43.26 Comparison between simulated and model proposed by author results keeping the rate
similar, i.e., 0.1/s [5]

Fig. 43.27 Comparison between simulated and model proposed by author results keeping the rate
similar, i.e., 0.001/s at 296 K temperature [5]
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• Before any PN treatment, the value of hardness of bare material was found 430.78
HV. Under the prescribed procedure followed in the following experiment of PN
the maximum hardness value of 1636 HV in 500 °C sample.

• Hardness plot shows the maximum hardness value in nitrided layer thickness.
While the core of material observed constant hardness value.

• Numerical simulation results for various strain rates 0.001/s and 3500/s are done on
Abaqus and results are closely matched within the accuracy of 10%which predicts
the flow behavior of metal using software saving material from destructive testing
and proofing cost-effective as well as time-saving.

Thus, from the above conclusion, it can easily be noted that XM-19 which founds
application in high corrosion and high strength environment, its properties can be
altered by surfacemodification techniques like plasma nitriding, after whichmaterial
can be proposed for the applications like biomedical and marine application which
requires material to be high corrosion resistance and retain its strength and hardness
at both elevated and subzero temperature.
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Chapter 44
Study on Actuation Characteristics
of NiTiCu SMA Thin Film Deposited
on Flexible Substrate

S. Jayachandran , A. Brolin , M. Harivishanth , K. Akash
and I. A. Palani

Abstract In this work, the actuation of NiTiCu Shape Memory Alloy (SMA)
bimorph is studied using Joule heating setup. The characterization of NiTiCu SMA
thin film is carried out using Scanning Electron Microscope (SEM), X-Ray Diffrac-
tion (XRD), optical microscope and scotch tape analysis. The actuation study was
carried out and the maximum displacement was found at 4 V and 3 A which was
about 1.2 mm. The optical microscope images taken after the actuation studies show
the removal of the film where contacts are made. The film burnt when the voltage
is further increased resulting in the reduction in displacement. The NiTiCu film can
be used for Micro Electro Mechanical System (MEMS) application considering the
power requirement will be lowwhen compared to NiTi thin film and also can be used
for various applications.

Keywords Shape memory alloy · NiTiCu · Bimorph · Thermomechanical · Joule
heating

44.1 Introduction

Shape Memory Alloys (SMA) are the special class of alloys which changes its shape
when exposed to temperature and returns backs to its shape once the heat source
is withdrawn [1]. NiTiCu thin film has been widely used for various applications
because of several reasons like ability to recover large transformation stress and
strain upon heating and cooling, high damping capacity, great shape restoring force
and biocompatibility. The NiTiCu thin film exhibits small thermal mass to heat or
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cool as compared to NiTi bulk and results in reduced response time and increased
operation speed. Fast natural cooling and large retention of actuation stresses and
strains are possible due to large surface to volume ratio in NiTi [2]. Application of
SMA thin film inMEMS aids simplification of mechanisms with flexibility of design
and creation of clean, friction-free and non-vibration movement. These SMA thin
films are fabricated using physical vapor deposition techniques such as laser ablation,
ion beam deposition, arc plasma ion plating, and sputtering. The thin film deposition
usually made using lithography technique which is time-consuming process where
they can be developed using physical vapor deposition technique usingmasking on to
the substrate. The problemwith these techniqueswas nonuniformity in film thickness
and composition, lowdeposition rate or incompatibilitywithMEMSprocess, etc. The
thin films are mostly developed on silicon substrate provided various applications on
semiconductor industry but the actuation characteristics can be only done through
Differential Scanning Calorimetry (DSC), four-probe method, etc.; however, thin
film developed on flexible substrate helped to study the actuation characteristics
through Joule heating [3]. SMA thin film fabricated on flexible substrates finds more
applications in MEMS field as an actuator than bulk material fabrication. NiTiCu
deposited on flexible substrate helps to overcome the complex process of obtaining
the free-standing film when deposited on rigid substrates such as glass and silicon
wafer.

MEMS actuators primarily utilize Joule heating due to its convenience and sim-
plicity as compared to other actuation sources such as laser beam and hot fluid. The
actuation characteristics of copper-based shape memory alloys have been studied
using Joule heating by varying the thickness of substrate and substrate temperature
[4]. They also reported copper-based shapememory alloy showed increased displace-
ment due to lesser resistance in the SMA thin film.Woongweerayoot et al. [5] studied
NiTiCu shape memory alloy for microgripper application where they lift a load of
0.5 mg. They showed that at annealing temperature of 650 °C for 30 min provided
the desired crystalline structure. From the literature, the actuation characteristics are
studied through stress–strain behavior and there is less report on actuation study
of fully deposited bimorph through thermomechanical behavior. There is no report
on the thermomechanical behavior of patterned NiTiCu deposited bimorph through
Joule heating. In this work, we have deposited NiTiCu SMA bimorph on the flexible
substrate to study the actuation characteristics and also to study the crystal structure,
surface morphology, and adhesion test using scotch tape analysis.

In this study, the deposition is made on the thin film using the flash evaporation
technique [6]. This technique enables the deposition ofmulticomponents of the alloys
whose constituents have different vapor pressures. The evaporation process is done
with only one boat that is maintained at a sufficiently higher temperature to evaporate
the components of the alloy. This technique has an added advantage of controlling
the composition of the alloy components that need to be deposited with the help of
a powder feeder wherein the alloying components are controlled by the vibrating
powder feeder. The surface quality of the deposited thin film can also be directly
related to the grain size of the powder that is being used for the deposition. The
powder feeder also helps in controlling the thickness of deposition. The amount of
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material that is fed into the crucible can be controlled by controlling the feeder which
in turn controls the thickness of deposition.

44.2 Experimental Setup

Kapton polyimide of dimension 7 × 7 cm2 was used for deposition as substrate
material and NiTiCu of small pellets was used as source material. The pellets were
fabricated through arc melting unit. The vacuum pressure was maintained at 2 ×
10−3 mbar. The argon gas was purged thrice to reduce the deposition of carbon. The
possibility of reaction between the crucible and the source due to high temperature
can overcome by the use of water-cooled copper crucible. The NiTiCu pellets were
precisely measured using precision balance. In order to obtain proper adhesion, the
Kapton polyimide was cleaned using ultrasonic cleaning with acetone, isopropyl
alcohol, and distilled water. Hydrophilic treatment was done on the glass substrate
to enhance the adhesion between the source and the substrate. The solutions used for
this treatment were water, ammonium hydroxide (NH4OH), and hydrogen peroxide
in a ratio of 5:1:1, respectively. The process parameter used for deposition is shown
in Table 44.1.

The background pressure was evacuated from the chamber before deposition to
about 5 × 10−5 mbar using diffusion and rotary pump. Figure 44.1a shows the

Table 44.1 Deposition
parameters

S. No. Parameter Value

1 Vacuum pressure 5 × 10−5 mbar

2 Source material NiTiCu

3 Current applied 80 A

4 Deposition time 5 min

Fig. 44.1 a Schematic of powder feeder arrangement of Flash evaporation, b photographic image
of actuation setup for Joule heating
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schematic of flash evaporation equipment. The substrate was cleaned with acetone
and properly baked before deposition. The thickness of the thin film was 1.75 µm
which was measured using the optical microscope.

The surface morphology was investigated using SUPRA55 Zeiss Scanning Elec-
tron Microscope (SEM). The crystallographic phase structure of the deposited
bimorph was examined using X-Ray Diffractometer (XRD). The thermomechan-
ical behavior study was done to study the actuation behavior of SMA thin film. The
bimorph of 3× 2 cm2 was cut and used for analyzing the thermomechanical behavior
with the help of Joule heating setup. Joule heating setup helps to log the displacement
data from the laser displacement sensor. Experiments were carried by varying the
voltages to study the influence of bimorph in MEMS application.

Figure 44.1 shows the actuation setup that was used to check the actuation of
the thin film. The actuation was checked by varying the voltage and current until an
optimum value of voltage and current was reached that showedmaximum deflection,
i.e., actuation.

44.3 Results and Discussion

The NiTiCu shape memory alloy bimorph developed using flash evaporation tech-
nique shows Two-way ShapeMemory Effect (TWSME). The TWSMEwas obtained
without any tedious process of shape setting or training. During heating the bimorph
changes from its curved shape to flat position due to its shape memory effect. The
thermal stresses developed in the bimorph during deposition help to recover its shape
from flat position to curved shape thus resulting in two-way shape memory effect.
The process of deposition was carried out in two steps: (i) raising the temperature
till the eutectoid point that allows the thorough mixing of the alloy components in
the molten state and (ii) then rapidly increasing the temperature which leads to the
evaporation of materials and results in the deposition on the substrate.

The surface morphology examined using Scanning Electron Microscope (SEM)
exhibited surface with no pores and cracks, and there are a large number of precip-
itates which are present within the grains and along the grain boundary [7]. X-Ray
Diffraction (XRD) shows peaks at the range between 40° and 50° and also it revealed
that some crystalline peak phases attributed to Ti2Cu and Ni3Ti [8] (Fig. 44.2).

The scotch tape analysis [9] was used to check the adhesion of the bimorph. The
experiment was performed by sticking a 2 × 2 cm2 tape on the SMA bimorph of 3
× 3 cm2 to test the adhesion of the deposited thin film. The scotch tape is weighed
before sticking and also after removing from the substrate. Table 44.2 shows the
weight of the tape before and after the analysis. The developed thin film showed
good adhesion and less removal of the film from the surface as there as only 0.1 mg
of material on the scotch tape. The weight of the tape before sticking was 17.8 mg
and weight of the scotch tape after testing was 17.9 mg. The diffusion of the copper
layer on to the Kapton bare polyimide resulted in better adhesion.
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Fig. 44.2 a Microstructure of NiTiCu bimorph, b XRD crystal structure of NiTiCu

Table 44.2 Scotch tape results

Content Weight of tape before
testing (mg)

Weight of tape after
testing (mg)

Weight of adhered
material (mg)

NiTiCu 17.8 17.9 0.1

Joule heating results in heat generation by converting electrical energy into heat
energy in the SMA/Kapton composite which aids in actuation. In Joule heating, the
actuation largely depends on the electrical resistivity of thematerial. Copper contacts
are provided to the Joule heating setup which reduces the contact resistance and also
helps in regulating the current flow. The amount of heat generated in the composite
film based on the resistance is given in Eq. (44.1).

Q = V2

R
(44.1)

where

Q quantity of heat obtained in SMA/Kapton Composite (J)
V applied voltage (V)
R resistance of thin film (�).

The thermomechanical behavior of the film was studied through Joules heating
setup. A suitable amount of voltage was passed throughout the film placed in the
setup and the actuation of the film was studied at various voltages and at constant
frequency of 0.5 Hz. The current was fixed at a constant value of around 3 A and
the voltage was varied to study its behavior at various steps. The frequency was
selected such that the bimorph has sufficient time to heat and cool [10]. Frequency
of 0.5 Hz was set since the displacement of the bimorph was maximum. For the
purpose of plotting the data points, the actuation of the bimorph was studied for 10
cycles. Then experiments were also carried out to study the behavior of the bimorph
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Fig. 44.3 a Thermomechanical behavior of bimorph for varying voltage at 3 A and 0.25 Hz,
b maximum displacement versus voltage graph

during an extended period of actuation. Iterative experiments on the film show that
the maximum value was observed at 4 V. Figure 44.3a shows the displacement of
the film from 1 to 4 V. At 1 V the displacement was about 0.5 mm and as the voltage
increases, the displacement gets increased. At 2 V the actuation was slightly higher
up to 0.9 mm and further increasing the voltage to 3 V the deflection was 0.95 mm.
The maximum displacement was 1.2 mm at 4 V. It was observed that as the voltage
was increased beyond 4 V, the actuation started to decrease. Figure 44.3b shows a
decrease in displacement with an increase in voltage.

The decrease in displacement may be due to delamination of NiTiCu thin film
from the contact point. The actuation mainly depends on the electrical resistivity of
the NiTiCu thin film which is in the order of 6 × 10−7 �m. The resistivity decides
the amount of current flow through the bimorph film. The current completely flows
throughout the film up to 4 V but increasing it further damages the contact region
which gets delaminated from the surface of the bare polyimide.

The decrease in displacementwith an increase in voltage is due to the delamination
of the film from the surface due to repeated cyclic testing on the bimorph. Figure 44.4a
shows the optical microscope image of surface of the film before the start of the
experiment. The micrograph shows proper uniform surface without any cracks. The
delaminated bimorph after actuation at more than 4 V is shown in Fig. 44.4b.

44.4 Conclusions

The actuation characteristic study on NiTiCu SMA bimorph developed using flash
evaporation operation has been studied using Joule heating. The results can be sum-
marized as follows:
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(a)

Peeled of region

(b) 

Fig. 44.4 Optical microscope image a before actuation and b after actuation for 3 A and 4 V for
0.25 Hz frequency

• The bimorph shows maximum actuation of 1.2 mm at 4 V and 3 A at a working
frequency of 0.5 Hz.

• The displacement of the bimorph decreases with increase in voltage beyond 4 V
and the film delaminates when repeatedly actuated for more cycles which are seen
in the optical microscope image. The micrograph shows the peeled off region after
a certain number of actuation cycles.

• The surface morphology showed a smooth surface without any pores and cracks.
The crystalline structure showed presences of Ni3Ti and Ti2Cu which can be seen
from XRD. The scotch tape analysis proved the adhesion was better quality.
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Chapter 45
Influence of Laser Shock Peening
on Wire Arc Additive Manufactured Low
Carbon Steel

M. Manikandan , S. S. Mani Prabu , S. Jayachandran , K. Akash ,
I. A. Palani and K. P. Karunakaran

Abstract This paper attempts to investigate the effect of laser shock peening on
mild steel structures developed byWire Arc Additive Manufacturing (WAAM). This
process has employed in fabricating the desired samples with an argon environment
which has a feed rate of 15 cm/min, 16V, 80A, argon flowpressure andwire diameter
1.2mm. Nd-YAG pulsed laser source has used for the shock peening process with the
wavelength of 532 nm and power of 2 W. The optical microscope images represent
microstructure of the surface before and after laser shock peened samples. The sample
shows uniform grain refinement and reduced pores level after laser shock peening.
Further X-ray diffraction has used for analyzing the confirmation of crystalline phase
and structures in detail.

Keywords Wire arc additive manufacturing · Laser shock peening ·
Microstructure · Low carbon steel

45.1 Introduction

In past decades, an additive manufacturing technique is a vital process for fabri-
cating the product with sufficient amounts of raw materials consumption, improved
production rate, and less intake of post-processing time. As compared to additive
manufacturing process, the conventional manufacturing process has various defects,
such as misrun, closed pack porosity, scars, and thermal distortion, which occur due

M. Manikandan · S. Jayachandran · K. Akash · I. A. Palani (B)
Mechatronics Instrumentation Lab, Discipline of Mechanical Engineering, Indian Institute of
Technology Indore, Indore, Madhya Pradesh, India
e-mail: palaniia@iiti.ac.in

S. S. Mani Prabu · I. A. Palani
Metallurgy Engineering and Materials Science, Indian Institute of Technology Indore, Indore,
Madhya Pradesh, India

K. P. Karunakaran
Rapid Manufacturing Laboratory, Department of Mechanical Engineering, Indian Institute of
Technology Bombay, Bombay, Maharashtra, India

© Springer Nature Singapore Pte Ltd. 2019
M.S.ShunmugamandM.Kanthababu (eds.),Advances inMicroandNanoManufacturing
and Surface Engineering, Lecture Notes on Multidisciplinary Industrial Engineering,
https://doi.org/10.1007/978-981-32-9425-7_45

509

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-32-9425-7_45&domain=pdf
http://orcid.org/0000-0002-5748-3678
http://orcid.org/0000-0002-4573-8696
http://orcid.org/0000-0002-1220-0945
http://orcid.org/0000-0002-8988-1312
http://orcid.org/0000-0001-8444-006X
mailto:palaniia@iiti.ac.in
https://doi.org/10.1007/978-981-32-9425-7_45


510 M. Manikandan et al.

to environmental conditions and human errors. Therefore, to overcome these defects
the additive manufacturing process is a suitable process. This technique differenti-
ated into various categories, which based on material and fabrication process such as
stereolithography, fused deposition modeling, selective laser melting/sintering and
wire arc additive manufacturing, etc. Among these, selective layer melting/sintering
(SLM) method has high potential for developing complex structures and porous
structures with high ultimate strength. However, SLM is a low deposition rate-
based method, which is a major limitation due powder particles variation and scan-
ning speed. The unmelted powder particles are included in final product, which no
advisable because it will reduce the mechanical strength of SLM fabricated sample.
WAAM is an arc-based fabrication method that can fabricate dense parts with low
lead time and it will improve production rate. WAAM is a modern technology used
to gas arc controlled process that fabricates desired complex structure with auto cad
model. Therefore, WAAM technique is an entirely suitable method to produce high-
rate deposition thinwall structuremultilayered sampleswith single pass. Thismethod
can be used to manufacture aerospace components, turbine blades, and nuclear reac-
tor structures [1, 2] because the WAAM developed samples were of superior quality
with full dense, high mechanical strength, and reducing defects as compared with
conventional method [3]. If there is a solidification time variation in between two
layers, then thermal distortion defects initiating to develop in the samples. InWAAM
process, the electrical energy highly influenced in thermal-based defects is affecting
final product, so post-processing has been used to retain the properties [4].

There are various post-process techniques have consumed to attain the final
product, such as the machining process to remove excess materials for attaining
good surface finish [5, 6]. Heat treatment process enhances the surface properties
and corrosion behavior. That behavior depended on the annealing temperature of
about 1100–1200 °C; this assists to varying phase between σ and δ phases of 316L
steel microstructure [7, 8]. However, the heat treatment process has some limitation
to accomplish such properties. Plastic deformation-based post-process is suitable
method for enhancing physical properties of as-fabricated samples. There are vari-
ous methods used to improve the mechanical properties by plastic deformation such
as shot peening, laser shock peening, warm shock peening, and ultrasonic peening.
In shot peening, the spherical ball shot on the sample surface that induces micro-
dimples on the surface and compressive residual stress induced inside samples that
occur due to mechanical plastic deformation for fatigue strength. Shot peening has
low depth penetration of compressive residual stress. Laser shock peening has many
advantages such as high amplitude penetration of compressive residual stress, com-
plex geometry samples can be employed, high precision laser pulse energy can be
used on the samples, and reducing damages on the sample coating has been used as
protective layer. Therefore, LSP has widely applied in automobile industrial com-
ponents. In LSP process, laser as a source used to induce the compressive residual
stress for improving the fatigue strength and surface properties [9, 10]. LSP causes
three different mechanisms such as (i) different stress formations (compressive or
tensile loading) (ii) high amplitude cyclic loading and (iii) thermal cyclic loading.
LSP is a suitable method for enhancing corrosion resistance, wear resistance, and
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superior attainment in grain refinement of the surfacemicrostructure. In LSP process,
two sacrificial layers have been used for protecting surface of the samples which is
opaque and transparent layer. The transparent layer has been used to increase plasma
range on the sample, which aid to improve the compressive residual stress. When
compare to other LSP with the conventional surface treatment, they require coating
or cladding technique has augmented the properties.

In this paper, motivation is enhancing the surface quality and reducing the sur-
face defects of WAAM fabricated parts using laser shock peening. Governing the
parameters ofWAAMprocess has accomplished to reduce the number of experiment
level. Further, Nd-YAG nanosecond laser is a source for laser shock peening which
accomplishes the surface treatment to augment the microstructure refinement and
mechanical properties.

45.2 Materials and Methods

45.2.1 Materials

The AWS ER70S-6 grade copper coated wire was used to fabricate in WAAM tech-
nique, for which chemical composition as shown in Table 45.1. This material has
mainly used for structural application which has high strength.

45.2.2 Methods

WAAM and LSP:
The illustration of WAAM setup is shown in Fig. 45.1. WAAM process has retained
with argon gas pressure at 28 Psi for making oxygen-free parts, and the parameters
of the WAAM process shown in Table 45.2 are at optimum level.

The MS wire emanates from feeder to WAAM torch, which assists to fabricate
thin wall structure with governed welding parameters. The argon gas has supplied
to same torch nozzle for avoiding oxidation to the samples shown in Fig. 45.2. The
above-optimized parameter has used to obtain the thin wall structure sample negli-
gible spatter defects. After fabrication, the samples were employed to wire electrical
discharge machining for cutting into 1 × 2 cm samples. Further which are done
with surface polishing by metallography polishing machine with different grades of
Sic paper. Subsequently, these samples have examined for surface treatments with

Table 45.1 Chemical composition

Elements C P Si Mn S Cu Fe

% wt 0.09 0.012 0.95 1.65 0.018 0.35 Remaining
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Fig. 45.1 Schematic representation of WAAM setup

Table 45.2 WAAM parameters

Parameters Wire feed rate
(m/min)

Ar. Gas Flow
pressure
(Psi)

Volt. (V) Current
(A)

Dia.
(mm)

Quantity rate 1 28 16 80 1.2

Fig. 45.2 WAAM fabricated samples. a WAAM fabricated six-layer sample. b Conventionally
polished sample before shock peening. c After laser shock peened sample
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Fig. 45.3 Illustration of laser shock peening setup

the assistance of nanosecond Nd-YAG laser, the schematic arrangements of LSP are
shown in Fig. 45.3.

The power of the laser shock peening process hasmaintained about 2Wof 532 nm
wavelength, standoff distance 30 cm, without transparent overlay, and absorbent
coating. The laser beam impinges able to ablate the atoms from WAAM sample
which assist in changing the surface structure, and this effect helps to induce the
compressive residual stress on the sample surface. An overlap of 90% between two
layers can enhance wear resistance and fatigue life of the WAAM fabricated parts.
The sample surfaces have characterized by an optical microscope. The crystalline
structure and chemical element confirmations of as-fabricated samples have been
investigated by X-ray diffraction. Before and after LSP samples surface has X-ray
scanned by CuKα radiation (ň = 0.1548 nm) with an angle between 20° and 80°.

45.3 Result

45.3.1 Optical Microscope

The optical microscope has used for characterizing the surface morphology of
WAAM fabricated samples before and aftershock peening which can magnify up
to 0.2 μm. Figures 45.4 and 45.5 show the microstructure of WAAM fabricated
low carbon steel samples which illustrates the micropores of the sample’s surface.
Nd-YAG solid-state pulsed laser has used for laser shock peening process with max-
imum laser power (2 W). The LSP process assisted to induce the residual stress and
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(a) (b) (c)

Micro PoresPores

Fig. 45.4 Microstructure of before laser shock peened wire arc additive manufactured sample

(a) (b) (c)

After
Grain refinement

Fig. 45.5 Microstructure of after laser shock peened wire arc additive manufactured sample

to refine the grains. Figure 45.5a–c illustrate the grain refinement and enhancing the
dense samples, and also the pores were decreased in laser shock peenedWAAM fab-
ricated sample. Finally, the LSP process achieved enhancing the surface topologies
and internal structures of grains.

45.3.2 X-Ray Diffraction

The X-ray diffraction has used for characterizing crystalline orientation and crystal
phases of the WAAM samples before and after the LSP process. When varying
electron intensity concerning an angle between from 20° to 90°, the Bragg’s law has
illustrated grain orientation of the samples. Before LSP samples peaks in XRD graph
(Fig. 45.6) were discover the conformation iron(Fe) element at an angle 45(2 0 0),
65(2 0 0) degree also the alpha and gamma iron as the same angles, which angles
were observed absence of iron oxide elements. After the LSP processed samples
(Fig. 45.7) were characterized the XRD peaks observed at 42.4(2 0 0) and 82.3(2
1 1), which illustrate that the peaks were shifted, due to the which laser-material
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Fig. 45.6 XRD graph of
before laser shock peened
sample

Fig. 45.7 XRD graph of
after laser shock peened
sample

interaction has induced the sufficient shock waves for phase transition from alpha
to gamma phase. The Gaussian profile of 82.3 angles observed (211) Fe martensite
phase. Hence, the LSP treated samples show good results as compared with non-LSP
treated samples.

45.4 Conclusion

Summary of this research work,

1. The samples have successfully manufactured by WAAM process with the assis-
tance of governed parameters, which are 16 V, 80 A, 1 m/min, and 28 psi.

2. The sample was laser shock peened with the source from Nd-YAG pulsed laser
10 ns pulse width and without transparent overlay an absorbent coating.

3. After the LSPprocess, the sample surfacewas enhancing the tribology properties.
4. Opticalmicroscope showed the grain refinement and reducedmicropores in laser-

treated samples as compared with non-treated samples.
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5. XRD peaks have observed phase changes between laser-treated to non-treated
which transforms from Gamma iron to alpha iron.
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Chapter 46
Fluidity of A206 Cast Alloy
with and Without Scrap Addition Using
Thin Cross-Sectional Fluidity Test:
A Comparison

Srinivasa Rao Pulivarti and Anil Kumar Birru

Abstract The fluidity of the aluminium alloys decreases by increasing the volume
fraction of oxide inclusions while recycling aluminium alloys and which in turn
affects the castability of the materials. In the present investigation, the influence of
scrap additions of A206 and Al–4Ni alloys on the fluidity of A206 alloy has been
investigated for recycling. The measurements of the fluidity were achieved with plus
type thin cross-sectional fluidity test. The pattern consists of cross sections 2, 4,
6 and 8 mm in order to make green sand moulds with respectable reproducibility.
The effect of recycled alloys on fluidity has been compared with soapstone powder
mould coating to that of the A206 alloy without coating. The results revealed that
the fluidity decreased by an increase in the recycled alloy. It was observed that the
fluidity was noticeably increased at 750 °C pouring temperature, particularly for the
green sand moulds coated with soapstone powder.

Keywords A206 alloy · Fluidity · Thin wall castings ·Mould coating · Pouring
temperature · Recycling

46.1 Introduction

The aluminium alloy recycling causes substantial cost-effective benefits, energy sav-
ings, ecological benefits, etc. Itwas examined that secondarymetal formed from recy-
cled metal needs around 2.8 kWh/kg of metal formed, whereas the energy required
for the production of primary aluminium is around 45 kWh/kg of prepared metal.
It was significant to increase the use of recycled metal from the ecological point
of view from the time when producing aluminium [1]. The change in environment
is a rising issue of global concern. A new technique was adopted for the recycling
process of aluminium alloy scrap with the purpose of less energy consumption and
cost-effective production processes. By this technique, it can be observed that the
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less emission of air pollution as well as great saving of metal, in comparison with
other processing techniques. The production of aluminium by recycling produces
about 4–5% of the gas emitted in major production [2].

The fluidity is most commonly measured by either spiral mould or vacuum tests
[3]. However, these tests are suitable for molten metal which flows in constant cross
sections. But, the test results might be varied if the molten metal flows in different
cross sections, and hence, the optimization of fluidity test procedure is essential [4].
The mould design with various cross sections proposed by Kwon and Lee [5] has
given reproducible results. And, it was also observed that the grain refinement and
oxide inclusionswere found to be a significant impact on the castability of aluminium
copper alloy with a low level of manganese at lower casting temperatures.

Few researchers made an attempt to enumerate the variables affecting the fluid-
ity and concluded that the metallurgical factors, metal composition and degrees of
superheat have a major impact on the fluidity [6]. Mollard et al. [7] reviewed the
progress of fluidity in foundry technology and its applications in thin wall, high-
integrity aluminium castings. Di Sabatino and Arnberg [8] studied the phenomena
and effect of alloy composition, which reduces the fluidity of aluminium alloys. Yang
et al. [9] investigated that fluidity and mechanical properties of Al–Si–Ni alloys. It
was observed that the fluidity was increased by the addition of silicon and decreased
by the addition of nickel at certain levels, whereas the addition of silicon and nickel
both enhanced the ultimate tensile strength of the said alloy.

Sharma et al. [10] studied the tensile properties, fractography analysis and fluidity
of the composites made iron oxide particulate composites. It was observed that the
fluidly was increased linearly with the pouring temperature from 700 to 740 °C. Also,
the fluidity was not having appreciable change for A518 alloys when the pouring
temperature crosses beyond 715 °C [11]. However, the authors observed that much
work has not been published on the effect of scrap on the fluidity of A206 alloy,
especially for different thin cross sections. Therefore, in the present study, the authors
made an attempt to study the effect of scrap and compare the fluidity of recycled
A206 alloy for coated and uncoated moulds at different pouring temperatures.

46.2 Experimental Procedure

The A206 alloy was used to test the fluidity of different thin cross sections in
the present investigation. The chemical composition of the A206 alloy is shown
in Table 46.1.

Table 46.1 Composition of A206 alloy

The composition of elements (wt%)

Cu Mn Mg Si Ti Sr Al

4.5 0.2 0.15 0.05 0.15 0.20 Balance



46 Fluidity of A206 Cast Alloy with and Without Scrap Addition … 519

The A206 master alloy was made by green sand casting in an ingot form with
ordinary crucible melting furnace. In order to make that, initially, 5 kg 99.7% purity
aluminium was taken and melted in a graphite crucible at a temperature of 750 °C
and then 4.5 wt% copper (99.8% purity) was introduced in a rod form to the molten
aluminium at 800 °C. Later, the grain refiner Al–2.5Ti–0.5C was prepared with 2.5
wt% of titanium metal powder (99.8% purity) mixed with 0.5 wt% carbon powder
(150 µm size) for 1 kg aluminium. The fluidity of the A206 alloy was tested by the
addition of the aluminium scrap (5–15 wt%), which was made in the form of turning
chips. Also, Al–4Ni master alloy was prepared with the nickel (Ni) metal which was
processed into chips by drilling machine for 1 kg aluminium. The scrap of A206
alloy and Al–4Ni were added into virgin A206 alloy molten metal along with grain
refiner at different percentages so as to study their effect on fluidity.

The fluidity test castings were made with the aid of green sand moulds. It was
made from silica sand bondedwith binders, namely, bentonite clay andmolasses, and
additives such as fly ash and water were taken in proportionate quantities in order
to enhance the properties of green sand. Moreover, the soapstone powder mould
coating was applied to mould surface due to the fact that their contact angles are
large, and the wettability is low between the molten metal and mould, which in turn
might increase the fluidity of thin cross section. The effect of thin cross section on the
fluidity and mechanical properties of the A206 alloy is the motive behind the present
investigation. Borouni et al. [12] have taken a cross-type pattern with different cross
sections to test the fluidity. The same kind of fluidity test pattern has been selected
in the current investigation as depicted in Fig. 46.1a.

The patternwasmadewith themild steel and its design consists of four rectangular
thin cross sections of 250 mm long and 30 mm wide with different thickness 2, 4,
6 and 8 mm thickness. Figure 46.1b shows the sand mould consists of mould cavity
prepared by the designed pattern. The prepared green sand moulds which are coated
with soapstone powder of a chosen pattern for the fluidity tests.

Mould 
cavity

(a) (b)

Fig. 46.1 a The pattern chosen for the fluidity investigation. b Sand mould
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Fig. 46.2 Scrap used: a A206 alloy scrap, b nickel metal scrap

(b) (c)(a)

Fig. 46.3 Fluidity test castings: a A206 virgin alloy, b 15% A206 alloy scrap, c 4% Al–4Ni scrap

Figure 46.2 shows the scrap used for fluidity test and Fig. 46.3 shows castings
made with different scraps.

46.3 Experimental Results

46.3.1 Fluidity Results of the A206 Alloy at Without Addition
of Scrap

The results revealed that once the pouring temperature was raised from 700 to 750
°C, the fluidity length improved from 38.7 to 49.5 cm. Further increase of pouring
temperature from 750 to 780 °C leads to enhance the fluidity length from 49.5 to
57.7 cm. Also, for the soapstone powder-coated moulds, Fig. 46.5 describes that
while the pouring temperature was raised from 700 to 750 °C, the fluidity length
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Table 46.2 Fluidity results of a thin cross section of the A206 alloy at without scrap addition

Pouring temperature
(°C)

Fluidity length (cm) Increase in fluidity % Increase in fluidity
(%)Uncoated Coated

700 38.7 67.6 28.9 74.68

750 49.5 76.1 26.6 53.74

780 57.7 81.2 23.5 40.73
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Fig. 46.4 Fluidity results of a thin cross section of the A206 alloy at without scrap addition

improved from 67.4 to 76.1 cm. As the pouring temperature increased from 750 to
780 °C, the fluidity length further improved from 76.1 to 81.2 cm as displayed in
Table 46.2. The A206 alloy for thin cross sections with and without coating is as
depicted in Fig. 46.4.

46.3.2 Fluidity Results of the A206 Alloy with 15% A206
Alloy Scrap Addition

Figure 46.5 depicts the results of the fluidity of the A206 alloy at 15% scrap addition.
It was revealed that for uncoated cross-sectional mould, the fluidity was increased
from 45.5 to 56.1 cm while the pouring temperature was raised from 750 to 780 °C.
Likewise, the fluidity increased from 49.6 to 69.2 cm while the pouring temperature
increased from 700 to 750 °C for the soapstone powder-coated moulds. Further
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Fig. 46.5 Fluidity results of a thin cross section of the A206 alloy at 15% A206 scrap addition

Table 46.3 Fluidity of thin cross-sectional test results of A206 alloy with 15% scrap addition

Pouring temperature
(°C)

Fluidity length (cm) Increase in fluidity % Increase in fluidity
(%)Uncoated Coated

700 33.4 49.6 16.2 48.50

750 45.5 69.2 23.7 52.09

780 56.1 79.6 23.5 41.89

increase of pouring temperature from750 to 780 °C leads the fluidity length enhanced
to 79.2 cm as represented in Table 46.3.

46.3.3 Fluidity Results of the A206 Alloy with 15% A206
Alloy Scrap Addition

Figure 46.6 depicts the results of the fluidity of the A206 alloy at 15% scrap addition.
It was revealed that for uncoated cross-sectional mould, the fluidity was increased
from 45.5 to 56.1 cm while the pouring temperature was raised from 750 to 780 °C.
Likewise, the fluidity increased from 49.6 to 69.2 cm while the pouring temperature
increased from 700 to 750 °C for the soapstone powder-coated moulds. Further
increase of pouring temperature from750 to 780 °C leads the fluidity length enhanced
to 79.2 cm as represented in Table 46.4.
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Fig. 46.6 Fluidity results of a thin cross section of the A206 alloy at 4% Al–4Ni scrap addition

Table 46.4 Fluidity of thin cross-sectional test results of 4% Al–4 Ni alloy without scrap addition

Pouring temperature
(°C)

Fluidity length (cm) Increase in fluidity % Increase in fluidity
(%)Uncoated Coated

700 24.7 39.6 14.9 37.63

750 33.5 48.2 5.5 11.41

780 42.7 55.1 21.6 39.20

46.4 Discussions

The fluidity results of the virgin A206 alloy obtained by the soapstone powder mould
coating and mould without coating are compared at without scrap additions. It was
observed that the fluidity was increased by 74.68% from uncoated to the coated thin
cross section at the pouring temperature at 700. The fluidity was further increased
by 53.74% at 750 °C pouring temperature and 40.73% at a pouring temperature
of 780 °C. Likewise, for 15% scrap addition at 700 °C pouring temperature, the
fluidity was increased by 48.50% when the results are compared at without coating
and with soapstone powder coating. It was examined that the fluidity was further
increased by 52.09% at 750 °C and 41.89% at 780 °C. So, recycling of A206 alloy
with and without scrap additions might be recommended for industrial use because
the fluidity was increased by the addition of 15% scrap of the A206 alloy. For the
A206 alloywith 15% scrap addition, the oxide particles wereweakened, whichmight
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be the cause for least alterations in the fluidity at higher pouring temperature. Also,
the addition of the A206 alloy scrap does not considerably affect fluidity at higher
pouring temperatures with the 15% scrap addition. Conversely, with the increase in
the pouring temperature, the fluidity has increased. Moreover, it can be expected
that the inclusion of oxide particles was influenced by the mould coatings due to the
pouring temperature. Authors, however, identified that further investigations may be
needed to check the kind of oxide elements.

46.5 Conclusions

As per the investigations carried out, the following conclusions have been drawn as
follows:

1. An appreciable improvement in the fluidity of A206 alloy without scrap addition
was observed due to soapstone powder mould coating, particularly at minimum
pouring temperature of 700 °C.

2. The fluiditywas decreased by the addition of scrap at lower pouring temperatures.
However, the fluidity was considerably increased at higher pouring temperatures.
Therefore, the addition of scrap might be permissible up to 15% in case of A206
and 4% in the case of Al–4Ni alloy.

3. The percentage of A206 alloy scrap does not have a significant influence on
fluidity at the higher pouring temperatures with the 15% scrap and 4% Al–4Ni
additions. Therefore, it is recommended to the casting industries that scrap addi-
tion of the said alloy is beneficial with proper control of alloy composition.
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Chapter 47
Study on the Aesthetic Behavior
of Anodic Oxidation in ADC12
Aluminum Alloy

S. Shanmugham , M. Kamaraj , S. K. Seshadri , V. P. Balaji
and S. Karthi

Abstract Anodizing/Anodic oxidation is the most common surface treatment of
aluminum and its alloys for automobile and aerospace applications. Poor aesthetic
appearance (scattered patches on the surface) is the common problem in pressure
die-cast ADC12 aluminum alloy when it is subjected to anodic oxidation at higher
temperature due to surface segregation. Surface segregation is inevitable in thismate-
rial where it is a commercial aluminum alloy and having a high level of impurity
contents. High impurity will ease to form alloy segregation in surface and subsur-
face during pressure die-casting and reflect poor surface appearance like yellow color
patches. This case study deals to solve the poor aesthetic behavior in ADC12 alloy
during the anodic oxidation process. Process condition study was done to eliminate
this problem.

Keywords Anodic oxidation · Segregation · Intermetallics · X-ray diffraction ·
SEM–EDAX analysis · Pressure die-casting

47.1 Introduction

Aluminum pressure die-cast components are widely used in automotive applica-
tions due to its lightweight and better castability. In braking system applications,
aluminum–silicon alloys such as ADC12 alloy used in valve internal components
and other structural housing parts. In general, the surface nature of an aluminum
alloy is more complex than pure aluminum. In pressure die-casting, thermal con-
tact between the die wall and the solidifying metal ensured by the applied pressure
during solidification results in very high cooling rates. This will create changes in
microstructure near the casting surface such as alloy segregation of higher volume
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fraction of intermetallic in solution due to impurity. Distribution of impurity will
happen in a nonuniform manner and scatter in the different regions due to localized
undercooling. It makes inhomogeneous mixture in the aluminum solid solution. This
is called as segregation of impurities.

These segregation phases are mainly Fe-rich compounds consisting of Al, Fe,
Mn, Cu, and Ni. In some cases, it will appear as large intermetallic particles with
respect to cooling rate and appear in surface and subsurface which is connected
with locally finer grain size. The effect of second phase particles on growth and
properties of anodic oxide layer depends on their composition, structure, chemical
and electrochemical properties, their morphology, volume fraction, and distribution
[1]. In general, nonequilibrium solidification occurs in actual pressure die-cast part is
due to component geometry,whichwill result several brittle andharmful intermetallic
phases such as Fe2SiAl8, FeAl6, Al5FeSi, FeSi2Al4, and FeSiAl3, and coexist with
one another and with Si in Al–Si iron-containing alloys [2].

Among all the alloying elements, Fe is the most detrimental impurity in cast
aluminum alloys due to the formation of brittle intermetallics progressively, which
decreases the mechanical properties such as ductility and ultimate tensile strength.
The cooling rate and addition of neutralizers such as Mn influence the critical Fe
content determine the final quality and soundness of the cast component. Fe in the
melt will adversely affect castability, corrosion resistance, and machinability of the
casting components. Fe-rich intermetallic will act as stress raisers due to formation
of porosity during solidification. Nevertheless, with increased Fe content, the hard-
ness and the resistance to hot tearing seem to increase and die soldering issues are
avoidable leading to longer tool lifetime [3].

