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Preface

Machining is a widely used manufacturing operation, which is based on subtractive
mode. It requires a work piece material from which material needs to be removed
using a cutting tool, which is harder. There can be single-point cutting tool or multi-
point cutting tools used during machining, and the corresponding operations are
turning, shaping and drilling, milling, grinding, etc. Machining operations result in
the generation of chips, heat, tool wear, generation of cutting forces, vibrations, etc.
In the last 100 years or so, significant research and developments are happening with
regard to improving the productivity of these machining operations.

To remove the chips generated, reduce heat, tool wear, etc., coolants are being
used, which provide cooling and lubrication effects. Machining industry is one such
industry which consumes maximum energy and generates significant waste. In this
regard, efforts are beingmade to reduce the use of coolants/lubricants, produce better
quality tools, tool coatings, machine tools, etc., since last several years. The focus on
“sustainability” in all aspects of life has also been brought into machining. Efforts
are on to adopt sustainable machining practices in order to reduce waste, reduce envi-
ronmental impact and conserve energy. Researchers are looking into various sustain-
ability issues in machining in terms of technology, material and energy. In the Indian
context, the availability of skilled manpower has led to use of conventional machine
tools, without going in for CNCmachine tools. Adoption of CNC technology helps in
effectively bringing in “Life Cycle Assessment.” The use of conventional flood lubri-
cation is being reduced, and it is replaced either with “dry” machining or techniques
like minimum quantity lubrication (MQL), cryogenic cooling and hybrid strategies
which are being used.

In this context, there is a need to understand the sustainability issues in machining
and be aware of the recent developments. This conference hopes to discuss major
issues related to bringing in sustainability into machining processes, particularly
with emphasis on difficult-to-machine materials, which create a lot of problems
duringmachining.This includes toolwear, high cutting forces, high temperature, high
vibrations, high power consumption, poor surface finish, affecting surface integrity,
etc. The topics included in the conference will provide a platform to researchers,
practicing professionals from industry to present and deliberate upon their research

ix



x Preface

work on various topics to understand the current status of the same in India. There
is a need to create awareness among the professionals in this field of engineering
about the need to adopt sustainability principles into the machining processes and
contribute to the progress in this field, reduce pollution, conserve energy and reduce
its environmental effects.

I place on record my strong appreciation and thanks to the All India Council for
TechnicalEducation (AICTE),NewDelhi, for sponsoring this two-day e-Conference.
I also thank NMAMIT, Nitte, for providing other support for organizing this
e-Conference in a befitting manner. In spite of the conference theme being very
specialized and the prevailing pandemic situation, the response in terms of number
of papers received has been very good. I thank all the authors of the papers, their orga-
nizations and participants for supporting this e-Conference. I thank M/s Springer
Nature for agreeing to publish all the accepted papers of this conference in the
Lecture Notes in Mechanical Engineering (LNME). I thank the keynote speaker,
Dr. P. V. Rao, from IIT Delhi and all the invited speakers, who readily agreed to our
request and for presenting expert talks on themes of relevance to this conference. I
will be failing in my duty if I do not thank all the paper reviewers, who responded to
our request on short notice and helped us in the review process. I thank our dear Prin-
cipal Dr. Niranjan N. Chiplunkar for supporting and guiding us in the conduct of this
conference. I thank our dear HOD, Dr. Shashikantha Karinka, for helping us in all
possible ways. I thank the Vice Principals, Deans and other officials for guiding us.
A special thanks to Dr. Grynal D’mello and Mr. Bhaskara P. Achar, the conveners
of this conference, who stood as strong pillars behind me and supported me in this
effort. I thank all the organizing committee members and all others who have helped
us directly or indirectly in organizing this conference. I hope andwish this conference
will benefit all the stakeholders and help in generation and dissemination of knowl-
edge related to the theme, which is an important area of interest to the manufacturing
industries, which use machining operations.

Nitte, India Dr. P. Srinivasa Pai
Organizing Secretary

National e-Conference on Sustainable Machining
Strategies for Better Performance (NCSMSBP 2020)
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Taguchi Experimental Design
for Turning of AISI 4340 Steel and Grey
Analysis on Machinability Parameters
for Sustainable Machining

Gautam S. Shetty and Gajanan M. Naik

Abstract In presentt-day scenario, energy-efficient product or process is highly
in demand. In the present work, we have made an attempt to study the effects of
machining parameters in turning process of AISI 4340 steel by using grey relational
analysis. Experiments were performed using Taguchi experimental design to reduce
the number of experiments in the study. Taguchi’s L9 orthogonal array was chosen
for design of experiments. Experiments were done by carrying out turning operations
on dry cutting conditions by using high-quality multilayer-coated titanium carbide
tool insert. Cutting speed, feed and depth of cut were chosen as the machinability
parameters. The aim of grey analysis is to get the best set of parameters for getting
optimized value of material removal rate (MRR) and surface roughness. The levels
of cutting speed chosen were 160, 200 and 240 m/min, feed levels were 0.14, 0.18
and 0.22mm/rev, and depths of cut were 0.5, 0.75 and 1mm, respectively. The results
of grey analysis showed that cutting speed 240 m/min, feed 0.5 mm/rev and depth
of cut 0.75 gave the optimized value for MRR and surface roughness. Hence, using
both grey analysis and Taguchi technique, we can considerably reduce the energy
consumption by improving the machining process making the process easier and
smoother to machine and energy efficient by eliminating the unnecessary effort.

Keywords Taguchi L9 array · AISI 4340 · Grey analysis · Design of
experiments · Surface roughness · Material removal rate (MRR)

1 Introduction

Energy-efficient process and techniques are in demand in modern day as energy
consumption is going very high due to the growing global population. Hence, it has
become very important necessities for industries to reduce their energy consump-
tion for saving capital as the cost for energy is skyrocketing. Steel and its products
one of the widespread uses in domestic transportation construction and other utility

G. S. Shetty (B) · G. M. Naik
Mechanical Department, Mangalore Institute of Technology and Engineering, Mangalore,
Karnataka 574225, India

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022
P. Srinivasa Pai and V. Krishnaraj (eds.), Sustainable Machining Strategies
for Better Performance, Lecture Notes in Mechanical Engineering,
https://doi.org/10.1007/978-981-16-2278-6_1
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2 G. S. Shetty and G. M. Naik

products. Industries try to expand focus on increasing the productivity and quality
of products. Quality also plays an important role in the performance of the prod-
ucts produced. Machining makes one of the major finishing processes for most of
the products of steel. Quality and productivity in machining is measured by surface
roughness (Ra) and material removal rate (MRR) [1–3]. Davis et al. [2] performed
experiments to analyse cutting parameters for EN24 steel, and an attempt was made
to optimize the cutting parameters. In this, the turning operation was carried out on
EN24 steel by carbide P-30 cutting tool in dry condition, and the combination of
the optimal levels of the parameters was obtained. Sahoo et al. [4] applied response
surface methodology on investigating flank wear in machining hardened steel using
PVD TiN-coated mixed ceramic insert. The experiments have been conducted using
three-level full factorial design techniques. The machinability model has been devel-
oped in terms of cutting speed (v), feed (f ) and machining time (t) as input vari-
able using response surface methodology. The adequacy of model has been checked
using correlation coefficients. As the determination coefficient, R2 (98%) is higher
for the model developed; the better is the response model fits the actual data. In
addition, residuals of the normal probability plot lie reasonably close to a straight
line showing that the terms mentioned in the model are statistically significant. The
predicted flank wear has been found to lie close to the experimental value. This indi-
cates that the developed model can be effectively used to predict the flank wear in
the hard turning. Abrasion and diffusion have been found to be the dominant wear
mechanism in machining hardened steel from SEM micrographs at highest para-
metric range. Machining time has been found to be the most significant parameter
on flank wear followed by cutting speed and feed as observed from main effect plot
and ANOVA study; this is because of the long contact duration between tool and
work piece. Tzeng et al. [5] have studied the optimization of CNC turning process
parameters for SKD11 by GRA and found that factor depth of cut is the most signifi-
cant parameter of the turning operation. Maiyar et al. [6] reported the multi-response
conditions based on the Taguchi OA with GRA. This study helps us to understand
the technique. Several studies on Taguchi optimization and grey relational analysis
were carried out by Shetty et al. [7], Vishwas et al. [8, 9], Naik et al. [10], Sachin et al.
[11]. Current study investigates the multi-response optimization of CNC machining
parameters through Taguchi–grey relational analysis for AISI 4340 steel by consid-
ering cutting speed, feed and depth of cut as input parameters and material removal
rate and surface roughness as output responses. Further, the effect of input parameters
on output responses has been studied through grey relational grade mean plot.

2 Experimental Details

AISI 4340 steel with a dimension of 100 mm length and 30 mm diameter has been
taken formachining andmachined under dry conditionwith turning length of 10mm.
The machining was carried out according to Taguchi L9 array experiments using
CNC lathe. Kennametal make: Titanium-Coated Carbide Inserts CNMG 120,408
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RP KC9110 shown in Fig. 1b was used as cutting tool used in this present project
work. The dimensions of specimens for spectrometer analysis were prepared to size
of 31 mm diameter and height 10 mm. The composition analysis of the AISI 4340
is presented in Table 1. In this present study, we have selected three levels and three
factors. The number of levels selected for each factor is three. Table 2 presents the
machining parameter with their levels. The cutting speed, feed and depth of cut are
the three parameters (factors) selected in the experiment.

The turning operation were carried out in CNC machine of Fanuc make with the
specification’s maximum turning diameter: 100 mm, spindle speed: 60–6000 rpm,
spindle power: 5.5/3.7 KW, X, Y—travel: 250 mm. Table 3 shows the Taguchi L9
array for the machining parameters for AISI 4340 steel with a set of experiments
that has to be conducted with corresponding values. Minitab statistical software
package is used to design the experiments. Surface roughness was measured using
Talysurf (SJ-301) with evaluation length 2.4 mm, and material removal rate (MRR)

Fig. 1 a Turning and facing of specimen in CNC lathe in dry conditions and b single-point cutting
tool insert

Table 1 Composition analysis of AISI 4340

Elements C % Fe % Mo % Ni % Cr % Si % Mn % P % S %

AISI 4340 0.331 95.6 1.59 1.28 0.93 0.193 0.52 0.033 0.026

Table 2 Machining parameters and its levels

Machining parameters Symbols Levels

1 2 3

Cutting speed (m/min) A 160 0.14 0.5

Feed rate (mm/rev) B 200 0.18 0.75

Depth of cut (mm) C 240 0.22 1.0
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Table 3 Taguchi L9 array for
machining parameters

Exp. No. Cutting speed
(m/min)

Feed rate
(mm/rev)

Depth of cut
(mm)

1 160 0.14 0.5

2 160 0.18 0.75

3 160 0.22 1

4 200 0.14 0.75

5 200 0.18 1

6 200 0.22 0.5

7 240 0.14 1

8 240 0.18 0.5

9 240 0.22 0.75

was measured using Eq. (1). In our analysis, surface roughness (Ra) a condition of
‘smaller is better’ was chosen since our goal is to achieve the lowest Ra value in
the analysis. Similarly, ‘larger is better’ is selected for MRR as we want to get the
highest MRR. The experimental results were studied with grey analysis, which is
used to identify a set of parameters which will give optimized set of values for the
given range of parameter values.

MRR = Wtb − Wta
t ∗ ρ

(1)

where Wtb and Wta are weight before and after machining in grams, respectively. t
is machining time in second, and ρ is density in grams/cc.

3 Results and Discussion

In the present work, a total of 27 experiments were done; i.e.: Taguchi L9 array
has nine experiments but we need to check for consistency the experiments were
further more repeated for 2 more trails as shown in Table 3. Hence, experiments
were conducted in three trials/runs. These 27 experiments were performed in CNC
machine. Turning operation was carried out on each individual specimen to a length
of 10 mm. For each experiment, three values for surface roughness were measured
on the specimen. Table 4 gives the average value of Ra and MRR in thee trials of
one experiment.

It is known easily that higher surface finish is obtained for lower value of surface
roughness and from Table 4 that lower value of surface roughness is observed for
cutting speed, feed and depth of cut 200 m/min, 0.14 mm/rev and 0.75 mm, respec-
tively, with an average value of 0.668μm.Also, it is observed that the highest surface
roughness is found for cutting speed, feed and depth of cut 160 m/min, 0.22 mm/rev
and 1 mm with average value of 1.676 μm, respectively.
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For better MRR, we need to choose higher value. It is also observed from Table
4 that the best values for MRR are observed for cutting speed, feed and depth of cut
240 m/min, 0.22 mm/rev and 0.75 mm with an average value of 673.39 mm3/sec.
Similarly, lowest MRR is observed for 160 m/min, 0.14 mm/rev and 0.5 mm speed,
feed and depth of cut with average value of 213.31 mm3/s, respectively. While
optimizing through Taguchi’s analysis, single response can be optimized, so that,
achieved result contributed better MRR and low surface roughness but in grey
relational analysis, instead of having two optimized setting, individually for each
response grey providing single optimum parameter results for getting good MRR
and surface roughness. Hence, to achieve the above result, the following steps have
been followed.

With the help of Taguchi L9 array, we were able to reduce the number of exper-
iments in the work. In order to do grey analysis on the results of the experiments,
we need to get the values for normalized value for the response parameters. Table 5
gives the minimum and maximum values for these parameters. By standard formula
to get the normalized value of response parameters, we use the [8, 9].

Xi j= yi j − min j yi j
max j yi j − min j yi j

(2)

Xi j= max j yi j − yi j
max j yi j − min j yi j

(3)

where xij is normalized results and yij is the ith experimental results in the jth exper-
iment. The above formula (2) for MRR and Eq. (3) for Ra was used, and normalized
Ra and MRR values are found, respectively, and are presented in Table 5. Minimum
andmaximumdeviation sequence values are given inTable 5. The deviation sequence
or delta is calculated by subtracting normalized values from 1 (unity). Grey relation
coefficient is calculated by using the formula (4) as given below [8, 9].

Grey relational coefficient γ( j) = �min + ξ�max

�i(r,i) + ξ�max
(4)

where �(r,i) is the deviation sequence values of i trial, �min is the smallest value
of the deviation sequence of �(r,i) for jth response, �max is the largest value of �

(r, i) for jth response, ξ is distinguishing coefficient in the current work we have set
this value to 0.5 since we have given equal weightage to Ra and MRR. The grey
relational grade value is determined by taking average values of Ra and MRR grey
relational coefficients (GRC). All the values calculated are presented in Table 6.
Table 6 shows the average value for GRG for cutting speed, feed and depth of cut
for their corresponding levels, respectively. The maximum and minimum average
values were noted, and the difference between them gave the optimum level for each
input parameter for the desired optimized value for Ra and MRR. Hence, with a
value of cutting speed, feed and depth of cut 240 m/min, 0.14 mm/rev and 0.75 mm
would give the optimized value for the Ra and MRR, respectively. Figure 2 shows
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Table 6 Response table for GRG

Parameters Level 1 Level 2 Level 3 Max Min Diff Optimum level

Cutting speed
(m/min)

0.4457 0.5985 0.6138 0.6138 0.4457 0.1680 A3

Feed (mm/rev) 0.5911 0.5120 0.5548 0.5911 0.5120 0.0792 B1

Depth of cut
(mm)

0.4616 0.6115 0.5848 0.6115 0.4616 0.1499 C2

Fig. 2 Main effect plot for GRG

the main effects plot for GRG versus the input parameters, also agrees with the levels
we mentioned above. The GRG values for the above parameters levels are highest
in the graph.

Chip morphology has been done to identify the nature of chip–tool interaction
influenced by using coated carbide inserts. Chips were collected after every experi-
ment run, and its shapes and colours were examined by digital camera to identify the
nature of chip–tool interaction. The chips found are shown in Fig. 3a is for exper-
iment no. 4 which has lowest surface roughness value is found to have continuous
chips, whereas Fig. 3b shows the chips for experiment no. 9 which has highest MRR
has discontinuous chips.

Further, an optimum parameter of getting good material removal rate and low
surface roughness was estimated through Taguchi-based grey relational analysis.
However, the obtained optimal parameters were not present within the L9 orthogonal
array of experimental trials. Hence, the confirmation test has been conducted by
considering optimal level of process parameters. Table 7 presents the experimental
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Fig. 3 a Chips for highest surface roughness (#4) and b chips for highest MRR (#9)

Table 7 Confirmation test results

Condition Taguchi–grey theory prediction
(4th trial of OA)

Experimental Percentage change (%)

Optimum level A2 B1 C2 A3 B1 C2 –

Ra (μm) 0.668 0.522 −24.86%

MRR (mm3/s) 370.053 439.320 15.77%

test results of 4th trial of orthogonal array which is ranked first in Table 5 and GRA
optimum setting parameters after conducting experiments for material removal rate
and surface roughness of CNC turning for AISI 4340 steel. It can be seen from the
obtained results that the percentage increase of material removal rate and percentage
decrease of surface roughness are about 15.77% and 24.86%, respectively.

4 Conclusions

In the current project he had attempted to optimize the surface roughness and MRR
value for given range of input parameters it is found that experiment no. 4 gave the
best desired result with rank 1, also experiment no. 1 gave the least desired result and
rest of the rank are presented in the Table 5 with cutting speed, feed and depth of cut
200 m/min, 0.14 mm/rev and 0.75 mm, respectively, has the most optimized result
in the designed set of experiments. Further, the response table for grey relational
grade (GRG) shows that the best possible optimization would be obtained for input
parameters of A3, B1 and C2, i.e. cutting speed, feed and depth of cut 240 m/min,
0.14mm/rev and0.75mm, respectively.Hence, it is understood that the highest speed,
lowest feed and moderate depth of cut levels of parameters provide best desired
output of optimized Ra and MRR. It is clearly observed that better surface finish
has longer helical continuous chips, whereas better MRR has loose small continuous
chips. Further investigation can be carried out for wet machining conditions by using
cryogenic fluids for new range of input parameters.
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Abstract Humanoid autonomy is a creating zone of exploration on account of its
likely applications in orthotics and prosthesis for people. With the correct now
open advancements, the most uncommon, mechanized hands used in prosthetics
can cost a huge amount, making it closed off to everyone of amputees and apply
self-rule experts. An enormous segment of the features gave by these expensive
advancements are trivial to various customers, making a phenomenal gap in cost
and organizations among customers and development. Using the rising 3D printing
advancement, our endeavor is to manufacture a 3D printed robotized hand that can
recreate a similar number of fundamental functionalities of the advanced exorbitant
hands, while restricting the cost. Convinced by the noteworthy cost of bleeding edge
humanoid computerized hand, the target of this undertaking expected is to assemble
a sensible 3D printed mechanical hand that can copy a similar number of the func-
tionalities of the pushed hand, while restricting the cost. Finally, the developed 3D
printed electromyography controlled bionic arm gives the right choice to enhance
the observation of the mechanism.
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1 Introduction

Humanoid mechanical technology is a developing territory of research because of
its potential applications in orthotics and prosthesis for people [1]. The human hand
is comprised of 27 bones, 34 muscles, and 123 tendons; the human hand is an unpre-
dictable framework that suggests a difficult research conversation starter to humanoid
apply autonomy on the most proficient method to reproduce it with mechanical parts
body [2, 3]. For quite a long time, trailblazer has been attempting to supplant lost
appendages with artificial gadgets. A few prosthetic gadgets have been found from
antiquated civilizations around the globe exhibiting the continuous advancement of
prosthetic innovation. Humanoid mechanical autonomy can perform a large portion
of the errands that a human hand can perform, going from getting objects of different
shapes and weight dissemination, controlling with instruments to perform complex
undertakings, getting little, and delicate article [4].

After some time, materials improved, and plans began joining pivots and pulley
frameworks. This prompted basic mechanical body-controlled gadgets, for example,
metal snares which can open and close as a client twists their elbow for instance.
The human hand contains in any event 27 bones 34 muscles which move the fingers
and thumb and numerous tendons, nerves, and supply routes. Prostheses expect to
imitate the elements of the human body and return usefulness to people with missing
furthest points [5]. The human hand has 27 degrees of opportunity: 4 in each finger,
3 for expansion and flexion [6], and one for kidnapping and adduction; the thumb is
increasingly confused and has 5 DOF, leaving 6 DOF for the pivot, and interpretation
of the wrist [7].

Electric prostheses, likewise, generally alluded to as myoelectric prostheses, are
controlled utilizing electric signals that are really made by your body’s muscles [8].
These prostheticswork by utilizing your currentmuscles in your lingering appendage
to control the elements of the prosthetic gadget itself [9]. Body-controlled prostheses
work by utilizing links to interface the development of the body to the prosthesis and
to control it. Moving the body with a specific goal in mind will pull on the link and
cause it to open, close, or curve. A three-saddle link framework prosthesis permits
the wearer to get a handle on items, flex, and lock the elbow [10]. This is the most
affordable kind of arm prosthesis.

2 Methodology

A kinematic ideal has stayed produced for replication of the prehensile capacities
of the mortal hand. The kinematic frame of the hand is described by seams and
basic sections as shown in Fig. 1. The prototypical depends on a calculation that
decides interaction between two ellipsoids, which are developed to estimate the
geometry of the cutaneous superficial of the hand slices. The conventional forecast
the hand posture for power grasp of ellipsoid item by enfolding the limbs around
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Fig. 1 Kinematic frame of
hand

the item. Coefficients for assessing anthropometric boundaries from pointer extent
and broadness are consolidated in the prototypical [11]. Designs techniques are
incorporated for graphical presentation of the archetypal.With an end goal to approve
the prescient capacities of the typical, combined edges remained estimated on six
themes getting a handle on round chambers of different diameters across and these
deliberate joint angles were contrasted and points anticipated by the model [12].

Except if unequivocally expressed something else, automated systems are frame-
works of inflexible bodies associated by joints. The position anddirection of an inflex-
ible body is spaces are all things considered named the “present.” In this way, robot
kinematics portrays the posture, speed, acceleration, and all higher-order derivatives
of the posture of the bodies that contain a system [13]. Table 1 lists number of joints
with angular rotation of each joint.

The synchronize systems of mortal pointer are shown. For final undistinguishable
transformation matrix as shown by Eqs. (1)–(3), following matrix is used as basic
matrices for turning motion [14]:
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Table 1 Rotation of
particular joint

Number of joints Angle (°) Number of joints Angle (°)

1 120 12 100

2 120 13 80

3 30 14 90

4 35 15 100

5 90 16 80

6 90 17 90

7 30 18 100

8 30 19 80

9 30 20 90

10 30 21 100

11 90 22 80

Rx =

⎡
⎢⎢⎣

1 0 0 0
0 cosφ − sin φ 0
0 sin φ cosφ 0
0 0 0 1

⎤
⎥⎥⎦ (1)

Ry =

⎡
⎢⎢⎣

cosϕ 0 sin ϕ 0
0 1 0 0

sin ϕ 0 cosϕ 0
0 0 0 1

⎤
⎥⎥⎦ (2)

Rz =

⎡
⎢⎢⎣

cosϑ − sin ϑ 0 0
sin ϑ cosϑ 0 0
0 0 1 0
0 0 0 1

⎤
⎥⎥⎦ (3)

For linear motion,

T 1
0 =

⎡
⎢⎢⎣

1 0 0 Ix
0 1 0 Iy
0 0 1 Iz
0 0 0 1

⎤
⎥⎥⎦ (4)

By utilizing of fundamental referenced networks as shown by Eq. (4), we can get
last homogeneous change framework, which decides last situation of specific finger.
For instance, for pointer finger the last lattice is shown by Eq. (5).

A12
0 = T 1

0 RxT
3
2 RzT

6
5 RxT

10
9 RxT

12
11 (5)
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Some pivot grids contain straight movement also to diminish the quantity of
conclusive change lattice components [15]. For assurance of finger workspace, the
key is change from arrange framework 0 into the finish of the finger. Determination of
conclusive change lattice ismoderately basic errand and by appropriate programming
should be possible.