Corrosion protection of the aluminum castings is achieved by chromating and
anodic oxidation method. Compared to chromating, anodic oxidation will be the
better option to enhance the corrosion resistance of the aluminum castings. Anodic
oxidation is carried out to increase the wear resistance of aluminum and its alloys
in addition to corrosion resistance. By applying an anodic current or voltage in a
sulphuric acid bath, the natural oxide layer on the aluminum becomes thicker leading
to a better corrosion and wear resistance. The anodic oxide structure originates from
the aluminum substrate and is composed entirely of aluminum oxide. During anodic
oxidation, an increase in temperature intensifies the dissolving action of the sulfuric
acid, which is faster than that of oxide formation resulting in softer, more porous
coatings [4]. Surface segregation is inevitable in the ADC12 aluminum alloy which
is having high impurity content. Aluminum oxide formation is the combination of
aluminum dissolution and the formation of aluminum oxide. Pore creation during
anodic oxidation is purely on temperature enhanced, higher the temperature larger
the pore sizes. Combination of larger the pore size and temperature-assisted faster
reaction with the surface segregation results in yellow color patch formation which is
shown in actual Pressure Die Casting (PDC) part in Fig. 47.1. No study was carried
out on the formation of yellow color patches. This paper deals with the effect of
surface segregation on poor aesthetic behavior and resolves the problem.
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Fig. 47.1 Poor appearance as yellow color patches on the surface of the component
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Fig. 47.2 Process flow for the anodic oxidation process

Table 47.1 Chemical composition of the ADC12 alloy

Composition wt%

Specimen material Si Fe Cu Mn Mg Zn Pb Al

ADC12 10.78 0.93 1.97 0.46 0.17 0.89 0.061 Balance

47.2 Methodology

47.2.1 Materials Used

The material used for this study is ADC12 aluminum alloy, which is Al–Si cast
alloy, enriched with copper. Chemical composition analysis was carried out using
the spectroscopicmethod and the results are tabulated inTable 47.1.Anodic oxidation
was carried out in actual production line using a sulphuric acid bath with the specific
gravity of 1.12–1.16. Bath tank used for anodic oxidation is made out of high-density
polyethylene plastic. Conventional power sourcemode is set upmadewithDC power
source of 1000 A current and 24 V with thyristor controlled rectifier. The electrolyte
is cooled using a cooling coil immersed in the bath and the bath temperature is
maintained at 18–22 and 2–3 °C in different experiments. Titanium jigs were used to
hold the substrate andADC12 alloy componentwas used as an anode. Pure aluminum
was used as cathode. The process flow of anodic oxidation is described in Fig. 47.2.
Pre-etching and desmutting were done to clean the surface of the component.
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(a) (b)

Fig. 47.3 The microstructure of the base material revealing intermetallic particle a at the surface
b at subsurface

An optical microscope was used to study the microstructure of the castings in
surface and subsurface metallographic studies using an optical microscope. The
micro sample substrate for anodic oxidationwas taken from the anodized component.
A small sample size of 20 × 20 × 8 mm was cut from the actual cast component.
Micro samples were cut using abrasive cutting machine and mechanically polished
using 200, 400, 600, 800, and 1000 grade SiC papers. Final polishing was done using
0.5µm diamond suspension. The morphology of the substrates and oxide layers was
investigated using optical microscopy analysis of the cross sections. Images were
captured by a digital camera type LU1176-CLX attached to the Carl-Zeiss Axio
Scope k1 microscope was used for microscopic examination to measure the layer
thickness. Anodic oxidation layer morphology was further analyzed using Scanning
Electron Microscope (SEM). SEM–EDAX analysis done to quantify the elements
present on the surface. In yellowcolor patches, tofindout the intermetallic compound,
X-Ray Diffraction (XRD) technique was used.

47.2.2 Process Improvements Outcome

Microstructure analysis revealed that large intermetallic particles are present in sur-
face and subsurface as shown in Fig. 47.3. An anodized sample was analyzed in SEM
and clearly revealed that the yellow color patch appeared as a fine layer on top of the
anodized layer is shown in Fig. 47.4. The top surface formed on the top anodized
layer due to the yellow color patch, which revealed by SEM examination.

SEM–EDAX examination confirmed that the yellow color patch layer is the com-
plex intermetallic compound as shown in Fig. 47.5.XRDanalysis is done on as cast as
well as the anodized sample on alloy segregation where yellow color patches formed
to find out the type of intermetallic compound. The XRD pattern of surface segre-
gation is shown in Fig. 47.6. As the cast and anodized conditions, the intermetallic
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Fig. 47.4 SEM image of the anodized layer showing segregation at a at the surface b at subsurface

Fig. 47.5 EDAX pattern of silicon-rich intermetallic

compounds confirmed to Al9Fe0.84Mn2.16Si, Fe2Al3Si3, and Al1.9CuMg4.1Si3.3 and
corresponding Joint Committee on Powder Diffraction Standards (JCPDS) data as
shown in Fig. 47.7. No changes happened in intermetallic compounds after anodic
oxidation, since it is a very stable compound. Further XRD analysis revealed that
the layer is silicon-rich, and Al9Fe0.84Mn2.16Si, Fe2Al3Si3, and Al1.9CuMg4.1Si3.3
are intermetallic compounds. Yellow color patch formation was observed to be sup-
pressed when anodic oxidation carried out in lower temperature such as 2–3 °C as
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Fig. 47.6 X-ray diffraction pattern of yellow color patches a as cast b after anodic oxidation

Fig. 47.7 JCPDS data for a Al9Fe0.84Mn2.16Si b Fe2Al3Si3 c Al1.9CuMg4.1Si3.3
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Fig. 47.8 Image of the PDC part after improvement

shown in Fig. 47.8. Based on the observation, it can be seen clearly that high tem-
perature can cause the higher dissolution rate of Al2O3 resulted in the segregation
film to change the color of the surface.

High amount of heat released during the formation of oxide coating because of
the exothermic reaction of anodic oxide formation and from the electric current. Due
to this, the electrolyte near the component surface was heated to a maximum. At
this maximum temperature, the electrolyte becomes more aggressive, and hence, its
dissolution ability gets higher.At this condition, the formed anodic coating undergoes
dissolution at a faster rate than that of its formation. At higher temperature, the
dissolution of aluminum predominates, but at a lower temperature, the formation of
oxide coating predominates. Because of the overheating, segregation reacts rapidly
and changes its color. At high temperature, electrolyte temperature will increase due
to the aggressiveness of the electrolyte toward the oxide, thereby, enhancing the
chemical dissolution of the coating by the electrolyte [5].

47.2.3 Corrosion Testing

In order to check the effectiveness of the low-temperature anodic oxidation on corro-
sion resistance, Neutral salt spray test was carried out according to ISO-9227. Actual
casting parts were subjected to salt spray testing. Test conditions of the neutral slat
spray testing are tabulated in Table 47.2.

Three components in each high- and low-temperature anodic oxidized compo-
nents were subjected to neutral salt spray testing till failure. In addition to elimination
of yellow color patches, low-temperature anodized component was shown fourfold

Table 47.2 Neutral salt spray
test parameters

Parameter Specification

Salt concentration 5% NaCl

pH of solution in reservoir 6–7

pH of fallout 6.5–7.2

Air temperature 45 ± 2 °C

Cabinet temperature 35 ± 2 °C
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Fig. 47.9 Casting component anodized with high temperature after NSS testing of 242 h

Fig. 47.10 Casting component anodized with low temperature after NSS testing of 1082 h

increase in corrosion resistance than high-temperature anodized component. Salt
spray resistance of the low-temperature anodic oxidized shows 1082 h and 242 h of
resistance, respectively, and salt spray tested components are shown in Figs. 47.9 and
47.10, respectively. In low temperature, the liberated heat during coating growth is
completely and effectively dissipated from the specimen to the bulk of the solution.
Hence, maximum thickness was obtained at low temperature as 12µm,whereas high
temperature resulted in only 7 µm. Higher thickness and tenacious anodic oxidation
layer were resulted in higher corrosion resistance in the component. At this lower
temperature, the formation of Al3+ and O2− ions from the solution is maximum and
they combined together to form various kinds of alumina compounds [6]. An increase
in electrolyte temperature will increase proportionally the rate of dissolution of the
anodic film resulting in a thinner, more porous and softer film. Low temperatures are
used to produce hard coatings normally in combination with high current densities
and vigorous agitation [7].

47.3 Conclusion

Surface segregation in aluminum alloy is more stable and no change even after
anodic oxidation. Yellow color patch formation is caused by the reaction of the sul-
phuric acid electrolyte with cast surface segregation (Al9Fe0.84Mn2.16Si, Fe2Al3Si3,
and Al1.9CuMg4.1Si3.3 intermetallics) when anodic oxidation is done at 18–22 °C
temperature. Yellow color patch formation prevented in anodic oxidation when elec-
trolyte temperature is maintained at 2–3 °C.
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In addition, low-temperature anodic oxidation results in remarkable improvement
in corrosion resistance with salt spray hours of more than 1000 h in ADC12 alloy
which is considered poor corrosion resistance material since higher copper content
present in the material which generally prevents the formation of tenacious layer of
aluminum oxide.
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Chapter 48
Development and Correlative
Microstructural-Nanoindentation
Investigation on Ni-Based + 10% Al2O3
Nanocomposite Microwave Clad
on Hydroturbine Steel

Bhupinder Singh and Sunny Zafar

Abstract This work deals with the development of Ni-based+Al2O3 nanocompos-
ite clads on CA6NM (hydroturbine steel) through microwave heating. In the present
study, Ni-based + 10 wt% nanometric Al2O3 powders were used to develop clads
on CA6NM grade hydroturbine steel using a multimode domestic microwave appli-
cator of frequency 2.45 GHz operating at a power of 0.9 kW. A scanning electron
microscope was used to evaluate the microstructure of the clad. The microstructural
analysis and EDS confirm excellent metallurgical bonding between clad and the
substrate. Nanoindentation was used to evaluate the nanoscale mechanical proper-
ties of the developed nanocompositemicrowave clads. Nanoindentation analysis also
revealed that the clad layer exhibit 74% higher hardness as compared to the substrate.
The observations favor the deposition of the Ni-based+ 10% Al2O3 nanocomposite
microwave clads to minimize slurry erosion in CA6NM hydroturbine steel.

Keywords Nanocomposite ·Microwave · Cladding ·Microstructure ·
Nanoindentation

48.1 Introduction

The excellent corrosion resistance properties of CA6NM and good machinability
make it a popular material in several applications including hydropower plants and
petrochemical industries [1]. In hydropower plants, most of the components of the
hydro turbine such as runner blades, guide vanes are exposed to high erodent particles
flowingwithwater [2]. Therefore, themanufacturing of underwater components from
high corrosion resistant material is not sufficient for long service life. There is also
a requirement of high toughness that can resist the severe impact of erodent. To
fulfill the strength requirements and also to reduce the cost of maintenance, hydro

B. Singh · S. Zafar (B)
School of Engineering, Indian Institute of Technology Mandi, Kamand, Mandi 175005, India
e-mail: sunnyzafar@iitmandi.ac.in

© Springer Nature Singapore Pte Ltd. 2019
M.S.ShunmugamandM.Kanthababu (eds.),Advances inMicroandNanoManufacturing
and Surface Engineering, Lecture Notes on Multidisciplinary Industrial Engineering,
https://doi.org/10.1007/978-981-32-9425-7_48

537

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-32-9425-7_48&domain=pdf
http://orcid.org/0000-0002-8437-4872
http://orcid.org/0000-0002-5511-9418
mailto:sunnyzafar@iitmandi.ac.in
https://doi.org/10.1007/978-981-32-9425-7_48


538 B. Singh and S. Zafar

turbine steel (CA6NM) is usually coated with hard ceramics [3]. Although hard
coatings are deposited using the thermal spray, laser cladding, etc., but thermally
sprayed coatings are oftenmechanically anchored to the substrate and inherently have
porosity. The regions with porosity trigger corrosion and erosion in the hydroturbine
components during service [4]. On the other hand, popular laser cladding process
has high initial cost. Furthermore, the oxide inclusion in thermal spray coating, the
coating process seeks an alternative approach to modify the functional surfaces with
higher efficiency and relatively lower cost. In this regard, low thermal stress and
uniform microstructures are achievable with microwave cladding [5]. Microwave
cladding is one of the innovative emerging techniques in surface engineering. In
microwave cladding, it is possible to obtain a crack-free and metallurgically bonded
surface layer. Processing of metallic material by microwave hybrid heating in the
field of surface engineering has been widely reported [6].

Development of nanostructured cladding using a metallic material as matrix and
a microwave transparent material as reinforcing material is a challenging task. The
main reason behind this challenge is the poor coupling of these materials with
microwave energy at room temperature. Furthermore, very limited work has been
carried out in the case of reinforcing nanometric material in a metallic matrix.

Selection of cladding powder is highly dependent upon the application for which
the material is to be used. Once the selection was made, proper grain size is rec-
ommended for improved mechanical properties of the coating. As per Hall-Petch
relation, strength is greatly influenced by grain size. Several authors investigated the
effect of reduced grain size on mechanical properties of the developed coating. Zafar
and Sharma investigated the microhardness of nanostructured WC-12Co microwave
clad. It was found to be 1564± 53 HV, which was 37% higher than the micrometric
WC-12Co microwave clad (1138 ± 90 HV) [7, 8]. The difference in microhard-
ness value of the clad developed from the same composition can be attributed to the
increased grain boundaries that act as a barrier for dislocation in material in case of
nanostructured clad.

In the present study, we demonstrated the development of microwave nanocom-
posite clad of Ni-based + 10% Al2O3 on CA6NM steel substrate. The average
particle size of the Al2O3 powder was approximately 100 nm. The microstructure
of microwave cladding was investigated through the scanning electron microscope
(SEM). Nanohardness and Young’s modulus of clad and substrate were evaluated by
nanoindentation.

48.2 Experimental Procedure

48.2.1 Material Selection

In the present study, hydroturbine steel (CA6NM) was used as a substrate for devel-
oping the nanocomposite microwave clads. The hydroturbine steel substrate was
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supplied by M/s Vaishnav Steels, Muzaffarnagar, Uttar Pradesh, India. The sub-
strate was machined to prepare specimens of dimensions 25 × 25 × 6 mm3. The
Ni-based (EWAC) powder was sourced from EWAC Alloy powders, L&T, India,
while the nanometric Al2O3 powder was supplied by Hongwu International, China.
The nickel-based powder and Al2O3 powder has an average particle size of 40 μm
and 100 nm, respectively. The Ni-based powder and 10 wt% nanometric Al2O3

powder were mixed mechanically in a powder mixer for 12 h at 23 °C to attain
uniform composition. The typical morphology of Ni-based powder and nanometric
Al2O3 powder are shown in Fig. 48.1a, b, respectively. The SEM images reveal the
spherical morphology of Ni-based powder, whereas the nanometric Al2O3 exhibits
irregular morphology. X-ray diffraction spectrum of Ni-based (EWAC) powder and
nanometric Al2O3 powder is shown in Fig. 48.1c, d, respectively, that confirms the
presence of Nickel and α-Al2O3 as a major phase. The nominal chemical composi-
tion of the CA6NM substrate was provided by the supplier, while energy dispersive
spectroscopy was used to ascertain the elements in the clad powders and presented
in Table 48.1.

Fig. 48.1 Morphologyof rawcladding powder aNi-based powder and bnanometricAl2O3 powder,
XRD spectrum of c Ni-based powder and, d nanometric Al2O3 powder

Table 48.1 Chemical composition of Ni-based powder, Al2O3 powder (nanometric) and CA6NM
substrate

Material Elements

Fe Ni Cr O C Si Mn Al

CA6NM substrate Bal. 3.70 12.5 – 0.05 0.6 0.6 –

Al2O3 powder (nanometric) – – – 45.05 – – – 54.95

Ni-based powder – Bal. 0.17 – 0.2 2.8 – –
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48.2.2 Experimental Setup

The Ni-based + 10 wt% Al2O3 nanocomposite clads were developed in multi-
mode domestic microwave applicator (Make: LG, model: MC2886BRUM) using
microwave hybrid technique. Microwave hybrid heating technique was utilized con-
sidering the skin depth of the Ni-based powder as it was a matrix component in the
clad powder (90 wt%). The skin depth of the Ni was found to be 0.12μmat 2.45 GHz
[5]. As the skin depth is less than the average particle size of the powder (44 μm),
which eventually results in the reflection of the microwaves at room temperature.
Therefore, to raise the temperature of the powder beyond its critical temperature the
microwave hybrid heatingwas used. The critical temperature is a temperature beyond
which the target material directly couples with the incident microwave irradiation
owing to its increased skin depth. The charcoal powder was used as a susceptor
for initial coupling. In order to prevent contamination of the clad powder with the
susceptor, a 99% pure alumina sheet with the dimensions of 25 × 25 × 1 mm3 was
placed over the clad powder carefully before spreading the susceptor as shown in
the schematic view of the experiment in Fig. 48.2. The exposure time was optimized
by trial and error technique in order to achieve the optimized process parameters.
The optimized process parameters selected in the present study are 0.9 kW with an
exposure time of 700 s.

48.2.3 Characterization of the Nanocomposite Clad

In order to assess the mechanical and metallurgical properties, the microwave pro-
cessed clad was sectioned along the thickness using low speed diamond saw. The
sectioned specimen was polished by emery paper of 320 grit followed by 800, 1000,
and 2000 grit and finally with fresh velvet cloth over which 1μm diamond paste was
spread to attain mirror finish.

Fig. 48.2 Schematic view of
microwave hybrid heating
experimental setup
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Fig. 48.3 Optical image of the top surface of the clad used to choose the region of interest for the
nanoindentation. Region 1 depicts the intermetallic region whereas region 2 depicts the dendritic
structure of the nanocomposite clad

A JFEI scanning electron microscope (Model: Nova Nano SEM-450) equipped
with EDS was used for microstructural characterization of the clad specimens.

Nano Indentation. The hardness of a material indicates the wear resistance while
Young’s modulus of the material reflects its ability to deform elastically without
fracture. A Berkovich nanoindenter [Hysitron triboindenter (TI950)] was used to
evaluate the nanohardness andYoung’smodulus of the substrate and different regions
of the clad layer. Visible light microscope interfaced with triboindenter was used to
choose the region of interest for nanoindentation. Optical image of the top surface
of the clad is shown in the Fig. 48.3.

48.3 Results and Discussion

48.3.1 Microstructure Analysis

Figure 48.4 shows the SEMmicrograph of the clad developed over CA6NMsubstrate
using domestic microwave applicator. A wavy interference separating the substrate
and clad region can be clearly seen. The waviness can be attributed to the convective
current produced during the process. It is a fact that convective current involves the
movement of material thus this can be responsible for the diffusion of the elements
between substrate and clad zone. The EDS analysis confirms the diffusion near the
interference of the clad-substrate system. Electron dispersive X-ray spectroscopy
line mapping shows the distribution of alloying elements throughout the line. The
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Fig. 48.4 SEM image showing a transverse section of Ni-based + 10% Al2O3 nanocomposite
clad, substrate and interface

results of the line mapping over the distance of 1180μmon the clad-substrate system
are shown in Fig. 48.5.

It was analyzed that there was a sudden decrease in Ni element near the inter-
ference of the system. A constant proportion of Ni in the substrate zone was due
to the presence of Ni element in the typical chemical composition of CA6NM steel
substrate. It was noted that the decrease was subtle for Fe in the clad zone as the
convective current associated with microwave heating allows the movement of Fe
element in the clad zone. It can be observed from Fig. 48.5 that Fe diffuses strongly
over the distance 40 μm in the clad zone.

The decrease in the proportion of Ni element in the clad zone near the interference
can also be attributed to this diffusion. Thus, the bonding between the clad and
substrate can be presumed to be metallurgical. Good metallurgical bonding between
substrate and clad is signature for an ideal clad. The clad was free from visible
interfacial and solidification cracks that will contribute to enhanced slurry erosion
resistance during service in case of hydropower applications.

Fig. 48.5 EDS line mapping of developed Ni-based+ 10%Al2O3 nanocomposite microwave clad
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Fig. 48.6 a EDS spectrum of a clad matrix (point 1) and b clad reinforcement (point 2)

Figure 48.6a, b shows the elemental analysis of matrix and dendritic structure
which are marked as 1 and 2 in Fig. 48.3. The dark contrast embedded in a brighter
contrast matrix shows the composite nature of the clad. The elemental analysis of
bright contrast confirms the presence of Al and O precipitates as a result of Al2O3

present in the composite clad powder whereas dark contrast was comprised of Ni
and Fe that results into the formation of tough metallic matrix.

48.3.2 Nano Hardness

A Hysitron triboindenter (TI950) was used to obtain the load displacement curve
and other results which are auto generated using Oliver and Pharr method.

Figure 48.7a shows the resulted load displacement curve obtained for the inter-
metallic phase, dendritic structure, and substrate during instrumented indentation
testing. Table 48.2 shows the distribution of hardness across the intermetallic struc-
ture and dendrites structure in the clad zone. The hardness of the substrate was also
obtained and presented in Table 48.2. It was found that dendritic structure owns hard-
ness greater than intermetallic phase and substrate. Nanoindentation on microwave
clad composites cut down the chances of indenter falling on different phases at
once which was more readily observed during microhardness testing. Therefore,
the resulted values are more accurate and quite differentiable for different phases.
Figure 48.7a illustrate that there was an appreciable decrease in penetration depth
for the clad zone. It can be attributed to the increase in nanohardness value of the
nanocomposite cladding. In the clad zone, the curve shifting towards left for the den-
dritic structure indicates the possibility of strengthening and load sharing capability
of various hard phases of nano alumina such as AlNi and AlNi3 that were observed
in the XRD spectrum of the nanocomposite clad.
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Fig. 48.7 a Load versus penetration depth plot obtained from nanoindentation on the substrate and
different regions of clad. b Contact depth and nanohardness at different locations in the clad layer

Table 48.2 Results obtained
from nanoindentation

Selected
region

Nanohardness
(GPa)

Modulus of
Elasticity
(GPa)

Contact
depth (nm)

Substrate 3.9 ± 0.11 173 ± 5.1 76.17 ± 2.2

Intermetallic 6.6 ± 0.19 215 ± 6.4 50.92 ± 1.5

Dendritic 7.0 ± 0.21 219 ± 6.5 49.40 ± 1.4

The elemental analysis as shown in Fig. 48.7b confirms the presence of alumina
elements in the dendritic structure. Results obtained from the load displacement curve
represent that dendritic structure shows the least contact depth (49.40 ± 1.4 nm)
whereas substrate shows the highest contact depth of 76.17 ± 2.2 nm. The slope
of the unloading curve cast the elastic modulus of the material when fitted into
the Oliver-Pharr method. The unloading curve consists the elastic recovery of the
material, therefore, provides appreciable results of elastic modulus. The maximum
elastic modulus that is 219 ± 6.5 GPa was calculated for dendritic region of the
clad zone and in contrast, substrate shows the least value of elastic modulus that
was found to be 173± 5.1 GPa. Elastic modulus is inversely proportional to contact
depth therefore as hc decreases, elastic modulus increases with a successive decrease
in the contact area Ac. The difference in contact depth and hardness for substrate
and different region of composite clad zone is shown in Fig. 48.7b. Overall results
indicate that contact depth of clad zonewas significantly less as compared toCA6NM
substrate. The reduction in contact depth signifies the increased nanohardness and can
be clearly seen in Fig. 48.7b. The dendritic structure possesses highest nanohardness
value that is 7.0 ± 0.21 GPa whereas intermetallic region shows the nanohardness
value of 6.6 ± 0.19 GPa.

Almost the same results from nanoindentation study of Nickel were reported by
Jensen [9]. It has been already indicated by the EDS (Sect. 48.3.1), the intermetallic
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region was mainly comprised of Nickel phase. The average nanohardness of the
clad was found to be 74% more as compared to the substrate. The nanohardness of
substrate was found to be 3.9± 0.11 GPa, thus the comparison showed the beneficial
effect of depositing the clad over the CA6NM.

48.4 Conclusions

In the present study, Ni-based+ 10% Al2O3 nanocomposite cladding over CA6NM
substrate was successfully carried out using microwave cladding. Cladding was car-
ried out in a domestic microwave applicator operating at 2.45 GHz at 0.9 kW. An
optimized exposure time of 700 s was found to be sufficient for developing the
nanocomposite clad. The major conclusions drawn from the discussion are as fol-
lows:

Clads were free from any type of visible solidification cracks. The microstructure
of the clad exhibits dendritic structure reinforced in the intermetallic matrix.

Partial diffusion of elements from the substrate region to clad region and vice
versa leads to metallurgical bonding between the substrate and clads.

The average nanohardness of clad was calculated to be 6.8± 0.2 GPa which was
found to be 74% more than that of the substrate.

The dendritic structure of clad shows highest hardness among the intermetallic
phase and substrate which could strengthen the clad.

The Ni-based + 10% Al2O3 nanocomposite microwave clads could be used to
minimize slurry erosion in CA6NM hydroturbine steel.
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Chapter 49
Evaluation of Surface Characteristics
of PTAW Hardfacing Based on Energy
and Powder Supplied

D. D. Deshmukh and V. D. Kalyankar

Abstract Wear, abrasion and erosion-corrosion are the dreadful mechanisms for
the equipment and machineries working in the harsh environments. To cope up
with these phenomena, various protections techniques are available and commonly
employed for oil, gas, petroleum, nuclear, power andmarine industries. The selection
of appropriate protection technique depends on conditions of working environments
and properties or behaviour of material exposed to it. Plasma transferred arc weld-
ing is one of the widely used technique for hardfacing by various superficial alloys.
During hardfacing by welding the common problem faced by the manufacturer is
to control the parameters to obtain smooth and acceptable coatings with no surface
defects. Hence, present investigation is focused on the evaluation of surface charac-
teristics of PTAW techniques based on energy and powder supplied per unit track of
deposition. In this regard to understand and estimate the causes of surface variations,
experiments are performed by varying energy levels and powder supplied then sam-
ples are examined by dye penetration test. Effects of energy and powder supplied per
unit track on surface characteristics are evaluated. In addition, an attempt is made to
study the issues of PTAWhardfacing techniques to understand its applicability based
on evaluation of surface characteristics with acceptable processing conditions.

Keywords PTAW · Hardfacing · Stellite · Surface defects

49.1 Introduction

Hardfacing is the process of depositing wear resistance material on the substrate
material by application of welding technology [1]. Hardfacing processes are widely
applied to improve the substrate surface by depositing the specially designed alloy.
High energy density sources compromises rapid heating and successive quenching

D. D. Deshmukh (B)
Department of Mechanical Engineering, MET’s I.O.E, Nashik, India
e-mail: dhirgajanan@gmail.com

V. D. Kalyankar
Department of Mechanical Engineering, S. V. N. I. T., Surat 295007, Gujarat, India

© Springer Nature Singapore Pte Ltd. 2019
M.S.ShunmugamandM.Kanthababu (eds.),Advances inMicroandNanoManufacturing
and Surface Engineering, Lecture Notes on Multidisciplinary Industrial Engineering,
https://doi.org/10.1007/978-981-32-9425-7_49

547

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-32-9425-7_49&domain=pdf
http://orcid.org/0000-0001-8673-4520
http://orcid.org/0000-0002-7141-3705
mailto:dhirgajanan@gmail.com
https://doi.org/10.1007/978-981-32-9425-7_49


548 D. D. Deshmukh and V. D. Kalyankar

from themelt, resulting to finemicrostructures and good improvement of mechanical
and tribological properties [2]. Use of welding techniques can be more suitable due
to strong metallurgical bond formed between coating and substrate [3]. Hardfacing
improveswear and corrosion resistance of substrate surface exposed to harshworking
conditions, thus extending the service life of components [4].

The most commonly used welding techniques for the hardfacing are, submerged
arc welding (SAW), tungsten inert gas welding or gas tungsten arc welding (TIG),
oxyacetylene gas welding (OAW), plasma transferred arc welding (PTAW) and laser
cladding [5, 6]. The applications of these welding processes are commonly observed
in petrochemical, chemical, steels, marine, power, oil and aerospace industries [6].
Various researches on the coating characteristics and behaviour of material are going
worldwide, to study the applicability and maintainability of these techniques for
various kinds of material composition. Failure of the part at the vicinity of weld
occurred due to improper welding techniques or defects in weld region such as
porosity, blowholes, undercut and irregular heat affected zone (HAZ). Weldment
characteristics like penetration, bead geometry, reinforcement, depth of penetration
and HAZ which are extremely important characteristics for structural integrity and
homogeneity of the joint in case of hardfacing. Superficial layers of the appropriate
thickness free of cracks with required mechanical and tribological properties may be
obtained by suitable control of the process variables as welding is termed as multi-
inputmulti-output process. Investigation of a hardfacing process is important to know
how strongly certain parameters influence low distortion, less porosity and crack
free surface. Considering these aspects, it is necessary to understand the process and
causes of surface defects. As, defects are the root causes hardfacing to fail because of
damage with only a small surface resulted loss of the entire structure. In this regard,
the hardfacing by PTAW process is studied with the effects of energy and powder
supplied per unit track, which are responsible for the surface defects thereby causing
failure of part. In-service modification and improvement of surface conditions of
equipment to avoid the failure is core area of investigation. In these respects, the
evaluation of surface characteristics PTAW hardfacing techniques is presented in
this paper.

49.2 PTAW Hardfacing Technique

The PTAW technique is a derivation of plasma arc welding process. Use of non-
consumable tungsten electrode is common in both the process and is located inside
the torch. PTAW process uses powder as a filling material and inert gas, which is
generally argon for its transportation to the arc area. PTAW technique has quite
effectively been used as an outstanding surface deposition technique as a substitute
to other thermal spray processes [6, 7] Hardfacing obtained by PTAW shows high
quality, competitive wear and corrosion resistance and high retention of properties
and characteristics of coating with better microstructure and stability of hardness
at high temperature [6]. Also, PTAW hardfacings has a lower production cost and
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higher productivity compared to thermal sprayed coatings. PTAW hardfacings are
generally thicker than laser-induced hardfacings and there is a strong metallurgi-
cal bond between the substrate and coating, improving their impact-resistance [8].
Among the available techniques of hardfacing the most important differences lies in
the welding efficiency and weld plate dilution rates. The composition and proper-
ties of hardfacing are strongly influenced by dilution obtained. Control of dilution
is important in hardfacing process, where typical low dilution is desirable [5]. The
dilution obtain is much lesser in PTAW coatings. The PTAW presents high quality,
competitive wear-resistance, and high stability of properties at high temperature [6].
The uses probable with PTAW are hardfacing and cladding to protect against severe
conditions in service life like heat, abrasion, corrosion, erosion, adhesive and abra-
sive wear etc. It is also used to repair of worn out parts or build-up of miss-machined
parts. Recently, PTAW technique has gain tremendous attraction for deposition of
superior alloys on the substrate material to impart wear and corrosion resistance thus
improves the service conditions of equipment. Superior alloying materials always
imparted the surface modification; Co and Ni based alloys are applied in numer-
ous industries, including chemical and fertilizer plants, nuclear and steam power
plants, pressure vessel, as it is convenient and practical. In this regard, the process
of hardfacing is studied with the effect of process parameters, which are responsible
for the producing tough and harder coating without any defects. Looking towards
the literature on PTAW it is observed that several studies reported the investigations
on PTAW. Bharath et al. [7] studied the effect of PTAW process parameters on the
microstructure of Stellite F coating, where deposits are prepared on valves made of
martensitic steel. Balasubrarnanian et al. [5] applied response surfacemethodology to
predict and optimize the % dilution of iron-based hardfacing produced by the PTAW.
Five process parameters were studied in their research and process is optimized by
considering the effects on % dilution obtained in coating. Oxidation behavior of
Ni-based coatings was investigated by Fernandes et al. [9] by PTAW on gray cast
iron. TiC powder deposition and in situ mechanism on grey cast iron was studied by
Gallo et al. [10] by PTAW hardfacing for enhanced wear resistance. Guoqing et al.
[11] investigated the microstructure and tribological characteristics of Ni50 alloy
powders coating deposited on AISI 304L stainless steel surface by using the PTAW
process. Corujeira Deng et al. [8] investigate the influence of welding technique and
temperature on fatigue properties of heat-resistant steel with hardfacing coatings.
The PTAW and the OAW were employed.

49.3 Experimentations

To carry out the investigations, fully automated PTAW machine is utilized. This
technique has been in use for the hardfacing of parts i.e. valve seat, collars, sleeve
and couplings, employed for the pressure vessels, piping and valve components.
Deposition is prepared on the surface of plate of thickness 16 mm in the form of
multitrack layers by varying the process parameters. The electrode negative (DCEN)
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according to the welding process specification (WPS) ASME21, with position of
groove 1G. Tungsten electrode size of 4 mm diameter (2% Throated Tungsten),
torch orifice diameter 25 mm, industrially pure argon (99.99%) is used at a constant
flow rate of 15 L/min for shielding, 2.5 L/min for centre, and 3 L/min for powder
feeding.Theprocess parameters selected for the experimentations are, heat producing
element i.e. transferred arc current (A), and filler material flow rate i.e. powder feed
rate (gms/min). The effects of these process parameters with defects obtained are
observed and examined by visual inspections and dye penetration test. Substrate
material and hardfacing alloy used for the experimentation is explained in following
subsection.

49.3.1 Hardfacing Alloy

The Cobalt based alloys are widely employed as wear-resistant hardfacing materials
for combating wear in corrosive mediums and find applications in marine, gas, oil,
petrochemicals, power, chemical, medical and food processing industries. Stellite
alloy has nominal composition of Co—28 Cr—4 W—1.1C (wt%). Stellite alloys
which are commonly used as hardfacing materials in a variety of industrial applica-
tions, as they are known to possess high hardness at high temperature, good resistance
to sliding wear under elevated contact pressure and good corrosion resistance. Co–Cr
alloywhich is resistant to wear and corrosion and retains these properties at high tem-
peratures [12]. Co–Cr alloy is a useful hardfacing alloy in which chromium provides
corrosion resistance while carbides add strength to the alloy. From the literature it is
found that Co–Cr alloy has excellent resistance to cavitation and corrosion, outstand-
ing self-mating, anti-galling characteristics and it is used in valve, valve seats, plugs,
pumps, bearings, shafts, erosion shields, rotors, etc. Considering the applicability
of these materials (SS 316L and stellite 6) in various industrial applications these
material is selected for the present investigations.

49.4 Result and Discussion

The prominent effect of energy and powder supplied per unit track on surface charac-
teristics is observed in the investigations. The effect of these two principle parameters
of hardcoding process is illustrated in next subsection under the effects of energy
supplied and powder supplied per unit track of deposition.
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49.4.1 Effects of Energy Supplied Per Unit Track
of Deposition

During the process, heat energy supplied per unit track of deposition managed by
the transferred arc current. The heat energy is responsible for melting the powder
supplied and substrate material thereby forming a bond between weld pool and
substrate. The effect of heat energy supplied can be observed prominently by track
width and reinforcement. Following major inferences are drawn based on evaluation
of deposited surface at varying energy supplied per unit track.

(1) When the heat supplied per unit length of track is excessive, (Which is the
function of arc current, travel speed and powder feed rate) a rapid melting of
powder supplied was observed where the width of deposit widens. On the other
side, very narrowwidth of deposition is observed when the heat energy supplied
per unit track is less.

(2) Insufficient arc current (Less than 100 A) leads to less amount of heat energy
supplied to powder and substrate material. Which results incomplete melting
of powder and base material, which results less bonding. It is also observed
that transferred arc current less than 100 A results the incomplete melting of
powders and lack of penetration on the substrate surface.

(3) In contrast, maximum arc current (Greater than 180 A) leads to more amount of
energy supplied to the powder and substrate material. Which results complete
melting of powder supplied andmaximumpenetrationwith strong bondpossibly
maximum dilution of coatings. It is also noticed that for the transferred arc
current greater than 180 A, the undercut and spatter are noticed on the weld
bead surface.

(4) The undercuts and spatter on the surface is attributed due to the fact that heat
energy supplied for producing arc at constrictor nozzle increases as transferred
arc current.With increasing current melting of substratematerial increases lead-
ing to complete fusion of powder supplied at that instant with substrate surface
causing higher deposition and undercuts. Consequently, at lower current, heat
energy supplied is less causing incomplete melting of powder and less bonding
with overlaid material this kind of surface characteristics is shown in Fig. 49.1.

(5) It is also identified that, the interaction time for forming the weld pool with
substrate is also playing a vital role for the deposition. More interaction time
resulted more amount of heat supplied at instant causing maximum melting of
powder supplied. The interaction time can be control by travel speed of the
work piece. Minimum travel speed leads to maximum concentration of heat
energy to substrate and as a result, maximum melting of powder is observed
before intersecting with the melt pool. In contrast, at maximum travel speed,
powder supplied by nozzle interacted briefly with the available heat energy at
that instant. However, maximum arc current is available at that instant, uneven
and irregular weld bead was observed on the surface as shown in Fig. 49.2. This
is becausemaximum current conditions contributemaximummelting of powder
supplied, but higher travel speed reduces the interaction time between substrate
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Fig. 49.1 Deposition characteristics with lower energy supplied per unit deposition (less cur-
rent/lower energy)

Fig. 49.2 Deposition with irregular weld bead (lower energy and lower powder supplied per unit
track)

and powder supplied for formation of weld pool. In this case nearly solid form
of powder entered in melt pool and melt zone resulting in the collision of the
powder particles with substrate material at the weld pool interface.

In addition to track characteristics, the prominent effects of heat supplied on
dilution, penetration, deposition characteristics etc. observed in literature. This is
attributed due to fact that with the increase in transferred arc current, the heat energy
supplied at arc region increases which causes moremelting of substrate material con-
sequently % dilution in the coating increases. Darut et al. [13] noticed that increase
in heat energy increases deposition rate, which leads to form porosity in the coatings,
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which is significantly higher with higher arc current. Fernandes et al. [9] investigated
the effect of arc current on oxidation behavior of coating. It was observed that coat-
ing produced with lower arc current exhibited more effective oxidation resistance
than that produced with higher current furthermore; increasing the arc current, the
oxidation resistance of coatings decreases. Buytoz et al. [14] investigated the effect
of current on microhardness and it was found that the microhardness of the coat-
ing increases as a function of current. Celik [15] studied the effects current on the
microstructure and wear properties, it was evaluated that increase in coating thick-
ness with arc current. However, higher current resulted the lower hardness of coating
that reduces the wear resistance correspondingly due to extended solubility of gases
due to which porosity increases in of the overlay at higher current. Reinaldo and
D’Oliveira [16] investigated that lower arc current and lower travel speed resulted
hard coating with reduced mass loss. Ozel et al. [17] found that thickness of coating
increaseswith current density. Katsich andBadisch [18] found that increasing current
reduces the percentage of carbide area fraction thus higher wear rate was observed at
higher current processed coating. Mandal et al. [19] reported that increase as current
rises the plasma power as well as the energy density of the plasma beam rises that
leads to maximum substrate surface melting. Consequently, the deposition width
increases with the increase in current and subsequently dilution rate increases.

49.4.2 Effects of Powder Supplied Per Unit Track
of Deposition

For deposition of coating, rate of powder supplied per unit track also plays an impor-
tant role. The powder flow rate should be sufficient to form a complete molten pool
and strong bond with substrate material. During the investigation the effects of pow-
der flow rate are observed on surface characteristics, which are summarized as,

(1) Lower volume of powder supplied (less than 8 gms/min) leads to over melting
of substrate material and results maximum % dilution in the coating. In con-
trast maximum volume of powder feed rate reduces the deposition efficiency by
reducing the % melting of powder. Hence, powder supplied should be appro-
priate and should be supplied with reference to available energy at instant.

(2) It is observed that, if the powder flow rate was lower than 08 gms/min, over
melting of base metal and overheating of tungsten electrode was noticed. This
is attributed due to the reason that at lower powder flow rate, maximum heat
energy is concentrates on the substrate material, which leads to undercut on the
surface.

(3) Maximum powder flow rate (more than 20 gms/min) reduces the chances of
undercuts on the substrate materials but contributes to deficiency in melting of
powder supplied. This is attributed due to the reason that at maximum powder
feed rate, minimum heat energy is concentrates on the substrate material and
leads to incomplete bonding and melting.
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(4) When the powder feed rate is more than 20 gms/min, the width and reinforce-
ment of deposition increases. Also the weld bead formation was not smooth
owing to incomplete melting of powders. Because, the amount of heat energy
supplied at that instant is being utilised for melting of powder and forming a
molten pool with possibly less melting of substrate material. This results less
melting of substrate material, provided that the current supplied is sufficient to
melt the powder supplied at that instant.

(5) Very thin layer of deposited surface is observed corresponding to lower powder
feed rate (8 gms/min) and at lower current (100 A). This is attributed because at
lower powder feed rate and lower arc current, heat energy supplied at instance
decreases. When the powder feed rate is maximum with sufficient arc current
wider bead width and smaller reinforcement height is observed. There was an
over deposition of weld metal and higher reinforcement height was observed.
At maximum heat energy and at maximum powder supplied.

(6) For lower powder feed rate and lower current, bead appearance and contours
were not so smooth and very narrow bead was obtained as shown in Fig. 49.3.
It is observed that, percentage melting of substrate decreases as arc current
decreases giving less concentration at particular point on substrate surface. It is
also observed that, there is variation in deposition parameters with the powder
feed rate and it is identified that cross-section area of deposition rises with
the increase in powder feed rate and due to this melting of substrate material
decreases. Lower powder feed rate and higher current produces spatter and
undercut on the surfacewith uneven layer of deposition.Whereas, higher powder
feed rate and lower current reduces themelting of substratematerial and resulted
less bonding in the deposited layer.

(7) Time availability for deposition also plays a vital role, which correspond to
relative displacement of material surface per unit time to the torch or arc current.
Lower time availability produces very thin layerwith zigzag pattern. In addition,

Fig. 49.3 Deposition showing narrow weld bead tracks (lower powder)
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Fig. 49.4 Deposition showing spatter (lower energy, higher speed and higher powder feed rate)

less bonding and incomplete penetration is observed on the overlaid surface.
Which resulted in spatter and cut-off of deposition as shown in Fig. 49.4.

In addition to track characteristics prominent effects of powder flow rate on dilu-
tion, penetration, deposition characteristics etc. were observed in literature. Balasub-
rarnanian et al. [5] investigated that, the % dilution of substrate decreases with when
powder flow rate increases. It was noticed that, medium level of powder gas flow
rate resulted the defect free coatings [7]. Mandal et al. [19] observed the variation
of deposition parameters with the powder feed rate and it was identified that the
variation in deposition width is much less as compared to the variation of deposition
height. Moreover, cross-section area of deposition rises with the increase in powder
feed rate, due to these factors the dilution decreases rapidly with the increase in
powder feed rate. Variations in weld hardfacing contact angle and aspect ratio with
processing parameters are also noticed in the present investigations. However, as far
as track continuity is concerns, intermediate transferred arc current (100–140 A),
and powder flow rate (10–14 gms/min) shows superior track geometry as shown in
Fig. 49.5. Although for wear, abrasion and corrosion resistance offered by themateri-
als to severe working conditions, the required qualification procedures for hardfacing
suggest low % dilution level however, it should be enough to hold the overlaid mate-
rial in working condition. Hence, considering the workability of overlaid surface
it is prime requirement to have minimum weld hardfacing dilution but it should
not leave the coating surface during working (if less than 1%). Control of dilution
obtained is not major concern in PTAW hardfacing but getting optimum setting is of
prior requirement to have maximum compositional material of superficial alloy in
the coating. Thus, when subsequent hardfacing is required by multi-tracking, lower
dilution and high contact angle both leads to increase the chances of producing lack
of fusion type defects at the weld fusion zone (Fig. 49.6).
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Fig. 49.5 Deposition showing smooth overlapping tracks (appropriate energy and powder)

Fig. 49.6 Deposition showing crack overlay (blowholes and gap due to insufficient energy and
maximum powder feed rate)

49.5 Conclusions

Failure of components due to surface defects is main focusing issue for the various
industrial equipment’s such as, power, marine, oil and chemical industry. The cost
of failure of equipment is not only related to failure of specific parts but it leads to
decrease the productivity of plant also in many cases it leads to hazardous action.
To avoid the hazards due to failure of parts it is necessary to investigate the possible
failuremechanism and to concentrate the root cause of process. Hardfacing processes
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are widely used for improvement in wear, tribocorrosion and mechanical properties
of substrate surfaces, which are exposed to severe environmental condition. Uses
of appropriate levels of hardfacing parameters are of prior importance to achieve
desired properties of surface. In this investigation, an attempt is made to evaluate
and investigate the causes of surface defects. Prominent effects of heat supplied and
powder flow rate on melting of substrate materials is found in the investigations it
is observed that hardfaced surface is greatly affected by influence of energy and
powder supplied per unit track of deposition. By proper controlling the input process
parameters and systematic investigations, causes of surface defects can be eliminated
and smooth overlaid surface can be obtained.
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Chapter 50
Electroless Nickel–Phosphorus Plating
on SS304 Substrate with Al2O3 and WS2
Powder Suspended in Electrolytic
Solution

Divit Saini, D. Taye, S. Mohanty, H. Bishwakarma, A. K. Das
and N. K. Singh

Abstract An attempt has been made in this paper to study the synthesis of Ni–
Al2O3–WS2 coating on SS304 substrate with different levels of electroless coating
process parameters. The electroless bath constitutes Nickel sulphate, Tri-sodium
citrate, Sodium hypophosphite and Ammonium chloride (diluted in 1 litre of deion-
ized water). The substrate with nickel plating showed microhardness value of 221.4
HV that was more than that of the base metal (113 HV). On addition of Al2O3

and WS2 powders in the electroless bath solution, the microhardness value varied
between 277.71 HV to 792.79 HV. The coating thickness increased from 10.2625 to
27.9482 μm with the addition of powders in the bath. The energy dispersive spec-
troscopy (EDS) and X-ray diffraction (XRD) analysis results confirmed the transfer
of bath elements to the substrate surface.

Keywords Electroless plating ·Microhardness · Coating thickness ·
Microstructure

50.1 Introduction

Electroless nickel plating is an autocatalytic chemical technique and a dignified way
of coating by controlling the operating temperature and pH of the bath. Depositing
layers of coating can intensify the performance of engineering components over their
surface. Certain properties like wear resistance, microhardness, corrosion resistance,
lubricity, etc. can be achieved by the depositionmethods. The different coatingmeth-
ods used are electroplating, electroless coating, chemical vapour deposition (CVD)
[1], etc. PVD and CVD are expensive as compared to electroplating and electroless
coating process. Thus, electroplating methods are widely used these days. It is a
method of deposition of metal onto the substrate surface by using electric current

D. Saini (B) · D. Taye · S. Mohanty · H. Bishwakarma · A. K. Das · N. K. Singh
Department of Mechanical Engineering, Indian Institute of Technology (ISM) Dhanbad, Dhanbad
826004, India
e-mail: divit.saini@gmail.com

© Springer Nature Singapore Pte Ltd. 2019
M.S.ShunmugamandM.Kanthababu (eds.),Advances inMicroandNanoManufacturing
and Surface Engineering, Lecture Notes on Multidisciplinary Industrial Engineering,
https://doi.org/10.1007/978-981-32-9425-7_50

559

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-32-9425-7_50&domain=pdf
mailto:divit.saini@gmail.com
https://doi.org/10.1007/978-981-32-9425-7_50


560 D. Saini et al.

that dissolves metal cations in order to form a thin metal plating on the substrate sur-
face. The thickness of the electroplated component depends upon the current density
and hence non-uniform deposition takes place. To this aspect, electroless plating
avoids current source, cuts down the production costs, enables high deposition rate
and uniform coating thickness [2]. Nickel Phosphorus electroless coating method is
one such technique that finds wide application in machinery, electronics, automo-
biles, valves and aerospace industries due to its uniform coating and enhancement of
excellent properties such as microhardness, wear resistance and frictional behaviour,
corrosion resistance, low coefficient of friction, high reflectivity, etc. [3].

50.2 Literature Review

A lot of research work has been reported towards electroless plating of which few
have been elaborated in this section. Krishnan et al. [4] studied electroless Ni–P
plating and analyzed the overall features of its deposition, application and its advan-
tages over other processes. This paper discusses different electroless nickel alloying,
electroless bath techniques, characterization, nanoparticles plating, depositingmech-
anism and their significance, including short notes on difficult substrates. Li et al.
[5] investigated electroless Ni–P plating procedure over Al matrix composite as its
substrate to enhance the external substrate textures. Ni–P plating is deposited over
the activated surface. Nickel and hypophosphite ion concentrations along with the
rate of deposition were measured. Dong et al. [6] examined the effect of SiO2 on
electroless deposition on substrate. SiO2 was heat-treated for 1 h at various temper-
atures to explore the wear resistance of Ni–P–SiO2 composite plating. This process
led to a significant improvement in the wear resistance and microhardness. It was
observed that heat treatment at 380 °C led to structural changes due to reinforcing of
SiO2 nanoparticles. Shibli et al. [7] describe the use of nano zinc oxide particles for
surface coatings, which result in surface uniformity and homogeneity of coated sur-
face. Desirable results also included an improvement in microhardness and corrosion
characteristics of the nanocomposite coatings.

Yang et al. [8] developed a novel technique to produce nanoparticle-reinforced
metal plating. They incorporated ZrO2 nanoparticle to Ni–P matrix by adding ZrO2

sol to electroless plating bath. This increased microhardness of 1045 HV and wear
resistance properties. Khalifa et al. [9] observed the behaviour of Ni–Sn–P/TiO2

nanocomposite plating that is done by electroless plating technique on low carbon
steel mainly. Incorporation of TiO2 and SnCl2 particles confirmed that a crystalline
component could be implanted into the amorphous Nickel–Phosphorous matrix dur-
ing the deposition. The study reported that addition of TiO2 in coating significantly
changed the surface morphology and increased the corrosion resistance. Zou et al.
[10] performed an alteration of SiC nanoparticles through electroless nickel plating.
A coating of nanoscale agglomerative nickel layer was observed by XRD, TEM
and XPS. The dawn of improvement was debated and described through experimen-
tal aspects. Gu et al. [11] studied the acid pickling rate effect through electroless



50 Electroless Nickel Phosphorus Plating on SS304 Substrate … 561

Ni–P plating procedure over the alloy substrate of AZ91D. To analyze the mor-
phology and nucleation mechanism of settled particles over the substrate SEM and
XRD were used. Acid pickling time is directly proportional to the rate of deposi-
tion. First, the deposits were nucleated at β-Mg17Al12 stage and further expanded
to eutectic and primary α stages of the substrate. Sivandipoor et al. [12] described
that WS2 particles, which have solid lubricant properties, were used in electroless
plating of Nickel–Phosphorous to fabricate new plating with enhanced tribological
behaviour. Plating degradation was carried out by heat treatment at 400 °C. In the
pre-treatment, the stainless steel surface was polished to obtain even surface. After
that, surface activation was carried out by acid cleaning, degreasing and preparation
of WS2 nanopowder before adding to the substrate for the electroless bath solu-
tion [13]. Liu et al. [14] examined the electroless nickel plating over magnesium
and their alloys. The rate of deposition, chemical composition and microstructure
of the electroless nickel coatings were evaluated. Surface roughness is significantly
increased by the pretreatment of substrate chemically before being dipped into elec-
troless bath plating solution. SEM was used to investigate the fabrications of nickel
plating formed on the substrates. The critical load of AZ31 alloy reached about 14 N,
i.e. the adhesion strength of the plating on magnesium alloys was higher than that
on pure magnesium.

The literature suggests some electroless plating methods, yet little has been
explored with the use of nanopowder suspension in the electroless bath. Thus, the
present study throws light on the use of Al2O3 and WS2 nanopowders suspended
in Ni–P bath such that deposition is done on SS304 substrate for further industrial
applications.

50.3 Methodology

50.3.1 Materials Used

The experiments were carried out on SS304 substrate with dimension 10 mm ×
10 mm and thickness of 2 mm. The percentage composition and properties of the
substrate are shown in Tables 50.1 and 50.2 respectively. It possesses certain distinct
properties like corrosion resistance, good draw ability, versatility, better toughness
even at very low temperature, etc., owing to which it is used as the substrate material.

Table 50.1 Composition of SS304 substrate

Steel grade N S P Si Mn C Ni Cr

304 0.1 0.03 0.045 0.75 2 0.08 8 18
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Table 50.2 Mechanical
properties of SS304 substrate

SS304

Typical Minimum

Tensile strength (MPa) 600 515

Proof strength 310 205

Elongation 60 40

Hardness (Brinell) 170 –

Endurance limit 240 –

50.3.2 Experimental Set-Up

The experiments were carried out on a magnetic stirrer (Model: MC 03, Make: Tar-
sons Digital, India) with certain temperature variations. The constructed set-up is
shown in Fig. 50.1. The set-up comprises of a magnetic stirrer with hot plate con-
trolled manually. The temperature sensor records the temperature generated within
the plating dip. The samples are held by the stand attached over the borosil beaker
constituting the plating dip. The steps involved in the experimentation process are
shown in the flow chart in Fig. 50.2.

Kemiclean SS is a soak cleaner designed for the removal of heavy oil and soil
from steel. The operating condition is 70–80 °C for duration of 2–5 min with a
concentration of 40 g/L of solution. The acid activator M1 is used for superior adhe-
sion of the plating with the substrate thereby eliminating peeling off rejections. The
nanoparticles used were Aluminium oxide (Al2O3) and Tungsten disulfide (WS2).
Increasing the phosphorous content can increase the corrosion resistance of the Ni–P
coatings. The improvement in the tribological properties of the component can further
be achieved by inclusion of micro/nanoparticles to the surface. These nanoparticles
further increase the properties of the substrate surface (hardness, friction and wear
resistance). Reducing agent supplies electrons to reduce metal ions in the bath com-
position. The reducing agent used in the bath is usually a hypophosphite compound

Fig. 50.1 Set-up arrangement of electroless plating
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Fig. 50.2 Flow chart of electroless plating process of SS304

such as hydro-phosphorous acid or a bath soluble salt such as sodium hypophos-
phite, potassium hypophosphite and ammonium hypophosphite. Complexing agent
such carboxylic acids, polyamines or sulfonic acids or mixture are also used such
as carboxylic acids are mono-, di-, tri- and tetra-carboxylic acids or acetic acid is
used because it acts as a buffering agent. It is used to prevent excess of free metal
ion concentration. Stabilizing agents are added to prevent the bath from decomposi-
tion/breakdown of solution. The coating bath composition with constant and variable
process parameters is given in Tables 50.3 and 50.4 respectively.

Table 50.3 Constant
experimental parameters

Coating bath composition Concentration (g L−1)

1. Nickel sulphate 40

2. Sodium hypophosphite 20

3. Tri-sodium citrate 25

4. Ammonium chloride 50

5. Bath temperature (75–80) °C

6. Bath pH 4–4.8

7. Substrate immersion time 30 min
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Table 50.4 Variable process
parameters for electroless
plating

Variable parameter Description

Al2O3 (2, 3, 4) g/L

WS2 (0.4, 0.8, 1.2) g/L

50.4 Result and Discussions

The microhardness and coating thickness are evaluated and recorded in Table 50.5.
Various plots are drawn to determine the effect of the different powder concentration
on response parameters.

50.4.1 Microhardness

Microhardness is determined for each of the coated specimens by using Vickers
micro-hardness tester machine at a load of 0.1 kgf with dwell time of 10 seconds.
The microhardness for the coated specimen (for different compositions of Al2O3 and
WS2 particle suspension in electrolytic bath) varied between 277.71 HV and 792.79
HV.An increase inmicrohardness denotes the presence ofAl2O3 and tungsten carbide
(WC) on the coated specimen surface that is responsible for the property variation.
Figure 50.3 shows the effect ofWS2 powder concentration in electroless plating bath
on microhardness at different Al2O3 concentrations. It is seen that with increase in
Al2O3 concentration, the microhardness increases.

Table 50.5 Observation
table for electroless plating of
SS304

S. No. Composition Microhardness
(HV)

1 Al2O3 = 0 g/L WS2 = 0 g/L 221.42

2 Al2O3 = 2 g/L WS2 = 0.4 g/L 277.71

3 WS2 = 0.8 g/L 330.61

4 WS2 = 1.2 g/L 405.15

5 Al2O3 = 3 g/L WS2 = 0.4 g/L 417.03

6 WS2 = 0.8 g/L 479.65

7 WS2 = 1.2 g/L 621.27

8 Al2O3 = 4 g/L WS2 = 0.4 g/L 552.74

9 WS2 = 0.8 g/L 650.72

10 WS2 = 1.2 g/L 792.79
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Fig. 50.3 Effect of Al2O3 and WS2 powder concentration on microhardness

50.4.2 Coating Thickness

The transverse surface of a coated substrate is taken into account for the measure-
ment of coating thickness by field emission scanning electron microscope (FESEM)
images. Figure 50.4a–d shows the coating thickness of plating surface with dif-
ferent powder concentrations. The coating thickness increases with the addition of
nanoparticles to the bath as shown in Fig. 50.5. Moreover, as the concentration of
nanoparticles increases, i.e. Al2O3 and WS2, the coating thickness further increases.
It may be due to the fact thatmore agglomeration of particles takes place over the sub-
strate material. Since tungsten disulphide is a solid lubricant, therefore, an increase
in its content results in more deposition over the surface. A coating thickness of
27.9482 μm is obtained at 4 g/L with the incorporation of Al2O3 and 1.2 g/L of
WS2 in electroless bath with all the parameters of bath being same. Thus higher
concentration of both the powders results in an increased value of coating thickness.

50.4.3 EDS Study

The energy dispersive spectroscopy (EDS) report suggests the elemental compo-
sition of the substrate surface after coating by electroless plating (Fig. 50.6). It is
evident that nickel (Ni) composition is 79.52% in case of sample coated without
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Fig. 50.4 FESEM images of the transverse section of coated surface, a without nanopowder con-
centration, with bAl2O3 = 2 g/L andWS2 = 0.4 g/L, cAl2O3 = 3 g/L andWS2 = 0.8 g/L, dAl2O3
= 4 g/L and WS2 = 1.2 g/L

the addition of nanopowders whereas when the concentration of WS2 increases, the
nickel concentration is as high as 82.36%. The transfer of elements from the bath
has also been seen such as phosphorus (P), sodium (Na), aluminium (Al), chromium
(Cr), sulphur (S), carbon (C), oxygen (O), and the base material constituting iron
(Fe).

50.4.4 Surface Morphology

The surface of the electroless Ni–P coated specimen was studied by field emis-
sion scanning electron microscopy (FESEM) machine (Make: Carl Zeiss, Germany,
model: Supra 55). Figure 50.7 indicates the FESEM images of coated specimen at
various concentrations of powder in the bath. It is seen that when the WS2 pow-
der concentration is 1.2 g/L, more deposition on the surface takes place with more
agglomeration of particles (Fig. 50.7c, g). The lower concentration of powders seen
in Fig. 50.7a, b shows a lesser deposition on the surface yet uniform deposition.
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Fig. 50.5 Effect of Al2O3 and WS2 powder concentration on coating thickness

Fig. 50.6 EDS plot of sample coated, a without nanopowder concentration, b Al2O3 2 g/L and
WS2 = 1.2 g/L, c Al2O3 3 g/L and WS2 = 0.8 g/L, d Al2O3 4 g/L and WS2 0.4 g/L
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Fig. 50.7 FESEM images of samples coated, a without nanopowder concentration, with b Al2O3
= 2 g/L and WS2 0.4 g/L, c Al2O3 = 2 g/L and WS2 = 1.2 g/L, d Al2O3 = 3 g/L and WS2 =
0.4 g/L, e Al2O3 = 3 g/L and WS2 = 1.2 g/L, f Al2O3 = 4 g/L and WS2 0.8 g/L, g Al2O3 = 4 g/L
and WS2 = 1.2 g/L



50 Electroless Nickel Phosphorus Plating on SS304 Substrate … 569

Fig. 50.8 XRD analysis of coated sample with, a Al2O3 = 2 g/L and WS2 = 0.4 g/L, b Al2O3 =
4 g/L and WS2 = 1.2 g/L

Thus, an increase in powders allows more deposition but more surface roughness is
seen since agglomeration is more with non-uniform coating.

50.4.5 XRD Analysis

X-ray diffraction (XRD) analysis shows the different intermetallic compounds
formed on the coated specimen. Figure 50.8a, b shows the XRD plot for powder
concentration when Al2O3 is 2 g/L with WS2 0.4 g/L and Al2O3 is 4 g/L with WS2
1.2 g/L, respectively, where it is clear that there is deposition of nickel on the sur-
face. Additional compounds such as Al2O3, WS2 and WC have also been seen that
improves the microhardness and lubricity properties of the coated samples.

Future scope in the present research, considering the effect of other solid lubricants
on the tribological behaviour of the coating could be conducted andwear performance
can be studied. A more comprehensive FESEM study of coated microstructures
including the effect of heat treatment on the phase transformation.

50.5 Conclusions

In the present work, Ni–Al2O3–WS2 coating was successfully deposited on SS304
through electroless plating process. The maximum coating thickness of 27.9482 μm
is obtained at 4 g/L of Al2O3 and 1.2 g/L of WS2 in electroless bath with all the
parameters of bath being same. The microstructure study reveals that Ni–Al2O3–
WS2 surface consists of large number of Ni–Al2O3–WS2 nodules. Microhardness
values of the entire coated surface have increased nearly three times after coating.
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Chapter 51
Influence of Heat Input on Corrosion
Resistance of Duplex Stainless Steel
Cladding on Low-Alloy Steel by FCAW

Manas Kumar Saha , Ajit Mondal , Ritesh Hazra and Santanu Das

Abstract Cladding is a popular surfacing process in which deposition of corrosion-
resistant material on corrosion-prone structural steel is done to enhance the service
life of different devices even under severe corroding atmosphere. Flux-cored arc
welding is a successful process adopted for cladding. Duplex stainless steel is becom-
ing an efficient cladding material in chloride atmosphere. Heat input is an important
parameter for cladding process. In the present experiment, three sets of heat input are
chosen by changing welding current and welding voltage, keeping voltage constant.
Each set of heat input is constructed by three levels of current and voltage. Duplex
stainless steel cladding is performed in a single layer with 50% overlap on low-alloy
steel by flux-cored arc welding using 100% CO2 as shielding gas. Metallography
tests, corrosion test along with evaluation of chemical composition of clad samples
have been performed. Theoretical values of chromium equivalent, nickel equiva-
lent, ferrite number, and pitting corrosion equivalent number (PREN) obtained from
chemical composition of clad samples suggest that Creq, Nieq, ferrite number, and
PREN (Pitting Corrosion Equivalent Number) do not change significantly with an
increase in heat input. Corrosion rate increases with an increase in heat input within
the experimental domain.

Keywords Cladding ·Welding · Flux-cored arc welding · Heat input · Corrosion
rate

51.1 Introduction

Cladding is a surfacing technic used to protect the base material from corrosion. In
this process, corrosion-resistant filler material is deposited of a thickness of some
millimeter on corrosion-prone base material by means of welding, rolling, etc. [1].
Cladding enhances the mechanical properties of the base material also. This technic
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is widely used in different engineering sectors, like petrochemical, paper and pulp,
naval, chemical, etc. [2]. Among different types of welding, flux-cored arc welding
(FCAW) is used to produce better quality clad parts due to some advantages relative
to other processes. The clad portion is protected by inert gas and/or burnt flux from
tubular core during welding. Instead of costly inert gas, cheap CO2 gas is success-
fully used to protect the cladding layer from oxidation. FCAW is a semiautomatic,
effective, and easy to use process [3].

Heat input is one of the most influential parameters for better quality cladding.
Quality of cladding also depends upon weld bead geometry and chemical composi-
tion of filler and base material. Unlike welding, cladding requires wider bead, higher
reinforcement, and lower penetration to minimize dilution. Cladding, which is basi-
cally dissimilar welding, requires optimum penetration for strong and durable joint
without much hampering the corrosion resistance of filler material due to dilution.
Heat input influences weld bead geometry a lot [4].

One of the major requirements for quality cladding is favorable microstructure
which further depends upon chemical composition of both base and filler materials.
Different phases, like ferrite, austenite, etc., are formed due to the presence of ferri-
tiser and austenite in clad parts. Chromium equivalent (Creq) and Nickel equivalent
(Nieq) which are basically responsible for promoting ferrite and austenite phases
respectively, determine the amount of different phases present in a ferrous metal
theoretically [5]. Among different filler materials, duplex stainless steel has been
reported to be having good corrosion resistance property in chloride atmosphere [6].
The clad part was produced by FCAW using duplex stainless steel as filler electrode
with 100% CO2 as shielding gas shows satisfactory corrosion resistance property
[7]. Pitting corrosion equivalent number (PREN) of the clad part indicates pitting
corrosion resistance property [8]. The more the PREN, the greater will be the pit-
ting corrosion resistance. Heat input, as well as other parameters, plays a significant
role for change in dilution, chemical composition, Creq, Nieq, PREN of clad parts
and so also, the corrosion resistance property of the same [9]. Different mechanical
properties like hardness [10], toughness, etc., improve in clad part.

During the review of previous works done in this area, not many reports are found
that relate corrosion rate, PREN, Creq, Nieq with heat input. Mainly in some works
done by this research group, the variation of rate of corrosionwith heat input has been
investigated. Considering this gap in this work, variation of Creq, Nieq, PREN with
heat input were investigated along with corrosion rate. In the present work, duplex
stainless steel (E2209T01) cladding was produced on low-alloy steel (E250) by flux-
cored arc welding process using 100% CO2 as shielding gas. Cladding was done in
single layer with 50% overlap. Process parameters like welding current and welding
voltage were chosen in such a way that nine numbers of clad parts were produced in
three levels. Chemical composition of each clad part was analyzed chemically using
spectrometry. Metallographic test and corrosion test were performed. Creq, Nieq.,and
PREN were calculated theoretically and compared with heat input and corrosion
rate.
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51.2 Experimental Procedure

Weld cladding tests were performed using FCAW process on an ESAB, India-made
MIG/MAG machine having voltage and current capacity in the range of 0–75 V
and 0–400 A, respectively, on a low-alloy steel (E250) plate (composition shown in
Table 51.1) using duplex stainless steel filler wire, E2209T01 (composition shown
in Table 51.2). 100% CO2 gas with a constant gas flow rate of 16 l/min was used
as shielding gas throughout the cladding experiment. The cladding was done with
single layer 50% overlap weld bead. The whole experiment was done twice to check
more reliability of results obtained.

Three sets of welding current and welding voltage were selected, keeping travel
speed constant at 450 mm/min. Three different rates of heat inputs were taken into
consideration to get a total nine experiments. Parameters chosen for the experiments
are shown in Table 51.3.

Table 51.1 Chemical composition of E250 low alloy steel

%C %Si %Mn %P %S %Mo %Ni

0.1985 0.1402 0.4976 0.0609 0.0308 0.0378 0.0253

%As %Co %Cu %Nb %Pb %Sn %Fe

0.0662 0.0059 0.0053 0.0096 0.0104 0.0137 <98.881

Table 51.2 Chemical
composition of E2209 T01
duplex stainless steel
electrode (in wt%) obtained
by spectrometry

%Wt of C 0.02 %Wt of Cr 22.52

%Wt of Si 0.76 %Wt of Ni 9.09

%Wt of Mn 1.01 %Wt of Mo 2.91

%Wt of P 0.018 %Wt of N 0.125

%Wt of S 0.0087

Table 51.3 Parameters of
cladding experiment

Current (A) Voltage (V) Travel speed
(mm/min)

Heat input
(kJ/mm)

170 27 450 0.489

190 24 450 0.486

160 28 450 0.478

210 25 450 0.560

200 27 450 0.576

180 30 450 0.576

220 28 450 0.657

210 29 450 0.649

200 31 450 0.661
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51.2.1 Calculation of Heat Input, Creq, Nieq, Ferrite No.,
and PREN

Heat input plays a significant role in weld cladding. Proper heat input ensures proper
penetration, favorable fusion, and sufficient bonding in cladding. Cooling rate, weld
size, and material properties may all be influenced by the heat input [1]. Heat input
is calculated by using Eq. (51.1).

Q = (60V I)/(1000S) × η (51.1)

where Q = Heat input (kJ/mm), V = Voltage (V), I = Current (Amp), S = Travel
speed (mm/min), and η = Efficiency. For gas metal arc welding process, efficiency
is taken to be 0.8 [8].

Calculation of Creq, Nieq, Ferrite No., and PREN or Pitting Resistance Equivalent
Number is performed by using Eqs. 51.2, 51.3, 51.4, and 51.5 respectively.

Creq = Cr+Mo+ 0.7Nb (51.2)

Nieq = Ni+ 35C+ 20N+ 25Cu (51.3)

Ferrite No. = 15.2+ 2.2(Cr+Mo+ 0.6Si+ 15Ti+ 0.8Nb)−1.9(Ni+ 17N+ 30C)

(51.4)

PREN = Cr+ 3.3(Mo+ 0.5W) (51.5)

51.2.2 Corrosion Test

Two sets of test samples consisting of nine number each, of size 15 × 15 × 25 mm
were prepared from corresponding clad plates. Test samples were polished using
200, 400, 600, 800, and 1000 grades of emery papers followed by final polishing
in the disk polishing machine. Each test sample was weighed by a digital weighing
machine with a least count of 0.001 g. The corrosion test solution was a mixture
of ferric chloride (FeCl3, 6H2O), hydrochloric acid (HCl), and distilled water. After
24 h test, samples were weighed again and the difference in weight of each sample
was calculated [9]. The corrosion rate was calculated using Eq. (51.6).

Corrosion Rate = W/(AxT ) (51.6)

where W =Weight loss (g), A = Exposed area (m2), and T = Exposed time (h).
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51.2.3 Metallographic Study

For the metallographic study, two sets of test samples (total number of eighteen)
having size (15 × 15 × 25) mm were prepared. First, each sample was polished by
using a belt grinder and then, on velvet cloth using alumina suspension as abrasive
material to obtain mirror finish by using disk grinding cum polishing machine. Sam-
ples were then etched by waterless Kalling’s reagent and Ralph’s reagent one after
another.Microstructure examinationwas carried out usingmetallurgicalmicroscope.
The photographs of the microstructure were taken at 200× magnification.

51.2.4 Chemical Composition

Chemical composition of each clad sample was tested using spectrometry andweight
% of major alloying elements was evaluated as shown in Table 51.4.

51.3 Results and Discussion

Table 51.4 represents the chemical composition of nine test samples after cladding
on the clad portion. Table 51.5 shows Creq, Nieq, Ferrite No., and PREN (Pitting
Resistance Equivalent Number) of each clad part arranged according to ascending
order of heat input. Table 51.5 also depicts corrosion rate of corresponding test
samples. Depending on results obtained from Table 51.5, Creq is plotted against heat
input in Figs. 51.1, 51.2, 51.3, 51.4, and 51.5 show plotting of Nieq, Ferrite No.,
PREN, and corrosion rate against heat input, respectively. From Figs. 51.1, 51.2,
51.3, and 51.4, it is observed that variation of each of Creq, Nieq, Ferrite No., and
PREN with heat input is not remarkable. Figure 51.5 represents change in corrosion
rate of two sets of clad parts against increasing heat input values. The figure clearly
suggests that corrosion rate increases with increase in heat input. Diversion of values
of corrosion rate is quite small for each heat input value suggesting strong relationship
between corrosion rate and heat input.

Figure 51.6a–i shows the microstructure of nine clad samples. The etchant used
was waterless Kalling’s reagent and Ralph’s reagent one by one. Magnification of
the microstructure is 200×. From Fig. 51.6, it can be stated that white matrix rep-
resents ferrite phase and the blackish part represents austenitic phase. The extent of
ferrite phase does not show remarkable change as in sample number 1 to sample 9



576 M. K. Saha et al.

Ta
bl

e
51

.4
W
ei
gh

t%
of

ch
em

ic
al
co
m
po

si
tio

n
of

ea
ch

cl
ad

pa
rt

Sa
m
pl
e
N
o.

1
2

3
4

5
6

7
8

9

W
ei
gh

t%
of

ch
em

ic
al

co
m
po

si
tio

n
%

C
0.
05
3

0.
03
6

0.
05
2

0.
03
6

0.
03
2

0.
03
9

0.
04
1

0.
04
3

0.
04
5

%
M
n

0.
77

0.
85

0.
71

0.
8

0.
88

0.
82

0.
82

0.
75

0.
72

%
Si

0.
58

0.
69

0.
52

0.
6

0.
78

0.
63

0.
64

0.
55

0.
52

%
S

0.
01
4

0.
00
9

0.
00
4

0.
00
8

0.
00
8

0.
01
1

0.
00
9

0.
00
5

0.
01
3

%
P

0.
02
1

0.
01
8

0.
01
9

0.
01
8

0.
01
6

0.
01
9

0.
01
8

0.
01
8

0.
02

%
C
r

17
.1
4

19
.7
5

17
.3
7

19
.4
7

21
.3
8

18
.1
7

18
.9
7

18
.1
1

17
.6
4

%
N
i

6.
84

7.
83

6.
96

7.
82

8.
3

7.
46

7.
63

7.
33

7.
07

%
M
o

2.
38

2.
55

2.
26

2.
46

2.
85

2.
29

2.
28

2.
36

2.
28

%
C
u

0.
06
5

0.
07
1

0.
06
1

0.
07

0.
07
3

0.
06
7

0.
06
8

0.
06
5

0.
06
5

%
W

0.
01
6

0.
01
9

0.
01
7

0.
01
5

0.
01
7

0.
01
2

0.
01
7

0.
01
4

0.
00
9

%
N
b

0.
05
2

0.
04
7

0.
05
0

0.
04
9

0.
05
0

0.
05
3

0.
51
9

0.
05
3

0.
05
1

%
T
i

0.
04
1

0.
04
03

0.
03
33

0.
04
13

0.
04
77

0.
03
41

0.
03
75

0.
04
93

0.
04
28

%
N

0.
09
4

0.
10
5

0.
09
2

0.
10
2

0.
11
2

0.
1

0.
09
2

0.
09
7

0.
09
6



51 Influence of Heat Input on Corrosion Resistance of Duplex … 577

Ta
bl

e
51

.5
C
re
q,

N
i e
q
,F

er
ri
te
N
o.
,P

R
E
N
,a
nd

co
rr
os
io
n
ra
te
of

cl
ad

pa
rt
s
ar
ra
ng
ed

in
as
ce
nd
in
g
or
de
r
of

he
at
in
pu
t

Sa
m
pl
e
N
o.

1
2

3
4

5
6

7
8

9

C
r
E
qv
.

19
.5
6

22
.3
3

19
.6
65

21
.9
6

24
.2
6

20
.4
9

21
.6
1

20
.5
1

19
.9
56

N
iE

qv
.

12
.2

12
.9
7

12
.1
5

12
.8
7

13
.4
9

12
.5

12
.6
1

12
.6
5

12
.1
9

Fe
rr
ite

N
o.

10
.7
7

15
.7
1

10
.5
86

14
.9
5

19
.4
2

12
.0
9

14
.5
9

12
.4
7

11
.6

PR
E
N

26
.5
2

29
.8
8

26
.3
28

29
.2
4

32
.6
1

27
.3
4

27
.9
9

27
.4
7

26
.7
16

H
ea
ti
np
ut

0.
47
8

0.
48
6

0.
0.
49

0.
56

0.
57
6

0.
57
6

0.
64
9

0.
65
7

0.
66
1

C
or
ro
si
on

ra
te
fir
st

25
6.
4

25
4.
3

25
4.
3

26
1.
9

26
7

27
4.
9

28
9.
7

32
2.
8

33
2.
8

C
or
ro
si
on

ra
te
se
co
nd

25
5.
9

24
7.
4

24
9.
1

27
1.
4

27
9.
1

27
7.
5

28
3.
8

32
9.
5

33
1.
7

A
ve
ra
ge

co
rr
os
io
n
ra
te

25
6.
1

26
0.
8

25
1.
7

26
6.
6

27
3.
1

27
6.
2

28
6.
8

32
6.
2

33
2.
25



578 M. K. Saha et al.

Fig. 51.1 Plot showing
variation of Creq with heat
input

Fig. 51.2 Plot showing
variation of Nieq with heat
input

(corresponding to Fig. 51.6a–i). For every set of heat input, corrosion rate increases
with the increase in current and decrease in voltage. The microstructure of clad layer
contains blackish ferrite dendrite structure in lighter austenitematrixwith incomplete
grain boundaries. For each heat input value, ferrite phase decrease with increase in
current and decrease in voltage as a whole.
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Fig. 51.3 Plot showing
variation of Ferrite No. with
input PREN

Fig. 51.4 Plot showing
variation of heat with heat
input

Fig. 51.5 Plot of variation
of corrosion rate with
increasing value of heat input
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(a) Sample 1 (b) Sample 2 (c) Sample3 

(d) Sample 4 (e) Sample 5 (f) Sample 6

(g) Sample 7 (h) Sample 8 (i) Sample 9

Fig. 51.6 Microstructure of nine clad sample

51.4 Conclusions

From the results obtained, the following conclusions may be drawn:

1. Within the experimental domain, ferrite phase present in the microstructure does
not change remarkably with heat input. Ferrite number also changes not signifi-
cantly with heat input.

2. Creq indicating ferritising property andNieq corresponding to austenizing charac-
teristics both do not change significantly with heat input within the experimental
domain. Also, pitting resistance equivalent number (PREN) which is the index
for pitting corrosion resistance does not change remarkably with heat input.
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3. However, corrosion resistance of duplex stainless steel cladding on low-alloy
steel decreases with increase in heat input within the experimental domain.
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Chapter 52
Study of Sliding Abrasive Wear
Behaviour of TiC–TiB2 Composite
Coating Fabricated on Titanium Alloy
by TIG Cladding Method

D. Tijo , Ajay Sivasankaran Menon and Manoj Masanta

Abstract Grade 5 Titanium alloy commonly known as Ti–6Al–4V is extensively
used in various industries like aerospace, biomedical and chemical components
owing to their low density, high strength and biocompatibility. Their application
is limited in tribological components due to their low wear resistance. To increase
the surface property of Ti–6Al–4V alloy, in this work first, a clad layer of TiC–TiB2

compositewas deposited byTIG claddingmethod through an in situ reaction between
Ti and B4C powder (mixed at 3:2 wt. ratio). The sliding abrasive wear performance
of the coated substrate was done by a pin on disc type tribological test against an alu-
mina disc. The effect of the applied normal load on the wear behaviour of the coating
was studied by varying the normal load at 10, 20, 30 and 40 N. The assessment of
wear was executed from the reduction of the height of coated pin-shaped samples as
well as directly from the data acquisition system attached with the wear tester. The
coefficient of friction of the coating was also noted, and the value was compared for
different load conditions as well as with the uncoated Ti–6Al–4V alloy. It was found
that the wear loss for the coating is sensibly lower than the Ti–6Al–4V substrate even
at high load conditions.

Keywords TIG cladding · Titanium alloy · Sliding wear · TiC–TiB2

52.1 Introduction

Ti–6Al–4V alloy also known as Grade 5 Titanium alloy exhibits properties like low
density, high specific strength, high corrosion resistance and can withstand high
temperature. Ti alloy has low resistance to plastic shearing and low work-hardening.
Hence, wear phenomena caused due to abrasion, adhesion and delamination weaken
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the material and reduces its service life. Hence, its applications become restricted in
areas involving friction and wear [1, 2]. The properties of this alloy can be enhanced
by employing a clad layer on it with a suitable material.

A layer of ceramicmetal matrix composite or multicomponent ceramic composite
is a suitable choice for wear-resistance coating by various research groups due to
the combined effect of individual ceramic phases depending on the requirements.
Among the ceramic composites, TiC–TiB2 has acquired substantial attention owing
to its extraordinary hardness, wear resistance and compatibility with Ti alloy [3].
Wang et al. [4] reported that with the enhancement of TiC and TiB2 composition,
the microhardness and wear resistance in of the coating improved significantly. TiC
and TiB2 have a high melting point, high abrasive resistance, low density and greater
oxidation resistance. It was noticed that flexural strength and fracture resistance of
TiC–TiB2 coating are much superior to the individual ceramic phases [5].

There are many methods to deposit a hard and wear-resistant coating on the sub-
strate material. Among them, TIG cladding is a developing method to create a hard
and wear-resistant coating with sufficient thickness owing to its low cost, simplicity
and applicability to a wide range of materials [6]. According to An et al. [7], TIG
cladding is characterized by its low cost and valid for a range of materials, with accu-
rately controlled heat input. Therefore, TIG cladding method can be implemented on
various substrates to cut the manufacturing cost and to acquire an excellent surface
property.

There are many methods to evaluate the wear resistance of a material in the form
of a coating or as bulk. Pin-on-disc sliding wear test is the most widely used method
for the study of wear and friction properties of amaterial. Themethod is used to study
the wear behaviour of a cylindrical-shaped specimen by sliding against a rotating
disc of a harder material or an abrasive wheel. The wear rate is measured from the
height difference of the pin. Saroj et al. [8] performed the sliding abrasive wear test of
TiC reinforced Inconel 825 coating fabricated by TIG cladding method and studying
the effect of different processing conditions.

From the literature review, it was evident that several works have been done
on Ti–6Al–4V alloy using mostly ceramic particle reinforcements. But, only a few
studies show the wear characteristic of the fabricated coating under sliding abrasive
condition. The objective of the present work is to study the sliding abrasive wear
behaviour of TIG cladded TiC–TiB2 composite coating deposited on Ti–6Al–4V
alloy through in situ reaction. The wear test of the pin-shaped TiC–TiB2-coated
samples was performed by using a pin-on-disc tribological tester against an alumina
disc by varying the normal load at 10, 20, 30 and 40 N.