3 Electrical Design

3.1 Microcontroller

We have chosen to use ATmega32U4 as our microcontroller. In addition, since
Arduino is a by-and-large used progression stage, there are existing libraries open for
correspondence with ROS, to be specific by methods for the ROS successive library
[16].

A climb to Raspberry Pi can moreover be made if it might be fitted inside the
endeavor time length. Regardless, since the Raspberry Pi just takes into consideration
only one PWM GPIO, an external PWM driver should be purchased to multiplex
between the servos [17]. Since ROS can legitimately run on Rasping, there will be
no prerequisite for libraries to enable pass on [18].

3.2 Servo Motor

Three servos are required for the finger. One for the pointer, second one for themiddle
finger along with the ring finger and little finger finally the third servo for the thumb
[19]. Since we found that each finger’s development range can be achieved with 90-
degree servos, we picked HD—3001HB servos, which considers a slowdown torque
of 4.4 kg-cm at 6 V [20]. The remaining two servos are indistinguishable, and we
have picked ES08MSII giving a torque of 2 kg-cm at 6 V.

3.3 Power Supply

It is noteworthy that this structure is advantageous and completely controlled by
inner sources. Using a divider power supply is fine for testing and researching yet
a prosthetic arm ought to be powered by a source an amputee can without a very
remarkable stretch take around [21].

Themuscle sensor units require close to no power; however, the servos andmicro-
controller require an enormous total. The muscle sensor units require two power
sources to make a positive and negative voltage reference [22]. These sensors are
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Fig. 2 Block diagram of
hand exoskeleton mechanism

unstable to enter voltage spikes and require a consistent power flexibly to create
extraordinary signs.

3.4 Printed Circuit Board

Printed circuit board is the most broadly perceived name yet may in like manner be
arranged “printed wiring sheets” or “printed wiring cards.” As equipment created
from vacuum chambers, and moves to silicon and composed circuits, on account of
this advancement the size, and cost furthermore reduced [23].

The PCB has lines and pads that interface different focuses together [24]. A
PCB allows signs and ability to be controlled between physical contraptions. The
electrical affiliation is between the electrical fragment, and PCB is made using a
patch which moreover fills in as strong mechanical cement. The block diagram of
hand exoskeletonmechanism is composed of three basic elements as shown in Fig. 2.

3.5 Piece

The PCB is an elective layer of different materials that is secured using heat and a
paste to shape a layer.
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In a perfect world, we might want to incorporate constraint devices on each finger
to give approximately input. These instruments give data to themicrocontroller about
how much power is being pragmatic at every fingertip [25]. This data can be utilized
to control trembling engines accommodated in an adaptable band than can be worn
around the upper arm. This gives approximately essential tangible input [26] to the
client informing them as to whether they are getting a handle on an item and how
much power they are applying. Figure 3 illustrates the CAD model of final design.
The fundamental structure of the program is shown in Fig. 4.

Fig. 3 CAD model of final design (isometric view)

Fig. 4 Fundamental
structure of the program
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Table 2 Overall cost of
bionic arm

S. No. Description Cost (|)

1 3D printing 15,000

2 Hd-3001HB servo motor X1 1700

3 ES08MSII servo motor X2 900

4 7.2 V battery 3000

5 Arduino (for prototyping) 2000

6 Electronics (PCB, wire, shipping, etc.) 9000

7 EMG Sensor 7000

8 Miscellaneous (Screws, acetone, etc.) 5000

9 Electrode 6950

10 Total 50,550

3.6 Overall Cost

Table 2 refers the detail description of particulates and cost of the system for the
development of 3D printing of prototype.

4 Result and Discussion

Considering the plan choices made during the fundamental structure stage, last plan
was enhanced utilizing slight changes. The final prototype of electromyography-
controlled bionic arm is shown in Fig. 5. An Arduino nano was picked rather than an
Arduino UNO. Mowers muscle sensor was utilized. The utilization of pressure link
was expelled, and an immediate connect to the fingers was built up with the servo.
Explanations for these changes and the last execution steps are laid out.

The following is a picture of the printed circuit board configuration made for this
prosthetic arm.A PCB schematic as shown in Fig. 6 is incredibly useful in structuring

Fig. 5 Final prototype of electromyography controlled bionic arm
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Fig. 6 Final PCB design

model circuits on punctured EAGLE. The schematic beneath displays the servo yield
pins and force supply contribution on the left followed by the voltage controllers,
microcontroller, and the software development pin port for the debugger. This repre-
sentation document possibly will be sent to maker to get the board manufactured as
per our specifications.

5 Conclusions

Persuaded by the significant expense of cutting-edge humanoid automated hand, the
objective of this task expected to build a reasonable 3D printed mechanical hand that
can duplicate the same number of the functionalities of the propelled hand, while
limiting the expense. This framework will not just permit more clients, including
scientists, specialists, and amputees, who cannot bear the cost of costly propelled
hand, to have the option to try and extend their use.

The framework comprises just of 3D printed parts, servos, sensors, and a smaller-
scale controller. Determinations and functionalities that we wish to reproduce were
characterized, and the plan that fits the rules was chosen. The small-scale controller
speaks with the PC by means of sequential correspondence and facilitates control
and reaction from the servos and sensors. Finally, as per the results, the prototype of
the electromyography-controlled bionic arm has been developed by using the given
circuit model. The developed model can be utilized as a benchmark for the further
exploration of other parts in the system.
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Multi-response Optimization
of Machining Characteristics Using MQL
Through GRA and TOPSIS Approach

A. Venkata Vishnu, S. Sudhakar Babu, and P. Jamaleswara Kumar

Abstract In machining cutting, fluids play a vital role in terms of tool life, cutting
temperature, surface finish, etc., due to its functions like continuous lubrication,
cooling and chips flushing. Nowadays, advanced cutting fluids like nanofluids are
effectively used in machining due to its heat transfer medium at the cutting zone,
and on the other hand, vegetable oil-based cutting fluids which are eco-friendly are
being widely used as coolants in different machining operations. However, these
conventional cutting fluids are difficult to process and are very costly. In order to
eliminate disaffects associated with the cutting fluids, it is suggested to shift towards
minimum quantity lubrication/near dry machining. In the present work, the perfor-
mance characteristics of vegetable oil and nanofluids in machining of EN353 alloy
steel under MQL conditions are compared. Using Taguchi grey relational analysis,
an optimum solution is obtained for the output responses, i.e. cutting temperature,
surface roughness (Ra and Rz) and material removal rate. It was concluded that,
vegetable oil showed better performance compared to nanofluid (Al2O3).

Keywords Minimum quantity of lubrication (MQL) · Nanofluids · Vegetable
oil-based fluids · Cutting temperature · Surface roughness ·Material removal rate ·
etc.

1 Introduction

According to Bruni et al. [1], machining plays an important role in converting raw
material to a desired shape by metal removal in the form of chips; lot of heat is gener-
ated near tool and workpiece interface due to the development of friction between
them, where cutting fluids are employed to overcome this effect. Cutting fluids play
an important role by cooling tool and work piece interface and flushing the chips
away from the cutting zone. Khan et al. [2] and Debnath et al. [3] have reviewed the
machining performance of vegetable-based cutting fluids compared tomineral-based
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cutting fluids which significantly reduced the ecological problems. Vasu et al. [4],
Pham et al. [5] and Gupta et al. [6] evaluated the performance characteristics like
tool life, surface finish and cutting temperatures using nanoparticle-enhanced cutting
fluids in machining where considerable improvement has observed.

According to Khan et al. [2], Sharma et al. [7], cutting fluids account around 16
to 20% of the total manufacturing costs. Among various techniques available on the
reduction of coolant flow in machining, Amini et al. [8], Ramana et al. [9], Vishnu
[10–12] suggest near dry machining (NDM)/minimum quantity lubrication (MQL)
as a viable alternate, which is a sustainable manufacturing technique minimizes the
use of coolant flow by mixing coolant with air. The lubricant is mixed with air, and
a mist is formed and sprayed near the cutting zone.

Ramana et al. [9] implemented the Taguchi methodology successfully though
selection of orthogonal array depending on total number of factors and its levels.

As per the recent advancements, machining using nanofluids and vegetable oil-
based lubricants is gaining more advantages compared to other conventional fluids.
In the present work, a comparison is made between lubricants of vegetable oil
and nanofluids in machining under MQL condition. The work material selected
for machining is EN 353 alloy steel with carbon content of 0.17% for its applica-
tions in manufacturing of gears, shafts, pinions, camshafts and gudgeon pins, etc.
[13]. The performance characteristics of surface roughness (Ra and Rz), cutting
temperature and material removal rate are studied by considering input parameters
at three different levels. Taguchi grey relational analysis and TOPSIS method are
used to study the performance behaviour of input parameters with respect to output
parameters.

2 Experimentation

In this paper, the experiments are performed considering standard L9 (34) orthogonal
array with the input parameters; i.e. speed, feed, depth of cut and type of tool at three
different levels were given in Tables 1 and 2.

The experimentation is carried out at SR INDUSTRIES, Hyderabad, and the
CNC machine used is LOKESH TL20 Max CNCMACHINE. Nine specimens for 9
experiments of EN 353 alloy steel with 35 mm Dia and 150 mm long are considered

Table 1 Control factors with levels

Factors/levels Speed (rpm) (A) Feed (mm/rev) (B) Depth of cut (mm)
(C)

Type of tool (D)

1 700 0.2 0.5 T-I

2 1100 0.5 1.5 T-II

3 1500 0.8 2.5 T-III
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Table 2 Standard L9 (34) orthogonal array with input parameters

Experiment No. A B C D

1 700 0.2 0.5 T-I

2 700 0.5 1.5 T-II

3 700 0.8 2.5 T-III

4 1100 0.2 1.5 T-III

5 1100 0.5 2.5 T-I

6 1100 0.8 0.5 T-II

7 1500 0.2 2.5 T-II

8 1500 0.5 0.5 T-III

9 1500 0.8 1.5 T-I

for machining. The cutting tools used for machining are TNMG carbide tool of
uncoated (T-I), CVD (T-II) and PVD (T-III) inserts (Fig. 1).

The coolants used are vegetable oil-based fluid which is prepared by mixing 40%
of coconut oil + 40% of oleic acid + 20% of triethanolamine and stirred properly,
and on the other end, nanofluids were prepared by mixing and stirring Al2O3 nano-
sized particles with base fluid water and stabilizers. A total of nine experiments were
performed as per the orthogonal array using vegetable oil and nanofluid separately

MQL machining for Nano fluids 
(Turning operation) 

Literature Survey helped in selection of Input 
and Output parameters  

Response 
(Surface roughness  

Ra, Rz values) 

MQL machining for Veg fluid 
(Turning operation) 

Selection of Cut-
ting Speed, Feed & 

DOC

Selection of cutting 
tools CVD, PVD & 

Uncoated

Selection of 
EN 353 Steel Al-
loy work piece

Selection of Cutting 
fluid (Nano & Veg) 

Based fluid 

Response 
(Material Removal Rate) 

Response 
(Cutting temperature) 

Design of Experiments 

Fig. 1 Schematic layout of experimentation
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and the output parameters—cutting temperature, surface roughness (Ra and Rz), and
material removal rateweremeasured. Surface roughness ismeasured using a portable
surface roughness tester MITUTOYO, and the results of corresponding Ra and Rz
values are given in Table 3. While machining, cutting temperature is measured using
portable temperature measuring device. The material removal rate is also calculated
by using Eq. (1), and the weights (before and after machining) are measured using
standard weighing machine.

MRR = (1000 × W )/(ρ × t)mm3/min (1)

W = Wi − Wf
Wi= Initial weight—Before machining weight in gms
Wf= Final weight—After machining weight in gms
ρ = Density of EN 353 steel alloy (8.08 g/cm3)
t = Machining time in min.
The MQL setup as shown in Fig. 2 is developed with the help of a paint zoom

consisting of an air compressor, where the air pressure is maintained at a pressure

Table 3 Surface roughness, cutting temperature and material removal rate values

Experiment
No.

Vegetable oil Nanofluid

Cutting
temperature

Ra Rz MRR Cutting
temperature

Ra Rz MRR

1 27.05 3.25 17.275 518.4 28.15 3.465 18.545 354.2

2 28.215 3.57 18.07 5934.05 37.6 3.69 19.11 4748.12

3 31.68 3.77 18.505 11,729.525 32.1 3.765 19.5 10,775.7

4 28.45 3.39 17.7 4695.36 30.15 3.395 18.34 3961.05

5 32.35 3.505 18.885 7947.37 30.9 3.61 19.07 7957.25

6 31.1 3.485 17.935 1060.84 30.1 3.51 18.88 628.45

7 32.4 3.64 18.215 6609.7 31.4 3.67 19.295 6618.545

8 29.365 3.565 18.01 551.55 29.2 3.57 18.95 649.66

9 33.05 3.455 17.115 9046.95 39.15 3.39 18.615 7036.1

Fig. 2 MQL setup
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Fig. 3 MQL machining

of 1 bar; on the other end a coolant inlet maintaining a flow rate of 150 ml/h mixed
together and sprayed near the cutting zone with the help of a nozzle as shown in
Fig. 3, the results obtained are given in Table 3 and are compared among vegetable
oil and nanofluid coolant conditions.

3 Results and Discussions

3.1 Optimization of Input Parameters

To investigate the statistical significance of the input parameters that affect the
machinability of alloy steel, ANOVA was performed. Tables 4, 5, 6 and 7 show
the results of ANOVA with the cutting temperature, surface roughness (Ra and Rz)
and MRR for vegetable oil and nanofluids.

The analysis was carried out at a level of significance of 0.05% and for the level of
confidence of 99.95%. From the tables, it was observed that all the input parameters
are significant on comparing the F-values with the tabulated ones, where all the F

Table 4 ANOVA results for cutting temperature

Vegetable oil Nanofluid

Source S.S DOF M.S.S F ratio ρ% S.S DOF M.S.S F ratio ρ%

A 21.10 2 10.55 116.73 27.66 27.21 2 13.61 66.02 11.79

B 22.62 2 11.31 125.13 29.67 47.34 2 23.67 114.85 20.64

C 28.75 2 14.38 159.04 37.78 129.52 2 64.76 314.21 56.78

D 3.15 2 1.58 17.45 3.93 23.31 2 11.65 56.55 10.07

Error 0.81 9 0.09 0.96 1.855 9 0.21 0.73

Mean 16,642.18 1 18,528.12 1

Total 16,718.64 18 18,757.37 18
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Table 5 ANOVA results for surface roughness (Ra)

Vegetable oil Nanofluid

Source S.S DOF M.S.S F ratio ρ% S.S DOF M.S.S F ratio ρ%

A 0.0283 2 0.014 5.221 6.48 0.058 2 0.029 14.724 19.16

B 0.070 2 0.035 13.090 18.55 0.039 2 0.020 9.907 12.44

C 0.142 2 0.071 26.289 38.81 0.128 2 0.064 32.665 44.22

D 0.11 2 0.056 20.547 30.00 0.056 2 0.028 14.301 18.57

Error 0.024 9 0.003 6.14 0.017 9 0.002 5.58

Mean 222.32 1 228.48 1

Total 222.70 18 228.78 18

calculated values are greater than the tabulated value which was 4.26. From Table
8, it was also observed that depth of cut has more per cent of contribution compared
to all other input parameters under vegetable and nanofluid conditions for cutting
temperature, surface roughness (Ra and Rz) and MRR.

3.2 Multi-response Optimization Through GRG

The objective of the present paper is to identify the performance characteristics
between vegetable oil and nanofluids coolants using MQL. As the output, param-
eter is not a single response. Multiple responses of optimization of surface rough-
ness (Ra and Rz), cutting temperature and material removal rate are obtained using
Taguchi grey relational analysis [14–18] for both vegetable oil and nanofluid results
individually. The grey relational analysis was employed to determine the optimum
combination of turning parameters, i.e. speed, feed, depth of cut and type of tool
that minimizes the responses cutting temperature and surface roughness Ra and
Rz (smaller the better), maximizes material removal rate (larger the better). The
normalized and grey relational coefficient of cutting temperature, surface roughness
(Ra and Rz values) and the material removal rate values were calculated accordingly
and given in Tables 9 and 10 under MQL condition for vegetable oil and nanofluid.
The highest value of GRG obtained through grey relational coefficient is considered
as the stronger relational degree. From Table 9, the highest GRG for vegetable oil is
0.787 which is experiment no 1; similarly from Table 10 for nanofluid, 0.768 is the
highest.

The grey relational grade (GRG) response for vegetable oil and nanofluid is given
in Table 11. The highest average value of GRG represents best result. The optimal
level of each factor is determined using the results of GRG. Table 11 shows the
optimum levels for machining with vegetable oil, i.e. A1, B1, C2 and D1, with type
of tool as the most significant factor. Similarly, for nanofluids A2, B1, C1 and D1
with type of tool as the most significant factor, the predicted responses for cutting
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Table 8 Percent contribution factor for vegetable oil and nanofluid parameters

Vegetable oil Nanofluid

Source Cutting
temperature

Ra Rz MRR Cutting
temperature

Ra Rz MRR

A 27.66 6.48 9.18 2.62 11.79 19.16 9.25 1.70

B 29.67 18.55 23.36 14.03 20.64 12.44 13.51 8.97

C 37.78 38.81 58.83 81.02 56.78 44.22 53.33 87.01

D 3.93 30.00 7.72 2.33 10.07 18.57 14.38 2.32

Error 0.96 6.14 0.91 0.00 0.73 5.58 9.52 0.00

temperature, surface roughness (Ra and Rz) and MRR were estimated by Eq. (2) for
vegetable oil and Eq. (3) for nanofluid, where A, B, C and D are the corresponding
input parameters, Y ij is the average response value for all the nine experiments.

(Predicted Response)veg oil = A1 + B1 + C2 + D1 − 3 ∗ (
Yij

)
(2)

(Predicted Response)nano fluid = A2 + B1 + C1 + D1 − 3 ∗ (
Yij

)
(3)

3.3 Multi-response Optimization Through TOPSIS

The TOPSIS-based optimization was performed, and the detailed steps of TOPSIS
are referred [19, 20]. The closeness coefficients (CC) are measured considering the
performance criterion, ideal best distance and ideal worst distance which is given in
Tables 12 and 13 for vegetable oil and nanofluid.

4 Conclusions

In the present work, a comparison is made between lubricants of vegetable oil and
nanofluids in CNC machining of alloy steel using MQL technique, by considering
the input parameters. Taguchi grey relational analysis and TOPSIS method are used
to analyse and validate the data for optimum solution. From Fig. 4, the larger the
better S/N ratios is plotted for GRG values of both vegetable oil and nanofluid of
which vegetable oil results are maximum and showed favourable results compared
to nanofluids.
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Table 11 GRG response table

Veg oil Nanofluid

Factors/levels 1 2 3 Max-
Min

Rank 1 2 3 Max-
Min

Rank

Speed 0.605 0.494 0.502 0.111 2 0.580 0.604 0.537 0.067 4

feed 0.589 0.480 0.531 0.109 3 0.660 0.502 0.560 0.158 2

Depth of cut 0.557 0.573 0.471 0.102 4 0.615 0.568 0.539 0.076 3

Type of tool 0.636 0.456 0.509 0.18 1 0.635 0.477 0.609 0.158 1

The bolded values are optimum values for the experiment

Table 12 CC of vegetable oil

Si+ Si− CC Rank

0.0007 0.0212 0.9660 1

0.0095 0.0137 0.5904 3

0.0188 0.0036 0.1622 9

0.0065 0.0150 0.6976 2

0.0168 0.0070 0.2944 7

0.0130 0.0089 0.4059 5

0.0181 0.0037 0.1712 8

0.0106 0.0113 0.5158 4

0.0170 0.0099 0.3673 6

Table 13 CC of nanofluid

Si+ Si− CC Rank

0.001 0.029 0.970 1

0.026 0.004 0.133 9

0.015 0.018 0.544 7

0.006 0.024 0.813 2

0.010 0.022 0.695 5

0.007 0.023 0.771 4

0.012 0.020 0.623 6

0.007 0.026 0.783 3

0.027 0.010 0.263 8

Grey relational analysis is employed successfully where it was observed that
there was an improvement in the confirmatory results and GRG compared with the
initial and predicted values for both vegetable and nanofluids as shown in Table
14. The optimization for multi-responses using grey relational analysis is compared
with TOPSIS method where the generated results are shown in Tables 9 and 12 for
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Fig. 4 S/N ratio plot for
vegetable oil and nanofluid

vegetable oil and Tables 10 and 13 for nanofluid. It is observed that machining with
vegetable oil, the highest GRG value obtained through grey relational analysis was
0.787, the ranking results of GRA is compared with ranking results of TOPSIS for
which the highest closeness coefficient value is 0.9660 for experiment no. 1. For
nanofluid under the highest GRG value obtained through grey relational analysis
was 0.768, the ranking results of GRA are compared with ranking results of TOPSIS
for which the highest closeness coefficient value is 0.97016 for experiment no. 1. As
it was observed that the first experiment sequence is found to be the closest optimum
solution when compared with both the optimization techniques.
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An Experimental Investigation
of Laser-Assisted Machining of EN24
Steel

Ajit M. Hebbale , S. Rajesh K. Reddy , Mirza Abdul Hadi Baig ,
Manish Tak , and Ravi N. Bathe

Abstract The demand for higher strength and heat-resistant materials is increasing
day by day. These materials are considered as difficult to machine due to excessive
tool wear and poor surface finish. EN24 is commonly used steel in the aerospace
industry where machinability for this material is limited due to their higher strength
and hardness. In the present study, the laser-assisted machining [LAM] process of
EN24 steel was studied using a traditional lathe system integrated with a 6 kW
fiber delivered diode laser. A universal 5-axes fixture was developed to mount the
optical unit on the lathe machine to facilitate manual alignment and synchronized
movement of laser spot with the tool. A systematic laser-assisted machining study
was carried out, and surface roughness and tool wear were examined by varying
parameters of laser power, spindle speed, and depth of cut. A three-dimensional
transient, heat transfer model of the process was developed through the COMSOL
Multiphysics software tool to compute temperature profile in the workpiece during
LAM. The experimental results showed significant improvement in machinability
and reduction in tool wear in the LAM process.

Keywords LAM · Surface roughness · Tool life · COMSOL

1 Introduction

The industry needs components that have a high load-carrying capacity, high stiff-
ness, durability, good tempering properties, resistance to corrosion, fatigue, wear,
and can work under extreme loading conditions, which includes aerospace and auto-
motive, electricity, tool and die, metal machinery, etc. These applications need the
use of greater material strengths like tool steel, stainless steel, and hardened steel,
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and other super alloys with specific metallurgical properties to meet the demands of
extreme applications. On the other side, materials that are tougher and harder are very
difficult to machine. Manufacturing industries are aggressively seeking lower-cost
alternatives, including innovative methods for processing these high-strength mate-
rials while meeting efficiency, safety, and a decrease in energy waste requirements
[1].

Conventional machining techniques such as hard turning have gained wide indus-
trial acceptance due to the greatermaterial removal rates that are possiblewith the use
of wear-resistant tools, hard and the better quality of machined surfaces [1, 2]. The
hard turning technology developments can be broadly categorized as (a) improving
the quality of cutting tool materials and (b) hot machining. In the early classified
stages, the beginning preparation of special cutting edge tool and tough ceramic
tools has allowed longer life during the machining of difficult to machine materials.
On the other hand, hot machining has become critical for machining materials that
are difficult to machine because they minimize the stiffness of the region of material
to be extracted without affecting the bulk material. It is been well-known that there is
a decrease in the flow stress and strain-hardening rate of the material with an increase
in temperature. Since the 1960s, machining with the aid of a laser beam has been
studied as one among the many techniques for imparting heat to the working mate-
rial [2]. In the last two decades, CO2 and Nd: YAG high-power lasers have become
well-accepted as machining instruments in industrial production. A comparatively
higher operating costs and complexity of CO2 and Nd: YAG laser systems were
resolved by the introduction of high-power diode lasers that combine high efficiency
with a compact design that can be used in multiple applications because of their
power, spectral and beam quality, wavelength. In addition, these diode lasers can be
controlled in terms of positioning and operation time; therefore, diode lasers have
become a flexible tool for several manufacturing processes [3]. In the recent past, a
new technique LAM process is introduced where the material is precisely heated just
before the removal of the material by a tool. The laser is focused on the workpiece
as a small beam where the material is heated at a controlled temperature just above
the tool and the temperature is controlled in such a way that at that point elevated
temperature the materials ultimate strength and yield strength decreases or in other
words it becomes softer during machining [4]. Thus, laser-assisted turning comes
into the picture where machining is done on the cylindrical workpiece. LAM can
achieve lower cutting forces, slower tool wear progression, higher material removal
rate, and better surface quality. Precise control of temperature is essential to imple-
ment the LAM process. LAM studies have shown that operation parameters such as
laser power, laser lead distance to the tool, cutting speed, and feed can greatly affect
the material temperature in the cutting zone and the resulting cutting forces. Chip
morphology is an important attribute in the cutting process [5, 6]. Gratias et al. [7]
reported about the LAM process and observed that the laser power and cutting speed
relations of machining of hardened steel (AISI 1042) were found that the cutting
force was reduced by 70%. Germain et al. [8] investigated that the residual stress
and surface finish produced by LAM of AISI 52,100 hardened steel, the values of
surface finish (Ra) ranged between 0.6 and 0.75 mm with a feed rate of 0.1 mm/rev.
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The residual stress developed to be more tensile and the hallowed penetration depth
was observed when compared to the conventional cutting techniques. Dumitrescu
et al. [8] showed that LAM tooth chip formation suppressed machining chatter and
improved tool life by as much as 100% for AISI D2 tool steel. Most of the research
reported above that focused on enhancing the functionality and machinability of
LAM hard-to-machine materials, where better surface removal rates and longer tool
life are typically explored in optimizing the parameters of LAM. Few studies have
systemically investigated the best LAM parameter combination to achieve superior
surface integrity of hardened steel components. In order to achieve the optimum
surface quality of hardened steel parts, few studies have systemically examined the
best LAM performance and its effectiveness.

In the present study, the laser-assisted machining of EN24 steel was studied using
a traditional lathe system integrated with a 6 kW fiber delivered diode laser. A
systematic laser-assisted machining study was carried out, and surface roughness
and tool wear were examined by varying parameters such as laser power, spindle
speed, and depth of cut. A three-dimensional transient, heat transfer model of the
process was developed through the COMSOLMultiphysics software tool to compute
temperature profile in the workpiece. The surface roughness and tool wear rate were
compared with conventional machining process.

2 Experimental Work

2.1 Experimental Setup

Laser-assisted machining experimental trials were carried out on the lathe machine
(make: HMT). The machine has six-geared operation system with a maximum
power of 2000 rpm (spindle speed) starting from 45 rpm. Spindle chucks can hold a
maximum of 120 mm diameter rods. The machine is integrated with a 6 kW diode
laser with the help of laser fiber through which a laser beam is pumped to the head
which is fixed on the universal fixture which has five degrees of freedom. The laser
beam of size 1.5 mm diameter is focused just above the tool tip with the distance
between the beam and the tip of 5 and 10 mm. The tool post and the fixture were
connected on the same bed so that when the tool moves, the laser head also moves
at the same linear speed. Initially, EN 24 rods of 24 mm were roughly turned, as this
was performed to remove any dirt or oxide layer from the surface. The workpiece
was mounted inside the spindle and checked for wobble to avoid uneven machining
and to avoid surface damage. The experimental setup is shown in Fig. 1.
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Fig. 1 Lathe machine is integrated with a diode laser

2.2 Experimental Procedure

Prior to machining operation, the laser spot was focused on the base material with
varying power (100, 200, and 500 W) for a single rotation to understand the occur-
rence of heat affected zone or penetration of the heat that can be observed. At lower
power, the target surface was un-melt and was also be able to soften the material up
to a few microns level.

The laser head was positioned at an angle of 22.5° maintaining the working
distance as the focused laser beam. An infrared thermometer was used to monitor
the surface temperature of the target material before and after the LAM process.
Initially, experimental trials were performed with zero laser power followed with
laser power, which helps to note the comparison between the conventional and laser-
assisted machining. The tool wear rate was continuously recorded before and after
themachining process. Themachinedworkpiece was further used formetallographic
characterization. The tool wear and surface roughness were further analyzed with
the help of a 3D Olympus DSX510 optical digital microscope.

2.3 Modeling of LAM and Experimentation

A three-dimensional transient finite element model was developed to study the
temperature distributions in the workpiece, which was due to interaction with the
laser beam. In the process of LAM, two different forms of heats are generated, the
primary one was being the laser as a heat source, and secondly the friction generated
between the tool and workpiece. The heat generated by the friction was not consid-
ered as the aim of the model to evaluate the temperatures before the interaction of
the tool and the workpiece. The main objective of the developed model was to find
the optimum process parameters like depth of cut and the distance to be maintained
between the tool and laser beam. This further helps to reduce the wastage of the
actual operation time of the machine as well as the material. COMSOLMultiphysics
software package was used to model the whole process.



An Experimental Investigation of Laser-Assisted … 43

Fig. 2 a Temperature profile along the surface and b cross section of the workpiece

The thermal distribution of the heat generated due to laser beam interaction with
the target surface was analyzed in such a way that the penetration of heat into the
workpiece, and the distribution on the surface area was focused. The surface temper-
ature achieved in the experimental process, and the surface temperature of the model
was also compared. By comparing thesewith the cross-sectionalmicroscope imaging
of the processed workpiece, the model was validated. The thermal distributions on
the surface and cross section of the workpiece are shown in Fig. 2.

Figure 2b describes the temperature at the tail of the heated region which is
approximately 500–600 k. It was observed that at this temperature, the material is
soft enough to be easilymachined. The exact location,where the tool tip, should come
in contact with the workpiece. Similarly, the heat penetration in the cross section till
approximately 400 microns was noticed as a reaching temperature, where the target
material was soft enough to be cut easily. This was decided and proven to be a very
efficient depth of cut for the practical operation.

3 Results and Discussions

The turning operation was carried out with the reference of simulation studies. The
rough turning operation was done on EN 24 steel rods. The laser mounted lathe
machine controls and gears were checked in proper order before starting the exper-
iment. The workpiece was set inside the spindle and checked for wobble; after this
step, it was cleaned for processing. Initially, the samples were taken with only laser-
focused on the workpiece in a single rotation, so, therefore, a couple of 360° laser-
focused experiments were carried out at different powers of 100 and 500 W. Several
experimental trials were carried out to optimize the process parameters. Finally, the
laser power of 100 W was maintained constant with varying spindle speed, depth of
cut, and feed rate. Table 1 depicts the process parameters and the obtained surface
roughness values of the LAM process of EN24 steel.
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Table 1 Optimized parameters of the LAM process of EN24 steel

S. No. Depth of cut (mm) Spindle speed (rpm) Feed rate (mm/rev) Surface roughness

1 0.2 1000 0.6 1.458

2 0.2 1600 0.375 0.994

3 0.2 1000 0.6 0.5

4 0.2 1600 0.375 0.493

5 0.4 1000 0.6 0.869

6 0.4 1600 0.375 0.927

7 0.4 1000 0.6 1.204

8 0.4 1600 0.375 1.1

It was observed that while LAM experimental process, the surface roughness
was noticed to be reduced by increasing the temperature of material removal with
laser heating. The decrease in surface roughness is a change in depth of cut, when
compared to that of the conventional machining as shown in Fig. 3a. It also can
be observed that the surface of the machined surface of LAM is better than the
conventional machined surface as shown in Fig. 3b.

Figure 4a shows a tool used for conventional machining, where more tool wear
can be observed and similarly which on comparing to Fig. 4b shown was used for the
LAM process, and it has more worn in comparison with the conventional machining.
It was observed that the reason for more wear was due to tool melting, which was
mainly due to the heat produced by the laser and the focused distance. In this case,
the laser power was more (200W), so more optimization was done based on analysis
was carried out. The distance between the tool and the beamwas increased to 10mm,

Fig. 3 a Effect of depth of cut on surface roughness, b machined surfaces
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Fig. 4 Tool used for a Conventional machining, b LAM with 200 W laser power, c LAM with
100 W power

and laser power was decreased to 100 W. In Fig. 4c, tool wear can be noticed almost
nil compared to conventional machining, which was only due to LAM with 100 W
power and increased distance between the tool tip and laser beam, heat-affected zone
was found on the material removal tip.

It can be observed fromTable 1 that the optimizedparameters showedbetter results
when compared to the conventional methods. All the processed target materials
showed better results on decreasing the power and increase the gap between the
beam and tool tip. The tool wear plots are shown in Fig. 4, where tool weight was
measured after each run of the process, and the difference in weight was recorded and
plotted in the graphs, which shows that tool wear in conventional method is more
when compared to laser-assisted machining. The spindle speeds were considered
as 1000 rpm and 1600 rpm, whereas the depth of cut was maintained as 0.2 mm,
0.4 mm and compared with each other is shown in Fig. 5a and b. Hence, it can be
said that the laser-assisted machining has improved to resistance to tool wear when
compared to the conventional method. The above study proves that the laser-assisted
machining has advantages like better finishing, improved tool wear, and economical
at an industrial scale.
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Fig. 5 Tool wear rate of conventional versus LAM process of a 0.2 mm depth of cut, b 0.4 mm
depth of cut

4 Conclusions

An experimental study of LAM on EN24 steel was successfully carried out under
several process parameters using WC tool. The LAM performance was compared to
that of the conventional machining. The following conclusions are summarized as
follows.

• In laser-assisted machining, heat penetration (heat affected zone) and surface
roughness were controlled by various operating parameters.

• The laser power of 100 W was maintained constant with varying spindle speed,
depth of cut, and feed rate.

• The surface roughness was decreased by an increase in the temperature of the
target material during laser heating. This was observed as a change in depth of
cut when compared to that of the conventional machining.

• The tool wear was almost nil with lower power of LAM as compared to
conventional machining, heat-affected zone was found on the material removal
tip.

• Tool weight was measured after each run of process, and the difference in weight
was recorded. The toolwear of the conventionalmethodwasmorewhen compared
to laser-assisted machining. This proves laser-assisted machining has improved
the resistance to tool wear when compared to the conventional method.
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Optimization of Wire Cut Electric
Discharge Machining Characteristics
of Hybrid Aluminium Composites
(Al6061/Gr/SiCp) Using Taguchi Method

P. Gavisiddesha, C. Thotappa, Veerabhadrappa Algur, and B. Suresh Reddy

Abstract This paper presents investigation and optimization of machining char-
acterization of hybrid aluminium 6061 reinforced with graphite and 4% weight
percentage of SiC using Taguchi approach. The four process parameters chosen
were pulse-on time, pulse-off time, servo voltage (V) and wire speed, and output
parameters were material removal rate and surface roughness. The experiments were
conducted based on Taguchi L9 (3ˆ4) orthogonal array. The results obtained from
this investigation presumed to be applicable for to choose appropriate wire EDM
process parameters to machine hybrid Al6061 reinforced with graphite and silicon
carbide particles with 4% (weight percentage).

Keywords Orthogonal array · Stir casting process ·MRR · Surface roughness ·
Taguchi ·Wire electric discharge machining

.

1 Introduction

Nowadays, most of the applications like marine, military and structural equipment’s
selection of materials are done according to their properties like high strength-to-
weight ratio, high durability and so on. It is difficult for monolithic alloy to have all
the required properties; therefore, composite materials came into picture [1]. Many
research studies are done on various materials to find their properties to suit their
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applications in engineering industries. Among many of the materials, composite
materials possess excellent properties, and hence, they find its uses in various indus-
tries [2–5]. Sometimes adding a single reinforcement material to an alloy leads to
surplus its properties, and hence, more than one (hybrid) materials will be added
to overcome the drawback of single metal matrix composites. Thus, hybrid metal
matrix [HMMC] concept came into existence. Silicon carbide consists of two impor-
tant elements, namely silicon (Si) and carbon (C). Moissanite is the rare mineral
in which silicon carbide is present in crystalline form. The physical property of
pure silicon carbide is usually transparent and colourless crystal. When an impurity
such as aluminium is added, it changes into greenish or light blue colour based on
percentage of impurity added. Silicon carbide consists of four carbon atoms, cova-
lently bonded to a single silicon atom at centre. The main property of silicon carbide
is high refractoriness; i.e. it possesses high melting temperature and low thermal
expansion, and hence, it is used as refractory lining material in high-temperature
applications [6–10]. In addition to above properties, it is hardest material next to
boron carbide and diamond, and this apparent property makes silicon carbide to be
used in most of the cutting tools as it has high wear resistance. However, it has supe-
rior properties compared to aluminium like high strength, high melting point, and
stiffness and thus enhances the basic qualities of aluminium when combined [11–
15]. Moreover, combined ceramic and semiconductor properties of silicon carbide
find its application in manufacturing of high-voltage and high-temperature devices.
On the other hand, increase in hardness of silicon carbide leads to increase in cutting
tool wear rate which has negative effect on machinability of Al alloy [16]. Different
machining operations like milling, turning and drilling of Al/SiC composite use hard
nitride coated tools and diamond to produce desired shaped composites which are
being used in aeronautical applications. To overcome this limitation, one more rein-
forcement material is added to improve machinability of Al alloy. In order to slow
down the wear rate of cutting tool, proper lubricating material should be added to
withdraw the heat and to enhance tool life. Graphite is a mineral with many thin
layers of carbon atoms. Graphite is formed by a process called as metamorphism in
which reduction of sedimentary carbon compounds takes place leads to formation
of graphite. It is a natural mineral and extensively used in manufacturing of pencils.
Graphite consists of hexagonal crystalline structure forming thin layers of graphenes.
Compared to diamond, the carbon atom bonding is found to be vigorously stronger
in graphite. Many research studies are carried out on graphite properties and their
applications and outcome of those studies resulted with higher electrical and thermal
conductivity and can work in high-temperature applications, the most predominant
property of graphite is self-lubricating and is corrosive resistance to some chemicals
and acids. Undoubtedly, Al 6000 series possesses well-defined mechanical charac-
teristics compared to its other alloys. Similarly, silicon carbide also shows better
mechanical characteristics. Hence for further improving the properties of Al alloy,
silicon carbide is added to enhance properties like strength and hardness in the Al
alloy. The vital zeal of the work is to prepare aluminium hybrid composite [HMMC].
The raw materials are processed by stir casting and are prepared as per ASTM stan-
dards. These samples are subjected to evaluation of machinability in wire cut EDM
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process. Anthony Xavior [17] studied on machinability of hybrid composites and
effect of feed rate, depth of cut, cutting speed on cutting force, surface roughness
of hybrid MMC and concluded that surface roughness mainly depends on feed rate;
i.e. lower feed rate will have lesser surface roughness. The presence of graphite in
MMC improves surface finish. On the other hand, graphite-based MMC requires
more cutting force. Nagendra Kumar Mayor [18] studied mechanical characteristics
of aluminium 6061 alloy reinforced with silicon carbide and focussed on distribu-
tion of silicon carbide in Al alloy. Based on the results, he concluded that density of
Al-silicon carbide composite is increased but the presence of silicon carbide in Al
alloy improves both tensile strength and hardness compared to Al 6061 alloy alone.
Palani Kumar et al. [19] considered the effect of drilling parameter on thrust force
in drilling Al 661/15% SiC 4%Gr metal matrix composites. The results revealed
that feed rate on thrust force is the key parameter which influences in drilling of
hybrid metal matrix composites. The increase in feed rate also increases the burr
formation. Based on his results, it is clear that at higher spindle speeds, thrust force
reduces, further improves surface finish. He concluded that lesser feed rate, higher
spindle speed values and smaller diameter of drill bit improve surface finish in a
hybrid MMC. The presence of graphite in MMC reduces the hardness of composite
which is favourable for machinability of composites. Sivananthan [20] studied on
aluminium–silicon carbide composite, tensile and hardness values, and results of his
experiments reveal that hardness, tensile property and compression strength of Al–
silicon carbide composite have got improved in their properties by diffusing increased
weight fraction of silicon carbide reinforcement material with Al6061 alloy [21–25].
Hence,Al–Silicon carbide composites arewidely used as good composites especially
in nuclear and missile industry. The present study reveals that the investigation and
optimization of machining characterization of hybrid aluminium 6061 reinforced
with graphite and 4% weight percentage of SiC particles using Taguchi approach.

2 Experimental Methodologies

2.1 Work Sample Preparation

The furnace consists of heating coils which are wounded around crucible placed
at the centre. Electrically driven stirrer with impeller is placed inside the crucible
during melting of raw materials. Before starting the process, the crucible is cleaned
and is placed at furnace centre. Al6061 ingots of required weight are weighed in
weighing balance, and then it is dumped into crucible. Switch-on the furnace and
set the working temperature to 750-800 °C. During melting of Al6061, required
weight fractions of reinforcement materials (4% Wt of SiC and 3% Wt of Gr) and
then place it in crucible. Electrically driven stirrer coated with ceramic or graphite
is then operated inside crucible for uniform distribution of reinforcement materials
with basemetal. Oncemolten liquid attains pouring temperature, crucible is removed
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Fig. 1 Stir casting set-up

from the furnace and molten hot liquid is poured into pre-heated metallic moulds of
required dimensions. After solidification, the cast is removed from mould box and it
is cool down to room temperature. Stir casting set-up is shown in Fig. 1.

2.2 Machine Tool

Themachining operationswere performed onSodickwire electric dischargemachine
set-up at Navanith Enterprises, Bangalore. EDM process uses high-frequency DC
power. During machining, wire acts as anode and workpiece acts as cathode. Pulse
current value was 17 A, and pulse voltage was 50V. The dielectric fluid usually
de-ionized water is used to carry electric charge/sparks in the air gap between two
electrodes. The dielectric fluid can be reused for each cycle through proper filtering
system The brass wire of 0.25 mm diameter is continuously feed through wire guide
wheel under given tension and after machining it is not wounded in a take up wheel
since it is consumable electrode.When power supply isON, thewire (electrode) starts
emitting electric sparks in the gap betweenwire andwork sample. The dielectric fluid
carries energy of sparks towards work surface and machining takes place by melting
and vapourizing the surface. It also carries away the machined debris frommachined
surface andprovides clean surface for nextmachining cycle.Machine used to perform
machining is shown in Fig. 2.

This study involves machining of HMMC’s using wire EDM by considering
four input variable factors, namely pulse-on, pulse-off time, voltage and wire speed.
Material removal rate and surface roughness are needed to be calculated under three
different levels of input variables. Dr. Genichi Taguchi is one of a famous total quality



Optimization of Wire Cut Electric Discharge Machining Characteristics … 53

Fig. 2 Sodick wire EDM set-up

management guru who introduced Taguchi method to find out good set of experi-
mental values. It involves both statistical and mathematical models and is widely
been using by many engineers and economists. It provides a systematic way to carry
out experiments and to find best or optimal experimental values [26, 27]. Surface
roughness of each machined component is determined by using surface roughness
tester ‘mitutoyo talysurf’ as shown in Fig. 3.

Similarly, another output response, i.e. metal removal rate, is evaluated as the
ratio of difference of weight of test sample before and after wire EDM machining
with respect to time required for cutting (machining time).

MRR = (Wb - Wa)/(T ) g/min

where
Wb =Weight of test sample before machining.
Wa =Weight of test sample after m.
T =Machining time.
The output responses like MRR and surface roughness obtained from the exper-

imental values are then transferred into signal-to-noise ratio (S/N). This S/N ratio
helps to optimize the parameters and serves as a better tool in optimum result predic-
tion. Signal-to-noise ratio can be analysed by three quality levels such as larger the
better type (LTBT); nominal is the better type (NTBT) and smaller the better type
(STBT). Below shown expressions are used to check three quality characteristics.
S/N ratio is tabulated by using above shown logarithmic functions.

Smaller is better:
S

N
= 10 log

1

n

(∑
y2

)
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Fig. 3 Surface roughness
measuring instrument

Larger is better:
S

N
= 10 log

(∑ Ÿ

S2

)

Nominal is best: 10 log
1

n

(∑ 1

y2

)

where
‘n’ represents total number of trials,
‘y’ indicates output value or observed data,
Ŷ is the mean value,
‘S’ is the variance.

3 Results and Discussions

This chapter explains the effect of each four control factors on two response outputs
of HMMC’s considered under this study. After tabulating the MRR and Surface
roughness values, the machining parameters need to be optimized in order to gain
better output responses. Taguchi developed a technique, which was built on tradi-
tional concepts of design of experiment (DOE). Orthogonal array (OA) is a specially
constructed table used for the experimentation purpose, based on DOE technique to
reduce the number of experiments, so as to give the optimum set of the preferred
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parameters. First step in Taguchi is to create orthogonal array by considering number
of input and output responses. Later the obtained results are analysed with S/N ratio
to optimize process parameters [28]. Experiment is carried out by considering four
input variables and two output responses at three levels.

For optimizing the machining parameters, Minitab-17 version software is used.
This software helps to find optimized machining parameters values by calculating
signal-to-noise ratio for each of the trials. Based on Taguchi L9 orthogonal array,
nine trials are carried out on test sample C.

Later by using equation of metal removal rate is calculated using digital weighing
balance with precision of 1 mg and with the help of Mitutoyo surface tester, surface
roughness of nine machined sub-samples is tabulated. The obtained values are then
converted into signal-to-noise ratio as shown in Table 1. To find the effect of control
factors on MRR, higher the better S/N ratio values are considered and for surface
roughness, smaller the better values are considered. Response table provides infor-
mation regarding which control factor will have major effect on outputs followed by
least (minor) effect. This can be noted by referring rank row in each of the response
table. The L9 orthogonal array was chosen to conduct the experiment. Test sample C
is machined through wire EDM to study machinability, and nine machined samples
named from C1 to C9 are shown in Fig. 4.

Figure 5 implies metal removal rate that increases along with increase in control
factor, namely pulse-on time. Under high spark energy, material gets more heated
up resulting in high MRR. But increase in servo voltage is inversely varying with
MRR, because at higher servo voltage more heat energy is wasted without heating
work piece and hence lesser MRR.While MRR initially increases at higher values of
wire speed factors and then decreases. Moreover, pulse-off time has negligible effect
for MRR. By referring Table 2, MRR mainly depends on pulse-on time and servo
voltage followed by wire speed and pulse-off time. Therefore to get higher MRR
values, the process parameters need to be optimized. The optimized values are A3
B1 C1 D2.

Similarly, for surface roughness, the main effect plots are plotted as shown in
figure along with response table. But for optimization, S/N ratio is considered under
smaller is better type. By referring Fig. 6 and Table 3, surface roughness is reversely
relatedwith pulse-on time variable andwire speed, whereas it increases with increase
in servo voltage and pulse-off time. Thus for smaller surface roughness responses,
the optimized parameters are A1B1C3D1.