52.2 Experimental Planning and Procedure

For the present experiment, the coating material was prepared by mixing of pure
titanium and boron carbide (B4C) powder with a weight ratio of 3:2. The powder
precursor was prepared by ball milling process for three hours to make a uniform
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powdermixture. Themixer was then combinedwith polyvinyl alcohol (PVA) to form
a semisolid paste, which was then coated on Ti–6Al–4V alloy substrate of dimension
50 mm× 90 mm× 5 mm. Hence, a pre-deposited coating layer of 0.8 mm thickness
was obtained.

The cladding was done by scanning the TIG arc on the pre-coated surface of the
Ti–6Al–4V alloy. The schematic of the TIG cladding setup is shown in Fig. 52.1.
For the present work, a single-line clad layer prepared with 100 A peak current and
2.3 mm/s scan speed was used. The details of the TIG cladding process may be
available in the author’s earlier work [9]. Due to the TIG arc heat source, Ti and B4C
powder reacted and produced TiC and TiB2 as per Eq. (52.1).

After the fabrication of the clad layer, the specimen for wear test was prepared by
cutting a cylindrical-shaped sample of 4 mm diameter using a wire electro-discharge
machine (W-EDM). After the pin-shaped samples were taken out, the specimens
were polished at the coated surface using 600 graded SiC emery paper to give the
coated layer a smooth finish. The sliding abrasive wear test was performed in pin-
on-disc test rig as per ASTMG99 standard (Make: Magnum). The conditions for the
wear test are shown in Table 52.1.

3Ti+ 2B4C = TiC+ 2TiB2 (52.1)

Fig. 52.1 Schematic
representation of TIG
cladding process

Table 52.1 Experimental
condition for the wear test
and assessment of coefficient
of friction (COF)

Pin diameter 4 mm

Counter body Alumina abrasive disc

Load (N) 10, 20, 30, 40

Track diameter 34 mm

RPM 112

Time of test 10 min

Sliding speed 200 mm/s
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Alumina abrasive disc

Coated pin sample

Pin holder

Fig. 52.2 Pin-on-disc setup for sliding abrasive wear test

Sliding velocity was calculated from rotational speed and diameter of the track.
The load applied for each test was varied at 10, 20, 30 and 40 Nmaintaining the same
rotational speed. The pin-shaped samplewas sliding against the rotating abrasive disc
as shown in Fig. 52.2. The height of the each coated pin sample was noted before
and after the 10 min of the test, and the height loss or wear was calculated for each
sample. Further, through an online data acquisition system, the wear value and the
coefficient of friction (COF) were directly recorded.

52.3 Results and Discussion

Figure 52.3 shows the TiC–TiB2 layer deposited on Ti–6Al–4V alloy and the
extracted samples for the wear test. Figure 52.4 shows the SEM image of the cross
section of the clad layer, which exhibits the composite structure of TiC–TiB2 along
with some other intermetallic components. From the image, approximately 1 mm
thick coating layer can be visible. After the test, the wear or reduction of the height
of the pin samples under different load conditions (10, 20, 30, and 40 N) and the
uncoated Ti–6Al–4V alloy pin under 10 N load were measured by Vernier calliper
and tabulated in Table 52.2.

Figure 52.5 shows the variation of height loss (wear) of the TiC–TiB2 coating
produced by TIG cladding technique against the applied load for performing the
wear test counter to alumina disc under different loads and the Ti–6Al–4V alloy
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Fig. 52.3 Preparation of pin
samples for sliding wear test

Fig. 52.4 SEM image of the
TiC–TiB2 clad layer
deposited on Ti–6Al–4V
alloy

Table 52.2 Wear or height loss values after the wear test

Material Load (N) Avg. initial height
(mm)

Avg. final height
(mm)

Average height
loss (mm)

TiC–TiB2 coating 10 5.02 4.9 0.12

20 5.08 4.82 0.26

30 5.04 4.66 0.38

40 5.06 4.41 0.65

Uncoated
Ti–6Al–4V alloy

10 5.01 4.17 0.84
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Fig. 52.5 Variation of height
loss (wear) against alumina
wheel for coating fabricated
by the TIG cladding
technique under different
loads and for Ti–6Al–4V
substrate under 10 N load
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substrate under 10 N load. It is evident from the plot that the wear loss increases with
increase in the load applied. The wear losses of the coated samples are between 0.12
and 0.56mm for the variation of the normal load,while for uncoatedTi–6Al–4Valloy
substrate (at 10 N load), the wear loss is more than 0.85 mm. The plot shows that the
wear resistance of the coated samples is much better than the wear resistance of the
uncoatedTi–6Al–4Valloy. The plot also shows that thewear value of the coating rises
almost progressively with the employed normal load. As the coating layer consists of
hard phases like TiC and TiB2, during sliding abrasive wear, these particles resisted
the abrasion of the coating layer and very low abstraction of the coating material
occurred. However, with the increase in the employed normal load, the intensity
of the scratches by individual alumina grits from the counter disc increased, and
consequently augmented the removal of the material. On the contrary, the resistance
against scratches by the Ti–6Al–4V alloy is relatively low due to its low hardness
and increases the removal of the pin sample.

Further, from the data acquired from the online system, the plotted graphs
(Fig. 52.6) against the wear test time shows that with time, the wear value increases
gradually for all different normal loads. Due to the unevenness on the surface of
the pin, the initial wear value of the pin shown in all the graphs is high, and then it
increases steadily. The plots also show that with the increase in the applied normal
load, the final wear value of the coated pin increases, which is almost equivalent to
the wear or measured by Vernier calliper as shown in Fig. 52.5. From the graph, it is
also evident that the wear rate increased at a higher load, but within the experimen-
tal domain, the coating did not get removed completely even at higher (40 N) load
conditions. Hence, it is justified to conclude that the TiC–TiB2 layer fabricated by
TIG cladding technique is well enough to withstand high normal load even under an
abrasive environment.

Figure 52.7 depicted the variation of coefficient of friction (COF) recorded during
the sliding wear test for TiC–TiB2 coating under different normal loads and the
uncoated Ti–6Al–4V alloy at 10 N load. It is also apparent that the COF for uncoated
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Fig. 52.6 Cumulative wear loss of the a coating (recorded through online system) with respect to
the test time performed against alumina abrasive disc for different normal loads and b for Ti–6Al–4V
alloy at 10 N load
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Fig. 52.7 Coefficient of friction of the coating (recorded through online system) with respect to the
test time measured against alumina abrasive disc for different normal loads and Ti–6Al–4V alloy
at 10 N load

Ti–6Al–4V alloy is almost steady at approximately 0.6. However, the COF value for
TiC–TiB2 coating was found marginally higher than the uncoated substrate material.
It may also be observed that the COF value gradually increases with the sliding or
test time for the coated surface for all different normal load conditions.

Figure 52.8 illustrates the SEM images of the coating surface after the wear test
performed against the alumina abrasive disc under different normal loads. The images
show that at relatively low load condition the scratches formed during the wear test
are with low intensity. Whereas with the increase in applied load the intensity of
the scratch marks is enhanced. At higher load condition, the applied pressure by the
abrasives embedded in the alumina disc is larger, which causes more abstraction of
the material from the coating surface. Consequently, the wear value increases with
the increase in the applied load.
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(a) (b)

(c) (d)

(e)

Smooth surface Minor scratch 

Minor scratches 
Major scratch-

Drastic removal by
scratches 

Fig. 52.8 SEM images of worn-out coating surface for different normal loads and Ti–6Al–4V alloy
at 10 N load
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52.4 Conclusions

The cladding of TiC–TiB2 on Ti–6Al–4V alloy was done successfully using TIG
cladding technique using Ti and B4C as the precursor powder at 100 A current and
2.3 mm/s scan speed.

The sliding abrasive wear test performed using a pin-on-disc machine under dif-
ferent load shows that with an increase in the normal load, the wear in terms of height
loss increases gradually. However, the wear rate even at a higher load is much lower
than the wear value for uncoated Ti–6Al–4V alloy which performed at a lower load.

The experimental results performed show that the deposition of a hard TiC–TiB2

coating on Ti–6Al–4V alloy significantly increased its surface property and conse-
quently the wear resistance of the alloy against the alumina disc.
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Chapter 53
Effect of Test Conditions on Tribological
Behavior of NiTi–TiN-Coated Ti–6Al–4V
Alloy Fabricated by TIG Cladding
Method

Abhratej Sahoo , Dipak Tanaji Waghmare , Arti Sahu
and Manoj Masanta

Abstract Ti–6Al–4V alloy is a versatile material widely used in aerospace, chemi-
cal, and marine industries owing to its properties like lightweight, high strength, and
corrosion resistant. However, the alloy lacks inadequate hardness andwear resistance
to ensure a long product life for its applications. In this study, the Ti–6Al–4V alloy
was coated with a metal matrix composite coating that consists of NiTi and TiN by
TIG cladding process, and the wear behavior of the coated specimen was studied
by conducting a pin-on-disk type tribological wear test. The effect of the sliding
speed (by altering the rotational the speed of the disk) and the normal load applied
on the wear or height loss of the pin-shaped-coated sample, and the coefficient of
frictionwere studied. It was found that within the experimental domain, the produced
NiTi–TiN coating is suitable for application in high load—lower speed and medium
load—high-speed combinations.

Keywords NiTi–TiN coating · Sliding wear · Coefficient of friction · TIG cladding

53.1 Introduction

Due to wide applications of Ti–6Al–4V alloy in aerospace, marine, power
generation, and biomedical industries, it is referred to as the “workhorse alloy of
the titanium industry.” However, due to its poor tribological behavior, the appli-
cation of Ti–6Al–4V is severely restricted under high wear and high-temperature
conditions [1].

As demonstrated by Mao et al. [2], frictional wear of Ti–6Al–4V alloy is too
high for diverse applications. Guo et al. [3] demonstrated that at high temperature,
its oxidation and wear resistance are very poor, which further limits the application
of Ti–6Al–4V. Weng et al. [4] suggested that these properties of Ti–6Al–4V alloy
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could be enhanced by the application of clad layer with suitable material, specifically
a metal matrix composite (MMC) reinforced with ceramics.

NiTi is an intermetallic that owns excellent properties like shape memory effect,
superelasticity, high fatigue strength, good corrosion resistance, and biocompatibility
[5]. Its superelasticity and fatigue strength culminate to provide it the property of
good wear resistance. Buehler and Wang [6] first reported the high wear resistance
property of NiTi in their pioneering work on the development of NiTi.

Due to machinability issues and high cost, NiTi is generally not used in bulk to
manufacture machine parts despite its superior properties. Cheng et al. [7] conducted
cladding of NiTi on AISI 316 stainless steel and demonstrated that the usage of NiTi
as a cladding material is feasible by avoiding its machinability issues. Considering
the merits of ceramic reinforcement, Weng et al. [8] conducted experiments that
involved the addition of TiN (Titanium Nitride) to Co-based alloy cladding over
Ti–6Al–4V alloy. Hence, TiN can be added to NiTi to improve its hardness and wear
resistance further.

Tungsten inert gas (TIG) welding is a well-established process used for welding
and repairing purposes [9, 10]. Based on the review of prior research work carried
out in this field, it was revealed that there is a lack of study on the deposition of
NiTi–TiN composite coating on Ti–6Al–4V alloy by TIG cladding method and also
the analysis of its tribological behavior.

The present work emphasizes on the study of the wear behavior of NiTi + TiN
clad layer deposited on Ti–6Al–4V alloy by conducting the pin-on-disk wear test
against harden steel disk with a hardness value of HRC 58, under different applied
normal load and sliding speed conditions. The effect of the applied normal load and
sliding speed was evaluated on the wear value and wear characteristic of the coated
pins through an online data monitoring system and SEM of the worn surfaces.

53.2 Materials and Methodology

For the present work, at first, cladding of NiTi + TiN was deposited on Ti–6Al–4V
alloy using Nickel, Titanium, and TiN powder mixed in a weight ratio of (10:10:2).
The condition used for the cladding was TIG current of 70 A, arc scan speed of
2.3 mm/s, and Ar gas flow rate of 20 L/min. Figure 53.1 shows the SEM image of
the NiTi+ TiN clad layer at the cross section and the magnified image of the coating
region.

After the cladding, the coating surface was tested to understand its wear character-
istic. Wear test was performed using a pin-on-disk type wear test setup as per ASTM
G99 standard. The NiTi + TiN cladded Ti–6Al–4V alloy plate was cut using a wire
EDM to get cylindrical-shaped test samples for the wear test. Figure 53.2 shows the
pin-on-disk wear tester and the pin-shaped samples extracted from the NiTi–TiN
clad track for the wear test. The test specimen was then brought in contact with a
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Fig. 53.1 SEM image of a NiTi + TiN clad layer at the cross section, b high magnified image of
the coating region

Fig. 53.2 a Pin-on-disk wear tester. b Pin-shaped specimen extracted from the coating track

rotating disk made of hardened steel (HRC 58). In order to measure the sliding wear
of the sample, the pin is placed under some force using a pulley and a dead-weight
loading mechanism that exerts an equivalent amount of force on the pin. Generally, a
cylindrical pin is preferred to correlate the amount of wear directly with the average
reduction in the height of the pin. The detail conditions used for the wear test are
illustrated in Table 53.1.

For the present work, the wear test was performed by varying both sliding speeds
and normal load was applied. The normal loads applied on the specimen were var-
ied as 10, 20, and 30 N. The tests were carried out with two different rotational
speeds, i.e., 250 RPM and 500 RPM so that, the sliding velocities of approximately
1000 mm/s and 2000 mm/s were obtained, respectively. After the test, the wear value
was measured from the reduction in the height of the coated pin samples. In addition,
the wear value and the coefficient of friction value were directly acquired with the
help of an online monitoring system, which is furnished with the wear test setup. The
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Table 53.1 Details of the
wear test conditions

Counter body Harden steel (HRC 58)

Pin diameter 4 mm

Track wear radius (D) 75 mm

RPM 250 and 500

Sliding speed (V) 1000 and 2000 mm/s

Test duration (T) 10 min

Sliding distance 590 and 1180 m

wear value obtained from the online monitoring system and height loss measured
through Vernier caliper were correlated.

53.3 Results and Discussion

The height loss for every cylindrical-shaped samples measured by Vernier caliper
after the sliding wear test as well as the final wear value recorded by the data acqui-
sition system are tabulated in Table 53.2.

Figures 53.3 and 53.4 show the cumulative height loss for NiTi–TiN-coated Ti–
6Al–4V pin against sliding time under different normal loads (10, 20, and 30 N) for
sliding velocities of 1000 mm/s and 2000 mm/s, respectively. Form the plots, it may
be evident that the wear value or height loss of the NiTi–TiN-coated Ti–6Al–4V pins
are gradually increased for all different test conditions. However, with the increase
of normal load for both the sliding velocity conditions, the wear rate increases, and
a progressive final wear value is obtained. From the plots, it is also observed that for
2000 mm/s sliding velocity the wear values are also higher compared to the wear
values obtained for 1000 mm/s sliding velocity.

As mentioned earlier, the thickness of the coating used for the present tribolog-
ical test was approximately 800 µm. Hence, from the wear plot, it was seen that

Table 53.2 Wear values and COF of the NiTi–TiN-coated Ti–6Al–4V pins for different conditions

Sl. No. Sliding velocity
(mm/s)

Normal load (N) Avg. height loss
(measured by
Vernier caliper)
(mm)

Wear (from data
acquisition system)
(mm)

1 1000 10 0.018 0.019

2 1000 20 0.032 0.043

3 1000 30 0.185 0.196

4 2000 10 0.052 0.57

5 2000 20 0.158 0.167

6 2000 30 1.08 1.112
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Fig. 53.3 Cumulative height
loss against sliding time for
NiTi–TiN-coated Ti–6Al–4V
pin for sliding velocity of
1000 mm/s, under different
normal loads (10, 20, and
30 N)
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Fig. 53.4 Cumulative height
loss against sliding time for
NiTi–TiN-coated Ti–6Al–4V
pin for sliding velocity of
2000 mm/s, under different
normal loads (10, 20, and
30 N)
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for employing 2000 mm/s sliding velocity and 30 N normal load, the final wear
value exceeded the thickness of the coating or complete removal of the coating layer
occurred. However, for all the other conditions, the coating remains to sustain under
the employed sliding velocity and normal load conditions. Similarly, the wear val-
ues measured by Vernier caliper were plotted against applied normal load for two
different sliding velocities that are depicted in Fig. 53.5.

Also, comparison of the final wear value measured by the data acquisition system
(shown as a blue line in the plot), reveals that the wear values recorded by the data
acquisition system are marginally higher than the wear value measured by Vernier
caliper. It is perhaps due to the combined wear of the coated pin and the counter
disk recorded by a data acquisition system, which is showing a higher value than the
actual wear of the coated pin.



598 A. Sahoo et al.

(a) (b)

10 20 30
0.00

0.05

0.10

0.15

0.20

0.25

W
ea

r (
he

ig
ht

 lo
ss

) [
m

m
]  Height loss measured by Vernier caliper

 Height loss from data acquisition system

Applied normal load [N]
10 20 30

0.0

0.2

0.4

0.6

0.8

1.0

1.2

W
ea

r (
he

ig
ht

 lo
ss

) [
m

m
]

 Height loss measured by Vernier caliper
 Height loss from data acquisition system

Applied normal load [N]

Fig. 53.5 Comparison of wear values of NiTi–TiN-coated Ti–6Al–4V alloy pins measured by
Vernier caliper and obtained directly from data acquisition system after the abrasive wear test under
different normal load conditions, for sliding velocity of a 1000 mm/s, and b 2000 mm/s

Figure 53.6 shows the comparison of wear or height loss of the NiTi–TiN-coated
Ti–6Al–4V alloy pins for different sliding velocities (1000 and 2000 mm/s) under
various normal loads. From the plots, it is clearly seen that the wear value is reason-
ably lower for sliding speed and normal load combination (1000 mm/s and 10 N),
and the wear value is increasing with the increase of the applied normal load. From
Fig. 53.4, a sharp increase in the wear value can be observed for 30 N load. Due to
the high sliding velocity and normal load condition, catastrophic wear occurred on
the coated pin, and extreme wear value was recorded.

From the plot, it can be inferred that the produced NiTi–TiN coating deposited on
Ti–6Al–4V alloy is enabled to withstand the wear at the high sliding speed at lower

Fig. 53.6 Comparison of
wear of the NiTi–TiN-coated
Ti–6Al–4V alloy pins for
different sliding velocities
(1000 and 2000 mm/s) under
various normal load
conditions
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load and above-average speed even at high load. However, the coating fails at high
speed and high load combination within the experimental domain.

Figures 53.7 and 53.8 show the variation of coefficient of friction (COF) during
the test for sliding velocities 1000 and 2000 mm/s for the alteration of normal load
(10, 20, and 30 N). From the plots, for 1000 mm/s sliding velocity and relatively
lower normal load (10 and 20 N), the steady-state COF value is approximately in the
domain of 0.7. Whereas, for increasing the load (30 N) after a certain time, the COF
value reduced to a value of approximately 0.5.

On the other side, for employing 2000 mm/s sliding velocity, it is evident that the
steady-state COF value is approximately 0.7 for a normal load of 10 N. However,
the COF value is found to have reduced after a certain time. Further, for employing

Fig. 53.7 Variation of the
coefficient of friction (COF)
during the test for sliding
speed of 1000 mm/s, under
different normal loads (10,
20, and 30 N)
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Fig. 53.8 Variation of the
coefficient of friction (COF)
during the test for sliding
speed of 2000 mm/s under
different normal loads (10,
20, and 30 N)
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30 N load, it was found that the COF value reduced sharply and a lower steady-state
COF value (0.38) was obtained after a specific time of the test.

53.4 Conclusions

From the analysis of the present tribological test of NiTi–TiN coating deposited by
TIG cladding method on Ti–6Al–4V alloy, the following conclusions can be made.

The wear value of the coating gradually increases with the increase of normal
load. At higher sliding velocity, the wear loss also was found larger for all different
normal load conditions.

The produced NiTi–TiN coatings deposited on Ti–6Al–4V alloy were enabled
to withstand the wear at high sliding speed and low normal load combination, and
above-average speed even at high normal load within the experimental domain con-
sidered for the present study. However, the coating fails at high speed and high load
combinations.

The steady-state coefficient of friction of the NiTi–TiN coating is in the range
of 0.7, which is marginally higher than the COF value of the Ti–6Al–4V alloy. It
was revealed that for higher load and sliding velocity combination, owing to the
removal of the coating material, the COF value reduced down to 0.38, which is
almost equivalent to the COF value of Ti–6Al–4V against the harden steel disk.
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Chapter 54
Sliding Abrasive and Adhesive Wear
Behavior of TIG-Cladded NiTi–W
Coating Deposited on Ti–6Al–4V Alloy

Jyotirmoy Singh Garbyal , Chinmaya Kumar Padhee , Abdu Raheem
and Manoj Masanta

Abstract The wear characteristic of NiTi–W composite layer developed on
Ti–6Al–4V alloy by using TIG cladding route was evaluated. The NiTi–W com-
posite coating fabricated with preplaced Ni–Ti–W powder with 9:9:2 weight ratio
and at 60 A current and 2.3 mm/s scan speed has been tested against an abrasive disk
and hardened steel (HRC 58) under different normal load and sliding velocity condi-
tions to analyze its sliding abrasive wear and adhesive wear behaviors. The effect of
test conditions on the wear characteristic of the NiTi–W clad layer was analyzed in-
depth and compared with the wear characteristic of the uncoated Ti–6Al–4V alloy. It
was found that the NiTi–W composite coating shows up to eleven times better wear
resistance than the uncoated Ti–6Al–4V alloy under abrasive wear test conditions
and more than seven times under sliding adhesive test condition.

Keywords TIG cladding · NiTi–W coating · Ti–6Al–4V alloy ·Wear resistance

54.1 Introduction

Titanium and its alloys find lots of applications in industries like aerospace, medical,
and military due to some of its properties like specific strength, good corrosion
resistance, and decent high temperature [1–3]. With the aim of reducing weight, Ti
alloys are employed in spacecraft bearings instead of steel. But their relatively low
surface hardness andpoorwear resistance lead to a great problem in these applications
[4]. An effective way to improve the surface properties of the Ti–6Al–4V alloy is the
deposition of the ceramic reinforced hard coating layer by laser cladding or alloying
route [5, 6]. However, laser processing is quite expensive and requires complicated
arrangements. On the other hand, tungsten inert gas (TIG) cladding process stands
apart due to its low-cost and easy-to-operate characteristics. It is pertinent to a rangeof
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materials, and the heat input can be controlled accurately by changing the processing
current and scan speed [7, 8].

NiTi intermetallic alloy received enormous attention due to its shape memory
and superelasticity properties in addition to its high hardness, excellent resistance to
corrosion and ability to maintain stability at high temperature. Additionally, the NiTi
coating is highly compatible with Ti–6Al–4V alloy [9]. Tungsten (W) is a dense
metal with strength comparable to that of titanium and is also known for its high
wear and corrosion resistance. Hence, it is expected that NiTi–W composite would
increase the tribological properties of Ti–6Al–4V alloy substrate, without affecting
its bulk properties. However, no definite work till now emphasizes the development
of NiTi–W composite coating for wear-resistance applications.

The aim of this work is to analyze the wear characteristic of NiTi–W coating
layer deposited on Ti–6Al–4V alloy by using the TIG cladding method. The NiTi–W
composite coating layer fabricated at a specific processing condition has been tested
against the abrasive disk and the hardened steel (HRC58) disk under different normal
load conditions to analyze its sliding abrasive wear and adhesive wear behaviors. The
effect of test conditions on the wear behavior of the coating was analyzed in-depth
and compared with the wear behavior of uncoated Ti–6Al–4V alloy.

54.2 Materials and Methodology

For the present work, TIG-cladded NiTi–W composite coating tracks deposited on
Ti–6Al–4V alloy plate of 5 mm thickness were used. The deposition of the coating
was performed by scanning the TIG arc on Ni–Ti–W (9:9:2 wt. ratio) pre-coated
powder on Ti–6Al–4V alloy plate at 60 A current and 2.3 mm/s scan speed under
atmosphere. Details of the TIG cladding procedure may be available elsewhere [10].
After the TIG cladding was done, the NiTi–W coating tracks were cut in the cylin-
drical shape of 4 mm diameter, so that the pin-on-disk wear test could be performed.
The coated surfaces of pins were polished with polishing paper to flatten the surface
and remove any oxidized layer and impurities.

The tribological tests were performed under sliding abrasive and adhesive con-
ditions under different normal loads and sliding speeds. These are considered as
variables using a pin-on-disk type tribometer as per the ASTM G99 standard. Slid-
ing abrasive condition was created by attaching an abrasive disk on the rotating disk
of the tribometer disk, and adhesive sliding wear test was done against the hardened
steel disk. Figure 54.1 shows the pin-on-disk wear setup for sliding abrasive wear test
and adhesive wear test arrangement. The detailed conditions for the sliding abrasive
and adhesive wear tests are mentioned in Table 54.1. The wear values of the coated
and the uncoated samples were assessed in terms of height loss during the wear test.
The height loss due to wear was calculated from the height measurement of the pin
samples before and after the test using a Vernier caliper. Additionally, the height loss
of the pin samples was also noted against the test time using a data acquisition system
equipped with the pin-on-disk wear test rig. After the wear test, SEM analysis on the
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Fig. 54.1 Pin-on-disk wear
test setup. a Abrasive type
and b adhesive type

Table 54.1 Pin-on-disk wear
test conditions

Abrasive wear test Adhesive wear test

Counter body SiC abrasive disk
(Ra = 15 µm)

Hardened steel
(HRC 58)

Track wear radius
(D) (mm)

75 75

Sliding speed
(V) (mm/s)

260 1000

RPM 66 250

Test duration (T)
(min)

5 10

worn surfaces was also carried out to study the wear characteristics under different
test conditions.

54.3 Results and Discussion

54.3.1 Sliding Abrasive Wear Test

After the wear test, the height loss was calculated and recorded in Table 54.2.
Figure 54.2 represents comparative height loss of NiTi–W-coated pins under var-
ious normal load conditions and uncoated Ti–6Al–4V alloy pin (tested at 5 N load)
after the abrasive wear test. The graph clearly shows that the reduction of the height
of the NiTi–W-cladded pins is significantly lower than the Ti–6Al–4V alloy pin. For
5 N load, the height loss of the Ti–6Al–4V alloy pin was found almost eleven times
higher thanNiTi–W coating. It may also appear that thewear of uncoated Ti–6Al–4V
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Fig. 54.2 Comparison of wear or height loss of the NiTi–W-coated pins and uncoated Ti–6Al–4V
alloy pin after the wear test for various applied normal load

Table 54.2 Calculation of height loss for sliding abrasive wear test

Sample Load (N) Initial height of
pin (mm)

Final height of pin
(mm)

Height loss (mm)

NiTi–W-coated
Ti–6Al–4V pin

5 5.66 5.51 0.15

10 5.69 5.37 0.32

15 5.67 5.28 0.39

Uncoated
Ti–6Al–4V pin

5 5.22 3.58 1.64

alloy pin at 5 N load is also higher than the wear of coated pins performed at 10 or
15 N normal load.

These wear data signifies a considerable improvement in the wear value for depo-
sition of NiTi–W coating on the Ti–6Al–4V alloy. The plot clearly shows that with
an increase of normal load, the wear value of the coated pin gradually increases
during the abrasive wear test. Further, the wear or height loss recorded directly by
the data acquisition system was also plotted against the test time for the NiTi–W-
coated pin under three different normal load conditions (5, 10, and 15 N), and for
the Ti–6Al–4V alloy pin for 5 N normal load as illustrated in Fig. 54.3. From the
plots, it is evident that the wear or height loss for all the samples increases gradu-
ally with the test time. However, depending on the applied normal load the rate of
wear varyies, and it is revealed that for the enhancement of the applied load, the
rate of wear increases considerably and higher final wear value is obtained for the
high normal load. Figure 54.3b which represents the wear plot for Ti–6Al–4V alloy
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Fig. 54.3 Wear or height loss of a NiTi–W-coated Ti–6Al–4V pin for different normal loads (5,
10, and 15 N), b uncoated Ti–6Al–4V pin for 5 N

Fig. 54.4 SEM images of worn surfaces of the NiTi–W-coated Ti–6Al–4V pin after the wear test
under different normal loads a 5, b 10, and c 15 N

pin shows a drastically higher wear rate and final wear value than that obtained for
NiTi–W-coated Ti–6Al–4V alloy pin samples.

Figure 54.4 depicts the SEM images of worn surfaces of the NiTi–W-coated
Ti–6Al–4V pin for employing various normal loads. From the images, it is noticed
that at lower normal load (5 N), the scratch intensity on the worn out surface, which
was created during the sliding of abrasive particles against the coated sample is
relatively less. However, with the augmentation of normal load, the scratch intensity
on the worn-out surface increases. Thus, there is an enhancement in the wear rate or
overall wear is observed to increase with the employed load.

54.3.2 Sliding Adhesive Wear Test

Similarly sliding adhesive wear test was also performed on the pin-shaped coated
as well as uncoated samples. However, after the test, the height loss was measured
for both NiTi–W-coated and uncoated Ti–6Al–4V alloy pin and recorded as demon-
strated in Table 54.3. Figure 54.5 represents the height loss of the NiTi–W-coated
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Table 54.3 Calculation of height loss for adhesive wear

Sample Load (N) Initial height of
pin (mm)

Final height of pin
(mm)

Height loss (mm)

NiTi–W-coated
Ti–6Al–4V pin

10 5.61 5.594 0.016

20 5.64 5.612 0.028

30 5.67 5.614 0.048

Uncoated
Ti–6Al–4V pin

10 5.51 5.47 0.04

20 5.65 5.51 0.14

30 5.63 5.29 0.34

Fig. 54.5 Comparison of
wear or height loss of the
NiTi–W-coated pins and
Ti–6Al–4V alloy pin after
the adhesive wear test under
different normal load
conditions
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pins and Ti–6Al–4V alloy pins after the sliding wear test against the hardened steel
disk (HRC 58) under different normal load conditions as measured by a Vernier
caliper. From the plot, it is clearly evident that the height losses of the NiTi–W-
coated Ti–6Al–4V alloy pins are reasonably lower than the uncoated pin for all
different normal load conditions. Comparing the wear values with the sliding abra-
sive wear as plotted in Fig. 54.2, it can be distinctly seen that the sliding wear against
the hardened steel plate is much lower (almost ten times) than the sliding wear test
performed against the abrasive disk, even when the tests against the hardened steel
plate were performed at higher sliding velocity, higher normal load, and for a longer
duration. The wear of the uncoated Ti–6Al–4V alloy was also found to be relatively
lower compared to thewear value attained against the abrasive disk. For bothNiTi–W
coating and uncoated Ti–6Al–4V alloy pins, an incremental wear value was recorded
for increasing the normal load from 10 to 30 N.
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Fig. 54.6 Comparison of adhesive wear between NiTi–W-coated Ti–6Al–4V pin and uncoated
Ti–6Al–4V pin for different normal loads a 10, b 20, and c 30 N

The aggregate wear or height loss for the NiTi–W-coated pin, and Ti–6Al–4V
alloy was also recorded through a data acquisition system and compared for different
normal load conditions (10, 20, and 30 N) as illustrated in Fig. 54.6a–c. The plots
show that the cumulative wear for both NiTi–W-coated pin and uncoated Ti–6Al–4V
alloy pin samples increases gradually with the sliding time for all different applied
normal load conditions. However, the rate of wear for the uncoated pin sample is
much higher than the NiTi–W-coated pin samples. It is also noted that with the
enhancement of the employed normal load, the wear rates, as well as the final wear
values, were increased considerably.

Figure 54.7 shows the SEM images of the NiTi–W-clad surface after the adhesive
wear test under a normal load of 10, 20, and 30 N for using the sliding velocity of
1000 mm/s. The images show that at lower normal load, the worn surface is very
smooth, without any scratches. However, with the increase of load, it is evident that
some scratches are formed, which is probably created due to the removal of coating
material and subsequent action of those particles on the coated surface at higher
load. Hence, the wear value of the coated pin amplified with the rise of the employed
normal load.

Fig. 54.7 SEM images of worn surfaces of the NiTi–W-coated Ti–6Al–4V pin after the sliding
adhesive wear test under different normal loads a 10, b 20, and c 30 N
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Fig. 54.8 Coefficient of
friction of NiTi–W coating
against the hardened steel
(HRC 58) for different
normal loads a 10, b 20, and
c 30 N
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54.3.3 COF for Adhesive Wear

In addition, during the sliding adhesive wear test, the coefficient of friction of the
coated samples wear was also noted. Figure 54.8 depicts the coefficient of friction
(COF) of NiTi–W coating as recorded with respect to the test time against the hard-
ened steel disk (HRC 58) for different normal load conditions (10, 20, and 30 N).
The plots show that the steady-state COF of the NiTi–W composite coating is in the
range of 0.54–0.58.

54.4 Conclusions

From the present experimental analysis, the following conclusions can be made.

• The NiTi–W composite coating fabricated on Ti–6Al–4V alloy improves the wear
resistance of the substrate material significantly against both, the sliding abrasive
disk (abrasive wear) and the hardened steel disk (adhesive wear).

• The NiTi–W composite coating shows up to eleven times better wear resistance
than the uncoated Ti–6Al–4V alloy under abrasive wear test condition and more
than seven times better under sliding adhesive test condition.

• The sliding abrasive wear performance of the coating is much higher than the wear
test carried out against the hardened steel plate.

• The steady-state COF of the NiTi–W composite coating developed by TIG
cladding route was found in the range of 0.54–0.58.
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Chapter 55
Investigation of Surface Coating
on Inconel 718 Alloy with Silicon Carbide
Powder

S. S. Nivas and P. Balasubramanian

Abstract Inconel 718 is a nickel-based superalloy that is extensively used in a
broad range of applications such as turbine blades, power generation, petroleum,
and nuclear reactor technology due to its good mechanical properties at intermediate
and high temperatures. It has beenwidely used because of its high plasticity and good
corrosion resistance. But poor wear resistance of Inconel 718 limits its usage in some
applications. In order to perform surface modification of Inconel 718, several surface
treatment methods are used. Hence, Electrical Discharge Alloying was performed
on Inconel 718 alloy with silicon carbide powder in a medium of dielectric fluid-like
EDMoil using reverse polarity in anEDMmachine. The experimentswere conducted
using orthogonal array of Taguchi L9 technique with the input process parameters
like current, pulse on time, and pulse off time. The surface modification is studied
by analyzing the surface roughness of the alloyed surface using Mitutoyo SJ-210
roughness tester. The alloyed layer of base material Inconel 718 is characterized by
using SEM and EDAX. The experiment shows that pulse on time has a major role
than other parameters like peak current and pulse off time.

Keywords Electrical Discharge Alloying · Inconel 718 · Surface roughness ·
Silicon carbide · Taguchi technique

55.1 Introduction

Surface coating is a practice to change the surface of the metals to accomplish
the important mechanical properties like wear resistance, resistance at the elevated
temperature, hardness, and impact strength without much change to the core. Some
of the main processes are physical vapor deposition, chemical vapor deposition,
lithography, laser cladding, etc. These methods need high vacuum and specialized
devices.
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Fig. 55.1 EDM machine

55.1.1 Electrical Discharge Alloying

Electro Discharge Alloying (EDA) is a new technique in this present scenario to coat
the material over the surface adopting reverse polarity [1–4] using the electrical
discharge machine [5]. Unlike others, here it needs only an electrical discharge
machine with specified input parameters to increase wear resistance and hardness
of the parent material. In this research work, surface modification has been done by
alloying SiC powder on the surface of Inconel 718 by Electrical Discharge Alloying
[10] process. High accuracy is needed to obtain the required mechanical properties
for the concerned component in industries (Fig. 55.1).

55.1.2 Inconel 718 Alloy

Inconel 718 alloy is a kind of superalloy which belongs to Ni–Cr family which covers
a wide range of compositions and mechanical properties. Ni and Cr give a struggle
against corrosion, oxidation, carburizing, and other damagemechanismacting at high
temperature. It has good cryogenic properties, good fatigue, and mechanical strength
at moderate temperatures, and relatively good creep behavior. For this reason, it is
widely used in gas turbine blades, nuclear power plant, submarine, rocket engines,
heat exchangers, and cryogenic applications. The compositions of Inconel 718 are
given in Table 55.1.
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Table 55.1 Chemical
compositions of Inconel 718

Metals Composition (%)

Carbon (C) 0.08

Silicon (Si) 0.35

Manganese (Mn) 0.35

Phosphorus (P) 0.015

Sulfur (S) 0.015

Chromium (Cr) 21.00

Molybdenum (Mo) 3.3

Copper (Cu) 0.30

Niobium (Nb) 5.5

Aluminum (Al) 0.3

Titanium (Ti) 1.15

Nickel (Ni) 55.00

Iron (Fe) Balance

55.1.3 Silicon Carbide

Silicon carbide means carborundum that contains silicon and carbon, popularly
known as SiC. It is usually found in natural minerals namely moissanite. Silicon
carbide has been using as an abrasive since 1893 because of its outstanding proper-
ties, such as good thermal shock resistance, brilliant oxidation resistance, strength
retention to high temperatures, great wear resistance, and high thermal conductivity.

55.1.4 Surface Roughness

Roughness is one of the main functions to measure the texture of the surface. It is
calculated by the vertical eccentricities of the real surface from the flawless surface.
If the difference is large, the surface is said to be rough and if they are minor, the
surface is smooth.While alloying, themeltedmaterial is not flushed away completely
and considerable material solidifies to form discharge craters on the top surface of
workpiece. Roughness measurement is attained using Mitutoyo SJ-210 roughness
tester.

55.2 Experimental Details

The experimental details are shown in Table 55.2.
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Table 55.2 Experimental
details

Material Electrode Polarity

Inconel 718 Copper Reverse

Table 55.3 Factors and
levels

Factor/level Peak Current
(A)

Pulse On
Time (µs)

Pulse Off
Time (µs)

Low 6 25 3

Medium 8 50 6

High 10 75 9

The number of experiments to be run is set as 9 through Taguchi L9 orthogonal
array [9]. The factors and levels for the L9 run are mentioned in Table 55.3.

55.2.1 Working Procedure

Electrical Discharge Alloying (EDA) was performed over the end surface of Inconel
718 alloy with silicon carbide powder mixed in the dielectric fluid EDM oil [7]
to obtain better coating. The workpieces are prepared in the form of a cylindrical
shape having diameter 8 mm, with the length 30 mm. A standard copper electrode
of size 10 mm diameter is taken as a tool for EDMmachine and it is immersed in the
dielectric fluid. The semiautomaticEDMmachine energized by35Apulse generators
in reverse polarity is used for the alloying process. The recirculation dielectric fluid
tank is provided in EDM machine which has capacity of 300 L. 75 g of the silicon
carbide powder is suspended for the alloying process. A separate machining tank
is provided for mixing the powder with EDM oil, which has a capacity of 10% of
the main fluid tank. Dielectric fluid is recirculated by using a pump. Inconel 718 pin
was locked in the fixture provided and then a standard copper electrode is fitted in
the tool head against the top surface of the workpiece. Then the pump is switched
ON and the machining tank is filled with EDM oil and preferred quantity of silicon
carbide powder is mixed in it. The input parameters like peak current, pulse off and
on time are set based on the Taguchi’s L9 orthogonal array design which is shown
in Table 55.3. Now the alloying process is performed for 7 min over the surface
of Inconel 718 and accordingly, further workpieces are also alloyed. The structural
properties of the alloyed surface were characterized by scanning electronmicroscope
(SEM). The chemical composition of the alloyed surface was determined by energy
dispersive spectroscopy (EDS). The surface roughness Ra is measured by means of
Mitutoyo SJ-210 roughness tester (Figs. 55.2 and 55.3).
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Fig. 55.2 Unalloyed Inconel
718

Fig. 55.3 Alloyed Inconel
718

55.2.2 Observation

A Taguchi design or orthogonal array is used to design the experimental procedure
using different types of designs like two, three, four, five, and mixed level. Here, a
three factor with two-level setup is chosen with a total of nine of experiments being
conducted and hence the L9 was chosen. The orthogonal array for L9 and the output
response were tabulated in Table 55.4.
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Table 55.4 Response data

S. No. Current (A) PON (µs) POFF (µs) Ra (µm)

1 6 25 3 1.705

2 6 50 6 1.211

3 6 75 9 2.478

4 8 25 6 1.034

5 8 50 9 1.725

6 8 75 3 1.569

7 10 25 9 1.39

8 10 50 3 1.93

9 10 75 6 1.823

55.3 Results and Discussion

55.3.1 Surface Roughness

From the response Table 55.3, it clearly shows that, the minimum roughness value
of 1.034 µm is obtained when the current is 8 A, pulse on time is 25 µs and pulse
off time is 6 µs.

55.3.2 SN Ratio

The SN ratio for the surface roughness calculated using Minitab software is shown
in Table 55.5.

Table 55.5 SN ratio

S. No. Current (A) PON (s) POFF (s) Ra (m) SN ratio

1 6 25 3 1.705 −4.63449

2 6 50 6 1.211 −1.66288

3 6 75 9 2.478 −7.88203

4 8 25 6 1.034 −0.29041

5 8 50 9 1.725 −4.73578

6 8 75 3 1.569 −3.91246

7 10 25 9 1.39 −2.8603

8 10 50 3 1.93 −5.71115

9 10 75 6 1.823 −5.21573
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55.3.3 Main Effects Plots

The main effect plot for mean and SN ratio for surface roughness is depicted in
Figs. 55.4 and 55.5. The main effect plot for the mean roughness value reveals that
the mean roughness is decreased when the current increases. The same is increased
when the pulse on time increases and the same behavior happened to the pulse off
time similar to the pulse on time (Table 55.6).

The SN ratio value is increased when the current increases, it decreases when the
pulse on and pulse off decrease.

Fig. 55.4 Main effect plot
for mean—surface roughness

Fig. 55.5 Main effect plot
for SN ratio—surface
roughness
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Table 55.6 Rank table Level current PON POFF

1 1.798 1.376 1.735

2 1.443 1.622 1.356

3 1.714 1.957 1.864

Delta 0.355 0.58 0.508

Rank 3 1 2

55.3.4 Surface Morphology

The scanning electron microscope [6] was carried out for the workpiece which con-
sists of optimum parameters (current—6 A, pulse on time—25 µs, and pulse off
time—6 µs) which is shown in Fig. 55.6.

The SEM image clearly shows that therewere some blowholes [8] due to high cur-
rent. SiC particles were also present on the alloyed layer. The surface was observed to
be coarse because of debris which were not flowed away entirely from the specimen.
The discharge between the workpiece and tool melts the metal and the metal vapor-
izes which creates thermally altered layers of the cavity. The white layer present over
the surface shows the martensite, residual austenite, and some undissolved carbide.

Fig. 55.6 SEM view of the alloyed layer of Inconel 718
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Fig. 55.7 Energy-dispersive X-ray spectroscopy

Table 55.7 Element
composition through EDAX

Element Weight % Atomic %

C K 52.20 62.49

O K 32.90 29.57

Ni K 4.29 2.68

Si K 6.87 3.52

Cr K 1.99 0.81

55.3.5 Energy-Dispersive X-Ray Spectroscopy

The EDAX [6] spectroscopy was carried out in the same sample for the purpose of
fiunding the compositions of elements present in the alloyed layer. It is shown in
Fig. 55.7.

From the EDAX test, it is clearly shown that carbon is present around 63% and
Si is present around 4%. Some other elements are also present in the alloyed layer
as in Table 55.7.

55.4 Conclusion

The surface roughness is minimum when the current rate is 8 A, pulse on time is
25 µs, and pulse off time is 6 µs. Furthermore, it has been found that the current rate
is fixed at 6 A with pulse on time of 75 µs and pulse off time of 9 µs getting higher
surface roughness. It has been observed that of pulse on time and pulse off time
decrease, even though increase of current minimizes the surface roughness. Silicon
carbide is effectively deposited on the surface of Inconel with better bonding.



622 S. S. Nivas and P. Balasubramanian

References

1. Chen, W.-C., Lin, H.-M., Uan, J.-Y.: Formation and characterization of self-lubricated carbide
layer on AA6082 Al-Mg-Si aluminium alloy by electrical discharge alloying process. Trans.
Nonferrous Metals Soc. China 26, 3205–3218 (2016)

2. Bai, C.-Y., Koo, C.-H.,Wang, C.-C.: Electrical discharge surface alloying of super alloyHaynes
230 with aluminium and silicon carbide. Corros. Sci. (ScienceDirect) 49, 3889–3904 (2004)

3. Khan, A.A., Ndaliman, M.B., Zain, Z.M., Jamaludin, M.F., Patthi, U.: Surface modification
using electric discharge machining (EDM) with powder addition. Appl. Mech. Mater. 110–
116(2012), 725–733 (2012). https://doi.org/10.4028/www.scientific.net/AMM.110-116.725

4. Ho, K.H., Newman, S.T.: State of the art electrical discharge machining (EDM). Int. J. Mach.
Tools Manuf 43, 1287–1300 (2003)

5. Balasubramanianan, P., Senthilvelan, T.: A comparative study on the performance of different
sintered electrodes in electrical discharge machining. Trans. Indian Inst. Met. 68(1), 51–59
(2015)

6. Algodi, S.J., Murray, J.W., Fay, M.W., Clare, A.T., Brown, P.D.: Electrical discharge coating
of nanostructured TiC-Fe cermets on 304 stainless steel. Surf. Coat. Technol. 307, 639–649
(2016)

7. Furutani,K., Sato,H., Suzuki,M.: Influenceof electrical conditions onperformanceof electrical
discharge machining with powder suspended in working oil for titanium carbide deposition
process. Int. J. Adv. Manuf. Technol. 40, 1093–1101 (2009). https://doi.org/10.1007/s00170-
008-1420-x

8. Sumi, N., Kato, C., Shimada, K., Yuzawa, T., Teramoto, H., Mizutani, M., Kuriyagawa, T.:
Mechanism of defect generation in the TiC layer and Si layer by electrical discharge coating.
Procedia CIRP 42, 221–225 (2016)

9. Arun, I., Duraiselvam, M., Senthilkumar, V.: Modelling and analysis of electrical discharge
alloying through Taguchi technique. Appl. Mech. Mater. 592–594, 521–524 (2014)

10. Janmanee, P., Muttamara, A.: Surface modification of tungsten carbide by Electrical Discharge
Coating (EDC) using a titanium powder suspension. Appl. Surf. Sci. 258(19), 7255–7265
(2012)

https://doi.org/10.4028/www.scientific.net/AMM.110-116.725
https://doi.org/10.1007/s00170-008-1420-x


Chapter 56
Effect of Sensitization on Electroless
Nickel Plating of MoS2 Nanoparticles

N. Arunkumar, P. Eashwar Siddharth, Aravind Parthiban, K. Dhanapal,
A. Stephen and N. E. Arun Kumar

Abstract In this work, the effect of the sensitization process on the electroless
nickel coating over the MoS2 particle surface was studied. The surface of the MoS2
particles was coated with nickel (Ni) using the electroless plating method because it
is relatively efficient and cost effective. Two samples were synthesized; while one of
them was sensitized using SN, the other was not sensitized and both samples were
annealed after the plating process. The XRD pattern of the surface of both samples
showed the presence of Ni in fcc structural phase alongwithMoS2 phase. The surface
morphology of all the samples was observed using FESEM and it is observed that
the treatment with SN forms a uniform coating over the MoS2 particles along with
rod-like structures whereas the non-sensitized sample shows irregular coating of Ni
over MoS2 particles without rod-like structures.

Keywords Electroless deposition · Surface sensitization · Structural information ·
Surface morphology

56.1 Introduction

Hybridmetal matrix composites are increasingly being used for their enhanced phys-
ical, chemical, and mechanical properties compared to monolithic metals [1]. These
composites also exhibit reduced wear rate that can be attributed to the presence of
ceramic and/or solid lubricant particulates [2, 3]. Graphite is a commonly used solid
lubricant that significantly decreases the wear of the composite. Another widely
used solid lubricant is MoS2 and in an attempt to increase its wettability in the
aforementioned composite, nickel coating is carried out [4]. The nickel coating on
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these particulates leads to an increase in the hardness of the composite and its load-
carrying capacity [5, 6]. The most cost-effective and viable method for coating of
transition metals over the surface of particles is the electroless deposition method
[7–13]. Unlike graphite, MoS2 does not require gases or vapors for effective lubri-
cation [14].

In this paper, the MoS2 particles are coated with Ni using the electroless method
and the effect of the sensitization process on the surface morphology of MoS2 par-
ticles were studied.

56.2 Experimentation

56.2.1 Pretreatment of MoS2 Surface

Sensitized Ni–MoS2 (Sample 1).

Cleaning:

The commercially available MoS2 powder was first cleaned using ethanol. For the
cleaning process, 1 g of MoS2 was ultrasonically dispersed for 30 min in 40 ml of
ethanol. After ultra-sonication, distilled water was added to the solution in order to
rinse the particles. The rinsing was followed by decanting after allowing the particles
to settle down; this process of rinsing and decanting was done in tandem. After the
first rinse, the particles took nearly 3 h to settle down in the beaker. However, the
time taken by the particles to settle down reduces with subsequent rinsing. In order
to completely rinse the particles, the above-stated rinsing and decanting processes
were carried out four times. Once the cleaning process was completed, the sample
was dried using a heating mantle at 60 °C.

Oxidation:

After manually grinding the sample, it is then oxidized at 200 °C for 1 h in a tubular
furnace. The sample was placed in an alumina boat and this boat was covered using
aluminum foil in order to prevent spillage of the sample during material handling.
The boat was placed inside a quartz tube which is strategically positioned in the
tubular furnace. The furnace has a heating rate of 6 °C/min, but cooling was allowed
to happen naturally. Once the furnace cools down to room temperature, the sample
is transferred to a hydrophilic solution.

Hydrophilic treatment:

The sample is ultrasonically dispersed for 30 min in the hydrophilic solution which
comprises 10% HF/10% HCl in 40 ml of distilled water. After ultra-sonication,
distilled water was added to the solution in order to rinse the particles. The rinsing
was followed by decanting after allowing the particles to settle down; this process of
rinsing and decanting was done in tandem. The time taken by the particles to settle
down reduces with subsequent rinsing. In order to completely rinse the particles, the
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above-stated rinsing and decanting processes were carried out five times. Once the
particles have been thoroughly rinsed, they are dried at 80 °C. The dried samples are
then grounded using a mortar and pestle.

Sensitizing process (Sample 1):

The sensitizing process is a process in which the etched particles obtained from
the hydrophilic treatment are ultrasonically dispersed for 30 min in a 24-h aged
bath comprising 0.1 M SnCl2 and 0.1 M HCl. After ultra-sonication, distilled water
was added to the solution in order to rinse the particles. The rinsing was followed
by decanting after allowing the particles to settle down; this process of rinsing and
decanting was done in tandem. The time taken by the particles to settle down reduces
with subsequent rinsing. In order to completely rinse the particles, the above-stated
rinsing and decanting process was carried out four times. Once the particles have
been thoroughly rinsed, they are dried using a heating mantle at 60 °C.

Non-sensitized Ni–MoS2 (Sample 2).

The cleaning, oxidizing, and hydrophilic treatment for non-sensitized Ni–MoS2 was
the same as that of sensitized Ni–MoS2, however, the sensitizing step was not per-
formed for the non-sensitized Ni–MoS2 in order to understand the effect of the
sensitizing process on the electroless nickel plating.

Electroless Ni plating:

Once the previously stated pretreatments are completed, the samples were individ-
ually subjected to electroless nickel plating. A sample of 0.672 g was immersed in
the plating bath that comprises 0.12 M NiCl2.6H2O and 0.09 M NiSO4 6H2O as a
source of metal ions along with 0.1 M C6H5Na3O7.2H2O and 0.45 MH8N2SO4 as
complexing agents, while 0.04 M NaBH4 is used as a reducing agent. The sample
is added to the bath only after all the constituents except NaBH4 are added. After
the sample is added to the bath, it is magnetically stirred for 20 min before NaBH4
is added. Then, 1.5 g of NaBH4 was dissolved in 50 ml of distilled water and then
gradually poured into the plating bath to promote the reduction process.

The plating bath was maintained at 85 °C and a pH of 9. The plating process was
carried out for 2 h. During the entire process, the plating bath is continuously stirred
to ensure uniform coating. Once the plating process is completed, distilled water
was added to the solution in order to rinse the excess unreacted particles. The rinsing
was followed by decanting after allowing the particles to settle down, this process of
rinsing and decanting was done in tandem. The time taken by the particles to settle
down reduces with subsequent rinsing. In order to completely rinse the particles,
the above-stated rinsing and decanting process was carried out six times. Once the
particles have been thoroughly rinsed, they are dried using a heating mantle at 60 °C.

After plating, the structural information of all the samples was examined using
X-ray diffraction (XRD) measurement. The surface morphology of all the samples
was observed using field emission scanning electron microscopy (FESEM).
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56.3 Results and Discussion

56.3.1 Structural Information

The structure of the nickel-plated MoS2 was calculated using the X-ray diffraction
(XRD) instrument using Cu-Kα1 radiation of wavelength 1.5406 Å with the operat-
ing condition as 40 kV and 30 mA. The XRD pattern of pure MoS2 sample is shown
in Fig. 56.1. The XRD pattern of pure MoS2 shows diffraction peaks at 14.5°, 29.1°,
32.7°, 33.6°, 35.9°, 39.6°, 44.2°, 49.8°, 58.4°, and 60.2° belonging to the hkl plans
(200), (004), (100), (101), (102), (103), (006), (105), (110), and (008). These diffrac-
tion peaks confirm the MoS2 with hexagonal structure with reference to the JCPDS
file number 77-1716. The XRD pattern of pure MoS2 also shows the well-crystalline
nature which can be confirmed by the very sharp intense peaks. In the XRD pattern
of pure MoS2, no extra diffraction peak is observed, which confirms the absence of
impurities in the material. The XRD pattern as plated MoS2, prepared with two dif-
ferent pretreatment procedures are shown in Fig. 56.2. This shows diffraction peaks
corresponding to the pure MoS2 with reduced intensity due to the presence of nickel
in the plated MoS2 powder. The XRD pattern of annealed powder samples is shown
in Fig. 56.3, which shows that the diffraction peaks at 44° and 52° belong to the hkl
plane of (111) and (200) due to nickel [15]. This is confirmed with reference to the
JCPDS file number 04-0850 and the plated nickel is in the fcc structure. The XRD
pattern of annealed MoS2 samples shows intense peak for Sample 2. The absence
of extra peak confirms the absence of other impurities in the nickel-plated MoS2
samples.

In the XRD pattern, the line broadening is due to the two major factors, instru-
mental and crystallite size. By subtracting the instrumental broadening, the crystallite
size of the deposited MoS2 can be calculated using the Scherer equation. The instru-
mental broadening of the peaks was subtracted with the standard annealed silicon
peaks. The calculated crystallite size for pure MoS2 is 12 nm, in as-plated condition

Fig. 56.1 XRD pattern of
pure MoS2 powder
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Fig. 56.2 XRD pattern of as-plated powder

Fig. 56.3 XRD pattern of annealed powders

it is 80 nm for Sample 1 and 72 nm for the Sample 2. Similarly, the crystallite size
for annealed Sample 1 is 72 nm for MoS2 crystallite and 24 nm for nickel crystallite
and for Sample 2 is 72 nm for MoS2 crystallite and 23 nm for nickel crystallite.
This shows that Sample 2 has higher crystallinity and reduced crystallite size. The
presence of nickel in the samples indirectly confirms the coating of nickel in the
MoS2 powders.

The surface morphology of both, the pureMoS2 and nickel-coatedMoS2 powders
were observed using FESEM. The surface morphology of pure MoS2 is shown in
Fig. 56.4, which shows that the pure MoS2 has flake-like surface morphology with
random distribution of flakes. The surface morphology of etched MoS2 samples is
shown in Fig. 56.5. It is observed that the surface is no longer smooth, but, the overall
flakes morphology remains unchanged. The surface morphology of the sensitized
MoS2 samples is shown in Fig. 56.6. This shows the same flake-like nature. However,
the SN treatment has enabled active sites on the surface and also caused the rough
surface to transform into a smooth surface.
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Fig. 56.4 Surface morphology of pure MoS2

Fig. 56.5 Surface morphology of etched MoS2

Fig. 56.6 Surface morphology of sensitized MoS2
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Fig. 56.7 Surface morphology of the sensitized nickel-coated MoS2

The sensitized andnickel-coatedMoS2 samples are shown inFig. 56.7. This shows
the coating of nickel over MoS2 rods. The flake-like MoS2 particles are converted
into rods due to the mismatch in the unit cell of MoS2 and SN which develops a
strain in the system. This strain is relieved by curling of the flake layer resulting in
the rod formation. The thickness of the rod was calculated using ImageJ software
and found to be 460 nm.

The free electrons that are released during the electroless nickel plating are
attracted by both nickel and tin because of their similar electronegativity. Since
tin has already been adsorbed on the surface (crevices) of MoS2, a strain is devel-
oped between the unit cells of SN and MoS2 that leads to the rolling of the lamellar
MoS2. Thus, nanotubes of MoS2 are formed when it is subjected to sensitization
before electroless nickel plating with random distribution across the sample. The
nickel deposition is also randomly disturbed on the nanotubes as well as the rest of
the sample. The sensitized samples show uniform coating of nickel when compared
to the non-sensitized samples. In spite of following the same plating methodology,
the non-sensitized samples show better coating of nickel, but, the sensitized samples
form nano-rods.

The surface morphology of the non-sensitized (Sample 2) is shown in Fig. 56.8.
This shows the coating of nickel over the MoS2 particles, where the large grains are

Fig. 56.8 Surface morphology of the non-sensitized nickel-coated MoS2
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of MoS2 and small foam-like particles are nickel that are coated over the surface of
the MoS2 particles.

56.4 Conclusions

Nickel is successfully coated on the surface of the MoS2 powder using the elec-
troless plating method. The XRD pattern confirms the presence of Ni in the fcc
structural phase along with MoS2 phase for both samples. The surface morphology
of all the samples was observed using FESEM. From the images, it is observed that
sensitization induces uniform coating over the MoS2 particles with rod formation
while non-sensitized sample shows irregular coating of Ni over MoS2 particles. This
study concludes that the sensitization of the lamellar surface of the MoS2 particles
improves the coating distribution and leads to the formation of rod-like particles.
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Chapter 57
Laser Beam Treatment of Nimonic C263
Alloy: Study of Mechanical
and Metallurgical Properties

A. K. Sharma , M. Anand , Vikas Kumar , Shakti Kumar
and A. K. Das

Abstract In the present research experiment was performed to study the penetration
effect of laser treatment onNimonicC263 alloy using 400Wfiber laser. The influence
of input parameters on scanning bead geometry was examined and microstructures
of the bead were investigated. The effects of laser beam diameter on laser treatment
were studied and found to be significant during the laser beam treatment. Depth
of penetration and width of heat affected zone (HAZ) increase with the increase in
laser power. Micro-hardness of the Nimonic C263 alloys, after laser treatment, was
investigated and found to be in the range of 250–285 HV, which is higher than the
parent material. From this investigation, a very small heat affected zone (35–95 μm)
was observed during laser beam treatment of nimonic 263 alloy. The good bead
appearances and microstructures indicate that laser beam treatment of nimonic 263
alloys is feasible.

Keywords Fiber laser · Beam size · Nimonic 263 · Penetration depth

57.1 Introduction

Nimonic C263 is a nickel-based high temperature resistant superalloy, which possess
superior material properties such as high mechanical strength, resistance to thermal
creep deformation, excellent surface stability and high corrosion and oxidation resis-
tance. It is having a centered cubic austenitic crystal structure and an age hardened
alloy of nickel, chromium, molybdenum, and cobalt. In annealed condition, it shows
the excellent characteristics of the fabrication work [1]. Further, aluminium and
chromium present in Nimonic C263 endow with excellent oxidation and corrosion
resistance properties. The formability and weldability of Nimonic C263 alloys are
also good as compared to other nickel-based alloys such as Waspaloy and Rene 41.
Nimonic C263 exhibits excellent ductile properties at an intermediate temperature
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and this property, in the annealed condition, makes it suitable for both cold forming
and hot working processes. This alloy has wide applications in turbines combustion
chamber, casing liner in aerospace and marine engines etc. [2]. Laser welding is an
impactful assembling innovation utilized for the generation of precise items made of
sheet metals. It is a speedy & exact joining process contrasted with the other custom-
ary welding process. Subsequently, laser welding of nickel-based superalloys needs
a watchful choice of process parameters because of their poor thermal conductivity
and this property empowers it for high temperature applications. Amid laser weld-
ing, a high temperature contrast introduces in short separation, so surface distortion
happens. Facilitate plasma is created in the framed key hole. The power conveyed
by the laser beam is specifically absorbed by the wall surface of the keyhole. How-
ever, another heat exchange happens amid the combination of the laser beam with
the plasma, so interaction strength increases [3, 4]. At the point when the plasma
pressure turns out to be high, at that point keyhole seems like a cavity.

Laser welding can be favored over other welding forms because of its points of
interest, for example, narrow heat affected zone (HAZ), no cracks with less distor-
tion due to thermal effects & less significant heating of the base material. Mazar
Atabaki et al. (2017), examined the weld quality with respect to different welding
parameters such as laser power, standoff distance, and scanning speed, and reported
that at a higher welding speed and optimum standoff distance, a fully-penetrated
sound weld can be obtained [5]. New generations of high brightness lasers (fiber and
thin disk lasers) are advantageous as they simultaneously deliver good beam qual-
ity as well as high output power and high efficiency. Additionally, the maintenance
cost of these lasers is very low, and it occupies a small floor area. Raghukandan
et al. (2016) performed pulse laser welding operation on dissimilar grade steel and
reported that porosity in weld bead increases with higher scanning speed. Zieliñska
(2010) investigated the effects of laser power, scanning speed and standoff distance
on the strength of welded zone for joining nickel-based superalloys. Further, it was
reported that thermal conductivity of superalloys depends on the chemical compo-
sition and welding temperature [6]. The interaction of laser beam with any material
can improve the micro-hardness of the material [7]. Many studies are devoted to
microstructural change and mechanical properties of laser beam scanned superal-
loys. As very few literature reported the laser welding of the Nimonic C263 alloy,
so the present research shows the effect of different laser welding parameters (i.e.
laser power density, stand-off distance (SOD), scanning speed) on the penetration
depth, width of HAZ of the superalloy. Further, the changes in microstructure during
the laser treatment process have also been investigated. However, it may be noted
that due to limited resources some important factors such as flow characteristics of
molten metal in the melt pool and keyhole behavior at fusion zone are not considered
in this study.
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57.2 Experimental Procedure

57.2.1 Experimental Setup

The experiments were carried out using a fiber laser (electrical power supply equip-
ment, single phase, continuous type), having a wavelength of 1070 nm. Figure 57.1
shows the laser machine setup. The laser beam is transmitted from the laser source
through a fiber optic cable and is made to pass through a laser welding head. The
welding head is facilitated with gas purging facility to protect the lens from the depo-
sition of metal vapors and to prevent the oxidation of melt surface. The laser head can
be moved in Z-axis only and the work table can be moved in X–Y axes of the CNC
stage respectively. All the three motions can be controlled simultaneously through a
CNC controller along with the starting and stopping of the laser at the desired time.
The general specifications of the developed setup are presented in Table 57.1.

Further to estimate the power density of laser beam (laser power/beam spot area)
at the working zone, a mathematical equation between laser power density and SOD

Fig. 57.1 Setup for laser beam operation

Table 57.1 Machine
specification

Diameter of laser beam at optical lens (AB) 5 mm

Focal length of laser beam (L) 80 mm

Nozzle tip position from optical lens (L’) 79.8 mm

Diameter of beam at nozzle tip (CD) 0.0125 mm

Focal point from nozzle tip (d) 0.2 mm

Angle AEB (Angle of convergence) 3.58°
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has been established. The standoff distance (SOD) is the vertical distance between
the top surface of the workpiece to machine’s nozzle tip. It is an important parameter
of laser beam operations as power density at working zone is mostly influenced by
the beam diameter. Therefore to estimate the power density at a specific position,
it is necessary to obtain the spot diameter of the laser beam at a different standoff
distance. In this regard, a number of trial experiments have been conducted to find
the geometrical relationship between standoff distance and laser beam diameter.

57.2.2 Workpiece Material

A nimonic C263 alloy of thickness 2 mm was used as the workpiece material. The
workpiece samples were cut from the parent sheet through wire electrical discharge
machining process to reduce the distortion of material as to of high heat generated
during conventional cutting processes. Thereafter, the samples were cleaned thor-
oughly in an acetone bath under ultrasonic vibration.

57.2.3 Experimentation

In the experiment, the workpiece was kept under the laser beam in such a way that
the focal point of the laser beam is always above the work surface. After a number of
trial experiments, working ranges of different experimental parameters were found as
laser power: 250–350 W, scanning speed: 300–700 mm/min and, stand-off distance:
3.2–7.2 mm. The parameter settings for the different experimental run are presented
in Table 57.2. All the experiments were conducted in an argon gas environment (gas
flow rate 6 L/min). After conducting experiments, the samples were cleaned and,
thereafter, optical images were captured (as presented in Fig. 57.2).

Table 57.2 Experimental matrix

S. No. Power (W) Speed
(mm/min)

Standoff
distance
(mm)

Beam
diameter
(mm)

Top width
(mm)

DOP (mm)

1 250 300 3.2 0.2 0.762 0.312

2 5.2 0.32 0.767 0.292

3 7.2 0.45 0.828 0.207

4 500 3.2 0.2 0.721 0.298

5 5.2 0.32 0.748 0.31

6 7.2 0.45 0.685 0.308

(continued)
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Table 57.2 (continued)

S. No. Power (W) Speed
(mm/min)

Standoff
distance
(mm)

Beam
diameter
(mm)

Top width
(mm)

DOP (mm)

7 700 3.2 0.2 0.686 0.238

8 5.2 0.32 0.651 0.225

9 7.2 0.45 0.699 0.199

10 300 300 3.2 0.2 0.668 0.367

11 5.2 0.32 0.47 0.356

12 7.2 0.45 0.599 0.334

13 500 3.2 0.2 0.751 0.36

14 5.2 0.32 0.852 0.325

15 7.2 0.45 0.754 0.255

16 700 3.2 0.2 0.799 0.285

17 5.2 0.32 0.773 0.255

18 7.2 0.45 0.761 0.232

19 350 300 3.2 0.2 1.02 0.602

20 5.2 0.32 0.955 0.57

21 7.2 0.45 1.152 0.461

22 500 3.2 0.2 0.868 0.414

23 5.2 0.32 0.892 0.401

24 7.2 0.45 0.878 0.383

25 700 3.2 0.2 0.977 0.36

26 5.2 0.32 0.957 0.345

27 7.2 0.45 0.987 0.332

Fig. 57.2 Laser beam
scanned Nimonic C263
specimen from run 1 to 27
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Fig. 57.3 Optical
microscope image of running
bead cross section after
polishing and etching

57.2.4 Characterization of Samples

After collecting the samples, each sample was cut by using wire EDM across the
direction of laser scan direction.After this, the cutting surfaces of all the sampleswere
groundby emerypaper. Further, thesewere polishedbyfinegrit emerypaper followed
by cloth polishing with diamond paste to obtain mirror-like surface. Finally, all
sampleswere etched using a solution ofHCl (45%), HNO3 (15%) and glycerol (40%)
by swabbing for 30–40 s. After successful etching of all samples, a metallurgical
optical microscopewas used to investigate theweld beads, whichwere clearly visible
on the polished surface. Microstructures, top width of the bead, depth of penetration
(D.O.P) and heat affected zone (HAZ) were observed at 200× magnification as
shown in Fig. 57.3. During the investigation, it was found that all the beads were
different in term of bead width, penetration depth and heat affected zone.

57.3 Results and Discussion

57.3.1 Effect of Process Parameters on Bead Geometry

Effect of scanning speed

To analyze the effect of scanning speed on D.O.P and top width of beads scanning
speed was varied in the range of 300–900mm/min by keeping laser power and stand-
off distance constant at 350 W and 3.2 mm respectively. At the scanning speed of
300 mm/min, D.O.P. is 0.60 mm which is the deepest among others. Similarly, the
top width of the bead (1.02 mm) is also the largest at lowest scanning speed. This is
because of higher interaction time between the laser beam and material hence more
material melts at low speed for the same laser power density.
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Effect of standoff distance

To examine the influence of stand-off distance on bead geometries, stand-off distance
was varied from 3.2 to 9.2mmby keeping laser power and scanning speed constant at
350Wand 300 mm/min respectively. It is found that the D.O.P increases with shorter
standoff distance. Whereas, the top width of bead decreases at shorter stand-off
distances. The above trend can be explained by analyzing the laser beamdiameter and
power density. As the standoff distance increases the spot diameter of the beam also
increases so the laser power density decreases. Therefore, at large standoff distance,
less amount of materials is melted, as a result, lesser penetration depth. However, at
the same time, top width of the bead is larger due to bigger beam diameter.

Effect of laser power

When the standoff distance and scanning speed remain constant and laser power
was varied, variations in D.O.P with a change in laser power have been obtained
as shown in Table 57.2. While keeping the standoff distance and scanning speed
constant, D.O.P increases with laser power. Due to the fact that the increase in laser
power at the constant standoff distance the power density of beam is increased so
laser beam is capable to penetrate more depth into the material. Increase in top bead
width was also observed with increasing laser power, more heat energy is developed
at the higher laser power due to a high power density of beam [8].

Figure 57.4 represents the different depth of penetration with laser power under
different scanning speed. The plot shows a clear increasing trend of DOP with laser
power. However, the rate of increase of DOP is relatively much higher at lower
scanning speed and high laser power which is due to the expanded span of the
association about laser beamwith thatmaterial. It is also observed that as the scanning
speed increases, the depth of penetration decreases due to lesser interaction time of
the beam with the material. There is an indication of optimum scanning speed for
lower to medium laser power as not much considerable change in DOP is observed
on decreasing scanning speed from 500 to 300 mm/min. Due to the high laser power,

Fig. 57.4 Variations of DOP
with laser power and
scanning speed at SOD
3.2 mm
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the width of bead becomes wider, but narrow and sharp beads are being preferred
during laser beam welding. The ratio of the DOP to top width of bead should be high
for the preferable process parameters of laser scanning operation.

Area of fusion zone follows an expected trendwith variation in power and scanning
speed. The fusion zone area increases with power and decreases with increase in
scanning speed. The defocus point of the laser beam, however, does not have a
significant effect on fusion zone if other two variables are kept constant. This makes
it more useful for industrial use where a focal position may change due to robot
inaccuracy on the complex path.

57.3.2 Microstructure and Heat Affected Zone (HAZ)
at Weld Bead Cross Section

The Laser treated bead was examined by scanning electron microscope (SEM).
Figure 57.5 represents the cross-section of the sample where microstructure of the
laser scanning beads of nimonic C263 alloy can easily be seen at different laser
scanning power but constant scanning speed and standoff distances. A very narrow
heat affected zone is observed during the operation due to low laser power, and good

Fig. 57.5 Heat affected
zone and microstructures of
bead cross-section at
different laser power and
same scanning speed
a 350 W, 500 mm/min.
b Laser power 300 W, speed
500 mm/min
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heat resistant nature of nimonic C263 alloy. At high laser power and low scanning
speed, the larger grains appear in the microstructure. From the observation of SEM
images of the Nimonic C263 parent material and melting zone can be easily identi-
fied. The noticeablemetamorphous zone andHAZ between the substrate andmelting
zone are difficult to observe. The microstructures in the fusion zone are columnar,
dendrites and directing towards the centre of the weld bead. At high laser power,
fine grains were produced and the microstructural grain becomes coarse when laser
power decreases. The formation of columnar dendrites is due to rapid cooling rate
and heat input [9]. A fine grain of microstructure throughout the scanning bead is
obtained at high laser power. From the Fig. 57.5, it is observed that width of HAZ is
directly proportional to the laser power because HAZ is the function of temperature
and directly proportional to the heat supply.

Figures 57.6 and 57.7 represent the effect of scanning speed onmicrostructure and
heat affected zone when laser power and standoff distance remains constant. At low
scanning speed due to the expanded span of the association about laser beam with
that material so more heat is delivered to material hence fine grains are produced.
In Fig. 57.6b the grain size of melting zone becomes linear directing away from
the centre of the bead. It occurs due to low laser power of the beam which will
not properly melt the base material. Due to high laser energy heat affected zone
at lower scanning speed is larger as compared to the higher scanning speed. From

Fig. 57.6 Heat affected
zone and microstructures of
bead cross section at same
laser power and different
scanning speed a laser power
300 W and scanning speed
300 mm/min. b Laser power
300 W scanning speed
700 mm/min



642 A. K. Sharma et al.

Fig. 57.7 Heat affected
zone and microstructure of
bead cross section at laser
power 250 W and scanning
speed 500 mm/min

Fig. 57.6a, b, it can be observed that HAZ is inversely proportional to scanning speed
and directly proportional to laser power. The images of heat affected zone between
fusion zone and parent material were taken by an optical microscope which is shown
in Fig. 57.9.

After scanning, the laser treated samples were polished and cleaned to observe
the change in microstructure in scanning zone. Figure 57.9 shows the optical images
of microstructure for two different scanning beads. It is observed that microstructure
of base metal, melting zone and heat affected zone are different. The average value
of HAZ was taken into consideration. Figure 57.8 demonstrates the variety of HAZ
with laser power at various scanning speed. With the expansion in laser power,
HAZ increments (at steady scanning speed). The HAZ diminishes with increment in
scanning speed at constant laser power. At constant laser power, with an expansion
in scanning speed, the measure of heat energy diminishes at fusion zone, so the width

Fig. 57.8 Effect of laser
power and scanning speed
(mm/min) on HAZ
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(a) (b)

Fig. 57.9 Heat affected zone between melting zone and parent material

of HAZ diminishes. At consistent scanning speed with an expansion in laser power,
the width of HAZ increments. During laser scanning operation the temperature of
scanning zone increases to its melting point. Further increase in laser power increases
the temperature of the nearest material to fusion zone and hence the width of HAZ
increases. To minimize the width of HAZ, operational parameters should be selected
as higher scanning speed and low laser power.

57.3.3 X-Ray Diffraction (XRD) Analysis

Figure 57.10 shows the X-ray diffraction (XRD) pattern of the laser treated surface
of Nimonic C263 alloy at laser power 300 watts and scanning speed 500 mm/min.
The laser treated surface was characterized by using X’pert high score plus software
keeping diffraction angle (2θ) in the range of 20° to 140°. Different phases such as
Ni3Fe, Cr2Fe6 Mo0.1Ni1.3 Si0.3, Cr0.19Fe0.7Ni0.11, Ni2.9Cr0.7Fe0.36 and C are formed
during laser treatment process due to series of chemical reactions. The formation
of Ni phase with Al and Fe could be attributed reveals that the percentage of Ni
in Nimonic alloys is relatively higher. The phase formation intensity of Ni3Fe was
found higher, with few another defined phases like FeNi, AlNi. At the position of
53° and 92°, the phase formation of Austenitic steel (Cr2Fe6.7Mo0.1Ni1.3Si0.3) and
stainless steel is observed respectively due to the presence of Fe (0.07%), Si (0.3%)
and Cr (20%) in the substrate.
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Fig. 57.10 X ray diffraction profile of top surface of laser scanning bead

57.3.4 Effect of Laser Power on Micro-Hardness

Micro-hardness testing was performed using Vickers hardness testing machine
(Make: ECONOMET VH-1MD) having diamond pyramid shape of include angle
136°. 0.5 kg load is applying for 10 s and for each sample, the average of four readings
was taken. The results show a slight increase in hardness (20–30 HV) of Nimonic
C263 after laser scanning process. The results also show that hardness is the function
of temperature. Themicro-hardness of lasermelted samplewasmarkedly higher than
the parent nimonic 263 alloy. The micro-hardness of parent material was obtained as
245HV.Aproper trendwas obtained for the change inmicro-hardness at varying pro-
cess parameters. Micro-hardness of laser scanning beads of Nimonic C263 alloy was
increasing with increase in laser power. The graphical representation of the change in
micro-hardness with increasing laser power is shown in Fig. 57.11. The results show
that the micro-hardness of the melted zone of Nimonic C263 alloys was 285 HV at
laser power 350W, at high laser power and short interaction time produced fine grain
structure with the high value of micro-hardness. The increase in micro-hardness of
laser scanned area could be due to recrystallization of the microstructure. No any
proper trend was obtained for changemicro-hardness of Nimonic C263 alloy at vary-
ing scanning speed and standoff distances. But after scanning, the micro-hardness
slightly increases by 3–8 HV at decreasing scanning speed.
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Fig. 57.11 Variation of
micro-hardness with respect
to laser power

57.4 Conclusion

In this experiment, runningbeads are successfully formedon2mmthickNimonic 263
alloy using a 400Wfiber laser. For Low power laser scanning of nimonic alloy plates,
the standoff distance plays a vital role. For high D.O.P and low top width of beads,
low standoff distance is required. D.O.P increases proportionally to laser power and
inversely to scanning speed and standoff distance. A very small HAZ (35–95 μm)
has appeared between fusion zone and the Nimonic substrate due to the poor thermal
conductivity of nimonic alloys. A slight increase in micro-hardness (20–30 HV) of
laser treated Nimonic 263 alloy is observed. The microstructures of fusion zone are
columnar in nature with the orientation towards the centre of the bead. The XRD
pattern has indicated the formation of different phases of NiFe3, stainless steel and
austenitic steel on the laser treated surfaces. The fiber laser scanning treatment has
resulted in the better bead appearances and desired depth of penetration.
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Chapter 58
Evaluation of Mechanical Properties
of Ti6Al4V Built by Composite Coating
of WS2, CNT, Ni, and Ti6Al4V Powders
Through Laser Cladding Process

Shakti Kumar , Umar Arif , Vikas Kumar , M. Anand , R. Tyagi ,
Amitava Mandal and A. K. Das

Abstract Titanium and its alloy have wide application in the field of aerospace
and marine engineering. But due to it’s poor tribological and weight to strength
ratio make difficult to use in the critical working environment. To overcome this
drawback a composite cladding of WS2, CNT, and Ni was formed on the Ti6Al4V
substrate. In the present work select the process parameter at constant scanning
speed (450 mm/min), laser power (125–250 W). The variations of layer thickness
microhardness with respect to the input parameter have been analyzed and it was
observed that laser power is the influential parameter to the outputmeasure.Hence the
maximummicrohardness was found to be 1246 HV.5 kg which is approximately three
times more than that of the substrate material. Further characterization has been done
for the morphological analysis which shows that strong bonding have been formed
to the interface zone and there is no crack found but at a higher percentage of CNT
some microcrack are observed. With the increase in WS2, wear resistance have been
improved significantly in comparison to the substrate. XRD analysis observed that
there are a number of a compounds like W2C, WS2, TiC, Ti2S, NiS2, and Al4C3 was
formed which improve the mechanical properties of the substrate titanium alloy.

Keywords Laser cladding · Composite coating · Microhardness · Layer
thickness · Wear

58.1 Introduction

Laser surface modification technique is one of the most advanced techniques to
enhance the properties of the existing surface of the material. It produces a high-
quality metallic coating with low dilution and strong intermetallic fusion bonding
with the substrates. Titanium and its alloys are well-known engineering materials

S. Kumar (B) · U. Arif · V. Kumar · M. Anand · R. Tyagi · A. Mandal · A. K. Das
Department of Mechanical Engineering, Indian Institute of Technology (Indian School of Mines)
Dhanbad, Dhanbad, Jharkhand, India
e-mail: shaktimech10@gmail.com

© Springer Nature Singapore Pte Ltd. 2019
M.S.ShunmugamandM.Kanthababu (eds.),Advances inMicroandNanoManufacturing
and Surface Engineering, Lecture Notes on Multidisciplinary Industrial Engineering,
https://doi.org/10.1007/978-981-32-9425-7_58

647

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-32-9425-7_58&domain=pdf
http://orcid.org/0000-0002-2459-569X
http://orcid.org/0000-0002-2731-3221
http://orcid.org/0000-0002-0373-7222
http://orcid.org/0000-0002-7010-7327
http://orcid.org/0000-0002-0467-9052
http://orcid.org/0000-0002-2486-380X
http://orcid.org/0000-0001-8019-0155
mailto:shaktimech10@gmail.com
https://doi.org/10.1007/978-981-32-9425-7_58


648 S. Kumar et al.

used extensively and frequently in aerospace, marine, chemical, biomedical, and
power generation industries due to its high strength to weight ratio and good corro-
sion resistance. Although there are different type of surface modification process i.e.
LMD (Laser Metal Deposition), Laser heat treatment, DMLS (Direct Metal Laser
Sintering) are using now a days to improve surface mechanical properties [1, 2].
Among these different LMD processes, laser cladding techniques show economic
and effective result. However, due to the lower affinity to wear and strength, it is
restricted to use in various harsh environments in industries and aerospace engineer-
ing. Hence there are various surface modification techniques like cladding, coating,
and case hardening which have been adopted to improve surface properties in the
past literature. In this process, a high energy density laser beam is passing through
the surface where the powder is placed to form a metallurgical bond with powder
materials, which have been either preplaced above the substrate material or feed dur-
ing the process. In order to avoid excessive dilution of the substrate, energy density
needs to maintain and further process parameters like laser scanning speed and laser
power hatching distance, and stand-off distance also affects the surface morphology
and the clad geometry.