4 Conclusion

Al6061 reinforced with SiC and Gr HMMC’s is fabricated by stir casting technique
and ismachined successfully by usingwire electric dischargemachining process. The
experiment uses Taguchi method to optimize wire electric discharge machining char-
acteristics. Machining performance characteristics evaluated are material removal
rate and surface roughness. The four process parameters chosen were pulse-on time,



56 P. Gavisiddesha et al.

Ta
bl
e
1

E
xp
er
im

en
ta
ld

es
ig
n
us
in
g
L
9
or
th
og
on
al
ar
ra
y
fo
r
te
st
sa
m
pl
e
C

S.
N
o.

Pu
ls
e-
on

(µ
s)

Pu
ls
e-
of
f
(µ

s)
Se
rv
o
vo
lta
ge

(V
)

W
ir
e
Sp

ee
d

(m
/m

in
)

M
ac
hi
ni
ng

tim
e

in
(m

in
)

M
R
R
(g
m
/m

in
)

Su
rf
ac
e

ro
ug
hn
es
s
(R

a)
(µ

m
)

S/
N
of

M
R
R

S/
N
of

R
a

1
2

15
30

1
11
.5
2

0.
86
8

3.
60

−1
.2
29
61

−1
1.
12
61

2
2

16
40

2
12
.5
2

0.
87
8

3.
64

−1
.1
30
11

−1
1.
22
20

3
2

17
50

3
14
.3
4

0.
69
7

3.
60

−3
.1
35
34

−1
1.
12
6

4
4

15
40

3
9.
3

1.
18
0

4.
00

1.
43
76
4

−1
2.
04
12

5
4

16
50

1
11
.5

0.
86
9

4.
03

−1
.2
19
60

−1
2.
10
61

6
4

17
30

2
8.
2

1.
34
1

4.
10

2.
54
85
8

−1
2.
25
57

7
6

15
50

2
8.
1

1.
23
4

4.
00

1.
82
63
0

−1
2.
04
12

8
6

16
30

3
7.
5

1.
33
3

4.
33

2.
49
66
0

−1
2.
72
98

9
6

17
40

1
8

1.
25
0

3.
99

1.
93
82
0

−1
2.
01
95



Optimization of Wire Cut Electric Discharge Machining Characteristics … 57

Fig. 4 Sample C and machined pieces of sample C
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Fig. 5 Main effects plot for SN ratios of MRR for sample C

Table 2 Response table for signal-to-noise ratios of MRR for sample C (larger is better)

Level Pulse-on time Pulse-off time Servo voltage Wire speed

1 −1.83169 0.67811 1.27186 −0.17034

2 0.92220 0.04896 0.74858 1.08159

3 2.08704 0.45048 −0.84288 0.26630

Delta 3.91872 0.62915 2.11474 1.25193

Rank 1 4 2 3
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Table 3 Response table for signal-to-noise ratios of surface roughness for sample C (smaller is
better)

Level Pulse-on time Pulse-off time Servo voltage Wire speed

1 −11.16 −11.74 −12.04 −11.75

2 −12.13 −12.02 −11.76 −11.84

3 −12.26 −11.80 −11.76 −11.97

Delta 1.11 0.28 0.28 0.22

Rank 1 2 3 4

pulse-off time, servo voltage and wire speed, and output parameters were material
removal rate and surface roughness. In the initial stage of experiment, evaluation of
effect of process parameters which mainly affect the output parameters was studied.
For this study, the range of process parameters also selected nine steps is performed
for this experiment by using Minitab-17 software. According to the experimental
studies, conclusions are made as follows.

• Using Taguchi method, metal removal rate (MRR) and surface roughness (Ra)
were optimized for the prepared test sample, and the optimal values of process
parameters onmetal removal are pulse-on time-6 (micro-sec), pulse-off-15(micro-
sec), servo volţage-30(V), wire speed-2(m/min).

• Optimal values of process parameters for surface roughness are pulse-on-2 (micro-
sec), pulse-off-15 (micro-sec), servo voltage-50 (V), wire speed-1 m/min.

• The most significant process parameter that affects metal removal rate (MRR) is
pulse-on time while pulse-off has no effect.
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• For surface roughness, most potential process parameter is pulse-on time while
wire speed has no effect.
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Minimum Quantity Lubrication
and Cryogenic for Burnishing of Difficult
to Cut Material as a Sustainable
Alternative
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Ajit M. Hebbale, V. Vijeesh, and Muralidhara Rao

Abstract To reduce the harmful effects of the lubricants, adequate strategies are
demanded to incorporate sustainable manufacturing techniques. Cryogenic cooling
is one of the effective lubricants which can improve the surface characteristics of the
material. Generally, machining under various lubrication systems is performed on
difficult-to-cut materials. The material considered is 17-4 precipitation-hardenable
(PH) stainless steel which is known for its corrosion resistance properties. Diamond
burnishing is one of the superfinishing processes which is used to improve the surface
integrity characteristics of the materials. The primary focus of this work is to inves-
tigate the impact of diamond burnishing on surface morphology, subsurface micro-
hardness, and residual stress of 17-4 PH stainless steel in sustainable cooling envi-
ronments. Enhancement in the performance characteristics was noticed under the
cryogenic environment. It was perceived that the cryogenic environment is the better
mode of lubrication in comparison with the other modes of cooling/lubrication.

Keywords Sustainable cooling environments · Residual stress · Subsurface
hardness ·Morphology
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1 Introduction

Surface modification is one of the essential methods used in the present scenario to
improve the performance of the product under varying loading conditions. Most of
themanufacturing industrieswill opt for secondary finishing processes to perform the
surface modification. In the conventional methods, the surface defects encountered
during the machining on the surface of the material is unavoidable. Hence, there
is a need to explore the most suitable technique to minimize the problems caused
by conventional machining. Burnishing is a chipless secondary finishing process
performed on a machined surface to achieve the super finish of the components
[1]. The material used in the research has the following characteristics: low thermal
conductivity and good corrosion resistance [2–7].

Tobola et al. [8] performed gas nitriding and slide burnishing on Ti–6Al–4V
ELI alloy. The surface hardness of the material was improved by 5–10% with the
application of this process. Swirad [9] analyzed the surface texture of cylindrical
components by using slide burnishing.Korzynska et al. [10] explored a new technique
microsphere flow burnishing to plastically deform the material. The surface texture
of 2017A alloy has been improved after the implementation of the new method.
Banh et al. [11] developed a novel double-spring mechanism burnishing tool and
conducted experiments on STAVAX material. It was found that the surface finish
and superficial hardness were enhanced by 91% and 8%, respectively, using grease
as the lubricant.

One of themost environmentally benign and beneficial lubricationmethodswhich
have been used in most of the manufacturing industry in improving the performance
of the component is cryogenic cooling. It has a unique property of precisely engineer
the surface and subsurface properties of the material. In most of the applications
where difficult to cut materials are routinely used tomanufacture products, cryogenic
cooling is themost relevant technology to attain improved performance of the product
since it is a sustainable and societally beneficialmethod. The use of the liquid nitrogen
(LN2) at the working zone can significantly improve the surface integrity of the
material [12, 13]. It has been recommended by most of the researchers to achieve
improved functional performance over MQL and dry environments [14–21]. The
corrosion resistance and surface finish of the titanium alloy were enhanced by the
use of cryogenic burnishing [22]. Huang et al. [23] analyzed the effects of cryogenic
burnishing onAl 7050-T7451 alloy and observed refined nano-grains after cryogenic
burnishing when compared to dry burnishing with increased hardness. Improvement
in the surface integrity of Co-Cr–Mo biomaterial was observed after performing
cryogenic burnishing [24].

In this article, slide burnishing was performed to explore the possibilities of
improving the surface morphology, residual stress, and subsurface hardness of the
material under sustainable cooling environments.
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Table 1 Conditions used for the experiments

Process parameters Unit Levels

1 2 3 4 5

Burnishing speed (S) m/min 21 30 47 73 113

Burnishing feed (f ) mm/rev 0.048 0.055 0.065 0.079 0.096

Burnishing force (F) N 20 50 90 120 150

2 Experimental Method

‘Kirloskar’ lathe was used to burnish the 17-4 PH stainless steel. The burnishing
process was carried out under different environments, and the experimental setup can
be found in [7]. Table 1 represents the details of the experimental conditions. SJ301
MitutoyoSurftestwas used tomeasure the surfacefinish. The surface roughness tester
consists of a stylus tip of a radius 2µm. A tank of capacity 55 liters was used to store
the LN2, and it was pressurized by sending the compressed air to the tank. SEM and
microhardness tester used in the present study are ‘JEOJSM-638OLA’ and OMNI
TECHMVHS-AUTO, respectively. MQL setup of model ‘DAOML-2/PS/FS/1’ was
used to spray the mist of oil. Residual stress has been measured by X-ray diffraction
make ‘PROTO.’

3 Results and Discussion

3.1 Morphology

The images shown in Fig. 1a–c were captured at the conditions of burnishing force
= 90 N, burnishing feed = 0.055 mm/rev and burnishing speed = 47 m/min. At
the cryogenic condition, the surface finish noticed was 0.10 µm. It is because in
this environment the cooling of the workpiece surface with the help of LN2 reduces
the temperature and produces a uniform surface. Under the cryogenic environment,
the metal which is accumulated at the top surface layer of the material starts flowing
owing to the constant pressure of the LN2 supplied at the burnishing zone. This causes
the easy flow of the material. Some of the microvoids present over the surface will be
filled because of the flowof themetal, and also,while flowing over the surface layer of
thematerial, themetal occupies the space on themicrovoids instantly.Hence, uniform
surface will be generated because of the combination of the diamond burnishing
process and cryogenic cooling effect. The feed marks have been generated during
the burnishing under dry and MQL conditions. The surface finish of 0.18 µm was
observed underMQL, and it was noticed to be 0.24µm in the dry condition. Also, the
presence ofmicrovoids has been observed in theMQLand dry environments. It is due
to the fact that in the MQL environment, at the applied levels of diamond burnishing
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Fig. 1 Slide burnished surface morphology

process, parameters considered in this study and the amount of lubrication splashed at
the burnishing zone may not be sufficient to cause the uniform flow of the metal over
the surface of the workpiece. Hence, the microvoids have not been filled in the case
of MQL environments, whereas in the dry environment, the deteriorated surface
was observed at a similar diamond burnishing condition. In the dry environment,
the absence of lubrication causes an increase in the temperature generated in the
burnishing zone. The plastic deformation on the surface layer also increases because
of the sudden increase in the temperature generated. In the cooling environments
except for dry conditions, the influence of excessive plastic deformation has been
reduced as a reason of lubrication. These findings agree with the literature findings
[25, 26].

3.2 Subsurface Hardness

Fatigue life and wear resistance of the product purely depends on the surface
and subsurface hardness of the material. The microhardness of the specimen was
measured using OMNI TECHMVHS-AUTO-type Vickers microhardness tester.
Initially, the specimenwas cold-mounted using acrylic powder and self-curing liquid.
Further, the specimen was subjected to polishing and ultrasonic cleaning. For the
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Fig. 2 Subsurface
microhardness of the
burnished sample under
cryogenic, MQL, and dry
environment

measurement of subsurface microhardness, dwell time of 15 s and a load of 10 kgf
were considered. Figure 2 represents the microhardness of the specimen which has
been measured at a burnishing speed = 47 m/min, burnishing force = 90 N, and
burnishing feed= 0.055 mm/rev under different lubricants. The point just below the
burnished surface has been represented by 0 µm. The measurement has been carried
out till the depth of 150 µm from the top surface layer of the specimen. At this point,
the subsurface microhardness of the specimen reached the bulk hardness of the mate-
rial. The bulk hardness of the material before diamond burnishing was found to be
340 HV. It was observed that the microhardness declines continuously from the top
surface layer of the specimen. Finally, the microhardness of the specimen reaches
the value of the bulk hardness of the material. It was also noticed that a similar trend
has been observed in all three environments. The reason behind this variation may be
explained by the fact that after performing diamond burnishing under varying lubri-
cation conditions, a lower strain rate and less shearing will be produced [27, 28].
The cryogenic environment has produced excellent microhardness improvement in
contrast with the other two environments, and also, the highest microhardness was
observed for the cryogenic environment. The percentage improvement recorded in
the case of cryogenic burnishing was 5% and 8% contrasted with MQL and dry
environment, respectively. The percentage of improvement was noticed due to the
grain refinement which is promoted by the application of LN2 [26].

3.3 Residual Stress

It is believed that the residual stresses induced after burnishing have an impact on
the tribological properties and fatigue life of the component. Figure 3 depicts the
distribution of residual stress under all three environments. The residual stresses
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Fig. 3 Residual stress
distribution under varying
diamond burnishing
environments

were measured at a burnishing speed= 47 m/min, burnishing feed= 0.055 mm/rev,
and burnishing force = 90 N under three environments. It was observed that after
the diamond burnishing process compressive residual stresses had been induced on
the surface under three environments. Compressive residual stresses of 345 MPa,
268 MPa, 181 MPa were induced under cryogenic, MQL, and dry environments,
respectively. The induced compressive residual stresses on the surface show that
cryogenic diamond burnishing is a better mode of lubrication for inducing favorable
compressive residual stresses on the surface [7, 25]. The fatigue strength of the
material is expected to be improved since the induced compressive residual stresses
retard the formation of crackswhich is usually developed after the burnishing process.
The combination of severe plastic deformation and the splashing of the LN2 at the
burnishing zone is the primary reason for the inducement of maximum compressive
residual stresses on the surface of the diamond burnished specimen under a cryogenic
environment [4].

3.4 Influence of Lubrication on Diamond Burnishing
Process

The use of lubricants to avoid the formation of defects on the workpiece surface is a
major concern in the industry sectors. Many researchers have worked on improving
the surface characteristics of the material by the application of different kinds of
lubrication at the tool–workpiece interface. In recent times, a variety of lubricants
have been introduced to reduce the effect of machining on the workpiece. Coolants
such as cryogenic, MQL, and flood cooling are widely used in different types of
machining. Handling these lubricants causes side effects on human health and the
environment. Disposal of these lubricants is also a major point of concern. Liquid
nitrogen causes a cold burn on the skin [23]. The major advantage of LN2 is that it
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gets evaporated quickly during machining without causing environmental problems.
One of the major issues with MQL is that it causes an inhalation problem [27]. In
both the sustainable environments, the surface characteristics and productivity were
found to be improved as a reason of the constant spraying of the mist and jet at
the contact zone [24]. In MQL and cryogenic environments, surface integrity was
enhanced. Whereas in the dry condition due to the absence of lubrication, the result
observed was not good in contrast with the other two environments. While working
under the MQL environment, a low quantity of lubricant in the form of mist will be
sprayed at the burnishing zone. This process reduces the developed temperature in
the working zone. In a dry condition, lubrication will not be used which results in
temperature rise at the tool–workpiece interface. Another major issue is that friction
will be more at the contact point and also the thermal softening effect will deteriorate
the surface of the material [25].

4 Conclusions

In the article, the importance of a sustainable cooling environment in the diamond
burnishing of the material under consideration was analyzed. The key findings of the
study are as follows:

• An improvement in the microhardness of 5% and 8% has been achieved in
cryogenic cooling in contrast with MQL and dry environment, respectively.

• Uniform surface was noticed in the cryogenic slide burnishing.
• Compressive residual stresses have been induced on the diamond burnished

surface due to the plastic deformation and grain refinement of the material.
• It has been proved that the cryogenic environment yields enhanced surface

integrity characteristics of 17-4 PH stainless steel after diamond burnishing.
It is recommended to use cryogenic cooling to improve the surface integrity
characteristics of the material.
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Investigation of Effect of EDM Process
Variables on Material Removal Rate
and Tool Wear Rate in Machining
of EN19 Steel Using Response Surface
Methodology

Santosh Nandurkar , Sachin Kulkarni , Tushar Hawal ,
Niranjan Pattar , and Nagaraj Kelageri

Abstract The work presented here gives the details of effect of process variables,
namely current, pulse-on time and pulse-off time on material removal rate and tool
wear rate in electrical discharge machining (EDM) of hardened EN19 steel. The
copper tool electrode was used for experimentation. To study the effect of parameters
on process characteristics, response surface methodology and Box-Behnken experi-
mental design were employed. The models for responses were developed based on
experimental results. Confirmative tests were conducted to validate the results, and
less than 5% error was observed between predicted and experimental values of the
responses. At the end, it has been found that the current has major effect on responses
of EDM (material removal rate and tool wear rate), whereas there are some inter-
action effects possible between current and pulse-off time on material removal rate
and tool wear rate.

Keywords Hardened ·Machining · Response surface methodology · Die-sink
EDM

1 Introduction

A non-conventional machining process in which material is removed by thermal
erosion (melting and evaporation technique) is called electrical discharge machining
(EDM). Extremely hard materials with low machinability can be machined using
a non-conventional thermoelectric source of energy. EDM is greatly helpful in
achieving economical machining of hard materials. In EDM, a series of electric
sparks [1] through controlled erosion removes thematerial from theworkpiece. EDM
is best manufacturing method for accurately producing intricate shapes and complex
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geometries in extremely hard materials. High number of sparks per second is gener-
ated to produce small craters in the material through melting and evaporation, which
causes erosion of workpiece as well as tool electrode [2]. The temperature generated
during each spark ranges from8000 to 12,000 °C [3] and as high as 20,000 °C [4]. The
material removal is dependent of on various factors such as current, pulse duration,
voltage, discharge frequency, type of workpiece and tool electrode, dielectric fluid
used for flushing, flushing conditions. Tool electrode should be highly electrically and
thermally conductive with superior properties like wear resistance and high melting
point. Hard materials having low machinability but good electrically conductivity
can be machined using EDM. In this study, the focus is given on machining of EN 19
alloy steel with hardness of 55-60HRC, whose applications inmakingmachine tools,
gears, bolts and studs are growing rapidly. The parametric effect over the removal
of material and tool erosion is studied. EDM has become an important precision
machine tool to produce an internal shape on workpieces which are conventionally
difficult to produce.

Many studies have been carried out on electrical discharge machining of harder
material to produce simple and complex shapes. Shabgard and Co-authors [5] have
studied the parametric effect on the characteristics of EDM process. They had used
full factorial design in the machining of AISI H13 tool steel. Guu and Hocheng [6]
worked on effect of workpiece rotations on EDM of AISI D2 tool steel with copper
as tool electrode. Khan and Hameedullah [7] investigated the effect of tool polarity
on the machining of silver steel. The effect of copper and aluminumwith kerosene as
dielectric mediumwas studied by Pradhan and Jayswal [8]. Marafona [9] has studied
the black layer formation of on the workpiece and tool electrode when machining
was carried out. Pradhan and Biswas [10] used the response surface methodology
to establish relations and interaction effects between the process parameters and
material removal rate (MRR). Kansal and Co-authors [11] carried out EDM on EN
31 tool steel using copper electrode. Asif Iqbal and Khan [12] conducted study
on influence of controlled variables in EDM of AISI 304 stainless steel. From the
literature, it has been seen that very few authors have worked on the investigation of
effect of copper tool electrode on hardened EN 19 alloy steel. So this study focused
on effect of main parameters of EDM on MRR and tool wear rate (TWR) while
machining of EN 19 steel using copper as tool material.

2 Materials, Methodology and Experimentation

In this section, workpiece and tool electrode materials along with response surface
methodology have been discussed. Die-sink-type electrical discharge machine was
used to perform the experiments on oil-hardened EN 19 steel using copper as tool
electrode material. The size of the workpiece used was having a diameter of 60 mm
and thickness (height) of 8 mm, and it was composed of 97.15% iron, 0.4% carbon,
0.7%manganese, 1.2%chromium, 0.25%silicon and 0.3%molybdenum.The copper
tool electrode used was 20 mm in diameter and 100 mm long. It was composed of
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99.95% copper, 0.03% O2 and metallic impurities. Kerosene was used as a dielectric
fluid. Figure 1 shows the die-sink-type electrical discharge machine of ELECTRA
pride-Z make, and Fig. 2 shows the workpiece and tool electrode materials with
dimensions.

EN 19 steel had a hardness of 55-60HRC after oil quenching, and density was
7770 kg/m3. Before conducting the EDM, top and bottom surfaces of EN 19 were
smoothly finished using surface grinding machine. The bottom face of tool electrode
was also cleaned and polished for smooth finish. A weighing machine of KEROY
make with 0.05 g accuracy, and weighing range from 0.05 to 300 gwas used to weigh
the workpiece and tool electrode. While experimentation, workpiece was connected
to anode, and tool electrode was connected to cathode. The machining time (T ) was
fixed to 20 min for each experiment. After each experiment, the difference in weight
of the workpiece and tool electrode was calculated by weighing before and after
machining to find out MRR and TWR. The required data was collected after each
experiment till all experiments were conducted.

The process variables considered here were current, pulse-on time and pulse-off
time. The variables and their levels are given in Table 1.

The responses or process characteristics considered here were MRR and TWR.
Equations 1 and 2 give the MRR and TWR.

Fig. 1 Die-sink electrical
discharge machine
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Fig. 2 a Machined workpieces of EN 19 steel, b copper tool electrodes

Table 1 Process variables and their levels

Sl. No. Process
variables

Uncoded
values

Coded
values

Levels Ranges

Low (−1) Mid (0) High (+1)

1 Current I X1 8 14 20 1–20 A

2 Pulse-on
time

Ton X2 60 79 98 0–99 µs

3 Pulse-off
time

Toff X3 5 7 9 0–9 µs

MRR = Amount of material removed from workpiece

Machining Time (T )
(1)

TWR = Amount ofmaterial removed from tool electrode

Machining Time (T )
(2)

The experiments were designed using Box-Behnken Design (BBD) technique
under response surface methodology (RSM). The design matrix for carrying out
experiments was given by BBD by taking points at the center of each edge of the
cube and three at the center of the cube. Table 2 gives the set of experiments and
corresponding values of MRR and TWR.

In Table 2, run order gives the sequence of experiments, the uncoded values
represent the actual values of process variables, and coded values give the low (−1),
mid (0) and high (+1) levels of each process variables. The levels were calculated
using following Eq. 3.

Xi = 2X − (Xmax + Xmin)

Xmax − Xmin
(3)
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Table 2 Set of experiments and corresponding values of MRR and TWR

Run order Uncoded values Coded values Y1 =MRR
(gm/min)

Y2 = TWR
(gm/min)I (A) Ton(µs) Toff(µs) X1 X2 X3

1 14 79 7 0 0 0 0.295 0.0040

2 14 98 5 0 +1 −1 0.265 0.0023

3 20 60 7 +1 −1 0 0.375 0.0050

4 20 79 5 +1 0 −1 0.420 0.0039

5 8 98 7 −1 +1 0 0.130 0.0010

6 14 60 9 0 −1 +1 0.266 0.0060

7 20 79 9 +1 0 +1 0.449 0.0058

8 8 79 9 −1 0 +1 0.156 0.0025

9 14 98 9 0 +1 −1 0.273 0.0028

10 8 60 7 −1 −1 0 0.156 0.0023

11 8 79 5 −1 0 −1 0.138 0.0025

12 14 79 7 0 0 0 0.294 0.0035

13 20 98 7 +1 +1 0 0.365 0.0030

14 14 60 5 0 −1 −1 0.255 0.0039

15 14 79 7 0 0 0 0.298 0.0034

where
Xi is coded value for variable X and i = 1, 2, 3 for I, T on and T off, respectively.
X is any value of the variable from Xmax to Xmin.
Xmax and Xmin are lower and upper levels of the variable X.
The regression coefficients of the models were found out using following Eq. 4.

b = (
XT X

)−1
XTY (4)

where
b is matrix of variable estimates
X is calculation matrix
Y is matrix of measured response.
Response surface methodology was employed to find the mathematical rela-

tionship between the response (Yn) and process variables. Equation 5 gives the
generalized form of second-order polynomial response surface model.

Yn = bo +
3∑

i=1

bi Xi +
3∑

i=1

bii X
2
i +

2∑

i=1

3∑

j=i+1

bi j Xi X j (5)

where
Yn is response under study (n = 1 for MRR and n = 2 for TWR).
Xi is coded value for variable X and i = 1, 2, 3 for I, T on and T off, respectively.
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bo, bi , bii , bi j are second-order regression coefficients.
The significant terms were decided based on 95% confidence level, and corre-

sponding coefficients were obtained from Table 3 for Y1 and Y2. Minitab [13] soft-
ware version 16.0 was used to find regression coefficients of response models for
MRR and TWR.

Equations 6 and 7 represent MRR and TWR, respectively.

Y1 = 0.295583+ 0.128594X1 − 0.032510X2
2 (6)

Y2 = 0.003633+ 0.001169X1 − 0.001019X2

− 0.000562X3 + 0.000471X2
3 + 0.000463X1X3 (7)

The Minitab output for analysis of variance (ANOVA) is given in Tables 4 and 5
along with values of coefficient of multiple determination (R-sq).

To validate the above models, confirmative tests were conducted, and it has been
found that the error in experimental and predicted value is less than 5%. Tables 6
and 7 represent the details of confirmative tests, and the error was calculated using
following formula.