The fabrication ofmetal matrix compound is obtained by cladding of TiB2 powder
on titanium plate; it is observed that with the increase in distance from the coating
surfacemicrohardness and the elasticmodule of the coating decreases but the fracture
toughness of the clad increase gradually due to de-bonding of the TiB2 particle and
short fiber of TiB [3]. Pure titanium (Ti6Al4V) was cladded on the titanium plate
and it is found that under high scanning speed a very ultra-fine microstructure of α/α′
phase up to 60–400 nm which justifies the high hardness increase in the substrate.
Coefficient of friction reduceswhich improves thewear resistance. But the layer band
zone consists of coarse basket weaves microstructure which decreases the uniformity
of the top surface, it is also seen that at higher scanning speed lamellar structure
change to circular which improves wear performance, hardness, and fatigue strength
[4, 5].The effect of scanning speed of the laser deposited have been investigated
and it is observed that microhardness increases with the scanning speed due to high
rate of cooling, however, it can be seen that proper control of microhardness can
be obtained with varying scanning speed. At lower scanning speed, the laser metal
interaction time is higher, a large melt pool has been formed which results in higher
solidification time that formed large grain size and hence decrease in microhardness
[6]. A composite coating of powder mixed with nickel, carbon, TiN, and Mo on
titanium alloy has been performed in which nickel-based composite coating has been
made and different response outputs have been measured on the basis of variation of
Mo (molybdenum), which results in increasing wear resistance as well as hardness
of the base material [7]. Titanium alloy diffuses with the molybdenum and nickel to
form NiTi, Ni3Ti, and NiTi2 which improve wear as well as microhardness of the
material. However, due to increase in surface roughness higher coefficient of friction
is produced during sliding, Ni diffused sample has higher friction coefficient than
Molebdenum diffused sample and hence wear loss is lower in case of nickel diffuses
clad [8]. In the composite cladding of Titanium alloy with TiC and TiC + NiCrBSi,
with the addition of TiC microstructure of well-developed dendrite structure have
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been formed, with an increase in energy density due to higher dilution of powder and
the substrate microhardness decreases. However, with the addition of NiCrBSi to the
TiCwhichdissolveswith nickel in the clad zone leads to increase in themicrohardness
and wear resistance [9]. The composite cladding of Mo–WC powder on Ti6Al4V
substrate is observed that with the increase in the wt% of WC particles in Mo–WC
prepaste powder mixture leads to an increase in microhardness and wear resistance
of the titanium alloys. Fabrications of metal matrix composites coating Ti–Si–C–
N/TiCN on Ti6Al4V substrate improvemicrohardness up to 1400HVwhich is found
to be about four times higher than the base material. A composite coating of Ti and
TiC have been formed on the titanium plate which leads to the formation of hard clad
surface and high wear resistance that is found in [10, 11]. The fabrication of metal
matrix composite Mo-WC on the Ti6Al4V through laser cladding process which
improve the microhardness and wear resistance of the substrate (Ti6Al4V). Carbon
nano tubes are the cylindrical carbonmoleculeswhich have novel properties that have
wide application in the field of nanotechnology, optics and material science. It can
sustain highly critical working environment, because of its capability to exhibit high
strength and efficient for the heat conductivity [11–19]. Composite material systems
consist of metals; ceramic and additive are effective in fabricating the coatings on
Titanium alloys to improve themechanical properties. The composite coating of TiC,
SiC, and Ti5Si3 on titanium plate which improves hardness value up to two times in
comparison to the base material [13, 14].

On study, the past research it is observed that there are very few works that have
been done to improve hardness as well as tribological properties simultaneously. So
the present work motive is to improve surface properties of titanium alloy. In this
regards, it is observed that the combined effect of WS2, CNT, and Ni in improving
Ti6Al4V surface properties. The surface has been modified by using a laser cladding
process with the composite ofWS2, CNT, and Ni on Ti6Al4V plate. Tungsten Disul-
fide (WS2) has been used due to its lower coefficient of friction which leads to higher
solid lubrication effect till date which drastically improves the life of components.
However, effect of its coatings deteriorates heavily under heavy load conditions due
to their low hardness. Hence WS2 mixed with CNT and Ni to improve hardness
and wear resistance of clad layer due to its high hardness and load-bearing capacity.
Therefore, the experiment has been conducted to study layer thicknessmicrohardness
and wear resistance properties of the clade layer (Fig. 58.1).

58.2 Experimental Details

58.2.1 Setup for the Experiment

In order to perform the experiment, SPI fiber laser with a continuous wave having
maximumpower capacity 400W,operating voltage 240V, and laser beamwavelength
of 1070 ± 10 nm was used. DMLS process setup includes a laser source, chiller,
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Fig. 58.1 Laser cladding operation setup

CNC-XY table and Siemens controller, and Argon gas cylinder. The laser source is
for producing laser energy, chiller for cooling down and maintaining the temperature
of the laser source. Two-dimensional CNC-XY table (SIEMENS Controller) is used
for providingmotion to theworkpiece inXYdirectionwhile themotion of workpiece
[V1].

58.2.2 Material Selection and Powder Preparation

Ti6Al4V substrate was taken and powder mixtures of varying wt (%) of WS2, CNT,
Ni, and fixed composition of Ti6Al4V were prepared. The mixture contains WS2–
CNT–Ni–Ti64 (50, 25, 20 and 5),WS2–CNT–Ni–Ti64 (60, 20, 15 and 5), andWS2–
CNT–Ni–Ti64 (70, 15, 10 and 5). All powders aremixed properly usingmortar pestle
tomake homogeneous powder mixture even though it takes long time approx. it takes
3–4 h to mixed properly. After mixing powders properly, powder paste is prepared
using polyvinyl alcohol as binder then this powder paste is applied on the surface of
Ti6Al4V substrate surface uniformly. After preparation of powder paste, it is applied
to the substrate and left for drying in a hot air oven for 12 h.

58.2.3 Experimental Procedure

In the present work, fiber laser source with a range of 40–400 W (SM-S00051 SPI
Fiber Laser Source)was used to conduct the experiments. The laser headwas fixed on
the Z-axis which can move up and down to adjust the spot diameter. The workpiece
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was placed on the x-y CNC table. The program was created by using a SIEMENS
controller to decide the traveled path of the laser beam over the substrate.

In order to avoid direct contact of machining zone to the atmosphere which can
lead to severe defect and inclusion of gases, the experiment has been performed in a
closed chamber with argon gas environment with a flow rate of 10 L/min. Focused
beam spot dia. can be calculated by using formula, Focused beam spot diameter, (do)
= 1:27 × λ × f × M2/D.

Where λ = wavelength of beam, D = diameter of the laser beam, and F = focal
length of the laser beam (80 mm).

In all experiments spot dia. is fixed to 1 mm and about 50% overlapping of the
beam path is done to ensure uniform cladding of the preplaced powder paste onto
the substrate surface during the subsequent scanning paths (Fig. 58.2).

Samples are allowed to cool down to room temperature in the same argon gas
atmosphere inside the enclosed chamber to avoid oxidation of the prepared sample.
Samples were cut to ensure further testing using Wire Electro Discharge Machining
(WEDM). The process parameters and observation table are shown in Tables 58.1
and 58.2.

Fig. 58.2 Laser beam path and overlapping of consecutive laser beams

Table 58.1 Process
parameter

Workpiece Ti6Al4V Argon gas
flow

10 L/min

Workpiece
thickness

5 mm Binder Polyvinyl
alcohol

Clad material WS2, CNT,
Ni, Ti64

Beam type Continuous

Inert gas Argon Spot size 1 mm

Scanning
speed

450 m/min

Laser power 125–250 W

Composition WS2 50–70%, CNT 15–25%, Ni 10–20%,
Ti64 5%
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Table 58.2 Observation table

Sample
no.

Composition (%) Power
(W)

Scanning
speed
(m/min)

Microhardness
HV.5 kg

Clad layer
thickness
(mm)

WS2 CNT Ni Ti64

1 50 25 20 5 125 450 730.21 0.311

2 50 25 20 5 150 450 785.29 0.322

3 50 25 20 5 175 450 903.82 0.341

4 50 25 20 5 200 450 934.5 0.372

5 50 25 20 5 225 450 959.63 0.402

6 50 25 20 5 250 450 991.49 0.432

7 60 20 15 5 125 450 791.48 0.296

8 60 20 15 5 150 450 852.62 0.303

9 60 20 15 5 175 450 958.32 0.337

10 60 20 15 5 200 450 1084.95 0.363

11 60 20 15 5 225 450 1118.81 0.388

12 60 20 15 5 250 450 1246.57 0.419

13 70 15 10 5 125 450 748.32 0.251

14 70 15 10 5 150 450 801.22 0.282

15 70 15 10 5 175 450 862.43 0.32

16 70 15 10 5 200 450 905.55 0.356

17 70 15 10 5 225 450 983.23 0.38

18 70 15 10 5 250 450 1040.87 0.404

58.2.4 Characterization of the Coated Layer

Therewas a number of trial experiments were done to know the bonding feasibility of
the substrate material with a powder mixture of the cladding material. EDX analysis
was done for each experiment to know the chemical composition of the cladding
surface and FESEM images were taken and analyzed to know if bonding affinity of
different materials exists or not to make strong metallurgical bonds for forming a
good strength clad layer.Vickersmicrohardness of cladded surfacewasmeasured and
comparedwith the substrate, i.e., Ti6Al4V to observe improvement inmicrohardness
using “EconometVH-1MD” testingmachine,Make:ChennaiMetco, India. The load
applied was 5 N for a dwell time of 10 s. Olympus metallurgical microscope (model-
BX51) was used to capture optical images for doing a morphological study of clad
layer. Microstructure, the presence of microcracks was studied with help of FESEM
images (Model: Supra 55, Make: Zeiss, Germany). Clad layer thickness along with
melt depthwas observed in each sample using anOlympusBX51 opticalmicroscope.
At last wear test of each sample was carried out to find out wear rate of a clad layer
formed and compared it with the substrate wear rate. DUCOM TR-201-M1 pin on
disk machine which confirms to the ASTM G99 standard was used to analyze the
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wear rates and friction monitoring at room temperature. The EN31 disk was used in
the wear rate load was 2 N, RPMwas 300, and test duration was 10min, respectively,
run out and flatness on disk was controlled within 10 microns.

58.3 Results and Discussions

58.3.1 EDX Analysis of Clad Layer

Energy dispersive X-ray analysis was done to know the chemical composition of
cladded surface prepared over Ti6Al4V substrate. Figure 58.3 shows the EDX report
of the top surface of cladded sample and Fig. 58.4 shows the EDX report of the
cross-sectional surface of the cladded sample.

Fig. 58.3 EDX report of top cladded surface prepared at 125 W and scanning speed 450 m/min

Fig. 58.4 EDX report of the cross-sectional surface of cladded at 125 W and scan 450 m/min
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Table 58.3 Comparison of EDX report of the top surface (A) and cross-sectional surface (B) of
cladded sample

Elements C Ti Ni Al S W

wt% A 38.44 35.15 7.08 9.65 7.78 1.90

wt% B 4.56 42.53 5.99 1.88 12.25 31.08

Metal matrix composite coatings were prepared on the Ti6Al4V substrate that
consist of Tungsten, Carbon, Nickel, Aluminum, Sulfur, Titanium, and some minor
constituents. Percentage of Tungsten in metal matrix composition is higher at inner
region in comparison to the top surface of the metal matrix as shown in Table 58.3,
i.e., EDX report of cross section of the metal matrix composite shows 31.08 wt%
of Tungsten but EDX report of top surface of the metal matrix composite layer
shows only 1.90 wt% of Tungsten. This is because Tungsten is a heavier particle
with density 19.25 gm/cm3 in comparison to other elements. Hence this is settled
at the bottom of the molten pool in higher concentration than the surface. It is also
observed that percentage of Tungsten in metal matrix composite is higher at lower
laser power than at higher laser power, this is due to the reason that at higher laser
power greater melting of the substrate takes place which contributes higher dilution
of the substrate in the melt pool. During laser cladding process preplaced tungsten
powder and titanium powder reacts with carbon nanotubes in the molten pool to
form carbides of tungsten, hence this leads to the formation of a hard compound
like titanium carbide which contributes more to improve hardness up to 3–4 times
hardness of the substrate. However, at a higher temperature, a chemical reaction took
place between liquid titanium and tungsten with the carbon nanotubes in the melt
pool [15]. Due to the higher temperature gradient between the cladding layer and
substrate with the rapid heating and cooling result in the formation of fine titanium
carbide particles precipitates easily due to higher cooling rate [16].

58.3.2 XRD Analysis of Clad Layer

X-Ray diffraction analysis was done on the prepared laser cladded samples to know
the intermetallic compounds present in themetalmatrix composite layer deposited on
the Ti6Al4V substrate. XRD was performed on 2nd GEN D2 (BRUKER) machine.
XRD analysis of WS2–CNT–Ni–Ti6Al4V cladded sample with composition WS2-
60%, CNT-20%, Ni-15%, Ti6Al4V-5% is shown in Fig. 58.5. Various compounds
like W2C, WS2, TiC, Ti2S, NiS2, Al4C3, and VS2 are detected in XRD analysis in
large amount which contributes to high hardness, less wear rate, and low coefficient
of friction of the composite clad layer formed and some compounds are also detected
in small amount, oxide formation in compounds is prevented by providing Argon gas
atmosphere. Strong diffraction peak is seen at an angle of 40° and small peaks are
seen in the graph at angles of 35°, 56.5°, 59.5°, 63.7°, 73.5°, and 101°. W2C, TiC,
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Fig. 58.5 XRD pattern of laser cladded sample with WS2-60%, CNT-20%, Ni-15%, and Ti64-5%

and Al4C3 are the intermetallic compounds having high hardness value responsible
for increasing the hardness of the metal matrix composite clad layer up to 3.5 times
that of the substrate, i.e., Ti6Al4V. WS2, NiS2, Ti2S, and VS2 are the compounds
contributing to the low coefficient of friction and less wear rate of the composite clad
layer.

58.3.3 Microstructure

FESEM images of the top surface and cross section of the clad sample was taken
to study the microstructure of the cladded sample. Presence of cracks, pores, bulk
impurities, and particle shape generated are detected by analysis of top surface while
the cross-sectioned surface was analyzed to check the presence of internal cracks
in the cladded metal matrix composite layer. In Fig. 58.6 six FESEM images of top
and cross-section surface of three different samples prepared with the same laser
operating parameters but with different compositions are shown. It was observed
that globular nanoparticles are formed in cladded layer and these are surrounded by
other metals. Uniform metal matrix composite was formed by laser cladding. On
comparing FESEM image (a), (c), and (e) in Fig. 58.6 it was observed that more
uniform metal matrix composite coating with no cracks was formed in samples with
(a) 15% CNT and (c) 20% CNT composition but sample with (e) 25% CNT com-
position shows crack formation. It is observed when CNT% composition increases
beyond 20% then crack formation occurs in cladded layer.
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(a) (b)

(c) (d)

(e) (f)

Fig. 58.6 FESEM images of the top surface and cross section of some cladded samples at a different
composition percentages of CNT, i.e., 15 (a, b), 20 (c, d), 25 (e, f)

58.3.4 Microhardness of the Clad Layer

To detect the microhardness of the clad samples, Vickers microhardness indenter
(ECONOMET VH-1, Chennai METCO) was used with a load of 500 kgf and dwell
time of 10 s. Each cladded samples were polished with the fine grinding disk to get
the accurate microhardness readings. On each sample, three indentations at different
positions were made and an average of their microhardness reading was considered
as microhardness of the sample. Microhardness of cladded layers was found to be
increased 2–3.5 times (up to 1240 HV.5 kg) the microhardness of the substrate mate-
rial, i.e., Ti6Al4V (360 HV.5 kg) due to the formation of hard compounds tungsten
carbide and titanium carbide in the cladded layer by laser cladding. Variation in
microhardness of the metal matrix composite clad layer with varying laser power
and composition of WS2, CNT, and Ni has been plotted in Fig. 58.7. It was observed
that with increasing laser power microhardness of cladded layer increases as with
the increase in laser power, size of melt pool increases due to which there is more
heat transfer convection, this observation was reported by other researchers also [17].
With varying composition microhardness first increases and then decreases, this is
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due to the reason that with increasing composition of CNT up to 20%microhardness
increases but increasing it further to 25% leads to crack formation.

58.3.5 Clad Layer Thickness

Optical images using Olympus metallurgical microscope (model-BH2-UMA) at 5×
magnification were taken and FESEM images of the cross section of the clad layers
were taken to know the clad layer thickness along with melt depth and presence of
pores inside the clad layer. It was observed that good clad layer is formed without
pores inside the clad layer and the clad-substrate interface is clearly visible with no
pore formation which indicates minimum dilution effect. At different experimental
parameters, the different clad layer thickness is observed as shown in Table 58.1.
With increasing laser power clad layer thickness increases because when laser power
increases keeping scanning speed constant substrate melts in greater amount and
more dilution effect takes place between the molten pool and molten substrate. As
shown in Fig. 58.8b good metal matrix composite of average 251 μm thickness is
formed without any pores and cracks in its depth by laser cladding of WS2, CNT,
Ni, and Ti6Al4V powders on Ti6Al4V substrate. It is seen from Fig. 58.8a clad
layer thickness along with melt depth increases when power increases, as with the
increase in powermore substrate melts and get mixed in the clad layer inmolten form
increasing the clad layer thickness. It was also observed as shown in the graph that
as composition of CNT increases clad layer thickness increases, this may be because
heat absorptivity of carbon is very high so the amount of heat energy absorbed by the
melt pool is dependent on the weight% of CNT, as the weight % of CNT increases in
composition of clad layer more amount of heat energy is absorbed which will melt
more amount of substrate and in result clad layer thickness along with melt depth
increases.
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58.3.6 Wear Analysis

Wear tests were performed on three coated samples of different compositions and
the substrate material using pin and disk test rig wear testing machine (TR-20LE,
DUCOM) using the SS304 disk on the wear testing machine. By pin and disk testing
machine wear, the coefficient of friction and frictional force can be performed. For
performing wear test of the coated samples, first samples were cut in small size 5 mm
× 2.5 mm × 4 mm by wire-EDM machine then these small samples were polished
by grit papers using grit number 1200. After polishing, samples acetone cleaning
of the samples was done and then these samples were fixed to the cylindrical pins
(6 mm in diameter and 30 mm in height) using adhesive. On wear testing machine
parameters were fixed as angular speed 300 rpm, track dia. 110 mm, 2 kgf loads, and
experiment on each sample was performed on for 10 min.

Wear analysis of three coated samples of different compositions is shown in
Fig. 58.9a and wear analysis of substrate material, i.e., Ti6Al4V is shown in
Fig. 58.9b. Wear of the coated samples is much lower than the wear of substrate
material as we can see from both graphs, on an average wear of the coated samples
has been reduced to about 20 times of the substrate material, i.e., Ti6Al4V which
shows metal matrix composite coating has improved and much high wear resistance
than the substrate. It was observed from the shown graph that initially wear rate in
coated samples was high in comparison to wear rate after few seconds; it is because
of the uneven contact surface while after some surface contact becomes uniformwith
disk and thewear rate decreases.Wear of the samplewith 25%CNT compositionwas
lowest and wear of sample with 15% CNT composition is highest which is due to the
reason that as wt% of CNT increases in the composition of metal matrix composite
there is more carbide formation in form of tungsten carbide and titanium carbide
which improves more dispersion strengthening of the clad layer which enhances
hardness and strength of the clad layer which results in improved wear resistance of
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the clad layer. Wear track has been seen in Fig. 58.9c. A similar result is also seen
in other works of CNT on the titanium substrate.

Value of coefficients of friction of the samples lies in the range 0.3–0.35 which
is not much improved than the coefficient of friction for substrate, i.e., 0.352. But it
is the combined action of WS2 and Ni used with CNT in this work which restricts
coefficient of friction in this range as carbide formation having high hardness value
due to the presence of CNT can lead to the higher coefficient of friction in 0.5–
0.6 range. WS2 is the solid lubricant which reduces friction value by providing
lubricating effect and in situ formation of Nickel, sulfides have taken place during
laser cladding operation, which also has good lubricating property and contributed to
lowering down the coefficient of friction value of the metal matrix composite coating
formed by laser cladding.
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58.4 Conclusion

• Metal matrix composite coating was formed by laser cladding operation on
Ti6Al4V substrate and characterization was carried out as reported to study the
synergetic action ofWS2,CNT, andNi powders used to forma coating. By analysis
of characterizations conclusions made are as follows:

• There is good metallurgical bond formation between the coated clad layer and the
substrate, without very less pore formation in depth of clad layer.

• A metal matrix composite clad layer of thickness in the range 251–432 μm was
deposited on the surface of Ti6Al4V substrate as observed with the help of an
optical microscope and FESEM images.

• XRD analysis of the metal matrix composite coating shows the presence of com-
pounds like W2C, WS2, TiC, and NiS2 which are contributing to the combined
effect of improving the hardness of the coated layer as well as reducing the coef-
ficient of friction for improving wear resistance.

• Microhardness of the metal matrix composite coating formed shows a good
increase from 360 HV(0.5 kg) of the substrate up to 1118.18 HV(0.5 kg) which indi-
cates its good industrial usability.

• Wear of the coated samples is about 20 times less than the substrate wear, it shows
that coated samples have much improved wear resistance than the substrate and
has good scope for industrial utilization.

• It was found that due to the synergetic effect of WS2, CNT, Ni, and Ti6Al4V
powders coefficient of friction of coated layer was reduced up to 0.30 which is
lower than the coefficient of friction of substrate, i.e., 0.352.
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Chapter 59
Towards Extending ECAP Technology
from Lab Scale to Manufacturing
by Enhanced Multipass Continuous
ECAP Process

Ankit Sahai , Atul Dayal and R. S. Sharma

Abstract Last two decades have witnessed innovations in the area of Equal Chan-
nel Angular Pressing (ECAP) for producing ultra-fine grained materials. But the
manipulation of billets between consecutive passes of ECAP may cause problems
in industrial set-ups where continuous processing is required. The paper examines
developments related to modifying conventional ECAP with multipass continuous
ECAP process to increase the process efficiency and techniques for upscaling the
procedure. In first part, conventional ECAP is discussed with changes in mechanical
properties of Al alloy, then, based on the problems encountered during experimenta-
tion, multipass continuous ECAP is proposed with FEM simulations carried out for
10 mm round Al7075 billet, simulating four passes in a single set-up. The equivalent
strain after four passes in conventional ECAP for 70 mm billet is 5.21 which as
compared to continuous ECAP for 1614 mm length is 7.4 (an increase of 48% for
1500% increase in length).

Keywords Equal Channel Angle Pressing (ECAP) · Finite Element Analysis
(FEA) · Continuous ECAP ·Mechanical properties

59.1 Introduction

It has been established that the grain size is the major factor in dictating the mechan-
ical properties of polycrystalline material and last 20 years have witnessed consid-
erable achievements in obtaining materials with these ultra-fine grain sizes through
Severe Plastic Deformation (SPD) techniques [1–3]. The SPD work during last two
decades was focussed on variety of alloys in lab scale for obtaining bulk nanos-
tructured materials with superior mechanical properties which can be used in many
industrial and engineering applications. Among them, aluminium alloys, being light
weight and widely used in automobile, aerospace and military applications, are stud-
ied most thoroughly due to their high ductility and ease of processing.
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Due to numerous processing parameters, various characteristics of structural
changes caused by SPD have been the research themes in laboratories worldwide
resulting in the publication of large amount of papers over the last 25 years [4, 5].
Apart frommany experimental investigations, many researchers are also working on
Finite Element Modelling (FEM) [6–8] to understand the deformation behaviour of
materials and to estimate the developed strain in the ECAP process. Some have also
discussed the optimization of dies in metal forming [9]. But, less attention has been
paid for moving the SPD technology from lab scale to an industry. For example, the
primary drawbacks of the ECAP process are that most material currently produced
only billets of small cross sections and short lengths for laboratory studies, and there
is a substantial amount of undeformed material at the leading and training end of
each piece. The length of the workpiece is limited because of the development of
very large frictional stresses in the entrance channel. This imposes high stresses on
the dies, which may fracture at points of stress concentration. Also, with every pass,
split dies are opened for taking out the billet and for cleaning purposes. Before exper-
imentation, the die channels are again lubricated properly for smooth pressing of the
material. Then, again the billet is pressed for subsequent pass and the same process
is followed. This results in huge time involvement in opening, closing and cleaning
of dies as the billet is pressed multiple times. The force required to press a billet
through the die increases very rapidly with the length of the billet. Correspondingly,
there is also a large increase in stresses experienced by the die. These two factors
limit the length of the billet that can be practically processed by ECAE/P. The most
scientific studies had been conducted on samples 10 mm diameter or smaller. These
sizes are clearly not sufficient for use as stock material for most forging applica-
tions. As a result, commercialization of ECAP technology is not possible because
of above-mentioned limiting factors which may be attributed to its discontinuity in
experimentation.

The work in this paper presents how FEM analysis can be used to help assess
technical feasibility of the existing ECAPprocess and develop new continuous ECAP
technique process without committing to expensive tooling and machinery. In this
research work, first, AlSiMg alloy was ECAPed to analyse its mechanical properties
and then based on difficulties and limitations in set-up, the process is modified to
multipass continuous ECAP and FEM simulations are performed to compare it with
conventional ECAP with respect to the equivalent strain.

59.2 Experimental Set-up

AlSiMg alloy billets of 70 mm in length and diameter 10 mm were used in this
research work. The ECAP was conducted at 30 °C with dies used in the experimen-
tation consisted of two channels having equal channels intersecting at channel angle,
F = 90° and outer arc angle, ψ = 12° as shown in Fig. 59.1. The multipass ECAP
processing was performed using routes route C up to four passes. The lubricant used
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Fig. 59.1 ECAP dies

Fig. 59.2 Samples after
ECAP

during the experimentation was Molybdenum Disulphide (MoS2). The dies contain-
ing the specimen and plunger were placed on the platform of the hydraulic machine
of 100 T capacity. After adjusting the height of plunger which is coming out of the
dies, calculated load is applied and the plunger is pressed with constant speed of
1 mm/s at room temperature. The plunger is pressed till the entire specimen passes
plastic deformation zone at the crossing of two channels. The die set is then taken
out and unscrewed to take the sample out for further processing, Fig. 59.2.

59.3 Mechanical Properties and Microstructure

The X-ray diffraction analysis was done using RIGAKU X-ray diffractometer with
a Co target. The samples were analysed for different passes and profiles are plotted
in Fig. 59.3. The Al–Si–Mg alloy having FCC structure has peaks for 111, 200,
220, 311, 222, etc. The as-received sample has strong initial texture, so, no (220)
peak and high intensity. During the deformation, there is increase in dislocation
density and preferred orientation. This results in reduction of intensity but the relative
intensity for 111 and 220 increases with number of passes indicating evolution of
strong <111> and <220> texture fibres. The processed samples were evaluated for
mechanical properties using tensile testing done with the help of tensometer. The
tensile properties evaluated up to four passes are shown in Table 59.1. It can be seen
that the tensile strength increases from 122 to 388 MPa (enhancement of 215%) up
to four passes and also, there is significant enhancement of yield strength during the
pressing of billet (105–330 MPa) while elongation to failure % decreases from 18.3
to 11.5% for route C.
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(a)  0 Pass (b)  2 Pass

(c)  4 Pass

Fig. 59.3 XRD profiles of ECAPed specimens for different passes

Table 59.1 Mechanical properties of AlSiMg alloy after ECAP

Condition Average
microhardness
(HV)

Ultimate tensile
strength (MPa)

Yield strength
(MPa)

Elongation (%)

As received 60 122 105 18.3

1-pass 80 220 195 15

2-pass 96 258 240 12.5

3-pass 108 335 285 13

4-pass 123 388 330 11.5

This significant enhancement in mechanical properties is due to refinement in
grain size in the resulting microstructure as a result of large accumulated strain in
the deformed material during multipass ECAP. Also, because the material is pressed
multiple times during ECA pressing in different routes, which may lead to the evo-
lution of shear systems that are responsible for the development of microstructures
with substantial grain refinement. Figure 59.4 shows SEM images of the alloy at
different passes. Before ECAP, the average grain size was 60 μm, which decreases
to around 1 μm after four passes. This decrease in grain size is attributed to the sub-
grain formation due to severe deformation of the material, which further increases
the misorientation along its boundaries during repeated pressing of workpiece. As
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Fig. 59.4 SEM micrographs during ECAP processing through route C for different passes

a result, a stage will come when due to large plastic strains, a definite misorienta-
tion will cause subgrain to change to high angle grain boundaries resulting in grain
refinement.

The averagemicrohardness values aremeasured and depicted inTable 59.1, the as-
received specimen exhibits Vickers hardness value of 60 HV which increases to 123
HV (an increase of 105%) after four passes during route C processing. This increase
in hardness is also a result of refinement of grains during intensive deformation
of material. The readings are average values of multiple positions in longitudinal
direction.

59.3.1 Limitations of Conventional ECAP

In ECAP process if die design and process parameters are not planned properly,
experimental difficulties can arise resulting in the breaking of plunger, dies and
formation of cracks during multipass pressing of the billets, Fig. 59.5 and finally
complete failure of the specimen after some passes. The process parameters need to
be carefully studied and investigated properly before performing the experiments as
wrong set of parameters may lead to the above-mentioned failures.

Also,with every pass, split dies are opened for taking out the billet and for cleaning
purposes. Again the billet is pressed for subsequent pass and the same process is
followed. This results in huge time involvement in opening and closing of dies as
the billet is pressed multiple times. To solve this problem some researchers have
proposed continuous ECAP [10], Fig. 59.6a, but they proposed the process for one
pass. Thiswork proposes enhanced continuous ECAP for four passes in one complete
set-up, Fig. 59.6b. The process set-up has four rollers integrated with upper and lower
dies which can smoothly push the material so that it can be pressed four times during
one complete experimentation cycle.
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(d) 4th Pass

(b) 2nd Pass(a) 1st Pass

(c) 3rd Pass

Fig. 59.5 Crack formation during ECAP for route C in 90° die

(a)  Continuous ECAP

(b)  Enhanced Multi-pass Continuous ECAP

Fig. 59.6 a Continuous ECAP proposed earlier and b enhanced continuous ECAP
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59.4 Finite Element Analysis of Continuous ECAP

The billet used for the simulations is a cylindrical piece of 10 mm in diameter and
1614 mm in length (which has been processed) having the material properties of
Aluminium alloy (Al7075). The meshing and FEM model is depicted in Fig. 59.7.
Al7075 composition includes 5.6–6.1% zinc, 2.1–2.5% magnesium, 1.2–1.6% cop-
per and traces of silicon, iron, manganese, titanium and chromium.

Here, thermo-mechanical conditions are governed by the Hansel Spittel rheology
which can be defined by the following equation:

σ f = Aem1T T m9εm2e
m4
ε (1+ ε)m5T em7εε̇m3 ε̇m8T (59.1)

The equivalent strain contours during the deformation process for the complete
process is shown in Fig. 59.8. The equivalent strain after pass 1 is 2.4 which increases
to 7.4 at the end of fourth pass. The billet undergoes high plastic deformations during
eachpass and the samehas been confirmedwith colourmaps depictinghighly strained
material exiting after final ECAP pass. The strain contour exhibits low strain values
before first pass which increases during multiple pressing and reaching very high
values after final ECAP pass.

The results are also depicted in Table 59.2 for Ø = 90°, � = 0°, dia = 10 mm,
temperature= 20 °C and material Al7075. It is clearly evident that after four passes
equivalent strain in continuous ECAP reaches to 7.4 which is much higher than
conventional ECAP process (5.21), Fig. 59.9. During conventional ECAP process
for 70 mm length billet, equivalent strain after four passes is around 5.21 which
as compared to continuous ECAP for 1614 mm length is 7.4 (an increase of 48%
for 1500% increase in length). This multipass continuous ECAP process allows us
to think an alternative solution to the conventional set-up with enhanced equivalent

Fig. 59.7 FEM model of continuous ECAP set-up



670 A. Sahai et al.

Fig. 59.8 Equivalent strain contours of Ccontinuous ECAP process

Table 59.2 Equivalent strain values for different passes

Passes Pass 1 Pass 2 Pass 3 Pass 4 Conventional ECAP
(4th pass)

Eq. strain 2.4 4 5.6 7.4 5.21 See Fig. 59.9

Fig. 59.9 Equivalent strain
contours for conventional
ECAP

strain (an indicative of grain size) with an added advantage of large length billets.
So, this continuous set-up is far better than conventional lab set-up and can easily
get integrated with manufacturing industry.
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59.5 Conclusions

The research work outlines the following points:

(a) AlSiMg alloy was ECAPed up to four passes, increasing tensile strength and
yield strength to 388 and 330 MPa but with difficulties in processing and crack
formation, new enhanced continuous ECAP is proposed.

(b) This enhanced continuous severe plastic deformation process can accommodate
four ECAP passes in one set-up as compared to conventional ECAP where we
can perform one or maximum up to two ECAP passes.

(c) In this continuous process where billets of lengths 1600 mm can be easily
processed as compared to conventional ECAPwheremostly researcherswork on
60–70 mm length billet (1500% increase in length as compared to conventional
process).

(d) The equivalent strain produced after the complete process is 7.4 which is much
higher (48%) than the conventional ECAP (5.21).

(e) It is proposed to integrate this set-up with any manufacturing industry so that
nanostructured alloys can be prepared for large size billetswhich are not possible
for lab scale ECAP set-up.
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Chapter 60
The Effect of Normal Load and Sliding
Frequency on the Reciprocating Friction
Behavior of Nanocrystalline CuO-Based
Alumina Ceramics

Partha Haldar , Tapas Kumar Bhattacharya and Nipu Modak

Abstract This investigation reports the effect of normal load and sliding frequency
on the tribological performance of nanocrystalline CuO-based alumina ceramics in
relation with CuO addition. Tribological studies were conducted by reciprocating a
silicon nitride ball on the prepared samples in dry condition in a linear reciprocating
tribotester. Reciprocating friction tests were conducted at normal loads of 0.3, 0.5,
0.7, and 1.0 kgf and the frequencies of 15, 30, 45, and 60 Hz. Coefficient of friction
is influenced by the normal load and sliding frequency levels. The friction coefficient
increases with increasing sliding frequency, normal load, and nano-oxide addition.
The coefficient of friction sharply increases at the level of sliding frequency from
30 to 45 Hz and normal load from 500 to 700 gmf. Since coefficient of friction
gradually increases with increase in CuO weight percent in the alumina matrix, it
can be inferred that these materials can be used as ceramic brake or clutch.

Keywords Alumina ceramics · Cuo nanocrystalline particle · Friction material ·
Wear · Dry reciprocating friction

60.1 Introduction

Research is continuing to find out tailor-made material required for each engineer-
ing applications. In recent years, use of alumina (Al2O3) ceramics has increased
exponentially as components of bearings, aircraft brakes, and un-lubricated engines
due to its excellent hardness and good wear resistance. In some of the applications,
higher friction coefficient is advantageous, e.g., brake or clutch and in some cases
the friction should be as minimum as possible, e.g., bearings. However, since alu-
mina is a brittle material, the initiation and propagation of cracks limit its long term
use as engineering components. Researchers have added one or several metals or
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nonmetal materials into Al2O3 matrix to improve its mechanical and anti-wear prop-
erties. It has been reported that the wear resistance of alumina can be considerably
improved by various types of secondary phases addition like zirconia [1], SiC [2],
TiO2 [3], etc. Haldar et al. [4] showed that addition of aluminum powder as a sec-
ondary phase improves mechanical property of a thermoset composite. Carter et al.
studied the wear properties of commercial-grade alumina and 5, 10, 15, and 20 wt%
zirconia-dispersed alumina at three different temperatures (at ambient temperature,
140 and 250 °C) with a pin on disk tribotester attached with a hot stage. The 5 wt%
zirconia-dispersed alumina was found to have the minimum wear loss and they also
reported that wear behavior of alumina was dependent on the relative humidity [5].
To understand the wear behavior of a material an important factor is the COF.

The objective of this work is to investigate the friction behavior of nanocrystalline
CuO-based alumina ceramics reciprocating against a silicon nitride counterface. The
effects of reciprocating frequency and normal load on the friction have been eval-
uated under different test conditions. This work helps in understanding the friction
responses of CuO-based alumina ceramics under dry and reciprocating condition.

60.2 Experimental Work

60.2.1 Materials

High purity reactive alumina (Al2O3) was purchased from M/S Aloca. Chemical
grade copper (II) nitrate trihydrate [Cu(NO3)2.3H2O] and ethylene glycol (both
99.9%pure)were purchased fromM/SMerck. These precursorswere used as starting
material without any further purification.

60.2.2 Synthesis of Nanocrystalline CuO Powder

The nanocrystalline CuO powder was synthesized by gel combustion technique. The
nitrate precursor was dissolved in deionized water to make a homogeneous solution
and ethylene glycol was added as a fuel in stoichiometric molar ratio. The solution
was stirred at 85 °C on a hot plate until gel formation took place. The temperature was
then increased to 175 °C and maintained until the gel underwent auto combustion
and a fluffy black mass was produced. The as-burnt powder was ground in an agate
mortar pestle and heat treated at in a muffle furnace in 600 °C for 2 h for proper
crystallization.
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60.2.3 Sample Preparation

Five sets of samples were prepared with addition of 0, 0.5, 1, 2, and 4 weight percent
of nano-CuO to Al2O3 matrix and the samples are marked as ACuO-0, ACuO-0.5,
ACuO-1, ACuO-2, and ACuO-4 to identify the samples containing alumina and
respective weight percentage of CuO in it. To prepare the batches, the raw powders
were weighed and mixed with required different weight percentages by making
slurry with distilled water. Wet mixing (aqueous) was adopted for uniformmixing of
the additives and to render constancy to the parameters. The mixed suspension was
dried in a drier for 24 h followed by grinding of the dried powder in agate mortar
pestle. 6% PVA (polyvinyl alcohol) was used as the binding agent. Conventional
casting techniques are not practical because of the poor uniformity of dispersed
particles. Therefore, the samples are produced by powder metallurgy method. The
dried mixtures were cold-pressed in the form of cylindrical pellets (diameter ≈
12.9 mm and thickness ≈ 3.8 mm) in a hydraulic press at a uniaxial pressure of
1000 kgf/cm2. After 2 min pressure was released by operating the pressure releasing
valve. All the green compacts were dried in air at 110 °C in a drier for 24 h to remove
the binder from the samples. The green samples were then sintered at 1600 °C with
a heating rate of 8 °C/min up to 1000 °C then 10 min soaking and 2 °C/min up to
1600 °Cwasmaintainedwith a soaking time of 2 h at themaximumpeak temperature.
After the definite isothermal holding, the samples were slowly cooled down to room
temperature in the furnace.

60.2.4 Test Procedure

Friction tester, TR-282, DUCUM, India, was used to conduct the reciprocating fric-
tion test of the specimens under observation to determine the friction behavior (dry
condition) at different frequencies and normal loads. The test was conducted by
selecting the test duration, normal load, and reciprocating frequency. A circular
sample of 10 mm diameter and 3 mm thickness was prepared from the fabricated
material as per the machine requirement. The flat surface of the sample comes in
contact with the silicon nitride (Si3N4) ball as counterface. The surfaces of both the
sample and the Si3N4 ball were cleaned with the soft tissue paper before the test. The
sample and the ball were fixed in their respective positions of the test machine. The
normal load to the ball was applied through a pivoted lever. The test was carried out
by applying of normal loads(0.3, 0.5, 0.7, and 1.0 kgf) with a duration of 10 min at
different frequencies 15, 30, 45, and 60 Hz, and the reciprocating stroke was fixed
as 1 (one) mm. After the preset time was reached, the test was stopped using the
timer mechanism provided with the testing machine. The friction force as well as
the friction coefficient at the interface of the ball and specimen was recorded in the
computer at each second. The ball is reciprocated on the sample involving friction
in dry condition at different normal loads and frequencies to gather the information
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Table 60.1 Process parameters and their levels

Control parameters Units Levels

I II III IV

Sliding frequency Hz 15 30 45 60

Equivalent sliding speed m/s 0.03 0.06 0.09 0.12

Normal load Kgf 0.3 0.5 0.7 1

Time Min 10 10 10 10

of the material integrity level. The test parameters along with their different levels
for this present work of study have been indicated in Table 60.1.

For all the samples, two sets of experimental scheme were adopted. In the first set,
the normal load of 500 gmf and sliding time of 10 min were kept constant and the
sliding frequency was varied as 15, 30, 45, and 60 Hz. In the second set, the sliding
frequency of 30 Hz and sliding time of 10 min were kept constant and the normal
load was varied as 300, 500, 700, and 1000 gmf.

60.3 Results and Discussions

ThenanocrystallineCuO-based alumina ceramics densifymore than 96%with appar-
ent porosity less than 1%. COF is a system response and so it depends on number
of parameters such as normal load, geometry, relative motion between the surfaces,
reciprocating frequency, time as well as reciprocating distance, surface roughness
of the reciprocating surfaces, type of material, system rigidity, temperature, stick-
slip, relative humidity, and lubrication. Among these factors, present study has been
focused on the friction behavior of CuO nanocrystalline reinforced alumina ceramics
in dry reciprocating contacts against a silicon nitride ball with variation in normal
load and sliding frequency only.

60.3.1 Effect of Reciprocating Frequency on Friction
Coefficient

In reciprocating contacts, sliding frequency has an important role on friction of
CuO nanocrystalline filled alumina ceramics. Figure 60.1a–e indicates the variation
of friction coefficient with different sliding frequency levels at constant 500 gmf
normal loads for all the samples where the sliding duration is 10 min.

The friction coefficient as obtained in all the graphs captured from the tribotester
can be divided into two stages: wear in stage and stable stage [6]. In the wear in stage,
contact occurs between the surface asperities of the samplewith the ball. At this initial
break-in period, the asperities deform, break or get ruptured. As a result, the COF is
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Fig. 60.1 Friction coefficient as a function of reciprocating frequency at 500 gm normal loads for
a ACuO-0 b ACuO-0.5 c ACuO-1 d ACuO-2 e ACuO-4

unsteady at this stage. As the sliding continues, the worn track becomes flat and the
coefficient of friction fixes at a steady level. This behavior can also be attributed to
a polishing process during the wear test [7]. Moreover, the COF remained more or
less stable with small fluctuations around an average value. Such fluctuations can be
attributed to a non-uniform wear track or to a stick-slip mechanism [8]. The friction
coefficients in the stable stage are listed in Table 60.2 as well as plotted in a graph
as shown in Fig. 60.2.

In general, the COF increases with the increase in sliding velocity for any of the
samples. Figure 60.2 indicates that the rate of increase in the value of COF as the
sliding frequency increases from 30 to 45 Hz is more than any other consecutive
intervals. With the increase in reciprocating frequency, the temperature rises at the

Table 60.2 COF of materials at different frequencies at constant normal load of 500 gm

Sliding frequency (Hz) ACuO-0 ACuO-0.5 ACuO-1 ACuO-2 ACuO-4

15 0.048075 0.058086 0.079089 0.092889 0.117753

30 0.077682 0.106377 0.133391 0.145428 0.172533

45 0.253962 0.282067 0.315665 0.328496 0.335762

60 0.344184 0.355834 0.373471 0.39019 0.403312
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Fig. 60.2 Friction
coefficient as a function of
reciprocating frequency

contact zone due to the reduced cooling time per stroke of the silicon nitride ball.
Heat generated at the contact surface may result increased adhesion with ball [9]
leading to increase of friction coefficient. It is also observed that for any constant
frequency, the lowest COF is obtained for ACuO-0 and as the weight percentage of
CuO in alumina increases, the COF increases. Almost similar kind of observations
is also reported by Pasaribu et al. for alumina-based ceramics [10].

60.3.2 Effect of Normal Load on Friction Coefficient

In this section, the variation of COF with different normal loads (0.3, 0.5, 0.7, and
1.0 kgf) at constant 30 Hz sliding frequency has been studied for all the five samples
and shown in Fig. 60.3a–e, respectively.

Table 60.3 depicts the stable COF values obtained from the experimentation of the
materials at different normal loads, at a constant sliding frequency. It is observed that
with increase in normal load COF increases. Similar observation was reported for
alumina-based ceramics by Wang et al. [6]. This may be due to formation of plastic
deformation zone on the material surface due to larger value of normal load. More-
over, with increase in CuO in alumina, the COF also increases for all the cases.
Figure 60.4 shows that the rate of increase in the value of COF as the normal load
increases from 500 to 700 gmf is more than any other consecutive load intervals.
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Fig. 60.3 Friction coefficient as a function of normal load at 30 Hz sliding frequency a ACuO-0
b ACuO-0.5 c ACuO-1 d ACuO-2 e ACuO-4

Table 60.3 COF of materials at different normal load at constant sliding frequency of 30 Hz

Normal load (gm) ACuO-0 ACuO-0.5 ACuO-1 ACuO-2 ACuO-4

300 0.061038 0.072965 0.082544 0.09951 0.129988

500 0.077682 0.106377 0.133391 0.145428 0.172533

700 0.141231 0.176294 0.209632 0.231019 0.247942

1000 0.205162 0.227987 0.245924 0.253244 0.263298

60.4 Conclusions

The following inferences are drawn from the above study.

• The normal load and sliding frequency indeed have considerable effect on the
friction behavior of nanocrystalline CuO-based alumina ceramics.

• For any of the materials under observation, with constant normal load of 500 gmf,
with increase in sliding frequency the value of COF increases, this may be due
to more adhesion of the reciprocating ball to the ceramic specimen.

• The rate of increment in COF from 30 Hz frequency to 45 Hz is more as compared
to other consecutive frequency intervals.
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Fig. 60.4 Friction
coefficient as a function of
normal load

• As the CuO weight percent in alumina ceramics increases, the value of COF also
increases for any constant sliding frequency level at 500 gmf normal load.

• For any of the materials under observation, with constant sliding frequency of
30 Hz, with increase in normal load the value of COF increases. This may be due
to the formation of plastic deformation zone on the material surface due to larger
value of normal load.

• The rate of increment inCOF from500 to 700gmfnormal load ismore as compared
to other consecutive load intervals.

• As the CuO weight percent in alumina ceramics increases, the value of COF also
increases for any constant normal load at 30 Hz sliding frequency.
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Chapter 61
Increase in Hardness and Wear
Resistance of Ti-6Al-4V Surface by In
Situ Laser Coating of Ti- and Al-Based
Hard Ceramics

Dipanjan Dey , Kalinga Simant Bal , Imran Khan , Ishan Bangia ,
Anitesh Kumar Singh and Asimava Roy Choudhury

Abstract Ti-6Al-4V alloy finds wide application starting from aerospace to bio-
mechanical industry due to its high strength-to-weight ratio and biological immunity,
but it exhibits poor tribological properties. With the help of laser energy, a composite
coatingwas developed on Ti-6Al-4Vwith preplaced powders as Al, TiO2, and hexag-
onal BN. A self-propagating high-temperature synthesis (SHS) reaction occurred
between the preplaced powders by laser triggering, which helped to generate coat-
ing on the substrate. Microstructure and elemental analysis of coating were studied
through SEM, EDS, and XRD analysis and it was found that the coating consisted
of Al2O3, TiB2, and TiN. Hardness and wear resistance of the developed coating
were improved significantly. Maximum hardness on coating was found to be more
than six times higher than substrate hardness, and wear resistance was improved
three times as compared to the substrate. The coefficient of friction of coating was
comparable to substrate coefficient friction.
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61.1 Introduction

Lasers can be used in various ways to enhance surface properties of the metallic
substrates like cladding, remelting, phase transformation, etc. Among them, laser
cladding has become popular in current years due to its unique features and excellent
capabilities in various industries involved in high-value components repair, metallic
coating, prototyping, and low volume manufacturing. The laser processing coat-
ing development technique utilizes laser technology, powder metallurgy, and rapid
solidification to produce coating.

Laser cladding is used to make the coating of components like turbine blades,
engine valves, aerospace components, etc. At present, titanium alloy is one of the
promising material in manufacturing industry but it possesses low hardness and poor
tribological property [1]. Self-propagating high-temperature synthesis (SHS) is a
process that utilizes synthesis of ceramic composites via an exothermic reaction that
is self-sustaining and energetically efficient [2, 3]. An SHS reaction is initiated at
a minimum ignition temperature to manifest the heat of exothermic reaction. The
exothermic reaction also volatilizes lowboiling impuritieswhich results in pure prod-
ucts. Due to high energy density, the laser beam can initiate SHS reactions producing
novel material compositions [4–8]. Presence of exothermic reaction also avoids the
need for expensive high powered laser equipment and facilities. So, coating consist-
ing of highmelting point powders can be coatedwith the help of the enthalpy released
during SHS reaction triggered by laser energy. Surface properties were improved by
developing metal matrix coating (MMC) on the substrate by SHS process with the
help of laser [9]. In situ multi-component MMC coating was developed on titanium
alloy by using boron carbide, hexagonal boron nitride, and titanium powder as a
precursor powders [10]. Chatterjee et al. [11] developed coating of TiB2, TiN, and
Al2O3 by both in situ and ex situ process and then compared between the two pro-
cesses with respect to homogeneous microstructure and hardness. It was found that
in situ process showed better coating than ex situ process.

Previously, MMC coating of titanium boride, titanium nitride, and aluminum
oxide had been developed onAISI low carbon steel using SHS reaction, and improve-
ment in tribological properties was observed. But there have very few works on the
development of MMC coating on titanium alloy with the help of SHS energy using
laser beam. In this present study, an attempt has been made to enhance the tribolog-
ical properties of Ti-6Al-4V alloy by developing composite MMC coating with the
help of laser.
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61.2 Experimental Detail

Ti-6Al-4V substrate of dimension 100 mm × 50 mm × 6 mm was grit blasted to (a)
remove surface contaminations, (b) allowbetter adhesion between precursor powders
and the substrate, and (b) create a favorable surface texture for coating. The precursor
used in the present study was made by mixing micro-sized powder of aluminum
(Al), titanium dioxide (TiO2), boron nitride (BN), and titanium di-boride (TiB2).
Powders were mixed in the ratio of 2.15:4.79:3.99:1.38 according to their weight
to achieve equal-molar ratio of each element in the developed coating. The average
size of the precursor powder after mixing is around 45 µm. The self-propagating
high-temperature synthesis (SHS) reaction likely to happen as below:

Al + TiO2 + BN → Al2O3 + TiB2 + TiN (61.1)

Further, the precursor powder was mixed with Polyvinyl alcohol (4% aq.) to
make precursor slurry to be applied to the surface of the grit-blasted Ti-6Al-4V
substrate. To avoid formation of agglomeration, the mixture was stirred using a
magnetic stirrer (Manufacturer: Spinot), and then sonicated in ultrasonic vibrator
(Manufacturer: Toshcon, Model S11-1) for few minutes. The grit-blasted substrate
surface was cleaned with acetone prior to the application of precursor slurry. A
100 µm thick coating of precursor powder slurry was applied on substrate surface
using coater machine (Manufacturer: RK Control coater), and allowed to dry for few
minutes on a hotplate.

Laser cladding was carried out on the preplaced substrate using Ytterbium fiber
laser (IPGYLR-2000) havingwavelength of 1.064µmandmaximumpower 1750W.
Laser scanning was carried out at 1750 W and speed of 900 mm/min. To prevent
atmospheric contamination during the laser scan, workpiece was kept inside perplex
box flushed with argon gas. Focal spot diameter of 4 mm was used to carry out
laser beam scanning. Photographic view of experimental set-up has been shown in
Fig. 61.1.

The samples were cut by wire-EDM and polished using 1200#, 1500#, and 2500#
SiC grit abrasive paper, followed by diamond polishing (1 µm). Then the polished
samples were etched by Keller’s reagent. Microscopic analysis was carried out using
SEM, EDX, and XRD analytical techniques. Hardness test was carried out from the
top of the coating toward substrate by Vickers microhardness testing machine with a
load of 25 gf was applied for dwell time of 10 s. Wear test using ball-on-disk method
was carried out on the laser cladded surface and substrate surface for comparison
study. Tungsten carbide ball was used as the ball for the wear test. The sample was
rotated at 300 rpm for 30 min, and a 2 kg load was applied. Wear rate of coating and
substrate were calculated using the following equation:

Wear rate = dv

2πr NT F
mm3/Nm (61.2)
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where dv is volume loss after wear test, r is radius of curvature of the wear track, N
is rotational speed during wear test, T is duration of wear test, and F is applied load
during wear test. Coefficient of friction was calculated from the relation of obtained
frictional force and applied load.

61.3 Result and Discussion

61.3.1 Microstructural Analysis

Figure 61.2 shows the XRD analysis of laser clad surface. XRD analysis reveals that
the composite coating formed after SHS reaction occurred between the precursor

Fig. 61.1 Photographic
view of experimental setup
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Fig. 61.2 X-ray diffraction (XRD) analysis of laser clad along with SEM image of coating
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powders due to laser treatment. The composite coating consists of TiN, Al2O3, TiO2,
BN, and TiB2.

SEM analysis of the microstructure of the coating is also shown in Fig. 61.2. It
could be observed that there exist three different distinguishable regions. Bottom part
consists of heat-affected substrate, followed by intermediate zone at the middle, and
the top layer is coating portion. It has been shown in Fig. 61.2 that different types
of shapes have been formed in the microstructure. Energy-dispersive X-ray spec-
troscopy (EDS) analysis on the coating and heat-affected substrate has been shown
in Fig. 61.3. From the EDS report, it was observed that top layer and bottom layer
of the coating were enriched with titanium, boron, and nitrogen, whereas aluminum
and oxygen percentage were more at the middle. Hence, it might be possible that
titanium boride and titanium nitride are formed in the top layer and bottom layer
of the coating, while aluminum oxide might have precipitated at the middle of the
coating. Solidification starts at the substrate coating interface because of heat loss
by conduction through substrate. Hence solidification front moves from substrate
toward top layer of the coating. As titanium boride and titanium nitride have higher
melting point than aluminum oxide, titanium boride and titanium nitride solidify at
the interface of substrate and coating. Simultaneously, a thin layer of titanium boride
and titanium nitride is formed at the top of the coating due to rapid cooling through
radiation and convection. The percentages of titanium boride and titanium nitride
are higher at these zones also because of their higher melting point. Thus, the middle

Fig. 61.3 Energy disperse X-ray spectroscopy analysis
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portion of the coating that cools last because of lower melting point of aluminum is
dense in aluminum oxide. Grains sizes are larger in the middle region of the coating
compared to top and bottom layer of the coating as the middle portion solidifies at
the end.

61.3.2 Hardness Analysis of the Coating

Microhardness at different regions in the coating has been shown in Fig. 61.4. It could
be observed that microhardness of the coating was found to be six times higher than
the substrate hardness. Maximum hardness of 1917 HVwas achieved on the coating.
From the XRD and EDS results, it has been reported that coating material consists
of hard ceramic particles like titanium boride, titanium nitride, and aluminum oxide
which lead to higher hardness value. It can be seen from Fig. 61.4 that microhardness
decreases along the depth of the coating. Within first 40 µm from the top, coating
has higher hardness value because of presence of the ceramic particles in the coating.
After 40µm, intermediate zone is present,where dilution of the substratematerial has
occurred. Hence, hardness was reduced due to presence of some portion of substrate
material. However, after 65-µm thickness, there was no coating material, only heat-
affected substrate material appeared, correspondingly hardness reduced to substrate
hardness value.

Fig. 61.4 Variation of microhardness at different regions



61 Increase in Hardness and Wear Resistance of Ti-6Al-4V Surface … 689

61.3.3 Wear Analysis

Wear test using ball-on-disk method was carried out on the substrate and coated
sample.After thewear test, volume loss due towearwas determined using noncontact
type surface profilometer. Cross-sectional profiles obtained from noncontact type
profilometer have been shown in Fig. 61.5. It was observed that due to wear, volume
loss of the substrate and coating were 7.31 × 10−4 mm3/N m and 2.21 × 10−4

mm3/N m, respectively; so volume loss (or wear rate) on coating was three times
less as compared to the volume loss on the substrate. Average track width and depth
of the worn coated sample are about 1.45 mm and 0.1 mm, respectively, whereas
track width and depth of the worn substrate are 1.70 mm and 0.13 mm, respectively.
Due to presence of hard ceramic material like aluminum oxide, titanium boride,
titanium nitride, etc., coated sample proved to be more wear resistant than substrate
material. Higher hardness leads to high wear resistance and it has been seen earlier
that hardness on the coating is higher than the hardness on the substrate. SEM images
of worn surface of the substrate and coated sample have been shown in Fig. 61.5.

Fig. 61.5 Cross-sectional profile of wear track of a substrate, b coating. SEM images of wear track
of a substrate, b coating
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Fig. 61.6 Coefficient of friction of substrate and coating

61.3.4 Coefficient of Friction Analysis

Coefficient of friction was determined from the data obtained during wear test. Coef-
ficient of friction was found to be marginally less for coated sample than that of
substrate. Average coefficient of friction for coated sample is 0.320 while that of
substrate is 0.324. At very high temperature and due to SHS reaction, most of the
boron nitride was dissociated, and hence friction coefficient of the coating was not
affected. From Fig. 61.6, it can be clearly seen that the friction coefficient was more
or less constant during friction which indicates that stability of the coating for longer
time.

61.4 Conclusions

After the investigation of the detailed study of the microstructure and mechanical
properties of the coating, the following conclusions could be drawn:

1. Composite coating was successfully developed on the Ti-6Al-4V alloy substrate
with the help of laser, triggered by self-propagating high-temperature synthesis
reaction.

2. From SEM analysis, it was seen that different types of microstructures were
formed in the coating depending on the cooling rate, melting temperature of the
coating elements, etc.
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3. XRDanalysis andEDS analysis have reported that the developed coating consists
of titanium boride, titanium nitride, aluminum oxide, titanium oxide, and boron
nitride.

4. After the coating, hardness was enhanced by six times compared to Ti-6Al-
4V alloy substrate. Hardness was found to decrease toward coating substrate
interface.
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Chapter 62
Effect of Sigma Phase on Dry Sliding
Wear Resistance and Surface Roughness
of ASTM A890 Grade 6A Duplex
Stainless Steels

P. Nithin Raj , Anandu P. Sivan , V. Riyas , K. Sekar
and M. A. Joseph

Abstract ASTM A890 grade 6A super duplex stainless steel (SDSS) is a very
popular duplex steel grade. The highly alloyed steel shows precipitation of various
intermediate phases at different temperature ranges and among them, sigma is the
most deleterious phase. The hard sigma phase accounts for a marked increase in
wear resistance. There are, however, very few studies reported on the effect of sigma
phase on the roughness of the worn surface. In this work, the material was heated to
three different temperatures—850, 1000, and 1100 °C—soaked for 1 hour and later
quenched in water. The sigma formation was observed to be the maximum at 850 °C
while no trace of sigma could be spotted at 1100 °C. The wear volume was found to
be the least for specimen quenched from 850 °C and highest for the sample quenched
from 1100 °C. Roughness of the specimen was found to increase in accordance with
the sigma content. The sample quenched from 850 °C was noted to have the highest
surface roughness.

Keywords Super duplex stainless steel ·Wear · Sigma phase · ASTM A890 6A

62.1 Introduction

Duplex stainless steels are composed of dual-phase microstructure with an approx-
imately 50:50 volume fraction of body-centered ferrite and face-centered austenite.
The presence of both these phases imparts the desired mechanical properties of
DSS making it the most widely favored material in the oil and gas sectors, chemi-
cal industries, transportation, paper and pulp industries, marine industries, nuclear
power plantsm etc. [1].
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Dual-phase microstructure of SDSS offers better impact toughness, improved
ductility, hardness, excellent corrosion resistance, and better weldability, making
them a viable alternative for conventional ferritic and austenitic stainless steels [2].

When heated to higher temperature, DSS undergoes some solid-state transforma-
tions, resulting in the formation of various intermetallic phases. The formation of
different phases depends on the amount of Cr, Mo, and W additions. Among these
intermetallic phases, sigma phase plays a crucial role in the properties of thematerial.
Sigma phase is very hard and brittle in nature. Sigma precipitation occurs between
700 and 1060 °C at high-energy nucleation sites, i.e., ferrite and ferrite–austenite
boundaries. After nucleation, sigma propagates to the ferrite phase, since diffusion
rate in ferrite is 100 times faster than austenite [3]. However, the toughness and cor-
rosion resistance of SDSSs will get drastically reduced as the precipitation rate of
sigma increases [4].

The wear-resistant behavior of different specimens treated at different heat treat-
ment temperatures were studied in the past. Chowdhury et al. [5] measured the coef-
ficient of friction and wear rate of stainless steels under the varying loads and sliding
velocities and observed an increase in wear rate with load and sliding velocities.
Many authors have investigated the effect of sigma phase on mechanical properties
of SDSSs. However, very less information is available on the effect of sigma-phase
precipitation on the roughness of wear surface of DSS. del Abra-Arzola et al. [6]
have concluded that hardness imparted by the sigma phase provides improvement in
wear resistance under dry sliding conditions after heat treating it for 5 min. Fargas
et al. [7] verified that the hardness induced by sigma phase reduces the plowing wear
mechanism thus confers a lower fatigue wear. Hardness imparted by sigma particles
also proved to reduce subsurface plastic deformation.

The present work aims at confirming and quantifying the precipitation of sigma
phase in SDSS at four different heat-treatment conditions. The effect of sigma on dry
sliding wear characteristics and further material removal have also been recorded.
The surface roughness of the specimen has been obtained using 3D profilometer and
its dependence on the sigma precipitation has been noted.

62.2 Experimental Procedure

Super DSSASTMA890 grade 6Awas chosen as the material for study. The material
was cast using an induction furnace and argon oxygen decarburization (AOD) tech-
nique into a test block. The test block was then subjected to homogenization heat
treatment by soaking at 1160 °C for 8 h. Three sample blocks of 20 mm diameter
and 120 mm length were made from the test block. The samples were heated to three
different temperatures—850, 1000, and 1100 °C—with each specimen soaking for
1 hour followed by water quenching.

To analyze the sigma-phase formation in each condition, the microstructures of
these samples were captured. Heat-treated samples were well polished with emery
papers of grade 230, 400, 600, 1000, and 1500. A mirror-finished surface was
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obtained by polishing using a velvet cloth coated with diamond paste. Electrolytic
etching technique was used to obtain the microstructure. Samples were etched in
40% NaOH solution at a direct voltage of 5 V for 10 s. The microstructures were
examined using metallurgical optical microscope—Olympus BX51. Hardness value
is a direct indication of the sigma phase present, as the presence of this phase signifi-
cantly increases the hardness of DSSs. The Vickers hardness of all the three samples
was measured with 10 kgf load and dwell time of 10 s.

The dry sliding wear of the heat-treated conditions were analyzed and compared
by pin-on-disk testing method (Fig. 62.2). For the wear test, the cylindrical pins
were made from the heat-treated samples with 8 mm diameter and 30 mm length.
Each of the specimens was polished to a surface roughness value lower than Ra =
0.6μm, according to ASTMG-99 standard. The dry sliding wear test was conducted
on pin-on-disk tribometer (MAGNON). The disk used was made of stainless steel
with a hardness value of 780 HV. The constant linear speed of 4 m/s was set for the
test and the sliding distance was varied as 1200, 1600, and 2000 m. Three different
load conditions were also taken for doing the experimentation—40, 50, and 60 N.

All the specimens were cleansed using acetone before and after the test and
weighed by an electronic weighing machine having a resolution of ±0.1 mg. In
the weight-loss method, wear volume can be calculated using the formula: wear vol-
ume = (weight loss/density of the material) in mm3; for super DSS, the density is
7.86 g/cc.

62.3 Results and Discussion

The Chemical composition of SDSS block was analyzed after homogenization heat
treatment, using atomic emission spectroscopy. The results shown in Table 62.1
showed that every element is within the limits specified by ASTM standards. The
material of this composition was subjected to heat treatment processes.

Three sample cylinders cut from the test block were heated to 850, 1000, and
1100 °C and soaked for 1 hour followed by water quenching. Sieurin et al. have
found that the sigma-phase precipitation takes place at temperatures between 600
and 1000 °C [8]. The maximum precipitation was observed at 850 °C [7, 9]. 1050 °C
is the maximum temperature up to which the sigma precipitation was reported in
grade 6A SDSSs [8]. Hence the low sigma region temperature, 1000 °C was taken
as the second temperature. Beyond 1050 °C, no sigma precipitation was noticed and
hence 1100 °C was taken as the third condition. The minimum soaking temperature
according to ASTM standard was taken as the third temperature, for a clean dual-
phase structure. The microstructure of DSS samples after three heat treatments were
analyzed. Themicrostructures of the heat-treated samples in Fig. 62.3 show the effect
of temperature on precipitation of sigma phase. When electrolytically etched with
NaOH, sigma phase appeared as red regions in the microstructure, white or gray is
the austenite phase, and black color corresponds to the ferrite phase.



696 P. Nithin Raj et al.

Ta
bl

e
62

.1
C
he
m
ic
al
co
m
po

si
tio

n
of

SD
SS

ca
st
in
g

E
le
m
en
t

C
Si

M
n

P
S

C
r

M
o

N
N
i

W
C
u

Pe
rc
en
ta
ge

0.
02

0.
54

0.
80

0.
02
0

0.
00
1

24
.7
8

3.
71

0.
23

7.
90

0.
66

0.
82



62 Effect of Sigma Phase on Dry Sliding Wear Resistance … 697

Fig. 62.1 Microstructure of grade 6A quenched from a 850 °C, b 1000 °C, c 1100 °C

Figure 62.1 clearly shows that the sample quenched from850 °Chas themaximum
sigma-phase precipitation. As the temperature increases from 850 °C, precipitation
rate of sigma phase decreases and at 1000 °C, very low percentage of sigma phase
could be observed. The very small reddish precipitations that can be observed in
the microstructure of the specimen soaked at 1000 °C followed by water quenching
accords to the sigma phase. The specimen soaked at and quenched from 1100 °C has
a clear dual-phase microstructure and no sigma phase. Figure 62.2 shows the per-
centage of each major phase present in the microstructure of heat-treated specimens,
determined by manual point counting method ASTM A800/800M.

The specimen quenched from 1100 °C has almost equal amounts of austenite and
ferrite. The results clearly show that the increase in sigma is due to the conversion
of ferrite to sigma. The conversion is the maximum at 850 °C [9], for which it was
selected as the first temperature for the experiment.

Hardness value is a clear indication of the variation of sigma phase in DSSs. Since
sigma phase is hard and brittle in nature, the increase in sigma phase causes high
hardness. Table 62.2 shows variation of hardness values at different heat-treatment
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Fig. 62.2 Phase percentage variation with heat-treatment temperature

Table 62.2 Heat-treatment
conditions and corresponding
hardness value

Temperature (°C) Vickers hardness (HV)

850 380

1050 245

1100 235
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conditions. The hard surface results in a good range of increase in wear resistance
of a material.

From the results, it is observed that the wear volume is highly depended on sigma-
phase precipitation. Thus, the specimen quenched from 850 °C was observed to have
the lowest wear volume and the specimen quenched from 1100 °C had the highest
wear volume. In other words, the sigma phase play a crucial role in wear resistance
of SDSS. 850 °C heat-treated sample exhibited the highest wear resistance due to
the abundance of hard and highly brittle sigma phase. Another common trend noted
from the graph (Fig. 62.3) is that, irrespective of the heat-treatment conditions, wear
volume increases with sliding distance and load.

After the wear test, the worn surface morphology of all the pins was studied
and also the roughness values were measured using 3D optical profilometer (Make:
Alicona, Infinite focus-G5); images of the surface were converted to 2D and are
shown in Fig. 62.6.

Surface image of the specimen quenched from 850 °C that exhibited abrasion
wear marks as shown in Fig. 62.4a–c wear marks or grooves in direction of rotation

Fig. 62.3 Wear volume against load, a at sliding distance 1600 m and b at sliding distance 1200 m

(b)

1

(a)

1

(c)

1

Fig. 62.4 Images obtained from3Dprofilometer of a Specimen quenched from850 °C.bSpecimen
quenched from 1000 °C. c Specimen quenched from 1100 °C
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only. By comparison of three wear surfaces, Fig. 62.4a clearly exhibits the roughest
surface of all three conditions. In Fig. 62.6b, the grooves or wear marks are deeper.

From the 3D profiles, the surface roughness values (Sa) of wear surface were
calculated by the profilometer and were plotted against the applied load. The images
obtained from 3D profilometer give a comprehensive view of the pin surface.

The surface roughness of grade 6A varies with different phase formations as
shown in Fig. 62.5. Sigma, as obvious, is a brittle phase which is also observed to
be the phase having the maximum roughness in DSSs. During dry sliding wear test,
the specimen quenched from 850 °C and having a maximum sigma phase was found
to exhibit the highest roughness albeit showing the lowest wear volume. The pin
heat-treated at 1100 °C showed the lowest wear resistance with no sigma content but
was spotted to have the lowest roughness values among the specimens studied.

The wear surface morphology was analyzed by Scanning Electron Microscopy.
It has been seen observed that a rise in sliding distance causes plastic deformation
leading to the formation of grooves along the sliding direction as shown in figures c
and d. The sample with maximum amount of sigma phase, i.e., the sample quenched
from 850 °C has shown the highest amount of cleavage mechanism and material
removal. The α dual-phase sample quenched from 1100 °C has shown a surface
material removalmechanism of abration. Cracks parallel to the sliding directionwere
also observed on the surface of the sample as shown in Fig. 62.6c, d. In Fig. 62.6c,
the SEM image shows the initial formation and development of cracks.

Fig. 62.5 Roughness of heat-treated specimen at three various loads
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(b)

(c) 

(a) 

(d)

Fig. 62.6 SEM images of wear samples heat-treated at a and b 850 °C, c and d 1100 °C

62.4 Conclusions

In the present work, the effect of sigma-phase precipitation on wear behavior and
surface roughness of super duplex grade ASTM A890 6A were studied and arrived
at the following conclusions:

• The specimen quenched from 850 °C showed the highest amount of sigma-phase
precipitation, i.e., more than 40% in the microstructure. Hence, it exhibited the
highest hardness among all specimens. The specimen heat-treated at 1100 °C was
found to have the lowest hardness due to the absence of sigma phase.

• Wear resistance also followed the same trend as hardness. The specimen quenched
from 850 °C exhibited the highest wear resistance among all heat-treatment con-
ditions. The wear volume of the sample quenched from 1100 °C is nearly double
that of the specimen quenched from 850 °C at all the test conditions. The specimen
heat-treated at 1000 °C showed intermediate hardness and wear resistance.

• The surface roughnesswas the lowest for austenite–ferrite dual-phase sample heat-
treated at 1100 °C. The highest wear resistant specimen, quenched from 850 °C
showed the highest surface roughness. The surface roughness values of specimen
heat-treated at 1000 °C were found to be intermediate to the other two conditions.
Nevertheless, the wear volume reduces, surface roughness highly augments with
increase in the amount of sigma phase.
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Chapter 63
Investigation on the Structural and Wear
Characteristics of Mg AZ91/Fly Ash
Surface Composites Fabricated
by Friction Stir Processing

Hemendra Patle , B. Ratna Sunil and Ravikumar Dumpala

Abstract Friction stir processing (FSP) is being used since many years for the fab-
rication of surface metal matrix composites. Several research studies have been done
in the development of surface metal matrix composite through FSP. During FSP, hard
ceramic particles are mixed within the soft matrix material through the stirring action
of the friction stirring processing tool. In the present study, the surface composite was
developed by friction stir processing on the surface of AZ91 magnesium alloy. Fly
ash particles were used as secondary phase particles to fabricate surface composite.
The fabricated surface metal matrix composite was characterized by using optical
microscopy. Microstructural observation of the composite material shows significant
grain refinement in stir zone compared to the base metal (AZ91 Mg). Material prop-
erties like hardness and wear resistance were studied. The results have confirmed
that the hardness and wear resistance were improved for the composite material than
the received material.

Keywords FSP · AZ91 Mg alloy · Fly ash · Surface composite ·Microhardness ·
Wear · Coefficient of friction

63.1 Introduction

Metal matrix composite (MMCs) are the class of engineering materials which ful-
fill the requirements of advanced structures in aerospace, automobile, and marine
applications [1–3]. Several methods have been developed for the development of
metal matrix composites such as stir casting, powder metallurgy, spray deposition,
squeeze casting, vapor deposition and diffusion bonding, but these methods develop
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bulk MMCs. Surface metal matrix composites are the class of engineering materi-
als which contain different surface characteristics other than the inner-core mate-
rial. Surface MMCs contain hard ceramic secondary-phase particles in the surface
while the core material is unaffected. Hence, the surface exhibits higher hardness,
strength, and wear resistance without comprising the toughness of the material [4].
The high-energy laser beam, plasma spraying, centrifugal casting, and electron beam
irradiation are such kind of techniques which are used to develop the MMCs [5–9].
However, all these techniques require melting of materials at a higher temperature
which generates the detrimental phase due to the interfacial reaction in-between the
matrix material and reinforcement particles which reduces the mechanical proper-
ties of the materials. Such problems can be avoided if the process is carried out
in the solid phase only. Friction stir processing (FSP) provides such advantage to
perform processing in the material solid state only. It modifies the microstructure
of the surface of the material by producing dynamic recrystallization. Secondary
phase particles are embedded on the surface of the materials through FSP and thus
the process of surface MMCs fabrication is completed. Dynamic recrystallization
further produces a fine-grained structure which alters the material properties which
is another advantage of FSP. Mishra et al. [10] first developed Al5083/SiC surface
composite using FSP. Later on, several researchers have developed FSP-based sur-
face composite using aluminum, magnesium, copper, steel, and their alloys as matrix
materials and different varieties of reinforcement particles such as Al2O3, SiC, TiC,
B4C, TiO2, SiO2, etc. [11–13]. Magnesium andmagnesium-based alloys are the pop-
ular choices to construct lightweight structures for automobile and aerospace sector,
etc. Magnesium has very low density (1.74 g/cm3) and also contains excellent capa-
bility of shock and vibration absorption. Magnesium and its Al–Zn based alloys such
as AZ31, AZ61, and AZ91 are suitable choices for constructing light metals based
surface composites.

In this investigation, FSP was used for developing AZ91 Mg alloy based surface
composites using fly ash as a secondary-phase particle. The microstructure of fabri-
cated surface composite was investigated as well as hardness distribution within the
stir zone and wear characteristics were also investigated.

63.2 Experimental Details

The sheets of AZ91 Mg alloy were used as the base material was obtained from
exclusive magnesium, Hyderabad, India. Plates of size 100 × 50 × 7 mm3 were
used to perform the FSP experiments. Chemical composition of the base metal is
given in Table 63.1.

Fly ash powder was obtained from Vijayawada Thermal Power Station (VTPS),
Vijayawada, India. The obtained fly ash particles were washed with deionized water,
dried and filtered using different sieves up to 53 μm. Figure 63.1 represents the used
fly ash powder.
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Table 63.1 Nominal composition of AZ91 Mg alloy (wt%)

Al Zn Mn Si Fe Ni Mg

8.7% 0.7% 0.2% 0.03% 0.0012% 0.002% Bal.

Fig. 63.1 Fly ash powder

FSP was performed in an automated universal milling machine (Bharat Fritz
Werner Ltd., India). The plate was fixed on a milling machine work bed. The plate
was grooved in the center with a size of 2 × 1 mm2. The groove was filled with
fly ash powder. Two tools were used for the composite fabrication purpose. The
tool was made of H13 tool steel and was hardened up to 55 HRC. A pinless tool
of 15 mm shoulder diameter was used to close the groove so that particles do not
get scattered during the FSP process. FSP was performed with the help of square
taper pin tool. The tool was made of 15 mm shoulder diameter along with a tool
pin of square tapered shape (4.25–2 mm taper along 3 mm pin height). Figure 63.2
represents the tool used for conducting the FSP experiments. The tool was allowed
to penetrate the metal surface in such a way that the tool shoulder touched the work
plate surface. The tool plunge depth was set to 0.1 mm so that the total penetration
depth for the tool becomes 3.1 mm. Once the rotating FSP tool was penetrated
into the metal plate, a preset feed rate was provided to the tool for further travel

Fig. 63.2 Photograph of the
FSP tool
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Fig. 63.3 Fabricated
AZ91/fly ash surface
composite plate

using automatic feed mechanism attached in the milling machine. Trial experiments
were conducted to get defect-free processed zone. The defect-free process zone was
obtained at tool rotational speed of 1400 rpm and 25 mm/min tool travel speed.
Figure 63.3 represents the fabricated AZ91/fly ash surface composite plate. After the
fabrication of surface composite, specimens were cut near the processed zone using
wire-cut electric dischargemachine (EDM). Surface compositeAZ91/fly ash samples
were subjected to microstructure characterization. Cross sections of the processed
samples were polished by different grade emery paper followed by disk polishing
using diamond paste (1–3 μm) and cleaned by ethanol. Then the samples were
etched chemically using picric acid reagent (mixture of 5 g picric acid, 5 ml acetic
acid, 100 ml ethanol, and 5 ml distilled water) and then cleaned and dried. Optical
microscope (Leica, Germany) was used to conduct the microstructure observation on
the cross section of the processed samples. Vickers microhardness tester (Omnitech,
India) was used for microhardness measurement. Microhardness was taken across
the processed zone, 3 mm from the top surface exactly to the middle area on the stir
zone. 100 g load was applied for 10 s. XRD tests were conducted for the processed
sample using (XRD, D8 Advance, Bruker, USA) CuKα radiation under scan range
of 20°–80°.

To know the dry sliding wear behavior of fabricated surface composite, wear
tests were performed on linear reciprocating tribometer (DUCOM TR-281). Type
of contact was ball on plate (point contact), so that the ball moves in to and fro
motion on the testing specimens. Tests were performed on the samples of the size of
20 * 20 * 5 mm3. Samples were cut through the processed zone using Wire EDM.
Ball material was AISI 52100 steel with 6 mm diameter. Wear tests were performed
for both the base metal and composite specimens. Tests were conducted for 500 m
sliding distance with a sliding velocity of 0.14 m/s with the applied load of 10 N.
Tests were conducted at room temperature and 40–50% relative humidity. After the
wear test, samples were cleaned with acetone and weight loss was measured using a
balance with least count of 0.1 mg.
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63.3 Results and Discussion

Figure 63.4 shows the microstructure of the base metal AZ91 Mg alloy and the
microstructure of the fabricated AZ91/fly ash surface composite. The microstruc-
ture shows the significant grain refinement in the stir zone after the FSP processing.
The microstructure of the FSP-processed zone illustrates that the size of the grains
reduced after processing. Table 63.2 illustrates the average grain size of theBMAZ91
and SMMCs AZ91/fly ash. ImageJ software was used for the measurement of grain
size. Table 63.2 results represent the remarkable grain refinement that takes place
in the friction-stirred processed zone. Average grain size is reduced from 116 μm
of the base metal AZ91 mg to 4.96 μm of SMMCs AZ91/fly ash. Morphology of
grains clearly indicates that the dynamic recrystallization happened during the FSP
process. Intense material flow, severe deformation, and high heat input generate
dynamic recrystallization during the FSP process, which was described in the pre-
vious investigation [14]. Microstructure observations show that imperfections such
as porosity, voids, and cracks are not present in the stir zone. Fly ash particles are
distributed homogeneously within the stirred zone. Figure 63.5 shows the XRD pat-
terns of the fly ash powder and fabricated surface composite AZ91/fly ash. SiO2

(Quartz), Fe2O3 (Hematite), and Al6Si2O13 (Mullite) phases were identified in fly
ash powder. However, the amount of dispersed fly ash particles in the FSPed sample
is very less as compared to the magnesium alloy. Hence, it was difficult to detect
peaks corresponding to fly ash in the composite during XRD scanning.

Figure 63.6 illustrates the average hardness of the base metal Mg AZ91 and Mg
AZ91/fly ash surface composite. The hardness of the surface composite increases up
to 20% as compared to base metal AZ91Mg alloy. According to Hall–Petch relation,

Fig. 63.4 Optical microscope image of the samples, a BM AZ91, b AZ91/fly ash

Table 63.2 Average grain
size measured in both samples

Samples BM AZ91 Mg alloy SMMCs AZ91/fly
ash

Grain size (μm) 116 4.96
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Fig. 63.5 XRD pattern of fly
ash powder and Mg AZ91/fly
ash surface composite

Fig. 63.6 Average
microhardness of the
samples

hardness increases due to the formation of fine-sized grains as a result of dynamic
recrystallization produced by FSP. The presence of fly ash particles increased the
hardness in the surface composite region up to 114 HV.