Error (%) = Predicted Value− Experimental Value

Predicted Value
× 100 (8)

Table 3 Estimation of regression coefficients for Y1 =MRR and Y2 = TWR

Terms For Y1 =MRR For Y2 = TWR

Coefficients P-value Coefficients P-value

Constant – 0.295583 0.000* 0.003633 0.000*

Current X1 0.128594 0.000* 0.001169 0.000*

Pulse-on time X2 −0.002469 0.757 −0.001019 0.000*

Pulse-off time X3 0.008375 0.319 0.000562 0.006*

Current × current X1 × X1 −0.006510 0.584 −0.000442 0.056

Pulse-on time × pulse-on time X2 × X2 −0.032510 0.033* −0.000367 0.095

Pulse-off time × pulse-off time X3 × X3 0.001677 0.886 0.000471 0.046*

Current × pulse-on time X1 × X2 0.004062 0.720 -0.000175 0.354

Current × pulse-off time X1 × X3 0.002625 0.816 0.000463 0.043*

Pulse-on time × pulse-off time X2 × X3 −0.000750 0.947 −0.000388 0.073

*Significant terms and these terms were found out from the P-value which is less than or equal to
0.05 for 95% confidence level
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Table 4 Analysis of variance for response model of Y1 =MRR

Source DF Seq SS Adj SS Adj MS F P

Regression 9 0.137033 0.137033 0.015226 33.23 0.001

Linear 3 0.132901 0.132901 0.044300 96.70 0.000

Current 1 0.132901 0.132291 0.132291 288.76 0.000

Pulse-on time 1 0.000049 0.000049 0.000049 0.11 0.757

Pulse-off time 1 0.000561 0.000561 0.000561 1.22 0.319

Square 3 0.004037 0.004037 0.001346 2.94 0.138

Current × current 1 0.000069 0.000157 0.000157 0.34 0.584

Pulse-on time × pulse-on time 1 0.003957 0.003903 0.003903 8.52 0.033

Pulse-off time × pulse-off time 1 0.000010 0.000010 0.000010 0.02 0.886

Interaction 3 0.000096 0.000096 0.000032 0.07 0.974

Current × pulse-on time 1 0.000066 0.000066 0.000066 0.14 0.720

Current × pulse-off time 1 0.000028 0.000028 0.000028 0.06 0.816

Pulse-on time × pulse-off time 1 0.000002 0.000002 0.000002 0.00 0.947

Residual error 5 0.002291 0.00291 0.000458

Lack of fit 3 0.002284 0.002284 0.000761 212.42 0.005

Pure error 2 0.000007 0.000007 0.000004

Total 14 0.139324

R-Sq = 98.36% R-Sq{adj} = 95.40%

3 Results and Discussion

In this section, effect of different variables on MRR and TWR has been studied.
Figure 3 illustrates the effect of current on MRR and TWR. It has been observed that
as current increases, the MRR increases [14, 15]. Increase in current also increases
TWR. This happened due to the melting of material from surfaces of workpiece and
tool electrode at high current values. Figure 4 shows relationship between pulse-on
time and responses (MRR and TWR) where MRR increases till mid-level and then
drops suddenly. This occurred due to the choking of wear particles during high pulse-
on time. In contrast to this, decrease in TWRwas observed with increase in pulse-on
time that happened due to less number of wear particles hitting the tool surface. There
was no significant effect of pulse-off time on MRR [14, 15] but it showed effect on
TWR, and Fig. 5 depicts the same. As there was increase in pulse-off time, there
was gradual increase in TWR in the initial stage and sudden increase took place with
further increase in pulse-off time. Also from Tables 4 and 5, it was observed that for
MRR, the value of R-sq is 98.36%, and R-sq{adj} is 95.40%which is well within the
acceptable limits. Similarly, for TWR, the value of R-sq is 97.75%, and R-sq{adj}
is 93.70% that shows the good agreement with obtained results.
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Table 5 Analysis of variance for response model of Y2 = TWR

Source DF Seq SS Adj SS Adj MS F P

Regression 9 0.000026 0.000026 0.000003 24.14 0.001

Linear 3 0.000022 0.000022 0.000007 61.76 0.000

Current 1 0.000011 0.000011 0.000011 93.04 0.000

Pulse-on time 1 0.000008 0.000008 0.000008 70.69 0.000

Pulse-off time 1 0.000003 0.000003 0.000003 21.55 0.006

Square 3 0.000002 0.000002 0.000001 6.17 0.039

Current × current 1 0.000001 0.000001 0.000001 6.13 0.056

Pulse-on time × pulse-on time 1 0.000001 0.000000 0.000000 4.23 0.095

Pulse-off time × pulse-off time 1 0.000001 0.000001 0.000001 6.97 0.046

Interaction 3 0.000002 0.000002 0.000001 4.48 0.070

Current × pulse-on time 1 0.000000 0.000000 0.000000 1.04 0.354

Current × pulse-off time 1 0.000001 0.000001 0.000001 7.28 0.043

Pulse-on time × pulse-off time 1 0.000001 0.000001 0.000001 5.11 0.073

Residual error 5 0.000001 0.000001 0.000000

Lack of fit 3 0.000000 0.000000 0.000000 1.23 0.478

Pure error 2 0.000000 0.000000 0.000000

Total 14 0.000026

R-Sq = 97.75% R-Sq{adj} = 93.70%

4 Conclusion

From this study, it has been concluded that using RSM and Box-Behnken design,
accurate response models can be developed to predict the MRR and TWR in EDM
process. The results show that current is the most significant variable compared to
pulse-on time and pulse-off time for MRR. In contrast to this for TWR, the current,
pulse-on time and pulse-off time prove to be significant variables. It can also be
concluded that higher values of MRR can be achieved at a higher value of current
but simultaneously, the wear of the tool electrode also increases.
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Fig. 3 Effect of current on a MRR and b TWR

Fig. 4 Effect of pulse-on time on a MRR and b TWR

Fig. 5 Effect of pulse-off
time on TWR



82 S. Nandurkar et al.

References

1. Ghosh A,Mallick AK (2006)Manufacturing science. Affiliated East-West press Pvt. Ltd., New
Delhi

2. Kalpakjian S, Schmid SR,Manufacturing processes for engineeringmaterials, 5th edn. Dorling
Kindersley (India) Pvt. Ltd, Delhi

3. Konig W, Dauw DF, Levy G, Panten U (1988) EDM-Future steps towards the machining of
ceramics. Ann CIRP 37(2):623–631

4. Boothroyd G, Winston AK (1989) Nonconventional machining processes: fundamentals of
machining and machine tools. Marcel Dekker, New York

5. Shabgard M, Seyedzavvar M, Oliaei SNB (2011) Influence of input parameters on the
characteristics of the EDM Process. J Mech Eng 57(9):689–696

6. Guu YH, Hocheng H (2001) Effects of work piece rotation on machinability during electrical
discharge machining. J Mater Manuf Process 16:91–101

7. Khan DA, Hameedullah M (2011) Effect of tool polarity on the machining characteristics in
electric discharge machining of silver steel and statistical modelling of the process. Int J Eng
Sci Technol 3:5001–5010

8. Pradhan D, Jayswal SC (2011) Behaviour of copper and aluminium electrodes on EDM of
EN-8 alloy steel. Int J Eng Sci Technol 3:5492–5499

9. Marafona J (2007) Black layer characterisation and electrode wear ratio in electrical discharge
machining (EDM). J Mater Process Technol 184:27–31

10. Pradhan MK, Biswas CK (2008) Modelling of machining parameters for MRR in EDM using
response surface methodology. In: Proceedings of national conference on mechanism science
and technology: from theory to application, 535–542

11. Kansal HK, Singh S, Kumar P (2005) Parametric optimization of powder mixed electrical
discharge machining by response surface methodology. J Mater Process Technol 169:427–436

12. Asif Iqbal AKM, Khan AA (2010) Influence of process parameters on electrical discharge
machined job surface integrity. Am J Eng Appl Sci 3:396–402

13. Ward SM,Bin Z, ThoulessMD (2005) Predicting the failure of ultrasonic spotwelds by pull-out
from sheet metal. Int J Solids Struct 43:7482–7500

14. Faisal N, Kaushik K (2018) Optimization of machine process parameters in EDM for EN 31
using evolutionary optimization techniques. Technologies 6:54

15. Regmi M, Gupta A (2017) Performance of Copper electrode for machining EN 19 and Nickel
Plated EN 19 alloy steel by EDM. Int J Indus Manuf Syst Eng 2(1):1–6



Sustainability Analysis of Cutting Fluids
in Minimum Quantity Lubrication
of Machining Operations

P. Jamaleswara Kumar and B. V. S. Arun Kumar

Abstract This paper is a machining investigation on the sustainability of two poten-
tial cutting fluids in a machining process using a custom built, low-cost dispensing
system, based on MQL, for delivering cutting fluids. A preliminary experimental
investigation was conducted on unblended oils, i.e. metal working fluids (MWFs),
with a view to further develop a better effective cutting fluid along with a delivery
system. Influence of basic machining parameters on the performance of the opera-
tion has been investigated to detect any significant difference in using either of the
fluids on a simple plain turning operation using an HSS cutting tool. With a response
variable like surface roughness, it was possible to notice significant differences in the
machining outputs. Low-cost fluids have been used, and the feasibility of a low-cost
enhancement of the properties is concluded. This study considers the real situa-
tion of imperfect fluids and proportion of it can be reworked at certain known rate.
The overall purpose of this analysis is the development of a highly economical green
cutting fluid dispenser suitable for a typical small-scale industrial manufacturer, with
a job shop-type setup, based on a low-cost investigation. Both the considered fluids
have been evaluated based on past research and found to be good starting points for
further study. The vegetable oil was found to perform better on machining outputs
but score close to its counterpart on sustainability.

Keywords Sustainable manufacturing · Metal working fluids (MWFs) · Minimum
quantity lubrication (MQL) · Surface roughness · Orthogonal array and Taguchi
technique

1 Introduction

Although Dornfeld et al. [1] emphasized a balance in the approach towards bringing
sustainability, sometimes economical factors far outweigh the other two factors
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involved in developing sustainable manufacturing methods. While green manufac-
turing focusses only onbeing environmentally benign and socially conscious, sustain-
ability brings in economics of the manufacturing process into the picture. But at a
microeconomic level, manufacturers depend on quality driven by costs to increase
their competitivity.

Within the scope of manufacturing, greening of machining processes has strongly
focussed over the lubrication and cooling processes which have grown from use of
plain water to the most sophisticated nanofluids to maintain a sustainable balance
between the growing needs of the industry—society, economics and environment.
Alternatives for handling these issues, according to Srikant and Rao [2], can be dry
machining, MQL, compressed gas cooling, internal cooling, tool coatings or cryo-
genic cooling. As a sustainability enabler, MQL in machining has been proven and
developed bymany researchers, to the current state of the art. The tool–work interface
is a thermo-mechanical zone due to intense tribological interaction, in many conven-
tional machining processes is a heat dissipating zone requiring some form of cooling
process. Over the years, the cooling medium used in this process has transitioned
from plain water to very sophisticated fluids enhanced by nanoparticles. Several
authors have reported increased thermal conductivity, lubricity, enhanced convective
heat transfer coefficient, lubricating properties, wettability, etc. Nano-additives like
xGnP, SiO2, MoS2, Al2O3, ND, CNO, CNT, boric acid, CuO, Cu, graphite, etc., have
been experimented with as additives with different base fluids, both vegetable oils
as well as synthetic oils, in MQL machining at very high cutting speeds. Krishna
et al. [3], Rao et al. [4] and Khandekar et al. [5] were some of those researchers
who studied turning under the nMQLmachining of AISI 1040 steel alloys with HSS
or cemented carbide tools. Nano-additives reported to have reduced wetting angles
along with significant decrease in cutting forces, surface roughness and coefficient of
friction. For each of these nanofluids, they have determined the best MQL flow rates
and additive concentration in the base fluid. Prassan et al. [6] tried electrostatic-MQL
on soya bean oil by charging oil particles and improved penetrability and wettability
at the cutting zone resulting in improved lubrication by increasing wetting area and
promoting lubrication through the formation of a metallic oxides layer. Roy and
Ghosh (2018) attempted an in-house built small quantity lubrication (SQL) tech-
nology using a twin-jet SQL system with nanofluids in high-speed turning of AISI
4140 steel with amultilayered TiN-coated carbide insert. Vishnu et al. [7] studied and
analysed the performance of high-speed machining of a stronger EN-353 steel under
different machining environments. They compared the performances of SAE-40 and
nanoparticles of boric acid as additive. More recently Arul and Senthil Kumar [8]
developed and investigated a magneto-rheological-based minimum quantity lubri-
cation (MR-MQL) while turning Monel K500 alloy. Nanosized CuO is used as a
binder in magneto-rheological fluids to lubricate the tool–chip interface. They have
reported a reduction in cutting tool temperature by 9.36% and surface roughness by
26.58% when compared with the plain MQL process. Compared to dry turning and
flood lubrication, MQL has sought to achieve both the above objectives by adopting
a middle path. However, in case of each machining process, the flow parameters for
the cutting fluid used maybe varied along with the process parameters as well as tool
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and work parameters. Other than these fluid properties are also likely to influence the
machining performance. Vishnu et al. [7] compared performances of dry, flooded and
MQL machining of EN-353 steel alloy. The performance characteristics are studied
by varying cutting speed, feed rate, depth of cut, type of tool and different lubrica-
tion conditions at three levels. The cutting fluid used in machining is vegetable oil
based, prepared with the composition of coconut oil, oleic acid and triethanolamine.
Machining with a PVD-coated tool at 700 rpm, with a feed rate at 0.2 mm/rev and
a depth of cut at 0.5 mm, was found optimal. They also reported a marginal perfor-
manceofflooded lubri-cooledmachiningover dry andMQLmachining. Jamaleswara
Kumar and Venkata Vishnu (2019) in their document refers to the experimental study
of the use of vegetable oil as a cutting fluid in the manufacture of EN 353 alloys to
reduce the cutting temperature under different lubrication conditions, i.e. dry, floods
andminimumquantitative lubrication conditions. JamaleswaraKumar et al. (2018) in
their paper provide an overview of the automotive metal models. Implementation in
the automotive industry for futuremetallic prototyping includes redesign of a genera-
tion of two-, three- and four-wheel auto parts, mathematical simulation and software
using FEM technologies, 3D printing, metal models despite 3D/4D printing, and the
prototype test and research laboratories are described in detail. Finally, this review
provides an overview of the future automobile industry through metallic models.

Usage of cutting fluids based on vegetable oils has been studied extensively.
Srikant and Rao [2] justify the use of vegetable oils especially because of their
biodegradability, low toxicity, fewer handling and disposal problems. Their contribu-
tion to increase the sustainability of the machining processes is being enhanced from
several angles. Odusote and Kolawule [9] reiterated about the suitability of vegetable
oil-based cutting fluids in a drilling operation. For many spindle speeds, depths of cut
and feed rates, they investigated the properties and their changes in properties like
lubricity, cooling ability, viscosity and wetting ability. According to them, vegetable
oil-based cutting fluids can serve as suitable alternative replacement for toxic, non-
biodegradable conventional petroleum-based cutting fluids. As per the investigation
of Kamata and Obikawa [10], using MQL improved surface finish over a dry envi-
ronment. But it was also observed that though fluid quantity resulted in a better tool
life, the surface finish was not affected. Odusote and Kolawole (2013) compared
the performance of palm oil and groundnut oil with a mineral oil-based cutting fluid
whilemachiningmild steel. They found groundnut oil with lowestworkpiece temper-
ature, similar to conventional oil. Overall highest chip thickness as well as improved
surface roughness was found in case of palm oil followed by groundnut oil. Sen et al.
[11] reviewed previously published research articles onMQLbasedmachining. From
conventional lubri-cooling agents to different vegetable oilswith nano-enhancements
to machine engineering alloys, in MQL systems superior machining performances
have been reported, leading to higher preference over conventional systems.Research
on MQL technology has covered coolant delivery systems and their design, types
of coolants, cutting tool redesign and fluid impingement locations. Compared to
what Astakhov [12] said that due to low penetrability, boundary lubrication on the
tool–workpiece interfaces was not possible leading to negligible cooling action due
to small droplet evaporation, Wang and Zhang [13] indicated the possibility that at
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high temperatures of tool and workpiece, polar molecules present in the vegetable
oil can react with the workpiece (metal) and produce a metallic soap film, which
is responsible for good lubrication property of vegetable oil. However, Astakhov’s
issue of low penetrability of a lubricant into the tool–work interface zone was better
addressed through channels made through the tool body carrying the cutting fluid to
the tip.

In this project, two oils having potential for being developed as cutting fluids were
investigated along with a custom-made dispensing system configured to deliver at
variable flow rates. The idea is to build a very low-cost MQL system for dispensing
cutting fluid. So, a primary analysis was carried out on unblended oils—a straight
oil and a synthetic oil (used), with a goal to further develop a better effective cutting
fluid alongwith a delivery system.A simple plain turning operation on a conventional
machine tool with a HSS S400 grade single point cutting tool on a MS workpiece
is considered for the purpose. Conditions found in a typical small-scale industrial
manufacturer, with a job shop-type setup were assumed for this investigation.

2 Methodology

2.1 Experimental Setup and Design

Cutting fluids. A sample of used or spent engine oil (SEO) was collected from an
auto mechanic’s garage, at Rs. 10/litre. To reduce the particulate matter, debris from
the oil was filtered out using filter papers. Palm oil (PO)was purchased at Rs. 50/litre.
The latter was uncontaminated and fresh. Both of these have been used as it is, i.e.
without any additives or further processing, in the current investigation. Viscosities
of both the fluids were measured. Viscosity variations can be attributed to average
molecular sizes, which are controllable in synthetic oils. These synthetic oils, such
as the engine oil being used in the current project, do not change viscosity over
time of use, otherwise caused by external factors during the conditions of use, which
could lead to change in viscosity. This is attributed to a consistent molecular size and
structure, resulting in slowing the viscosity change. Table 1 gives a summary of the
basic properties of the two oils being considered in this experimentation.

Fluid Dispensing System and its Calibration. To fabricate a low-cost setup,
a hybrid dispensing system was developed basing on two different applications—
the drip system typically used in water scarce areas for irrigating crops and the
intravenous fluids injection system used for patient care in hospitals. A simple iron
stand was fabricated, for holding a saline bottle arrangement, using 12 mm iron rods.
The holding arrangement can be varied in height above the ground to increase or
decrease the overall head. To build a fluid delivery system, saline bottles, plastic
tubes, valves and IV infusion sets were also procured. The valves helped control as
well as measure the flow rate of the oil. In order to calibrate the drip system, for two
extreme openings of the valve in this setup, the minimum and maximum flow rates
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Table 1 Properties of oils
used

Properties Typical values

SEOa PO

Physical state Liquid Liquid

Colour Dark brown Amber

Flash point (°C) 184 280

Pour point (°C) −10 9

Kin. viscosity (cst) (40 °C) 82.6 40.24

Kin. viscosity (cst) (100 °C) 9.8 7.89

pH value 5.7 4.43

were identified and fixed. Consequently, the flow rate was matched against various
intermediate positions of the valve knob.

Workpiece and cutting tool. Mild steel is steel containing small percentage of
carbon, strong and tough but not readily tempered. It contains approx. 0.05–0.25%
carbon making it malleable and ductile. Being the most common form of steel, its
price is relatively low while it provides material properties that are acceptable for
many applications. The cutting tool used is S400, a T42 Cobalt-based HSS tool. The
tool was ground to its optimum geometry for machining MS workpieces. The tool
was configured to 10-7-6-8-15-16-0.4 (2.4), using a tool grinding machine.

Machine Tool. A 6 ft. medium duty conventional lathe of 2015 local make is
used for the purpose of carrying out the experiments. So, the age of the machine
as on the date of conducting the experiment would be approximately 5 years. The
feed and speed settings available on the machine were selected. A feed of 0.98 mm/s
and 8.0125 mm/s was selected as low and high settings. Similarly, spindle speeds of
315 rpm and 780 rpm were selected.

Factorial design. Experiments were based on a fractional factorial design-based
Taguchi’s orthogonal array. The investigation is designed to test five factors—oil,
flow rate, feed rate, doc and RPM—at two levels each, with one of the factors, i.e.
oil, being categorical. Flow rate refers to the average oil flow rate from the dispenser.
Feed rate is the cutting tool’s movement in the longitudinal direction. Depth of cut
(doc) refers to the radial feed provided to the cutting tool before machining. RPM
refers to the spindle speed. So, an L8 orthogonal array was obtained for 8 runs as
shown in Table 2. The corresponding process parameters of the experiment are given
in Table 3.

2.2 Machining Outputs

Surface roughness was monitored during this investigation. This response variable
wasmeasured offline using aMitutoyo Surftest SJ-210 instrument.MeanCLAvalues
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Table 2 Orthogonal array (L8)

Runs Factors

A B C D E

1 1 1 1 1 1

2 1 1 1 2 2

3 1 2 2 1 1

4 1 2 2 2 2

5 2 1 2 1 2

6 2 1 2 2 1

7 2 2 1 1 2

8 2 2 1 2 1

Table 3 Experimental orthogonal array (L8)

Runs Factors

Oil Flow Rate (ml/s) Feed rate (mm/s) doc (mm) N (RPM)

1 PO 0.63 0.98 0.5 315

2 PO 0.63 0.98 1.0 780

3 PO 0.90 8.0125 0.5 315

4 PO 0.90 8.0125 1.0 780

5 SEO 0.63 8.0125 0.5 780

6 SEO 0.63 8.0125 1.0 315

7 SEO 0.90 0.98 0.5 780

8 SEO 0.90 0.98 1.0 315

of roughness of the turned workpiece were considered after taking four random
readings from the surface, using the same cut-off values.

The experimental setup is summarized in Table 4.

3 Results and Discussion

An analytical expression for surface roughness obtained on turned components was
used to compare the values obtained from experimentation. A relationship was estab-
lished between roughness and feed rate and cutting tool’s nose radius, by Kawalec
et al. (1979) and Grzesik (2011). So for larger nose radius, a smoother surface can
be obtained. Also, a low feed rate can also result in a better surface finish, for a given
nose radius.

h = [
f 2/(8Rn)

] × 103µm (1)
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Table 4 Experimental setup Properties Typical values

Machine 6 ft medium duty engine Lathe

Workpiece material Mild steel

Process parameters

Spindle speed 315 and 780

Depth of cut (mm) 0.5 and 1.0

Feed rate (mm/s) 0.98 and 8.0125

Oil flow rate 0.63 and 0.90 ml/s

Cutting tool

Tool material Cobalt-based HSS

Geometry 10-7-6-8-15-16-0.4 (2.4)

Cutting fluids Spent engine oil and palm oil

Cutting fluid supply MQL method

Table 5 Maximum cutting feed depending upon the nose radius

Nose radius (rn) (mm) 0.4 0.8 1.2 1.6 2.4

Max. cutting feed (f ) (mm/rev) 0.25–0.35 0.4–0.7 0.5 –1.0 0.7–1.3 1.0–1.8

Astakhov (2011) suggested that, in rough turning operations, a large nose radius:
(1) increases the strength of the insert; and (2) in inserts permits working with higher
cutting feeds. The maximum cutting feed in roughing operations should be selected
according to the data shown in Table 5.

Mean surface roughness values measured after every run are used to investigate
the performance of both the oils. Statistical analyses of experimental results obtained
are carried out using MINITAB 17, a statistical package, which is used for analysis.
Images of the experimental setup and machining can be seen in Fig. 3.

3.1 Analysis of S/N and ANOVA

The statistical analysis has been carried out to find process parameters which can
influence the machining quality (surface roughness) and to identify the favourable
level of each process parameter, especially, that parameter which is related to the
lubri-cooling system. Adopting a Taguchi approach to analysis, the S/N ratio values
for surface roughness are obtained using the equation shown below. An S/N ratio
of the smaller-the-better type is used in this paper. So, for optimizing the process in
this study, the smaller the S/N (dB) ratio, the better is the characteristic. This S/N
ratio is generally used when the response value is continuous and nonnegative and
the desired value is zero.
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S

N
= − 10log10

[
1

n

n∑

k = 1

y2k

]

(2)

where n is the number ofmeasurements in a trial/row and yk is the kthmeasured value
in a run. It includes the effect of noise aswell. Bothmain effects and interaction effects
were observed among some of the factors. Main effects can be observed from all the
graphs of the factors on the response variables. The following two-way interactions
are found likely:

a. Oil*flow, oil*feed, oil*doc and oil*RPM
b. Flow*feed
c. Doc*rpm.

In case of interaction of oil with other factors, since considerable difference in
viscosities exists between the two cutting fluids used, viscosity can be an influential
factor in the machining process. So, while viscosity is a factor that can be controlled
to influence the response variable, it is important to understand that it is the relative
change in viscosity during the process and in the cutting zone which is important.

Main effects on the response variable can be seen (see Fig. 1).
Similarly, interaction effects on the response variable can be seen (see Fig. 2).
As far as two-way interactions are concerned, significant interactions that can be

visually observed in the interaction plots are between the oil and its flow, oil and
feed, oil and doc, and oil and rpm. While oil and its flow rates can be linked, other

Fig. 1 Main effects of factors on signal-to-noise ratio of surface roughness
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Fig. 2 Two-way interaction effects on signal-to-noise ratio of surface roughness

Fig. 3 Machining under the influence of cutting fluid

linkages can be safely ruled out. Similarly, among the interactions of feed and flow,
feed and doc, and feed and rpm, the first interaction seems to be showing a significant
effect on the response variable. No arrangement was made to regulate or control one
factor via any other factor through any form of mechanism (Fig. 3).
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3.2 Multiple Regression of Surface Roughness

Multiple regression analysis on the obtained data is done using Minitab 17, after
considering various interactions. The interactions detected have been factored into the
regression model along with other factors, yielding category-wise (oil-wise) models.
The independent variables are flow rates of cutting fluids, spindle speeds, feed rates
and depths of cut. The oil type is the categorical variable and is also one of the
predictors. The dependent variable is surface roughness. So, two separate models
were obtained, after following a stepwise regression to fit a hierarchical model to the
observed data. The regression equations obtained are as follows.

PO:

−R−1
a = 0.0−0.1091feed−0.2173flow + 0.135feed ∗ flow−0.000144rpm ∗ doc

(1)

SEO:

−R−1
a = 0.1396−0.1091feed−0.2173flow + 0.135feed ∗ flow−0.000144rpm ∗ doc

(2)

The analysis reveals the statistical significance of the regression coefficients of
the considered factors and their interactions in Tables 6 and 7. Both the coefficients
and ANOVA tables show the significance of the factors considered into the model.

The model summary also shows very high predictability. An R2 value of 99.69%
togetherwith a predictedR2 of 98.36%reveals the effectiveness of thefitmodel.Other
interaction terms were found insignificant, in accordance with graphical two-way
interaction plots. Against the category of “oil”, a p-value of 0.006 strongly suggests
the significance of this factor in influencing the machining performance. Since “oil”
is a categorical variable in this regression analysis, its significance indicates that the
level means may not be equal.

Table 6 Coefficients

Term Coef SE coef T-value P-value

Feed −0.10911 0.00993 −10.98 0.002

Flow −0.2173 0.0277 −7.83 0.004

Oil

SEO 0.1396 0.0200 6.99 0.006

Feed*flow 0.1350 0.0133 10.18 0.002

rpm*doc −0.000144 0.000028 −5.16 0.014
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Table 7 ANOVA of the response

Term DF Adj SS Adj MS F-value P-value

Regression 5 0.300274 0.060055 195.53 0.001

Feed 1 0.037049 0.037049 120.63 0.002

Flow 1 0.018842 0.018842 61.35 0.004

Oil 1 0.014997 0.014997 48.83 0.006

Feed*flow 1 0.031856 0.031856 103.72 0.002

rpm*doc 1 0.008176 0.008176 26.62 0.014

Error 3 0.000921 0.000307

Total 8 0.301195

3.3 Sustainability Analysis

A sustainability analysis of the lubri-cooling process was done with reference to
three factors—recyclability, cost factor and operator comfort. Recyclability or waste
minimization in the current project refers to reusability of the oil for the given
machining process. Material saving within the product life cycle may arise from
product reuse, recycling arising from waste management practices and/or recycling
of energy and materials within manufacturing stages. On this basis and for any
individual manufacturing process, the sustainability factor (R):

SFR = 1 − [Recycled Material/Material used initially] (5)

Values of SFR range between zero and unity. A value of zero is obtained when
all available materials have been recycled and unity when there is no recycling. So,
lower values of SFR are preferred. In this project, in case of SEO, its utility was
restricted to the first run only; i.e. most of the oil was unusable after the first run
of the operation. The quantity of waste was unrecoverable after a single run of the
turning operation. However, in case of the palm oil (PO), roughly 35% of the waste
oil was recoverable after the entire operation was finished.

Secondly, machining costs are affected by the costs of the cutting fluids consumed
in the process. So, in the current case, the sustainability factor (C):

SFC = 1 − [Cost of Fluid Used/Best Alternative Fluid] (6)

Values of SFC range between zero and unity. A value of one is obtained when the
fluid’s cost is almost zero or very low compared to the benchmarked fluid and zero
when it is as costly as that of the ideal fluid. So, larger values of SFC are preferred.
For dry turning, SFC would be equal to 1. For this project, HP Koolkut 40 has been
considered as the benchmark fluid rated at Rs. 110/litre.

Thirdly, operator comfort can be best expressed as a process that causes the least
hazard or hindrance to a human operator in running and controlling the process. If
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a comfort rating on a scale of 0–9 is provided by a skilled operator, 0 being “Most
Uncomfortable” and 9 being “Very Comfortable”, the rating provided by the skilled
operator is then considered for evaluating the disruption to focusing on the controlling
operation and performing effortlessly.

For a rating of 0, the fumes or any emissions from the process would be irritating
to the eye and render the person incapable to focus properly on the machine. Also,
the emissions can make it difficult to breathe properly and could result in accidents
to the operator. In case of 9, a smooth conduct of the machining process can be
done, which is identical to a dry machining process at small machining jobs, as far
as operator comfort is concerned. So, SFO is the sustainability factor (O):

SFO = 1 − [Comfort Rating/9] (7)

A skilled operator was asked to perform machining with each of the oils and
accordingly rate the comfort levels of operating with the particular fluid. Palm oil,
in the current case, was releasing excessive fumes whenever the fluid was dropped
onto the tool surface, and it came in contact with the hot surface of the tool or the
chip. Compared to this, SEO released fairly smaller amounts of fumes, when in
contact with the tool or chips. SEO was rated at 7, while PO was rated 2 on the
aforementioned scale.

The ratings for each of the above sustainability factors are summarized in Table
8.

Figure 4 shows a comparison between the sustainability scores for both the cutting
fluids used. Though the spent engine oil appears to score high on operator comfort
and cost factors, its recyclability is low. Moreover, being mineral oil-based, it is also

Table 8 Sustainability factors

Sustainability factor Score type Symbol SEO PO

Recyclability Smaller-the-better SFR 1.00 0.65

Cost factor Larger-the-better SFC 0.91 0.54

Operator comfort Smaller-the-better SFO 0.22 0.78

Fig. 4 Comparison of
sustainability factors of both
oils
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known to be non-biodegradable. On both of these characteristics—recyclability and
biodegradability, we know that palm oil can have the highest preference.

3.4 Discussion

In the present work, an attempt has been made to evaluate the performance of palm
oil and spent engine oil as lubricants for turning of mild steel with high-speed steel
tool.

• Machining with palm oil as lubricant is found to be better than spent engine oil.
Although economically the latter scores high, with respect to recyclability, the
vegetable oil was found better. Any attempt to improve recyclability of spent
engine oil will result in escalating its cost. Small difference in the response results
for palm oil and spent engine oil can be ignored for this very simple reason.
So, palm oil is better to use as a lubricant than spent engine oil keeping in view
various aspects of health and better for environment as the high hazardous fumes
are produced while machining with spent engine oil as lubricant compared to
palm oil.

• The optimal and best combination for better surface finish is obtained by using
Taguchi methodology are palm oil as lubricant, at moderate cutting speed, low
feed rate, more depth of cut and at low flow rate of lubricant. The best combination
for low flank wear of HSS tool is spent engine oil as lubricant, low cutting speed,
low feed rate, more depth of cut and at high flow rate of lubricant.

• Using ANOVA, individual factor effects of flow and feed factors were found
significant. The other factors affecting the response by interactions include feed
and flow rate, and spindle speed (rpm) and depth of cut (doc).

• A fairly good control in dispensing the lubricant to the cutting zone has been
attained using low-cost components as nozzle and control valves. Also, the ability
of oil to flow through the designed mechanism was found to be affected by the
ambient temperature. So, a slight heating of the oil enabled it to flow through the
dispenser to cutting zone. Also, application of a slight pressure to the fluid might
improve the penetrability of the fluid.

4 Conclusions and Recommendations

The current investigation has provided a starting point for further study into devel-
oping the system’s utility on improving its overall sustainability. The following
conclusions can be drawn with reference to this study. Since process performance
is a key expectation, surface roughness was selected. Since the fluid selection will
determine the extent of tool wear and it will have a direct impact on surface finish of
the workpiece, it was sufficient monitoring the end effect, though tool wear or life
could have been a performance measure also. A significantly better surface finish
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was observed in case of the vegetable oil used than the recycled synthetic oil, even
though the latter are meant to have a large operating range of viscosity due to unifor-
mity in molecular size, as mentioned earlier. Small variations in roughness values
were observed across the length of the workpiece. Since temperatures are high, the
oil viscosities might have reduced near the cutting zone leading to bad performance
of SEO.

Smaller energy consumption can also increase the sustainability of the process.
This is possible if lower cutting forces can be applied by reduction of friction using
a lubricant in the right quantity. Tool temperature or the chip temperature also could
have been monitored to measure the effect of the cutting fluid used. But these also
would have an effect on the tool wear, further leading to rougher surfaces on the
workpieces. MRR, chip thickness ratio, tool life or wear, power consumption or
cutting forces, product attributes like cylindricity, roundness, surface hardness, etc.,
and oil condition characteristics like particulate matter, pH value, viscosity, flash
point, saponification number, oiliness, etc., can be other response variables.

One important issue was the focussed delivery of the cutting fluid to the cutting
zone. As the zone was below the chip, only a small portion of the tool was exposed
outward and so, the nozzle had to be placed to deliver the fluid drops to this exposed
area of the cutting tool. If pressure can be applied to the fluid so that a drop can be
forced in between the chip and the tool surface, then the system can be much more
effective. Another challenge was the use of the rubber tubing and the plastic nozzle
that was getting damaged during the turning process, by the long chips. Rerouting
the tubing and replacing the plastic nozzle with a glass one were found to be better
options.

Themodels developed in the above analysis have shown the possibility of accurate
prediction usingmultiple regression.While flood lubrication involves using a surplus
quantity of fluid, anMQLwill focus on sustainability through a right quantity of fluid.
This right quantity of cutting fluid is the optimum quantity that minimizes energy
consumption and surface roughness. So, if optimum values of process parameters
can be determined, the designed MQL system can be calibrated for different kinds
of fluids and different materials and quality outcomes desired.
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The Effect of Drilling Parameters
on the Hole Quality of Hybrid
Fiber-Reinforced Epoxy Composite

V. Santhanam, S. Sendhilkumar, N. Venkateshwaran,
and M. Chandrasekaran

Abstract In this work, hybrid fiber-reinforced epoxy composite had been developed
by using woven banana fiber and woven glass fiber as reinforcements. Laminated
composite sample was developed by using hand layup method. Glass fiber was kept
as top layer, and banana fiber was kept as bottom layer with the arrangement of
G-B-G-B. Drilling is one of the most common and critical machining operations
during the assembly operation in manufacturing. In this work, the effect of drilling
parameters on the quality of the hole and delamination was studied. Three different
drill speeds and feed rates were used in this study. The machining was done by
using a twist drill of diameter 8 mm, and the drilling was performed at the speeds of
700, 1400 and 2100 rpm. The feed rate was kept at 0.05, 0.12 and 0.20 mm/rev. The
drilled holes were scanned in a high-resolution scanner, and digital image processing
was further used to compute the hole dimensions. The details of the pixel values at
the entry and exit were measured digitally, and subsequently, the pixel values were
used to determine the extent of damage occurred due to the drilling operation. A
two-dimensional array of hole dimension with respect to the feed rate and speed
was obtained from the experimental results. Finally, ANOVA technique was used
to determine the most influencing drilling parameter to get better hole quality. The
experimental results indicated that the damage due to machining was greater at the
exit than the damage at the entry. Also, ANOVA technique showed that the drilled
hole quality depends on the drilling speed and feed rate, but the feed rate is the most
significant parameter than the cutting speed.
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1 Introduction

Nowadays, the demand for the multifunctional materials is becoming prime impor-
tance in automotive applications. The main task is to develop high-performance,
low-cost and low-densitymaterials with better strength andmodulus alongwith good
thermal characteristics. This diverse and contradictory requirement for the automo-
tive materials has brought the very complex problem of developing new types of
polymer composites materials. Polymer composite materials had been increasingly
used in several applications due to their advantages such as low weight to strength
ratio, better wear properties, ease of manufacturing, and the properties can be easily
tailor-made as per the requirements of the application. Due to the increasing envi-
ronmental concerns and carbon emission regulations, recently the focus is on the
use of natural fibers as a successful reinforcement in place of synthetic fibers such
as glass fiber, carbon fiber and Kevlar fiber. But the natural fibers are hydrophilic,
and the mechanical properties of the plant fibers are inferior to that of the synthetic
fibers.Hence, attempts are beingmade to develop the hybrid fiber-reinforced polymer
composites where both the natural fiber and synthetic fiber are used as the reinforce-
ment to get the advantage of both the fibers. Hybridization [1] is one of the effective
means of achieving desired properties of laminated composite by combining two or
more types of fiber or matrix. Also, the hybridization suppresses the weakness of the
constituents due to the addition of better material in it, and thereby, the compensation
of properties also occurs [2]. By developing such versatile materials, the machining
of the material becomes difficult to accommodate this development. Of the various
available secondary process of machining the composite materials, drilling is most
widely used during the assembly process. The quality of drilled holes in composite
materials involves the parameters like feed rate, speed, drill wear and drill geometry.
The machinability parameters include torque, thrust force, residual strength, surface
roughness and damages associated.

Problems such as delamination, hole quality and excessive toolwear are frequently
encountered during the drilling process of the polymer composite materials. The
delamination in composite material is a significant factor as it affects the structural
strength, poor assembly tolerance and micro-cracking of the components during the
usage [3]. The effect of drilling parameters on the tool wear and delamination of
glass fiber composite was investigated by Prakash et al. [4] with the help of vibration
signal. The time domain and frequency domain analysis was carried out to determine
the optimum drilling parameters, and from the experimental results, it was found that
the frequency domain analysis predicted better results than the time domain analysis.
The results showed that the machining speed of 951 rpm and feed rate of 1 mm/s
produced the lowest delamination factor. Sumesh et al. [5] developed composite
materials based on pineapple and flax fibers, and cellulose microfiber was used as
filler material. Research on machinability of hybrid composite was carried out, and
it was shown that the addition of filler up to 3% resulted in better machinability.
Various kinds of fillers such as carbon black, coconut shell powder, fly ash and nano
alumina were used as secondary reinforcement. The effect of boron nitride particle
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on the machinability of carbon fiber epoxy composite was carried out by Burak
Kaybal et al. [6], and it was observed that the delamination factor decreased with
the addition of filler. The majority of studies agree that there is a good correlation
between the thrust force and the delamination. Bosco et al. [7] analyzed the influence
of machining parameters on thrust force in drilling GFRP-armor steel sandwich
composite and showed that the thrust force required is higher for the bottom panel
due to the heat generation after drilling the armor steel composite. Rajamurugan et al.
[8] studied the drilling performance of the aluminum foil reinforced sisal/flax epoxy
composite. The experimental results revealed that the hole pitch and spindle speed
greatly affected the circularity of drilled hole. Anand et al. [9] optimized the drilling
parameters using Taguchi orthogonal array and grey relational algorithm of Ni-P
coated glass fiber and aluminum oxide nano wire hybrid composite. Bukhari et al.
[10] studied the influence of drilling parameters of hybrid composite and the influence
of stacking sequence on the drilled hole quality. Tran et al. [11] investigated the
thrust force and particle generation of drilling the miscanthus fiber with biochar and
polypropylene composite. The experiments showed that the feed rate and drill tool
diameter had significant effect on the fine and ultra-fine particle emission. Jaganatha
et al. [12] analyzed the thrust force and delamination of glass fiber–carbonfiber epoxy
composite. From the literature, it was found that the drilling of FRP composites has
several undesirable effects such as spalling [13], edge chipping [14], macroscopic
pitting [15], fiber breakage, debonding [16], fiber pullout [17], crack formation [18],
thermal damage [19], fuzzing [20], stress concentration [21] andmatrix crazing along
with delamination [22]. From the literature, it was evident that most of the studies
on the machining of composite materials were carried out to determine the drilling
parameters and drilled hole quality. The effect of fiber loading and drilling parameters
on the thrust force, delamination were studied by several researchers. The effect of
drilling parameters on the hybrid fiber-reinforced composite and the measurement
of hole quality using machine vision technique was not widely reported. Hence, in
this work, the effect of drilling parameters on the drilled hole quality of the hybrid
fiber-reinforced epoxy was analyzed using machine vision technique.

2 Materials and Methods

Banana fiber was used as the natural reinforcement in this work; processed banana
fiber was purchased fromRope International Pvt Ltd., Chennai, India. The properties
of banana fiber are better than most of the cellulosic fiber available in nature. It has
an approximate tensile strength of 600 MPa and modulus of 17.85 GPa. The density
of the fiber was estimated as 1.35 gm/cm3. The banana fiber was dried under the
sun to remove any residual water content from the fiber. E-Glass fiber was used as
synthetic fiber reinforcement in this work, which is procured from Sakthi Fibers,
Chennai. It has a density of 2.55 gm/cm3, and the tensile strength is 2400 MPa. The
glass fiber was mixed with the banana fiber in equal amounts to prepare the hybrid
reinforcement. Epoxy resin was used as the matrix material in this work, which is
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procured from Sakthi fibers, Chennai. Hybrid fiber composites were fabricated by
using hand layup method. A wooden mold of 300 mm × 300 mm was used for
fabricating the specimens. Woven fiber arrangement had been used for the purpose.
Composites were prepared by using the G-B-G-B arrangement of the woven mats.
Figures 1 and 2 show the woven mats of glass fiber and banana fiber used in this
study and the composite specimen used for machining operation.

Fig. 1 Woven banana fiber
and woven glass fiber mats

Fig. 2 Top side (a) and bottom side (b) of the banana–glass fiber-reinforced hybrid composite
specimen
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2.1 Experimental

The drilling operation was performed by using MTAB-DENFORD CNC machine
which is shown in Fig. 3. A Single point HSS standard twist drill of 8 mm diameter
was used as the drilling tool. The drilling operation was performed at 700, 1400 and
2100 rpm speeds. Considering the diameter of the drill tool, the tangential velocity
of the operation was kept between 20 and 60 m/min. The feed rate was varied as
0.05, 0.12 and 0.20 mm/rev. The specimen size of 30 mm× 30 mm was used for the
study. The quality of the drilled holes was assessed by using the delamination factor.
Machine vision technique was used to measure the hole quality which is shown in
Fig. 4. The ratio between the nominal diameter (D) of the hole to the largest diameter
(Dmax) of the delamination zonewill give delamination factor (Fd) as shown in Fig. 5.

3 Results and Discussion

The drilled hole size at the entry and exit was determined by measuring the pixel
value using the machine vision technique. Tables 1 and 2 present the pixel values at
the entry (top side) and at the exit (bottom side) of the drilled holes. It can be observed
from the tables that the hole size is marginally higher at high feed rate, indicating

Fig. 3 Drilling machine
used in this study
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Fig. 4 Hole quality analysis using machine vision setup

Fig. 5 Digital image
processing of drilled hole

Table 1 Pixel values and equivalent hole dimension at entry

Top side

Feed
(mm/rev)

0.20 0.12 0.05

Speed
(RPM)

Pixel mm Pixel mm Pixel mm Pixel mm Pixel mm Pixel mm

2100 589 10.91 595 11.02 560 10.37 554 10.26 473 8.76 468 8.67

1400 599 11.09 593 10.98 542 10.03 547 10.13 465 8.6 460 8.52

700 597 11.06 603 11.18 538 9.97 533 9.87 482 8.92 477 8.84
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Table 2 Pixel values and equivalent hole dimension at exit

Bottom side

Feed
(mm/rev)

0.20 0.12 0.05

Speed
(RPM)

Pixel mm Pixel mm Pixel mm Pixel mm Pixel mm Pixel mm

700 681 12.62 675 12.5 610 11.3 616 11.42 547 10.13 542 10.03

1400 656 12.14 649 12.02 612 11.33 606 11.22 533 9.87 538 9.97

2100 643 11.9 636 11.78 593 10.99 599 11.1 530 9.81 524 9.71

more damage in the drilled hole. The average values of the delamination factor are
presented in Tables 3 and 4, respectively, for at the entry and exit of the drilled
holes. It is noted from the tables that the maximum value of delamination factor was

Table 3 Entry delamination factor for hybrid fiber composite sample

Fiber arrangement in the
composite

Speed (rpm) Feed rate (mm/rev) Delamination factor at entry

G-B-G-B 2100 0.20 1.37

2100 0.12 1.29

2100 0.05 1.09

1400 0.20 1.38

1400 0.12 1.26

1400 0.05 1.07

700 0.20 1.39

700 0.12 1.24

700 0.05 1.11

Table 4 Exit delamination factor for hybrid fiber composite sample

Fiber arrangement in the
composite

Speed (rpm) Feed rate (mm/rev) Delamination factor at exit

G-B-G-B 2100 0.20 1.48

2100 0.12 1.38

2100 0.05 1.22

1400 0.20 1.51

1400 0.12 1.41

1400 0.05 1.24

700 0.20 1.57

700 0.12 1.42

700 0.05 1.26
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observed for the feed rate of 0.20 mm/rev. A maximum value of delamination factor
was obtained as 1.39 for entry (top side) and 1.57 at exit (bottom side). The top layer
is subjected to compression at the entry of the drilling tool, and hence, less damage
is observed; whereas, the bottom layer is subjected to tensile stress during the exit
of the drilling tool, and hence, the damage and delamination can easily occur at the
bottom. It is because of this reason; woven banana mat is placed at the bottom of
the specimen. Since banana fiber has relatively lesser tensile strength than glass fiber
mat, the delamination due to the damage of the banana fiber mat is lesser than that
of the glass fiber mat.

The effect of drilling speed and feed rate on the entry and exit hole quality is
presented in Figs. 6 and 7, respectively. It was observed from the figures that the
delamination factor was largely affected by the feed rate rather than the drilling
speed.

Fig. 6 Effect of feed rate
and drilling speed on entry
delamination
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Fig. 7 Effect of feed rate
and drilling speed on exit
delamination
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3.1 ANOVA Analysis

Analysis of variance technique was used to determine the most influential machining
parameter for the drilled hole quality. The analysis was carried out by considering
two factors (drilling speed and feed rate) with three variables for each factor. Minitab
6.0 software was used for the purpose of analysis. The ANOVA results are presented
in Tables 5 and 6, respectively, for the entry and exit delamination. It was noted from
the table that the ‘p’ value is less than 0.05 at 95% confidence level for the feed rate,
indicating that the feed rate has higher significant effect on the hole quality than the
other parameters. It was also observed that the value of ‘p’ is less than 0.05 for the
drill speed at the exit indicating that both the speed and feed rate influence the exit
delamination factor.