Dispersion of fly ash particles apply the pinning effects which prevent the grain
growth and thus reduce the grain size and result in the enhancement of the hard-
ness of the composite. Orowan strengthening mechanism is also responsible for the
enhancement in the hardness. Figure 63.7 represents the coefficient of friction versus
time duration graph for both specimens. Time duration is taken according to 500 m
sliding distance. The coefficient of friction and weight loss of the base metal AZ91
and AZ91/fly ash surface composite are listed in Table 63.3. It was observed that the
composite sample has less weight loss and coefficient of friction than the base metal.
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Fig. 63.7 Coefficient of
friction obtained from wear
tests

Table 63.3 Coefficient of
friction and weight loss of
both specimens

Specimens Weight loss (mg) Coefficient of friction

BM AZ91 10.6 ± 3 0.38 ± 0.2

AZ91/fly ash 5.5 ± 2 0.31 ± 0.06

FSP produced surface composite AZ91/fly ash shows significant weight reduction as
almost half of the base metal AZ91. Presence of fly ash particles causes the strength-
ening of matrix material which resists the deformation of matrix material and also
resists the penetration of slider ball on the surface of the matrix material. Higher
hardness of the composite material can transform severe wear to mild wear as com-
pared to the base metal. Fly ash particles act as load-bearing components to reduce
the direct load and contact on the surface of the matrix material. High hardness and
dispersion of fly ash particles enhance the wear resistance.

63.4 Conclusions

In the present study, the Mg AZ91/fly ash based surface composite was success-
fully produced by the FSP technique. The microstructure, hardness, and tribological
characteristics of the produced Mg AZ91 based surface composite were investigated
and compared with unprocessed Mg AZ91 alloy. The following conclusions were
derived from this study:

• Mg AZ91/fly ash based surface composite was successfully developed using fric-
tion stir processing with a square taper pin tool.

• FSP of Mg AZ91 alloy resulted in significant modification in the microstructure
and finer grain as well as enhanced hardness in the stir zone.
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• Addition of fly ash particles through FSP and fabrication of surface metal matrix
composite further refine the microstructure and enhanced the hardness up to 20%.

• Wear resistance of the fabricated surface composite was improved in comparison
to that of the base metal. The friction coefficient and weight loss of Mg AZ91/fly
ash based surface composite were less in comparison to the unreinforced AZ91
base metal. This is attributed to the enhanced hardness of the surface composite
(Mg AZ91/fly ash).
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Chapter 64
Atmospheric Plasma Sprayed 25 wt.%
WO3-75wt.% SnO2 Composite Coating:
Investigations on Ethanol and Acetone
Sensing Characteristics

Vibhav Ambardekar , P. P. Bandyopadhyay and S. B. Majumder

Abstract The present work explores ethanol and acetone sensing performance of
atmospheric plasma sprayed 25 wt.%WO3-75 wt.% SnO2 coating deposited on alu-
mina substrate. Sensing characterization of the coating was tested using a homemade
static chamber in the presence of ethanol and acetone. Sensor response characteristics
were also obtained by varying concentration of test vapour. Concentration depen-
dent response transients were modeled using Langmuir-Hinshelwood isotherm to
estimate characteristic time constant for ethanol and acetone sensing.

Keywords Atmospheric plasma spray · Composite coating · Gas sensor ·
Langmuir–Hinshelwood mechanism

64.1 Introduction

Atmospheric plasma spray (APS) is used to deposit thick coatings ofmetals, polymers
and ceramics for various applications [1]. Mostly, APS used to deposit wear and
corrosion resistant coatings [2, 3], thermal barrier coatings for various applications
[4, 5]. The process offers faster rate of deposition which makes it suitable for mass
production [6]. Recently, APS has been used to develop gas sensing elements using
binary oxides such asWO3 [7], ZnO [8], TiO2 [9] and SnO2 [10]. Composite coating
of two binary oxides is reported to yield superior gas sensing performance [11].
However, limited attempts have so far been made to deposit composite coating using
APS. In the present work, we have studied the gas sensing performance of plasma
sprayed 25 wt.% WO3-75 wt.% SnO2 coating for ethanol and acetone sensing.
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64.2 Experimental

Commercially available tin oxide (SnO2) and tungsten oxide (WO3) powders were
blended in suitable proportion to get 25 wt.% WO3-75 wt.% SnO2 composition.
Alumina substrate was cleaned using acetone as a solvent before plasma spraying.
Themixed powderwas deposited on alumina substrate (19mm×9.5mm×0.65mm)
using a SulzerMetco 9MBplasma gun.Overheating of substratewas prevented using
compressed air as a substrate cooling media. The process parameters for coating are
tabulated in Table 64.1. As-sprayed coating was annealed at 600 °C for 60 min
to improve the crystallinity and stabilize base resistance prior to gas sensing. To
measure the resistance transients during gas sensing, two circular silver electrodes
(approximate diameter ~2 mm) with a gap of 4 mm were painted on the surface of
the annealed composite coating [10].

X-ray diffractometer (Empyrean, Panalytical, Netherlands) equipped with CuKα

source (λ = 1.54 Å) was used to characterize the structure of the coating. The
thickness was estimated from the cross sectional morphology of the coating using
a field emission scanning electron microscope (Merlin, Zeiss, Germany). Sensing
characteristics of ethanol and acetone vapour were measured using a static flow
chamber. The details of the chamber and the sensing measurement are reported
elsewhere [12]. Sensor response% (S%)was estimated from themeasured resistance
using the following expression [10, 13]:

S% = [(
Ra − Rvap

)
/Ra

] × 100 (64.1)

where Ra and Rvap are the values of the equilibrium sensor resistance measured in
air and vapour, respectively.

64.3 Results and Discussion

Figure 64.1a shows the X-ray diffractogram of an annealed composite coating.
Diffraction peaks of WO3 (monoclinic), SnO2 (tetragonal) and Al2O3 (rhombohe-
dral) substrate are indexed in Fig. 64.1a.

Figure 64.1b shows the surface morphology of the annealed coating. The coating
consists of macropores (pore size > 50 nm) and mesopores (pore size in the range of
2–50 nm) as marked in Fig. 64.1b. The nature of porosity influences the gas sensing

Table 64.1 Process parameters used for composite coating

Spray
distance
(mm)

Current
(A)

Voltage
(V)

Plasma
power
(kW)

N2 flow
rate (slpm)

H2 flow
rate (slpm)

Feedstock
flow rate
(g/min)

100 350 ~68 ~24 50 0 ~25
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Fig. 64.1 aX-ray diffractogram of composite coating, b surfacemorphology of composite coating.
Inset shows the cross-sectional morphology used to estimate the coating thickness

characteristics of composite coating. The inset of Fig. 64.1b shows the cross-sectional
morphology of the composite coating. As shown in the inset, the coating is porous
in nature with thickness estimated to be ~15 μm [10, 14].

Figure 64.2a shows the temperature dependent response% for ethanol and acetone
sensing measured at 300 °C. For both these test vapours, highest response % was
obtained at 300 °C. Figure 64.2b represents typical resistance transients obtained
for 300 ppm ethanol and acetone measured at 300 °C, respectively. Sensor response
time (τres) is defined as the time required to yield 90% drop in base resistance since
the test gas is introduced in the chamber (marked by downward arrow in Fig. 64.2b).
On the other hand, time required to yield 90% recovery in base resistance is termed

Fig. 64.2 a Temperature dependent response % of 300 ppm ethanol and acetone, b resistance
transients of 300 ppm ethanol and acetone sensing measured at 300 °C. Response time (τres) and
recovery time (τrec) values are marked in Fig. 64.2 (b)
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Fig. 64.3 The resistance transients of the different concentrations of the test vapour of a ethanol,
b acetone measured at 300 °C. Inset shows the ln S versus ln C plot (symbols) and linear fit (solid
line)

as recovery time (τrec) [12]. The estimated response and recovery time are marked
in Fig. 64.2b. Response time for ethanol and acetone was 11 s and 42 s, respectively.
On the other hand, recovery time for ethanol and acetone was estimated to be ~453 s
and 375 s, respectively.

Figure 64.3 shows the resistance transients for (a) ethanol and (b) acetone sensing
forwhich the concentration of test vapourwas varied in the range of 25–300 ppm. The
operating temperature was 300 °C for this measurement. In this measurement, sensor
was subjected to test vapour at various concentrations.Measurementswere conducted
from 300 ppm down to 25 ppm. Sensor response and recovery was achieved at each
concentration in order to get concentration dependent resistance transients for ethanol
and acetone sensing, respectively. Inset shows the sensitivity of the sensor. The sensor
response (S) follows the following relation with the test vapour concentration (C),

S = a × Cn (64.2)

where a is the sensitivity coefficient, and n is the sensitivity of the sensor. As shown
in the inset of Fig. 64.3a, b, the slope of the linear fit of ln S versus ln C plot yield the
sensitivity (n) for ethanol and acetone sensing. As marked in the inset of Fig. 64.3b,
the composite coating has acetone sensitivity (~0.32) higher than ethanol sensing
(~0.21) as marked in Fig. 64.3a.

Depending on the baseline recovery of the resistance transients, sensing mecha-
nism is termed to be reversible or irreversible in nature. The mechanism of reversible
and irreversible sensing has been reported elsewhere [15]. Gas sensing is said to
be irreversible if baseline resistance in air recovers partially after removal of test
gas. Reversible sensing is characterized by full recovery of baseline resistance. In
the present work, reversible gas sensing characteristics were obtained during ethanol
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and acetone sensing as shown in Fig. 64.3a, b, respectively.When the sensor is heated
at high temperature, ambient oxygen species are chemically adsorbed by extracting
electrons frommetal oxide sensor. During gas sensing, test gas interacts with chemi-
adsorbed oxygen to form oxidized products. The electrons released as a result of the
interaction of test gas with chemi-adsorbed oxygen are returned to the conduction
band. The reaction sequence is described as follows [13, 16]:

O2(ads) + e− → O2
−(ads) (64.3)

O−
2 (ads) + e− → 2O−(ads) (64.4)

C2H5OH + 6O− → 3H2O + 2CO2 + 6e− (64.5)

CH3COCH3 + 8O− → 3CO2 + 3H2O + 8e− (64.6)

It is noted that the response % increases with increase in concentration. At low
concentration, interaction of test vapour with chemically adsorbed oxygen (O−) is
less efficient which results into lower response %. On the other hand, at higher
concentrations; there exists enough availability of test vapour species to interact
with chemically adsorbed oxygen which results into higher response %. In short,
enough availability of test vapour species owing to higher concentration, availability
of O− species owing to sufficient operating temperature are the key parameters for
achieving useful sensing signal [16].

The time dependent sensor response for reversible sensing can be fitted non-
linearly using the following relation [15]:

S(t) = Smax
[
1 − exp(−t/τrev)

]
(64.7)

The solid line in Figs. 64.4 and 64.5 represents the time dependent response %
fitting for ethanol and acetone, respectively. Inset of Figs. 64.4e and 64.5e shows the
variation of time constant with concentration for ethanol and acetone, respectively.
Note that both ethanol and acetone sensing showed reversible behaviour. Atmo-
spheric plasma spray process is suitable for mass production owing to its faster
deposition rate [10]. For this advantage, it is possible to produce large number of
gas sensors in a very short time. In the breath analysis application, such coating can
be used to monitor alcohol content of drunken drivers. Since the blood alcohol con-
tent varies from person to person depending upon the dosage, change in electrical
resistance would be different for different concentrations. As a result of reversible
behaviour, coating is suitable for monitoring blood alcohol content. Considering
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Fig. 64.4 Estimated time dependent response % (symbols) for a 300 ppm, b 200 ppm, c 100 ppm,
d 50 ppm, e 35 ppm ethanol sensing. Solid lines are fitted using Eq. 64.7. The inset of this figure
(e) shows the estimated variation of τrev with ethanol concentration

coating size, it is possible to encapsulate the coating with portable electronic circuit
to develop a breath analyzer [13].

Figure 64.4 shows the estimated Time dependent response % fitting for (a)
300 ppm, (b) 200 ppm, (c) 100 ppm, (d) 50 ppm, (e) 35 ppm ethanol sensing. Sim-
ilarly, Fig. 64.5 shows the estimated time dependent response % variation for (a)
300 ppm, (b) 200 ppm, (c) 100 ppm, (d) 50 ppm, (e) 35 ppm acetone sensing mea-
sured at 300 °C.
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Fig. 64.5 Estimated time dependent response % (symbols) for a 300 ppm, b 200 ppm, c 100 ppm,
d 50 ppm, e 35 ppm acetone sensing. Solid lines are fitted using Eq. 64.7. The inset of this figure
(e) shows the estimated variation of τrev with ethanol concentration

64.4 Conclusions

In the present work, atmospheric plasma spray was used to deposit 25 wt.%WO3-75
wt.% SnO2 composite coating on alumina substrate for ethanol and acetone sensing
application. The coating yield good sensing performance for ethanol and acetone
sensing at 300 °C. Concentration dependent response characteristics were obtained
at 300 °C for 25–300 ppm gas concentration. Time dependent response % was fit-
ted using Langmuir-Hinshelwood mechanism and characteristic time constant was
estimated for each gas concentration. Variation of characteristic time constant with
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concentration exhibited reversible sensing mechanism. Ethanol sensor can be used
to make breath analyzer suitable to monitor drink in driving.
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Chapter 65
Microstructural and Size Accuracy
Study of Electrochemical Machined
Aluminium Alloy Features

R. K. Sahu , Vijay Kumar Pal and Pankaj Kumar

Abstract The present work focuses on the machining of aluminium 6061 alloy
workpiece electrodes using Electro-Chemical Machining (ECM) by varying the
control parameters like voltage, feed rate and machining time. Scanning electron
microscopy study is carried out to examine themicrostructure of the craters of definite
morphology machined on the workpiece. Optimum parameter settings to maximize
the length, width and depth of the obtained featureswere studied individually through
a parametric experimental design layout of Taguchi. The results reveal that the opti-
mal parameter settings are found to be different for each performance objective. As
a result, the grey Taguchi method has been adopted to convert the three objectives
into a single objective and by considering the performance objectives concurrently,
the process parameters were optimized. The favourable parameters to maximize the
responses are determined to be voltage—15 V, feed rate—0.3 mm/min and machin-
ing time—5 min. Further, the effect of process parameters on the microstructure and
size accuracy of the Al alloy features is studied.
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65.1 Introduction

Over the last few decades, advanced machining techniques are gaining remarkable
market attention for the fabrication of precise and high-quality tiny and complex fea-
tures. To achieve these characteristic features, conventionalmachining techniques are
not appropriate because of their predominant tool wear, high initial cost of the setup,
more power consumption and hard to meet the micron size of the tool electrode. So,
it becomes imperative to search for an advanced machining technique that can meet
the limitations of the conventional techniques. Electro-Chemical Machining (ECM)
technique is one such technique which can overcome the above-mentioned issue and
could produce accurate minute complex features like cooling holes in turbine blades,
holes in printing nozzles, nuclear reactors andMEMS channels, and other promising
fields [1]. These features can be accomplished in an efficient and cost-effective man-
ner if the effect of ECMparameters such as voltage, feed rate,machining time, current
density and conductivity of electrolyte on the microstructure and size accuracy of
the features are properly studied through a structured methodology. The literature
on the electrochemical machining of some engineering materials shows that ECM
characteristic study of alloy steel using NaCl + H2O2 electrolyte solution was car-
ried out to increase the ECM performance. The influence of parameters like voltage,
IEG and concentration of electrolyte on the surface quality and microstructure of the
machined surface was studied. The process parameters are optimized through par-
ticle swarm optimization-desirability function approach and the optimal conditions
were found to be in proximity with the experimental results [2]. Thanigaivelan et al.
[3] machined stainless steel by passing acidified sodium nitrate solution using ECM.
The results reveal that the material removal rate was increased and the overcut was
linear at higher concentration of sulfuric acid. Zhengyang et al. [4] conducted elec-
trochemical machining on Ti 40 alloy by using electrolyte sodium chloride (NaCl)
and potassium bromide (KBr). The tool wear rate was found to be negligible and
the optimal values were observed to be voltage—30 V and frequency—1 kHz. Das
et al. [5] machined steel with copper tool and KCl as electrolyte using the ECM
process. The machining carried out by varying voltage, feed rate, IEG and concen-
tration of electrolyte, and the parameters are optimized using weighted principal
component analysis. The electrolyte concentration was found to be the main sig-
nificant factor that influences the surface quality of the features. Chen et al. [6]
conducted electrochemical machining of titanium alloy for blisk blades and stud-
ied the process parameters’ influence on the surface quality of the workpiece. They
observed the surface roughness of 0.192 μm at the optimal parameters of NaCl
electrolyte concentration 13wt%, voltage 20 V, pulse frequency 0.4 kHz, duty cycle
0.3, temperature 23 °C and feed rate 0.5 mm/min. Li et al. [7] used a through-mask
ECM technique for machining of Ti–6Al–4V sheets with 10% NaNO3 electrolyte
solution. They suggested that with suitably selected process parameters, machining
precision and efficiency can be improved. The experimental results show that with
voltage—35 V, pulse frequency—400 Hz and duty ratio—20%, high-quality holes
with uniform size and good morphology were obtained in the 10% NaNO3 solution.
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Song et al. [8] produced the hydrophobic surface on an aluminium workpiece by
single-step ECM method using NaCl + fluoroalkylsilane electrolyte solution. The
texture of the surface was found to be rough on the Al workpiece with good anti-
adhesion properties. Liu et al. [9] machined γ-TiAl workpiece via the ECM process
using parameters such as voltage, feed rate, electrolyte pressure and temperature,
and NaCl electrolyte. The optimum values were observed to be voltage—35 V, feed
rate—2 mm/min, electrolyte pressure—0.8 MPa and temperature—35 °C.

The ECMmachined features and their characteristics mainly depend on different
process-related parameters. By properly adjusting the process parameters, quality
can be considerably increased in a cost-effective way. From the detailed literature
review, it was noticed that the process parameters’ effect on the microstructure and
size accuracy of Al alloy features produced using ECM is yet to be studied in detail.
Therefore, in this study, geometrical features are machined on Al alloy electrode
using ECM and the influence of process parameters on the microstructure and size
accuracy of the features is studied through a structured grey Taguchi approach. In
this study, the performance objectives of machined Al-6061 alloy features such as
length, width and thickness are required to be minimized individually whereas the
multiple performance characteristics, i.e. overall grey relational grade (GRG) should
be maximized.

65.2 Experimental Details

Figure 65.1 shows the schematic diagram of the ECM experimental setup. It com-
prises a tool (cathode) and a workpiece (anode) separated by a small gap known
as inter-electrode gap and is connected to the power supply (415 V, 3 phase DC,
50 Hz frequency). The setup also incorporates a machining cell, control panel and
electrolyte circulation unit. In this work, three important process parameters like

Machining 
cell

Control Panel to monitor 
the process parameters

Electrolyte circulation unit

M
ac

hi
ni

ng
 

zo
neTool

Tool
holder
W/p

Fig. 65.1 Photographic view of the ECM setup
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Table 65.1 Parameters and their levels

Parameter Level Unit

1 2 3

Voltage 5 10 15 V

Feed rate 0.1 0.2 0.3 mm/min

Machining time 5 7 9 min

voltage, feed rate and machining time are considered to study their influence on the
length, width and depth of the features of Al alloy workpiece.

The factor levels are chosen based on the experience and allowable lowest and
highest settings suggested by the machine manufacturer. Table 65.1 shows the pro-
cess parameters at different levels. For full factorial design, 27 experiments will be
required if three factors at three levels are used. But if Taguchi’s experimental design
is used, then the same results will be obtained by conducting less number of experi-
ments. The experimental plan followed by the number of experiments to be carried
out as per the plan is based on Taguchi’s orthogonal array of design. Based on the
experimental layout as shown in Sect. 65.4, the process parameters are arranged in
Table 65.1. The workpiece Al-6061 alloy (50 mm× 50 mm× 3 mm) and tool—cop-
per are held in their respective holders. The electrolyte from the electrolyte tank is
pumped into the machining cell. The electrolyte is allowed to flow through the tool
toward the workpiece. Finally, the material is removed from the workpiece by anodic
dissolution. Aftermachining, rectangular features are obtained, and are characterized
and evaluated microscopically.

65.3 Methodology

In this study, signal-to-noise (S/N) ratio approach was adopted to optimize the con-
trol parameters for achieving better performance characteristics (responses) on the
machining of Al alloy. The S/N ratio is used to determine the quality of responses
deviating from the desired values. The S/N ratio usually depends on three categories
of the performance characteristics for the analysis, i.e. smaller-the-better, larger-the-
better and nominal-the-better. Since the objective of the present study is to decrease
the length (L), width (W) and thickness (T), the smaller-the-better performance
characteristic is taken for obtaining the optimal ECM parameters. The S/N ratio for
smaller-the-better performance characteristic (in dB) can be expressed as [10]

ηi j = −10 log(
1

n

n∑

k=1

y2i jk) (65.1)

where n—number of repetitions and yi jk—experimental value of the i th response in
the j th experiment at the kth observation.
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Let yij—performance value of attribute j of alternative i and the term Yi can be
expressed as

Yi = (yi1, yi2 . . . , yi j , . . . , yin) (65.2)

Yi can be normalized using one of Eqs. (65.3)–(65.5) [11].

Xi j = (yi j − aj)/(aj − bj); i = 1, 2, . . . ,m; j = 1, 2, . . . , n (65.3)

Xi j = a j − yi j
a j − b j

; i = 1, 2, . . . ,m; j = 1, 2, . . . , n (65.4)

Xi j = 1−
∣∣yi j − c j

∣∣

Max
{
a j − c j,c j − b j

} ; i = 1, 2, . . . .m; j = 1, 2, . . . n (65.5)

where aij =Maximum {yij, i= 1, 2…m}; bjj =Minimum {yij, i= 1, 2…m}; cij is the
true value. Equations (65.3), (65.4) and (65.5) are applicable for larger-the-better,
smaller-the-better and nominal-the-better performance characteristic, respectively.
In the present study, Eq. (65.4) is used. The alternative performance i is considered
for attribute j if grey relational value Xij = 1. Thus, a reference sequence X0 = {X0j;
Xoj = 1 for j = 1, 2… n} is used for comparison of a sequence of alternatives i. The
grey relation coefficient (γ) is calculated as [11]

γ
(
xoj , Xi j

) = �min + ξ�max

�i j + ξ�max
; i = 1, 2, . . . ,m; j = 1, 2, . . . n (65.6)

�i j =
∣∣x0 j − Xi j

∣∣;�max = Max
{
�i j , i = 1, 2, . . .m; j = 1, 2, . . . n

}

�min = Min
{
�i j,i = 1, 2, . . .m; j = 1, 2, . . . n

}

ξ—distinguish coefficient (taken as 0.5 in this study), and this was chosen by
assessment. The results in the grey relational analysis will vary with respect to the
variation in distinguishing coefficients and will lead to the same optimal factors.
Further, the grey relational grade (�) is determined as

�(x0, Xi ) =
n∑

j=1

Wjγ
(
x0 j , Xi j

); i = 1, 2, . . . ,m (65.7)

Wj—weight of attribute j and typically depends on the proposed problem structure
or chosen by assessment.

∑n
j=1 Wj = 1. The weights for length, width and depth

are considered to be one-third.
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65.4 Results and Discussion

The scanning electron microscope (SEM) images of features machined on each
workpiece using the ECM process are shown in Fig. 65.2. The images have been
taken at a certain position on each workpiece at a particular magnification (1000×).
The corresponding features are obtained by machining each workpiece according to
the experimental layout provided in Table 65.2. From the figure, it has been observed
that thematerial has splashed uniformly throughout during the electrolysis. The grain
boundaries do not seem to be much deformed as compared to Fig. 65.2c, h. This is
attributed to the inefficient dislocation of atoms during the anodic dissolution of

Fig. 65.2 SEM images of features machined on each workpiece using the ECM process

Table 65.2 Experimental layout with responses

Sl. No. Voltage (V) Feed (mm/min) Machining time
(min)

Size (mm)

Length Width Depth

1 5 0.1 5 19.5 19.7 0.394

2 5 0.2 7 19.8 21 0.376

3 5 0.3 9 21.5 19.5 0.562

4 10 0.1 7 20.5 19.8 0.508

5 10 0.2 9 20.8 20.1 0.839

6 10 0.3 5 19.9 19.2 0.285

7 15 0.1 9 21 19.4 0.657

8 15 0.2 5 19.1 20 0.399

9 15 0.3 7 19 18.7 0.911
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Fig. 65.3 Main effect plot for SN ratios, a length, b width and c depth

the workpiece. However, in Fig. 65.2c, h, it was evident that the atomic–molecular
detachment is from the parent crystal lattices and coalesces with others in the array
of coagulated form. This may be attributed to the high rate of electrolyte reaction
occurring in the anodic portion of the pieces machined.

The process parameters affecting the responses like length, width and depth, and
the optimization of these responses using grey Taguchi method have been investi-
gated. The experimentally observed data (i.e. responses) based on the experimental
layout are presented in Table 65.2. The responses as shown in Table 65.2 are opti-
mized individually using the Taguchi method.

The optimum factor levels of three responses are obtained from the main effect
plots (Fig. 65.3). The optimal parameter levels are observed to be different in the
three responses. However, machining of Al-6061 alloy has to be carried out in such
a fashion so that the optimized value of the three responses should arrive at the
same time with a common setting of the factor level. To achieve the above, grey
Taguchi method is used that converts the multi-objectives into a single objective
and optimize the process parameters which could satisfy the performance objectives
concurrently. In the current study, the inputs for the grey Taguchi are taken as length,
width, and depth of the machined features. Since smaller-the-better performance
characteristic is considered for the three responses, grey relation generation and
coefficient are evaluated using Eqs. (65.4) and (65.6), respectively. The weights of
the three responses are taken in equal proportions to determine the grey relation grade
by using Eq. (65.7). Table 65.3 shows the results of the grey Taguchi method.

Themain effect plot for grey relational grade (Fig. 65.4) shows the optimal param-
eter level as voltage (3)= 15 V, feed rate (3)= 0.3 mm/min and machining time (1)
= 5 min. Therefore, from Fig. 65.4, it is observed that the parametric combination of
voltage (3), feed rate (3) andmachining time (1) results in maximization of responses
of ECM processed Al-6061 alloy workpiece. The significant factors for affecting the
multiple performance characteristics are shown in Table 65.4. It is inferred from
the table that machining time has a significant effect on the responses followed by
voltage and feed.
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Table 65.3 Results of grey Taguchi method

Ex. No. Grey relational coefficient GRG

Length Width Depth

1 0.8 0.565 0.826 0.6699

2 0.64 0 0.855 0.5625

3 0 0.652 0.558 0.4782

4 0.4 0.522 0.644 0.5118

5 0.28 0.391 0.115 0.4015

6 0.64 0.783 1 0.7587

7 0.2 0.696 0.406 0.4818

8 0.96 0.435 0.818 0.7542

9 1 1 0 0.8111

Fig. 65.4 Main effect plot
for grey relational grade

Table 65.4 Significant
factors for affecting the
responses

Level Voltage Feed Machining time

1 4.962 5.213 2.776

2 5.381 5.125 4.211

3 3.537 3.542 6.892

Delta 1.844 1.672 4.116

Rank 2 3 1

65.5 Conclusions

In this work, aluminium 6061 alloy workpiece electrodes were machined using
Electro-Chemical Machining by varying the process parameters such as voltage,
feed rate and machining time. The microstructure of the machined Al alloy features
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of definite morphology was studied and the optimal size accuracy of the features was
determined using the grey Taguchi method. The following conclusions are drawn.

1. The microstructure of the features were found to be different owing to the ineffi-
cient dislocation of atoms, atomic detachment from the parent lattices and coag-
ulation.

2. Taguchimethod fails to optimize length, width and depth due to the compounding
effect and thus the grey Taguchi method had bee adopted to optimize the multi-
responses.

3. The optimal parameters for maximization of the responses are found to be volt-
age—15 V, feed rate—0.3 mm/min and machining time—5 min.

4. The machining time has a significant effect on the microstructure and size accu-
racy followed by voltage and feed.
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Chapter 66
Establishing EDM as a Method
for Inducing Hydrophobicity on SS 304
Surfaces

S. Jithin , Upendra V. Bhandarkar and Suhas S. Joshi

Abstract Different methods have been adopted by researchers to induce hydropho-
bicity on metallic surfaces which are inherently hydrophilic in nature. In this work,
the authors are analysing the effect of different operating parameters, such as pulse
on-time, discharge current and gap voltage, on the measured contact angle (MCA)
obtained on stainless steel 304 after processing with EDM. It is also attempted to
correlate different surface roughness parametersmeasured on the surfaceswithMCA
values. MCA values were obtained in the range 101.9° to 127.45° which shows the
hydrophobic nature of SS 304 after EDM.MCA showed to increase with an increase
in both pulse on-time and discharge current. MCA showed amaximum value at a gap
voltage value of 50 V. Surface parameters such as Ssk , Smr1, Smr2, Vvc/Vmc and Sal
showed good positive linear correlation with MCA. To the best of our knowledge,
this work is the first one introducing EDM as a method for wetting property change
in metals.

Keywords EDM · EDT · Contact angle · Hydrophobic · Surface roughness · SS
304

66.1 Introduction

Wetting of solid surfaces finds numerous applications in a number of diverse areas
such as, bioimplants, aerospace, heat transfer, tribology, anti-ice formation, printing,
froth floatation and lubrication. Wetting property of a surface is characterised by the
angle between the line which represents the solid–liquid interface and the tangent to
the liquid–fluid interface at the position where it meets the solid surface, which is
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known as the contact angle.When the liquid in concern is water, a contact angle value
less than 90°means the surface is hydrophilic (pro-wetting) and a contact angle value
higher than 90° means the surface is hydrophobic (anti-wetting). When the solid–
liquid interface is perfectly planar, the contact angle is known as ideal or Young
contact angle (YCA). However, actual solid surfaces have some inherent roughness
and a mean line is taken to represent the solid–liquid interface. This contact angle
measured is known as the apparent or measured contact angle (MCA). Wenzel has
stated that the addition of roughness to a surface enhances its wetting properties.
Thus, the provision of suitable micro-texture along with suitable surface chemistry
reduces the free surface energy and thereby alters the wetting properties of a surface.

Most metal alloy surfaces are hydrophilic in their pure and un-textured form. The
methods which have been adopted to induce hydrophobicity on metallic surfaces
are laser surface texturing [1, 2], electrochemical machining [3, 4], surface coating
[5] and plasma treatment [6]. Patel et al. [1] found out that surfaces with high areal
density of micro-textures displayed higher values of MCA as compared to those
displayed by surfaces with low areal density of micro-textures. They found out that
the reduction in surface energy of the Ti6Al4V surface which leads to it becoming
hydrophobic is due to an increase in the level of oxygen content on the surface in
the form of an oxide layer formation. They also reported that high areal density of
textures resulted in increased capillary action. In another work [2], these researchers
also implanted micro-textures on SS 304, Ti6Al4V and some polymer surfaces to
make them hydrophobic. Sun et al. [3] utilised electrochemical processing to induce
superhydrophobicity on the zinc substrate surface with an MCA value of 165.3°.
They also analysed the effect of the operating parameters such as, current, elec-
trolyte type and concentration, on the surface morphology and wetting behaviour
of the treated zinc substrates. They also reported that XRD of superhydrophobic
surface showed the presence of ZnO, Zn(OH)2 and Zn5(OH)8Cl2.H2O in addition
to Zn, which might have influenced the wetting behaviour of the Zn surface and
lead to the superhydrophobicity. Song et al. [4] utilised electrochemical machin-
ing to generate copper substrate surfaces exhibiting superhydrophobic properties.
Their process also boasts of being environment-friendly due to the usage of a neu-
tral NaCl electrolyte. Panjwani et al. [5] utilised dip coating method to generate
a thin film coating of Ultra-High-Molecular-Weight Polyethylene (UHMWPE) on
Ti6Al4V alloy to induce hydrophobicity on its surface. The surfaces exhibited awater
CA of 135.5 ± 3.3° and they displayed allowable amounts of cytotoxicity in related
tests. A PFPE overcoat improved self-lubrication and wear durability of the surface.
Kyzioł et al. [6] performed Plasma Assisted Chemical Vapour Deposition (PA MW
CD) on the titanium alloys such as, Ti6Al4V and γ-TiAl to improve mechanical and
surface properties such as hardness, roughness, surface energy and contact angle
toward improving the applicability of these alloys as bioimplants. γ-TiAl which was
hydrophilic in nature, showed good hydrophobicity after plasma etching and SiCNH
coating.
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The advantages offered by electrical dischargemachining (EDM)over othermeth-
ods, which are currently in use for altering thewetting properties ofmetallic surfaces,
are the possibility of generating surfaceswith high roughness valueswhich are devoid
of any directional properties and the surface energy reduction on the surface, with-
out requirement of any additional coating, due to the formation of compounds with
carbon and oxygen atoms. To the best of our knowledge, our work will be the first on
introducing the usage of EDM for wetting property alteration on metallic surfaces.
Non-textured stainless steel 304 (SS 304) surface displays hydrophilic properties
which enhance with an increase in the surface roughness [7]. Wetting properties of
different stainless steel find importance in applications where metal–fluid contact
occurs such as, energy generation, petrochemical and food storage [8]. In the present
work, we study the change in the wetting properties of SS 304 surfaces subjected to
the EDM process.

66.2 Materials and Methodology

66.2.1 Materials

Stainless steel 304 (SS 304) is selected as the work material on which the wetting
properties need to be altered. SS 304 samples are precision milled to a dimension of
15 mm × 15 mm × 4 mm. Then they are polished using sandpaper of Grade 220
to obtain a flat and smooth surface. Copper rods of 10 mm diameter are selected as
the tool electrode material. They are faced to obtain a smooth finish and the circular
end is used in texturing of the samples. Paraffin oil is used as the dielectric. Four SS
304 samples (say, a, b, c and d) are fixed close together in the fixture to form a larger
square of 30 mm × 30 mm dimension and the spark erosion process is performed
with the central axis of the copper rod passing through the joint of these samples.

66.2.2 Electrical Discharge Machining Process

Experiments are conducted on Electronica Smart S50 CNC EDM. The operating
parameters that varied during experimentation are pulse on-time, discharge current
and gap voltage. These parameters are varied in the ranges of 10μs–100μs, 5A–50A
and 10 V–100 V, respectively.
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66.2.3 Contact Angle Measurement

GBX contact angle instrument, a telescope-goniometer, was used for contact angle
measurements on the textured SS 304 samples. Sessile drop method, which is a
frequently used method for contact angle measurement, is followed. It offers the
advantages of requiring only smaller textured areas for measurement and smaller
amounts of liquid for drop formation and additionally offers an approximate accuracy
of ±2° [9]. The liquid used in the sessile drop method was deionized water and the
drop size was kept constant at 1.8 μl.

66.2.4 Surface Roughness Measurement

Alicona Infinite Focus microscope, an optical profilometer, is used for the mea-
surement of the surface roughness parameters. Measurements are done with a 10×
magnification such that the field of view is of a similar area as compared to the drop
size with nearly 1.5 mm diameter. A total of 25 different surface roughness param-
eters were measured on each of the electrical discharge textured surfaces. These
parameters and their description are summarised in Table 66.1.

66.3 Results and Discussion

66.3.1 Contact Angle Analysis

Experiments are performed in EDM varying the parameters such as pulse on-time,
discharge current and gap voltage to find the variation of the MCA with respect to
these parameters. MCA values measured on different textured samples fall in the
range 101.9°–127.45°. The effects of different parameters on MCA are discussed in
the following sections.

Pulse on-time. The variation of MCA with pulse on-time is shown in Fig. 66.1a.
It could be observed that the MCA shows an increase with the increase in pulse
duration. The highest value of MCA is observed at a pulse on-time value of 75 μs.
There is an increase in surface roughness with an increase in pulse duration in the
EDM process. As per Wenzel, an increase in surface roughness leads to an increase
in the wetting property of the surface. Thus an increased surface roughness could
attribute to an increase in the contact angle.

Discharge current. The variation of MCA with discharge current is shown in
Fig. 66.1b. It could be understood that MCA shows an increase with increase in
the discharge current. Again, an increase in surface roughness with discharge cur-
rent would have led to an increase in the contact angle.
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Table 66.1 Surface roughness parameters

Sl. No. Designation Unit Description

Surface texture parameters

1. Sa μm Average height of selected area

2. Sq μm Root-mean-square height of selected area

3. Sp μm Maximum peak height of selected area

4. Sv μm Maximum valley depth of selected area

5. Sz μm Maximum height of selected area

6. S10z μm Ten-point height of selected area

7. Ssk Skewness of selected area

8. Sku Kurtosis of selected area

9. Sdq Root-mean-square gradient

10. Sdr % Developed interfacial area ratio

11. FLTt μm Flatness using least squares reference plane

Bearing area parameters

12. Sk μm Core roughness depth, height of the core material

13. Spk μm Reduced peak height, mean height of the peaks above the
core material

14. Svk μm Reduced valley height, mean depth of the valleys below the
core material

15. Smr1 % Peak material component, the fraction of the surface which
consists of peaks above the core material

16. Smr2 % Peak material component, the fraction of the surface which
will carry the load

17. Vmp ml/m2 Peak material volume of the topographic surface (ml/m2)

18. Vmc ml/m2 Core material volume of the topographic surface (ml/m2)

19. Vvc ml/m2 Core void volume of the surface (ml/m2)

20. Vvv ml/m2 Valley void volume of the surface (ml/m2)

21. Vvc/Vmc Ratio of Vvc parameter to Vmc parameter

Auto-correlation parameters

22. Sal μm Auto-correlation length

23. Str Texture aspect ratio

24. Std ° Texture direction degree

25. Stdi Texture direction index
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Fig. 66.1 Variation of MCA with, a pulse on-time, b discharge current, and c gap voltage

Gap voltage. The variation of MCAwith gap voltage is shown in Fig. 66.1c. It could
be observed that the highest value of MCA is obtained at a gap voltage of 50 V. This
may be due to the suitable microstructure generation at the particular voltage value.

66.3.2 Correlation Between MCA and Surface Roughness
Parameters

Acorrelation betweenMCAand surface roughness parameters of the EDMed surface
is desired so as to know which parameter influences the hydrophobicity exhibited by
the surface. Toward this, Pearson’s correlation coefficient (r) between MCA values
and corresponding surface roughness parameters measured is evaluated as follows
[10]:

r = Sxy
Sx Sy

. (66.1)
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where Sxy is the covariance and Sx and Sy are the standard deviation. Pearson’s corre-
lation coefficient gives the degree of linear relationship between the two variables. It
can have a value between+1 and−1, where+1 represents full positive correlation, 0
represents no correlation and −1 represents full negative correlation. Pearson’s cor-
relation coefficient between MCA and different surface roughness parameters were
evaluated and are given in Table 66.2.

It could be understood from Table 66.2 that good positive correlation with MCA
is exhibited by surface parameters such as Ssk , Smr1, Smr2, Vvc/Vmc and Sal with
r values greater than 0.35. The parameter which exhibited the highest correlation
with MCA was Smr2 with an r value of 0.48. A good correlation with Ssk shows
that the third-order roughness influences contact angle, the most. The correlation
of the first-, second- and fourth-order roughness parameters such as Sa , Sq and Sku ,
respectively, does not show good correlation withMCA. The variations ofMCAwith
the parameters Ssk , Smr1, Smr2, Vvc/Vmc and Sal are shown in Fig. 66.2. It could be
observed from these graphs thatMCA increases with an increase in these parameters.

66.4 Conclusions

This work deals with introducing EDM as a method for inducing hydrophobicity on
SS 304 surface. The following are the major conclusions:

1. This work introduces EDM as a feasible process to induce the wetting property
change in metals from hydrophilic to hydrophobic.

2. Measured contact angle (MCA) shows a continuous increase with the parameters
such as, pulse on-time and discharge current. With gap voltage, MCA shows a
maximum value at a gap voltage value of 50 V.

3. Correlation between MCA and different surface roughness parameter is studied
by evaluating Pearson’s correlation coefficient (r). The surface parameters such
as Ssk , Smr1, Smr2, Vvc/Vmc and Sal showed good positive linear correlation with
MCA. Among these parameters, Smr2 showed the highest correlation with MCA
with an r value of 0.48.
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