Regression equations were developed based on the experimental values of entry
and exit delamination. These equations can be further used to predict the delamination
factor for any value of feed rate and drill speed. Tables 7 and 8 show the values
predicted by the regression equation and the values obtained experimentally for the
entry and exit delamination. The error between the actual values and predicted values
is also presented in Tables 7 and 8 for entry and exit delamination, respectively. The
regressionmodels showedan error of 3.96%and1.97%, respectively, for the entry and

Table 5 ANOVA for entry delamination for woven fiber composite

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

Speed (rpm) 2 0.0002896 0.0001446 0.291 0.7611

Feed rate (mm/rev) 2 0.1277565 0.0638785 129.191 0.0000

Error 4 0.0019785 0.0004934

Total 8 0.1300226

Model summary

S R-sq R-sq(adj) R-sq(pred)

0.02223613 98.4 96.9% 92.3%

Table 6 ANOVA for exit delamination for woven fiber composite

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

Speed (rpm) 2 0.0048221 0.0024111 9.232 0.0324

Feed rate (mm/rev) 2 0.1186893 0.0593442 227.283 0.0000

Error 4 0.0010442 0.0002613

Total 8 0.1245564

Model summary

S R-sq R-sq(adj) R-sq(pred)

0.0161587 99.2% 98.3% 95.7%
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Table 7 Comparison between experimental and regression model results at entry

Speed (rpm) Feed rate (mm/rev) Regression model Fd
(entry)

Experimental Fd
(entry)

Error (%)

2100 0.20 1.39 1.37 −1.66

2100 0.12 1.24 1.29 3.96

2100 0.05 1.10 1.09 −1.32

1400 0.20 1.39 1.38 −0.82

1400 0.12 1.24 1.26 1.78

1400 0.05 1.10 1.07 −3.08

700 0.20 1.39 1.39 0.00

700 0.12 1.24 1.24 0.00

700 0.05 1.10 1.11 0.76

Table 8 Comparison between experimental and regression model results at exit

Speed (rpm) Feed rate (mm/rev) Regression model Fd
(exit)

Experimental Fd (exit) Error (%)

2100 0.20 1.50 1.48 −1.54

2100 0.12 1.35 1.38 1.87

2100 0.05 1.22 1.22 0.00

1400 0.20 1.53 1.51 −1.38

1400 0.12 1.38 1.41 1.97

1400 0.05 1.25 1.24 −0.99

700 0.20 1.56 1.57 0.71

700 0.12 1.41 1.42 0.69

700 0.05 1.28 1.26 −1.61

exit delamination of the drilled holes. The negative error means that the delamination
factor predicted by the regression model is higher than the experimental value.

This shows that the regression models given by Eqs. (1) and (2) had been able to
predict the delamination factor with reasonable degree of accuracy.

Entry delamination = 1.00411 + 0.0000021*Speed (rpm) + 1.9222*Feed rate
(mm/rev) (1)

Exit delamination = 1.21539 – 0.0000402*Speed (rpm) + 1.8569*Feed rate
(mm/rev) (2)

4 Conclusion

Banana–glass hybrid fiber-reinforced composites were developed, and the drilling
behavior of the composite was studied using the machine vision technique in this
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experiment. The effect of drilling speed and feed rate was analyzed to assess the most
influencing parameter. ANOVA technique had used for the analysis. The following
conclusions were drawn from the experiment.

• The delamination factor increases with both the cutting parameters (velocity and
feed rate), which means that the composite damage is bigger for higher cutting
speed and higher feed.

• Feed rate had been the most influencing parameter than the cutting speed which
is validated by ANOVA technique.

• The delamination factor predicted by regression models was in good correla-
tion with the experimental ones. The maximum error in prediction of entry
delamination is 3.96%, and exit delamination is 1.97%.
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Effect of Profile Geometry and Cutting
Speed Override Parameter on Profiling
Speed During Tapering Using Wire
Electric Discharge Machining

I. V. Manoj and S. Narendranath

Abstract The oblique/tapered form of precise components has many applications
like dies, nozzles, inserts, cutting tools, andother components.Wire electric discharge
machining is an erosion technique that helps in precise machining of hard materials.
In the present study, basic profiles were machined using a novel slant-type fixture to
achieve a slant surface on Hastelloy X. The shapes like triangle, square, and circle
are machined at different slant angles, namely 0° and 30°. This paper aims to study
the effects of the cutting speed override parameter and profile geometry on profiling
speed of machined profiles. The basic shapes of 1, 3, and 5 mm sides were machined.
The cutting speed override parameter affected the most on profiling speed in both the
angles irrespective of profiles. The profile geometry also affects the profiling speed
although the machining parameters were maintained constant.

Keywords Slant-type taper profiling · Cutting speed override · Profile geometry

1 Introduction

Wire electric dischargemachining (WEDM)works on an electro-thermalmechanism
which melts the hard conductive workpiece by sparks generated by the electrode. It
proves to be the most beneficent machining process, as conventional machining of
hard materials may produce many flaws on tool and workpiece [1, 2]. Many mate-
rials like ceramics, nanoceramics, composites, titanium-based alloys, nickel-based
superalloys, etc., can be machined with precision using EDM [3–6]. Many studies
have been carried out on output parameters like cutting speed, surface roughness,
kerf, etc. Mouralova et al. [7] have investigated the effects of machining parameters
on cutting speed and surface quality. The optimum cutting speed was experimentally
confirmed for efficient machining to get a good surface quality. He et al. [8] have
investigated machining speed and surface roughness in machining of wire electrical
discharge machining (WEDM) of 2D C/SiC composite. Dey and Pandey [9] have
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reported optimal settings of machining condition which yields superior performance
in machining of aluminum matrix composites. It was reported a boost in cutting
speed (3.234%), kerf width (2.7415%), and surface roughness (7.053%). Rajmohan
and Senthil [10] have investigated the effect of pulse on time, travel speed, and current
on material removal rate, surface finish, and cutting width in the machining of grade
2205 nitrogen-enhanced duplex stainless. Manoj et al. [11, 12] have highlighted the
influence of cutting speed during taper machining on various parameters like surface
roughness, slant angle, etc., and its effect corner radius during slant profiling. Sharma
et al. [13] investigated the effect ofWEDMmachining parameters on the turbine disk
profile.

Oblique and tapered shaped components can also be machined using WEDM,
as it has many precision applications [14, 15]. Kinoshita et al. [16] highlighted the
drawbacks of the tapering process inWEDM. They also examined the behavior of the
wire during taper machining and studied the deviation of machined angle from the
programmed angle. Yan et al. [17] designed two types of mechanism to avoid wear,
angular error in case of tapering in WEDM. A new guide system was suggested due
to the flaws in the designed mechanism, to reduce roundness error without damaging
the surface of the workpiece. Sanchez et al. [18] have formulated a FEM model
considering the nonlinear phenomenon of the wire to predict and reduce the angular
error during tapering in WEDM. With the aid of prediction models, deviations of
accuracies were reduced below 4′ in tapered parts machined by WEDM. Plaza et al.
[19] havemodeled for prediction of angular error for reducing the experimentation in
WEDM.The reduction of angular error below3′45′′ was reported using the prediction
model. Ranjit et al. [20] have reported the variation of cutting speeds and its influence
on recast layer thickness during taper machining in WEDM.

From the literature, it was highlighted cutting speed (profiling speed) was
an important parameter as major researchers have considered for investigation.
Analyzing the profiling speed during taper machining in WEDMwas very essential.
In the present studies, a fixture was used to avoid disadvantages of conventional
tapering by WEDM like guide wear, wire bending, insufficient flushing and inac-
curacies in taper, etc. Almost all literature concentrates on machining parameters
affecting profiling speed; but in this paper, an attempt is made to show that the
geometric profile shapes also affects the profiling speed. The effects and variation of
profiling speed were investigated while machining different profiles like triangular,
square, and circular. The input parameters were wire guide distance (WGD), corner
dwell time (CDT), wire offset (WO), and cutting speed override (CSO) for all the
profiles. Different profiles of 1, 3, and 5 mm were machined at two different slant
angles, namely 0° and 30°. All the profiles were machined using L16 Taguchi orthog-
onal array at two different slant angles. It was found that CSO has a major influence
on profiling speed and different profiles geometry also affected profiling speed.



Effect of Profile Geometry and Cutting Speed Override … 113

Fig. 1 Energy dispersive X-ray analysis of Hastelloy X

2 Material and Experimental Procedure

2.1 Machining Parameters

Hastelloy X is a nickel-based superalloy having high mechanical properties, oxida-
tion resistance, fabricability, and high-temperature strength. It has many applications
in various industries like defence, aerospace, petrochemical, and dies making. The
composition of the as-received alloy is shown as in Fig. 1 which was examined
by energy dispersive X-ray analysis (EDX). It was solution heat-treated at 2150 °F
(1177 °C) and rapidly cooled holding time of 1 h per inch of the section.

2.2 Experimental Particulars

The dimension of the profile that was programmed was as shown in Fig. 1a, b
using ELPULS software, and the necessary G&M codes were generated based on
machining conditions. The generated codes were exported to Electronica ‘ELPULS
15 CNCWEDM’ which was used to machining the material. The zinc coated copper
wire electrode and deionized water as dielectric fluid were employed through the
experimental runs. In WEDMs, the sparks are generated between the wire and
workpiece due to voltage difference which melts the material that is required to
the machine. The dielectric fluid cools the workpiece and flushes the debris outside
themachining area. Themachiningwas performed on theworkpiece at different slant
angles as shown in Fig. 2a. The slant machining was achieved by the unique fixture
that is made of aluminum H9. The workpiece was fixed to the angle plate which
would be rotated for the required slant angle. This angle plate would be locked with
the help of slots on the side plate to a required angle. The whole fixture is fixed on
the table of WEDM as shown in Fig. 2b.
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Fig. 2 a Workpiece at different slant angle by slant fixture, b slant fixture

2.3 Machining Parameters

The initial trial experiments were conducted the machining parameters and constant
cutting parameters were chosen as shown in Table 1 [11, 12]. Based on the trial runs,
the levels were fixed for input parameters like WGD, CDT, WO, and CSO as shown

Table 1 WEDM parameters

EDM parameters Settings

Constant parameters

Pulse off time (µs) 44

Servo feed (mm/min) 20

Wire feed (m/min) 6

Pulse on time (µs) 115

Servo voltage (V) 40

Machining parameters

Wire guide distance (mm) (WGD) 40 50 60 70

100 110 120 130

Cutting speed override (%) (CSO) 31 54 77 100

Wire offset (µm) (WO) 0 40 80 120

Corner dwell time (s) (CDT) 0 33 66 99
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Fig. 3 Machined a triangular, b square, and c circular taper profiles

in Table 1. Taguchi’s L16 orthogonal array was employed in the present investigation
based on different parametric level set for slant angles at 0°, and 30°. Figure 3a–c
shows the different profiles machined of 10 mm thickness at different slant angles.

3 Results and Discussion

3.1 Profiling Speed of Different Profiles at 0° and 30° Angle

The profiling speed was recorded during profiling provided by WEDM during
profiling all the profiles, and the average of the values is taken as profiling speed. Table
2 shows the profiling speed calculated for triangular, square, and circular forms at 0°
and 30° slant angles, respectively. It can be observed that the trials 12 and 28 yielded
the least profiling speed and trials 15 and 31 produced the maximum profiling speed
for all the slant angles. It can be observed that the square profile produced higher
profiling speed than the circular and triangular profiles.

3.2 ANOVA and Main Effects Plots

Table 3 shows ANOVA for different profiles at 0° and 30° slant angles, respectively.
It can be clearly noticed that the CSO parameter was the most significant factor
influencing the profiling speed. The ANOVA also showed that CSO contributed the
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Table 2 Profiling speed of different profiles at 0° and 30° angle

Trial No WGD (mm) CDT (s) WO (µm) CSO (%) Profiling speed

Triangle Square Circular

(mm/min) (mm/min) (mm/min)

0°

1 40 0 0 31 0.749 0.769 0.756

2 40 33 40 54 0.952 1.126 0.990

3 40 66 80 77 1.256 1.427 1.392

4 40 99 120 100 1.425 1.616 1.537

5 50 0 40 77 1.266 1.501 1.337

6 50 33 0 100 1.409 1.599 1.510

7 50 66 120 31 0.659 0.898 0.748

8 50 99 80 54 0.801 1.000 0.881

9 60 0 80 100 1.403 1.558 1.501

10 60 33 120 77 1.371 1.523 1.398

11 60 66 0 54 0.812 0.890 0.879

12 60 99 40 31 0.631 0.740 0.718

13 70 0 120 54 0.750 0.908 0.898

14 70 33 80 31 0.602 0.750 0.729

15 70 66 40 100 1.508 1.719 1.677

16 70 99 0 77 1.326 1.495 1.393

30°

17 100 0 0 31 0.483 0.695 0.620

18 100 33 40 54 0.566 0.718 0.703

19 100 66 80 77 1.000 1.160 1.106

20 100 99 120 100 1.384 1.467 1.411

21 110 0 40 77 0.977 1.297 1.089

22 110 33 0 100 1.361 1.499 1.383

23 110 66 120 31 0.494 0.698 0.682

24 110 99 80 54 0.571 0.779 0.718

25 120 0 80 100 1.383 1.450 1.405

26 120 33 120 77 1.046 1.369 1.074

27 120 66 0 54 0.586 0.834 0.696

28 120 99 40 31 0.470 0.693 0.607

29 130 0 120 54 0.586 0.856 0.708

30 130 33 80 31 0.500 0.698 0.614

31 130 66 40 100 1.450 1.469 1.457

32 130 99 0 77 1.006 1.406 1.088

The lowest and highest profiling parameters are indicated in the bold format
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Table 3 ANOVA at for different profiles geometries at 0° and 30° angle

Sl No. Factor DF Adj SS Adj MS F-value P-value % contribution

0°

Triangular profile

1 WGD 3 0.009 0.003 0.34 0.798 0.521

2 CDT 3 0.004 0.001 0.15 0.921 0.233

3 WO 3 0.012 0.004 0.47 0.725 0.711

4 CSO 3 1.656 0.552 63.92 0.003 97.017

5 Error 3 0.026 0.009

6 Total 15 1.706

Square profile

1 WGD 3 0.012 0.004 0.40 0.761 0.582

2 CDT 3 0.010 0.003 0.34 0.802 0.486

3 WO 3 0.021 0.007 0.74 0.595 1.065

4 CSO 3 1.905 0.635 67.03 0.003 96.428

5 Error 3 0.028 0.010

6 Total 15 1.976

Circular profile

1 WGD 3 0.010 0.003 1.21 0.440 0.559

2 CDT 3 0.006 0.002 0.77 0.581 0.357

3 WO 3 0.007 0.002 0.83 0.559 0.383

4 CSO 3 1.778 0.593 212.72 0.001 98.240

5 Error 3 0.008 0.003

6 Total 15 1.810

30°

Triangular profile

1 WGD 3 0.003 0.0009 1.14 0.459 0.136

2 CDT 3 0.002 0.0006 0.69 0.617 0.082

3 WO 3 0.001 0.0003 0.30 0.823 0.035

4 CSO 3 2.106 0.702 838.11 0.0001 99.628

5 Error 3 0.003 0.0009

6 Total 15 2.114

Square profile

1 WGD 3 0.02099 0.007 13.38 0.030 1.181

2 CDT 3 0.00462 0.002 2.94 0.199 0.260

3 WO 3 0.02085 0.007 13.30 0.031 1.174

4 CSO 3 1.72868 0.576 1102.48 0.0001 97.297

5 Error 3 0.00157 0.0005

(continued)
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Table 3 (continued)

Sl No. Factor DF Adj SS Adj MS F-value P-value % contribution

6 Total 15 1.77671

Circular profile

1 WGD 3 0.001 0.0004 1.14 0.458 0.081

2 CDT 3 0.004 0.0013 3.38 0.172 0.238

3 WO 3 0.001 0.0004 0.96 0.513 0.067

4 CSO 3 1.582 0.5274 1412.68 0.0001 99.543

5 Error 3 0.001 0.0004

6 Total 15 1.590

CSO is the highest contributing and significant factor so it is indicated in bold format

highest irrespective of slant angle and profile geometry. Figures 4 and 5 show the
main effects plots for triangular, square, and circular profiles at both angles. It can
be concluded that CSO is the most influencing factor on profiling speed, and as the
CSO percentage increases, the profiling speed also increases. In Figs. 4 and 5 at
54–77%, there is variation in profiling speed. This increase was observed due to the
flexible nature of wire which vibrates and leads to variation in the profiling speed
[21, 22], whereas other parameters likeWGD, CDT, andWOhas veryminimal effect

Fig. 4 Main effects plots for a triangular, b square, and c circular profiles at 0°
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Fig. 5 Main effects plots for a triangular, b square, and c circular profiles at 30°

on profiling speed irrespective of angle and profile geometry. There are very small
variations observed which is due to errors during machining. It can also be noticed
that the highest profiling speed parameter has the highest CSO percentage (100%),
and lowest profiling speed parameter has the lowest CSO percentage (31%). The
profiling speed also decreased as the angles increased from 0° to 30° because of the
increase in cutting thickness.

3.3 Variation of Profiling Speed for Different Profiles
Geometry

Figure 6 shows the variation of profiling speed at 0° and 30° slant angle, respectively.
It can be observed that the triangular profile has the minimum profiling speed, and
the square profile had the maximum profiling speed. During machining the profiles,
the instantaneous profiling speed increases or decreases gradually at the corners of
the profile, and then, it comes back to the original profiling speed at straight edge
cuts due to the CSO parameter. The CSO parameter detects the corners (acute-
angled corners or right-angled corners) in the profile geometry and changes condi-
tions during machining. It automatically tunes the speed to increases or decreases for
obtaining the sharp corners in case of square and triangular profiles without changing
the machining parameters [23]. Acute-angled corners (triangular shape) need more
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Fig. 6 Variation of profiling speed for different profiles

time and lesser speed for its machining in order to avoid corner errors [23, 24]. So,
the square profiles have the highest profiling speed due to geometry, as it has a higher
number of corners compared to triangular profiles. In the case of circular profiles,
the wire has to traverse by changing the direction at every point. This movement of
the wire in a curved way changes the direction very instant that decreases the cutting
speed. This makes the cutting speed of the circular profiles lower compared to the
square profile. But comparing the triangular profile, the circular profile has a higher
cutting speed due to the geometry of the profile and CSO parameter. Similar trends
are found all the profiles which were machined at 30° slant angle.

4 Conclusions

Form the above investigation, the CSO parameter was analyzed for different profile
geometries at 0° and 30° slant angles. The following conclusions are drawn.

1. The CSO parameter is the most significant and highest contributing factor
(96.428–99.628%) that influences and controls the profiling speed for all the profile
at both 0° and 30° slant angles.

2.All the profiles indicated that profiling speed decreased as the slant angle
increased from 0° to 30°. The greatest decrease of 40.55%, 36.26%, and 28.98%
was observed in triangular, square, and circular profiles, respectively.

3.For the same parameters, there was an increase of 1.29–31.54% observed in
profiling speed due to its geometry. The triangular profile was found to have least
profiling speed compared to all profiles.
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Evaluation of Machining Properties
of Short Bamboo Fiber-Based Green
Composites Using CNC Drilling Process

Shubham B. Patil, Jagadish , Shailesh Vaidya, and Satish Kumar Adapa

Abstract Today’s, use of natural fiber-based polymer composites is also known
as green composites in various industrial applications due to their superior prop-
erties. Machining of these composite materials is one of the important operations
while manufacturing different engineered components. The machining of NFRP
composites bit difficult and differs from other composites. The aim of the paper is
to machining study of short bamboo fiber-based green composites (SBFGC) in dry
conditions using CNC drilling process. Initially, composite with 2.5% bamboo fiber
+97.5% polylactic acid (PLA) is fabricated using compression molding method.
Then, experimentations are performed by varying the input parameters [drill bit
speed (DBS) and cutting speed (CS)] as per the Taguchi (L9) OA and corresponding
output parameter like thrust force and material removal rate (MRR) are determined.
Further, parametric effect analysis and ANOVA are performed for determining the
influencing parameters and statistical significance of the data, respectively. The result
shows that the parameters DBS and CS have contributed more effect for thrust force
(TF) while input parameter CS for MRR during the machining of SBFGC. At last,
confirmatory test results show comparable and acceptable with the experimental
results.

Keywords SBFGC · CNC drilling process · Parametric analysis · ANOVA ·
Taguchi method
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1 Introduction

Natural fibers reinforced composites (NFRC) have great potential to substitute
synthetic material. These are lignocelluloses fibers that are extracted from different
plants like bamboo, flax, jute, banana, kenaf, and hemp. Bamboo is a glass-like plant
of the Bambusoideae family. Bamboo fiber is also considered the natural fiber owing
to its lightweight and strength ratio. Bamboo fiber-based polymer composite is used
in automobile, aerospace, building construction, and packaging industries.

Instead, bamboo fibers are eco-friendly, less in density and economically cheap
and have larger industrial application compare to the other fibers [hemp, coir, flax,
coconut, sisal and banana, bagasse’s, rice husk, etc.]. Meanwhile, some extent of
work has been done on the bamboo fiber-based composites with their physical and
mechanical properties.Anwar et al. determine the physical andmechanical properties
of phenolic-treated bamboo strips. The result shows that, the phenolic-treated strips
have greatly improved their properties [1]. Kamruzzaman et al. study the effect
of height and age on mechanical property of bamboo. The modulus of elasticity
(MOE) and the rupture modulus not affected by height and weight [2]. Verma and
Charier measure the strength of the bamboo epoxy laminate composite as tensile,
compressive, and flexural. The results shows that increased tensile and compression
properties decrease in lamina angle. Lamina configuration has majorly affected the
mechanical properties [3].

On the other hand, a SBFGC composite undergoes various secondary operations
before going to the actual use. Secondary operations include like drilling, trimming,
cutting, and milling in order to get the final product. ElayaPerumal and Venkatesh-
waran studied delamination analysis at composite plate’s entry and exit depending on
the parameters of the drilling process. They performed drilling on banana by altering
speed and feed of machine. The results showed that, the speed is more influencing
factor than feed rate on delamination [4]. Babu et al. explore the effects of hemp fiber
composite machining. In order to obtain minimal conditions for delamination, the
Taguchi technique was used to plan the experiments and ANOVA analysis. To reduce
the various kinds of damage, cutting speed and feed rate need to be selected very care-
fully [5]. Naveen et al. [6] examine the effect of speed and feed, on the damage factor
of hemp and glass composite fibers with specific fraction of fiber volume (i.e., 10, 20,
and 30%). It has been identified that higher feed levels cause the damage around the
hole opening. The best results for the drilling of FRP composite laminates are high
cutting speeds (40 and 60 rpm) and lower feed rates (0.1, 0.2 mm/rev). Wang et al.
analyze the results of the conventional hemp fiber composite laminate drilling (CD)
and hybrid ultrasound drilling (UAD).The results show that UAD is effective for a
variety of drilling conditions in comparison with CD [7]. Jayabala et al. experimen-
tally investigate machinability characteristic of coir reinforced polymer composites
(CRPC). For CRPC, characteristic analysis by Taguchi regression models has been
established. The optimum value of thrust force, torque, and tool wear in drill anal-
ysis was determined by the 6 mm drill diameter, the 600 rpm spindle speed, and
the feed rate by 0–3 mm/rev. [8]. Yallew et al. experimentally investigate effect of
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thrust force and torque on jute reinforced PP composite. The test values show a close
relation between the geometry of the device and the delamination factor [9]. Kumar
and Naidu study the machinability characteristics of coconut and banana fiber-based
composite. The feed rate and depth of cut have direct relationship while speed has
inverse relationship onmilling operation. Depth of cut 0.5 mm, feed rate 60mm/min,
and speed 800 rpm are optimum values [10].

Moreover, processing/machining of SBFBGC using CNC drilling process has
been not reported so far in the literature. Here, first, short bamboo fibers are extracted
from the culm of bamboo using a novel mechanical process. Further, the SBFBGC is
fabricated with 2.5% composition using compression molding process. Thereafter,
an experimental investigation is carried out based on Taguchi (L9-OA) to analyze the
machining attributes [such as material removal rate (MRR), and thrust force (TF)] to
the variation in process parameters like DBS and CS. In addition, parametric analysis
has to be done to show the statistical significance of the CNC drilling process. At
last, confirmatory tests are performed to verify the experimental results.

2 Materials and Method

2.1 Extraction and Manufacturing of SBF-Based Composites

The short bamboo fiber (SBF) was extracted using mechanical processes. The detail
steps of extraction andmanufacturing of SBF-based polymer composites are depicted
inFig. 1. First, bamboo stakes are collected from localmarket inRaipur,Chhattisgarh,
and then outer and inner layers of the bamboo stakes are peeled off [11]. Bamboo
culm cut into small pieces using hand saw machine. Second, bamboo pieces are
attached on lathe machine and perform facing operation. Due to facing operation,
various size fibers cut from the bamboo pieces and collected in the beaker. Third
step, different size particles are segregated using sieve plate also known as sieving
operation. Fourth, different chemical treatments like NaOH solution and acetone
solution are done to remove the impurities presence in the SBF’s [12]. Fifth, 2.5% of
SBF and 97.5% of polylactic acid (PLA) is stirred properly using mechanical stirrer
and poured into the glass mold of size 100 mm × 50 mm × 5 mm. The glass mold
is kept for 24 h at room temperature for curing of mixer. At last, prepared samples
of SBF-based polymer composites of size 100 mm × 50 mm × 5 mm are taken for
machining.

2.2 Machining Procedure

The machining is performed in CNC drilling center manufactured byMTAB Pvt Ltd
as shown in Fig. 2. The twomajor input parameters, namely drill bit speed (DBS) and
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Fig. 1 Extraction and manufacturing steps of SBF-based polymer composite

Fig. 2 CNC drilling
machine

cutting speed (CS), are used and corresponding output parameter like thrust force
and MRR are measured. The details of input parameter and their levels are given in
Table 1.
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Table 1 Input parameter and their levels for CNC machining center

Input parameters Symbol Units Level 1 Level 2 Level 3

Drill bit speed DBS rpm 500 800 1200

Cutting speed CS mm/min 60 120 180

Constant parameters

Drill bit diameter: 12 mm

Tool material: HSS

Coolant: No coolant

During the experimentation, two input parameters DBS and CS are varied
according to the Taguchi (L9) orthogonal array and a hole of Ø 12 mm are drilled.
Each experiment is performed 3 times, and their average of thrust force (TF) and
material removal rate (MRR) are taken for the analysis [13, 14]. The parameter and
thrust force (TF) values are obtained for each of the experiment using a dynamometer
which was made using a 40 kg load cell, HX711 module and Uno-Arduino. The
parameter MRR is determined using following expression.

MRR = Im − Fm

ρ × CT
(1)

where Im and Fm are the initial and final weights of SBFGC composite; ρ is density;
CT is cutting time; MRR is material removal rate. Im and Fm are measured by using
precision weighing balance machine with an accuracy of ±0.1. The experimental
results of CNC drilling process are given in Table 2.

Table 2 Experimental results of 2.5% SBFGC composites of CNC drilling

S. No. Drill bit speed (rpm) Cutting speed (mm/min) Thrust force (N) MRR
(mm3/s)

1 500 60 122.41 100.14

2 500 120 129.23 151.21

3 500 180 131.74 297.20

4 800 60 102.25 99.56

5 800 120 109.32 153.24

6 800 180 115.45 271.36

7 1200 60 65.32 100.51

8 1200 120 70.65 160.32

9 1200 180 79.24 300.41
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3 Results and Discussions

3.1 Parametric Analysis

The plot (Fig. 3) shows the effect of each input process (DBS, CS parameters on
TF of SBFGC. It is observed that, TF is decreased from 127 to 71 N when the
term DBS from increased from 500 to 1200 rpm. This is due to the fact that, as
the drill bit speed increased from 500 to 1200 rpm, the impact of tool force on the
SBFGC is less, i.e., required less force to remove the materials because of more
speed of drill bit; hence, results show that decrement of TF w.r.t to the DBS. On the
other hand, opposite behavior of TF is shown in case of CS when it increased from
60 to 180 mm/min, the TF is increased from 96 to 108 N. This is due to the fact
that, as the CS increased the feed rate of the tool increased which makes the drill
bit to enforce into the SBFGC results in higher TF [15]. Based on the parametric
analysis, the optimal setting obtained for lower TF as DBS (1200 rpm, level 3) and
CS (60 mm/min, level 1).

The main effect plot of MRR of SBFGC is shown in Fig. 4. From the main
effect plot, it is observed that, MRR is first decreased from 182 to 174 mm3/s when
the DBS increased from 500 to 800 rpm. Then there is sudden increment of MRR
from 174 to 187 mm3/s when the DBS increased from 800 to 1200 rpm. This may
the reason due to the sudden increment of drill bit speed results in reduction of
TF which ultimately reduction in MRR. However, further increment of speed gave
higher MRR as per the physics of the machining process. With respect to the CS,
the rate MRR is significantly increased from 100 to 289 mm3/s when the term CS is
increased from 60 to 180 mm/min. This is due to the fact that, as the CS increased
means, penetration forces of the drill bit increase which results in cutting of more
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materials from the workpiece [14, 15]. Hence, in the case of SBFGC machining, the
MRR found greater when the feed of the tool and speed of the tool when increases.
Based on the parametric analysis, the optimal setting obtained for lower TF as DBS
(1200 rpm, level 3) and CS (180 mm/min, level 3).

3.2 ANOVA Analysis

An analysis of variance of data is conducted for TF and MRR with the goal of evalu-
ating the effects and statistical significance of DBS and CS. The ANOVA analysis is
performed at 95% confidence level. The result of ANOVA for TF and MRR is given
in Tables 3 and 4. Higher F value and lower p values of each parameter show the
statistical significance of that parameter. It is observed that, the parameters DBS and
CS are statistical significance for TF while only parameter CS is found statistical

Table 3 ANOVA of TF SBFGC

Source DF Adj SS Adj MS F value P value

Regression 2 5051.28 2525.64 230.99 0

DBS 1 4829.85 4829.85 441.73 0

CS 1 221.43 221.43 20.25 0.004

Error 6 65.6 10.93

Total 8 5116.88

R-sq: 98.72%; R-sq(adj): 98.29%; R-sq(pred): 97.20%
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Table 4 ANOVA of MRR of SBFGC

Source DF Adj SS Adj MS F value P value

Regression 2 53,955 26,977.5 43.71 0

DBS 1 40.4 40.4 0.07 0.807

CS 1 53,914.7 53,914.7 87.35 0

Error 6 3703.5 617.3

Total 8 57,658.6

R-sq: 98.58%; R-sq(adj): 99.44%; R-sq(pred): 98.52%

significance for MRR due to lesser P value and higher F values. Hence, the param-
eters DBS and CS have more significant effect on TF and parameter CS on MRR.
This justifies the results obtained from the parametric analysis. The value of R-sq and
R-sq (adj) for both the output parameter, i.e., TF and MRR for CNC machining of
SBFGC, is found to higher as (R-sq: 98.72%; R-sq (adj): 98.29% for TF) and (R-sq:
98.58%; R-sq (adj): 99.44%; for MRR). A higher value of R-sq and R-sq (adj) shows
the better agreement of experimental values with respect to the normality of the data
[15].

3.3 Confirmatory Experiments

Additionally, confirmatory tests are performed to verify the results obtained from
the parametric analysis. The optimal setting for TF as DBS (1200 rpm, level 3)
and CS (60 mm/min, level 1) and for MRR as DBS (1200 rpm, level 3) and CS
(180 mm/min, level 3) is considered for the confirmatory experiments. The results
of the confirmatory experiments for TF and MRR are given in Table 5. The result
shows that, comparable and acceptable with the experimental results for the selected
optimal setting.

Table 5 Confirmatory tests for CNC drilling process of SBFGC

Input conditions Output parameters Experimental results Confirmatory tests results

TF:
DBS (1200 rpm, level 3)
and CS (60 mm/min,
level 1)

TF (N) 71.73 72.43

MRR:
DBS (1200 rpm, level 3)
and CS (180 mm/min,
level 3)

MRR (mm3/s) 289.65 287.34
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4 Conclusions

Evaluation ofmachining properties, namelyTF andMRR, of SBFGC inCNCdrilling
process is presented. Here, input parameter, namely DBS and CS, and output param-
eter TF and MRR are considered. Experiments are performed in CNC drilling setup
based on Taguchi (L9) orthogonal array. The result shows that the parameter DBS
and CS has contributed more effect for TF while input parameter CS forMRR during
the machining of SBFGC. The optimal setting obtained for TF as DBS (1200 rpm,
level 3) and CS (60 mm/min, level 1) and for MRR as DBS (1200 rpm, level 3) and
CS (180 mm/min, level 3) to get lower TF and higher MRR in CNC drilling process.
Additionally, the ANOVA for TF and MRR is carried out to determine the statis-
tical significance of the input parameter of DBS and CS for CNC drilling process. At
last, confirmatory test results show comparable and acceptable with the experimental
results. Hence, it is concluded that, CNC drilling process is feasible and capable for
machining of SBFGC. The optimal setting obtained from the parametric analysis can
be used as the optimal setting for the CNC drilling process during the machining of
SBFGC.
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Influence of Burnishing Process
on Tensile Strength of Al7075-T6 Alloy

Pavana Kumara and Udaya Prasanna Handadi

Abstract Burnishing is a finishing process that works on cold working principles
and is performed on machined surfaces to smoothen the surface irregularities. The
process results in improved surface finish, microhardness, resistance to wear and
corrosion, fatigue life, and creep life. In the current work, the effect of ball burnishing
process on the ultimate tensile strength (UTS) of Al7075-T6 alloy is analyzed
using Taguchi method. The effect of four control factors, namely burnishing speed,
burnishing feed, burnishing depth, and number of passes on the tensile strength, is
studied by adopting L9 array; process parameters are optimized to fix the achievable
maximum tensile strength for the said alloy. The results show that the burnishing
process increased the tensile strength by 7% over the unburnished specimen.

Keywords Cold working · Finishing process · Ball burnishing · Al7075-T6 alloy ·
Tensile strength

1 Introduction

Removal of material as fine chips during conventional finishing processes such as
grinding, lapping, honing, or super-finishing affects the service life because of the
residual tensile stresses on the surface of the workpieces. This drawback can be
overcome by using simple and effective finishing process which is called burnishing.
Itworks on simple principle:When ametal surface undergoes plastic deformation, the
surface irregularities diminish [there is nomaterial removal] resulting in compressive
residual stresses [14]. The burnishing process uses a hardball or roller that is highly
finished to apply force on a machined surface and to flatten the peaks distributed on
the work surface. This mechanism of filling the valleys with material from the peaks
present over machined surface decreases the surface roughness. The compressive
stresses induced at the surface during burnishing tend to increase microhardness.
Usage of conventionalmachine toolwith simple toolingmakes the burnishing process
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Fig. 1 Schematic
representation of the
burnishing process

very much economical, resulting in the benefit of time and cost-saving. Figure 1
shows the burnishing mechanism and the stresses developed on the surface of a
specimen.

Numerous studies have been done and are being undertaken in order to document
the effect of the burnishing process: There were many objectives, however. Other
than varying the type of materials, investigators have varied the tool parameters. The
process came into existence as a sophisticated finishing operation during the late
1960s inmetal industries. The different forms of burnishing—namely ball burnishing
[9], roller burnishing, vibratory burnishing [16], centerless burnishing [3], laser-
assisted burnishing [22]—are being tested for their performance even now. Various
workpiece materials like brass [4], aluminum [6], Al–Cu alloys [10], mild steel [18],
EN31 steel [1], titanium alloy [19], polymers [13] are burnished to test the effect of
burnishing process on different kinds of materials. The results of these studies show
that the burnishing process is capable of increasing various surface characteristics in
each of these materials. To get the desired results during burnishing, it is necessary
to use optimized control factors: In this context, many researchers have studied the
influence of control factors during burnishing. The factors like burnishing force,
burnishing speed, burnishing feed, number of passes [2, 11, 14], ball diameter [5],
lubricant [12] are optimized with respect to few selected materials using various
statistical tools. The findings can be applied in general to have better results in a
given burnishing process.

The improvements in properties like surface finish [21], microhardness [20], wear
resistance [8], corrosion resistance, fatigue strength [17], tensile strength are docu-
mented in various studies. It has been found that the burnishing process is capable of
increasing ductility [7] of the workpiece material. Recent studies indicated that the
burnishing process can be employed on implants to improve their corrosion resistance
properties. In current work, the ball burnishing process is carried out on Al7075 T6
workpiece specimen samples to test its effect on the tensile strength of the material.
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Table 1 Chemical composition of Al 7075 T6 (by weight %)

Si Fe Co Mn Mg Cr Zn Other Remd. (Al)

0.05 0.309 1.09 0.025 1.61 0.105 4.22 0.0245 92.6

Fig. 2 Specimen for
burnishing test as per
ASTM-E8 standards

Fig. 3 View of burnishing
tool attachment

2 Workpiece Material Composition and Test Specimen
Design

For the burnishing process, it was decided to select Al7075-T6 as test material
because of its current use in various applications, particularly in the aerospace sector
where strength/weight ratio should be high. The chemical composition of the work-
piece material is given in Table 1. The workpiece material was received in sheet form
of 350× 250× 1 mm dimensions. To get specimens for carrying out the burnishing
tests, the sheets were cut to suitable dimensions as per ASTM-E8 standards—the
dimensions are shown in Fig. 2.

3 Burnishing Ball and Attachment Tool

The burnishing process is carried out using a carbon–chromium ball of Ø8 mm
as the burnishing element. The surface finish and hardness of the ball material are
0.012µm and 65Hrc, respectively. For carrying out the process, a special tool holder
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Table 2 Process parameters
and their respective levels

Process parameters Level 1 Level 2 Level 3

Speed, rpm 500 750 1000

Feed, mm/rev 0.05 0.1 0.15

Depth of cut, mm 0.5 0.7 0.1

Number of passes (NOP) 1 2 3

attachment is developed for use with the CNC vertical machining center (Make:
AMS MCV350).

The tool holder is developed by modifying a standard one which can be
accommodated in the machine easily—this is shown in Fig. 3.

4 Experimentation

Experimental works are carried out on CNC vertical milling center with the help
of developed ball burnishing tool attachment. The parameters are set according
to Taguchi design during each experimental run as shown in Table 2. During the
burnishing process, a coolant is used in the burnishing zone to maintain the cold
working conditions. Each specimen ismarked to identify the burnishing regions as per
calculated dimensions before carrying out the burnishing operations. Vertical milling
machine used was AMS MCV 350. Tensile testing was done by using tensometer,
adhering to ASTM E8 standards.

5 Design of Experiments

Taguchi L9 array orthogonal design methodology was adopted to design the experi-
ments. Effect of four of the ‘control factors,’ eachwith three levels, on tensile strength
values of Al7075-T6 specimens was investigated. The control factors and their levels
are given in Table 3. Data on experimental runs according to Taguchi L9 array appear
in Table 2. The S/N ratio of ‘larger-the-better’ characteristics is used for fixing the
tensile strength values since the maximum tensile strength is desired in the work
material which has undergone the burnishing process. MINITAB 17 software tool is
used to analyze the results.

6 Results and Discussion

The tensile strength values of the unburnished specimen and those of burnished
specimen of Al7075-T6 are given in Table 3. Themaximum tensile strength obtained
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Table 3 Taguchi L9 array and tensile strength

Run Speed (rpm) Feed (mm/rev) Depth of cut (mm) NOP Tensile stress at max.
load (MPa)

1 500 (1) 0.05 (1) 0.5 (1) 1 (1) 587.84

2 500 (1) 0.1 (2) 0.7 (2) 2 (2) 550.27

3 500 (1) 0.15 (3) 0.1 (3) 3 (3) 579.70

4 750 (2) 0.5 (1) 0.7 (2) 3 (3) 602.50

5 750 (2) 0.1 (2) 0.1 (3) 1 (1) 611.47

6 750 (2) 0.15 (3) 0.5 (1) 2 (2) 568.98

7 1000 (3) 0.05 (1) 0.1 (3) 2 (2) 595.41

8 1000 (3) 0.1 (2) 0.5 (1) 3 (3) 599.77

9 1000 (3) 0.15 (3) 0.7 (2) 1 (1) 604.98

– Unburnished 569.98

was 611.47 MPa (experiment 5), while the lowest tensile strength was 550.27 MPa
(experiment 2). The results indicated a maximum of 7% improvement in tensile
strength values over the values assigned to the unburnished specimen.

6.1 Analysis of Variance (ANOVA)

The significance of each control factor on response is determined by using ANOVA
technique, and the results are given in Table 4. The effect of burnishing parameters
such as burnishing speed, feed, depth of cut, and the number of passes is calculated
by using Minitab 17 software tool.

The number of burnishing passes is found to contribute to the tensile strength
by 46.99% followed by speed with a contribution of 40.73%. The influence of feed
and depth of cut is not found to be significant in improving tensile strength value of
specimen. Figure 4 shows the contribution chart on tensile strength.

Table 4 ANOVA for tensile strength

Source DoF Adj.SS Adj. Ms P-value % contribution on tensile strength

Speed 2 1257.9 628.94 0.40 40.73

Feed 2 186.6 93.28 0.06 6.04

Depth of cut 2 192.4 96.22 0.06 6.23

NOP 2 1451.4 725.69 0.46 46.99

Total 8 3088.2
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Fig. 4 Percentage
contribution of various
burnishing factors on tensile
strength values of Al7075 T6
specimen

41% 

6% 6% 

47% 

Burnishing force Burnishing feed

Burnishing Depth Numbe of passes

6.2 Signal-to-Noise Ratio

Table 5 gives the ranks of factors with respect to their effect on tensile strength.
Table indicates that the number of passes of the tool has the highest effect on tensile
strength values followed by the effects of other three factors, namely speed, feed, and
depth of cut, in the order. Therefore, it can be stated that by controlling the number of
passes, one can alter the tensile strength value of the workpiece during the burnishing
operation.

Figure 5 depicts the main effect plot of process parameters on tensile strength.
The optimized parameter levels are speed 1000 rpm, feed 0.05 mm/rev, depth of cut
1 mm, and 1 number of pass of the tool. Tensile strength of the specimen increases
with speed, depth of cut, and the number of passes; this is due to strengthening of
the surface which occurs because of the cold working at higher speed levels.

The reason for reduction in strength with increasing feed is due to increase in
temperature which results in softening of the surface. Figure 6 shows the results of

Table 5 S/N ratio of tensile strength of burnished specimens

Level Speed Feed DOC NOP

1 55.15 55.49 55.35 55.58

2 55.48 55.37 55.35 55.14

3 55.56 55.33 55.50 55.47

Delta 0.41 0.16 0.15 0.45

Rank 2 3 4 1
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Fig. 5 Effects plot for S/N ratio of tensile strength

Fig. 6 Stress–strain curve for burnished (1–9) and unburnished (10) specimen

tensile tests of burnished specimen along with unburnished one. The unburnished
sample’s tensile strength is lower than tensile strength of all burnished samples
considered in the investigation which indicates that burnishing process is capable of
improving the tensile strength of the specimen material.

7 Conclusion

The tensile strength of the Al7075 T6 material increases due to burnishing process
carried out as per the present investigation. The selection of the range of process
parameters is very crucial to get the desired results in a given burnishing process.
The improvement in tensile strength value of the material selected can be achieved
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by adopting a higher speed, lower feed rate, higher depth of cut, and lower number
of passes. The tensile strength of the said material after ball burnishing increased by
7% as compared to unburnished specimen.
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Comparison of GRA and TOPSIS
Optimization Techniques
in DMLS-Processed Bronze–Nickel
Samples

R. Rajesh, Mithun V. Kulkarni, P. Sampathkumaran, P. Sathish,
and S. Sreenivas

Abstract The article compares grey relational analysis (GRA) and technique for
order preference by similarity to ideal solution (TOPSIS)methods formulti-objective
optimization of direct metal laser sintering (DMLS) parameters to find the best set
of parameters for the responses in the DMLS process. Taguchi design (two factors
and three-level design) is used in this research. The factors include deposition thick-
ness and scanning speed. The effects of these parameters are studied on the energy
density, porosity, density and hardness, which are the responses. Analysis of vari-
ance (ANOVA) is used to find the most significant factor for the multi-responses.
The comparison of the results suggests that both techniques produced a similar set
of optimized parameters.

Keywords DMLS · GRA · TOPSIS · Energy density · Laser scan speed · Laser
power

1 Introduction

It is known that almost all conventional manufacturing processes such as casting,
forming, machining and welding are subtractive in nature as material removal takes
place in these cases. Additive manufacturing (AM) being an innovative and a novel
process, building up of material takes place layer by layer to the required thickness
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and hence the process has gained greater importance in these days. There are several
additive manufacturing methods such as fused deposition modelling (FDM), lami-
nated object manufacturing (LOM), stereolithography (SLA), selective laser melting
(SLM), direct metal laser sintering (DMLS) and so on.

Among them, the DMLS process is quite popular and widely used. The process
parameters in the DMLS technique has to be properly selected and controlled to
produce engineering parts having minimal defects. It is reported in the literature that
laser scan speed (LSS), laser power (LP), and laser scan spacing (LSSp) carried out
using laser sintering technique [1] affect the properties (physical, metallurgical and
mechanical) and in turn the quality of the parts. It is understood that LSS, LP, and
LSSp play an important role as they are related directly to the amount of energy
supplied for the sintering of the powder during processing. A low energy density
provides low bonding and insufficient melting with the substrate; and samples so
produced will not serve the purpose for further use. Hence, for material to perform
better in service, it should possess goodmechanical properties such as high hardness,
good bond strength and fine-grained structure. Suarsana and Soenoko [2] reported
that the increased holding time and sintering temperaturemay lead to higher hardness
and better density due to the stronger or denser medium obtained during the process.

Kempen et al. [3] studied hardness and density with the change in layer thickness
of 18Ni-300 steel. Density and hardness decreased with the increase in the layer
thickness from30 to 60μm.From their investigation, they concluded that the increase
in the layer thickness and scan speed were inversely proportional to the density
and macrohardness. However, the change in microhardness was very minimal. It
was also reported that the age hardening of the material has made good influence
on the mechanical properties. Similarly, the work reported by Sun et al. [4] has
used titanium alloy powder (Ti-6Al-4V) to produce test coupons made by the SLM
technique. They reported that when the layer thickness and scan speed increases,
the density decreases. In another work, Deffley [5] noted that the buildup of the
thickness of layers in INCONEL 718 by the additive method reduced the density and
in turn observed a reduction in the mechanical properties, and the reason for this has
been pointed towards high porosity levels. Both the microstructure and mechanical
properties were evaluated for a range of processing conditions and optimized.

Dingal et al. [6] in their work on the selective laser sintering process observed
that by increasing the layer thickness, the porosity and density decreased and in turn
the hardness. Further, it was reported that the porosity and density made a good
influence on the layer thickness due to the balling effect, which may be attributed to
the unfavourable defect acquired during the process. Liu et al. [7] mainly concen-
trated on the particle size distribution of stainless steel powders affecting the process
parameters, viz. scanning speed and laser beam diameter; it is informed from this
work that these process parameters have an effect on the density, ultimate tensile
strength (UTS) and hardness. Increasing the scanning speed decreased the density.

Gu et al. [8] worked on stainless steel samples produced by the SLM process.
They revealed that at higher scan speeds, the porosity level increases and the energy
density decreases. Song et al. [9] observed a similar trend in an investigation, wherein
it was noted that the microhardness decreased when the scanning speed increased
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from100 to 300mm/s at the horizontal surface forNi–Cr alloy, whereas at the vertical
surface, both hardness and tensile properties showed an increase thus revealing two
different trends. These data trends have been explained based on the microstructural
features.

Optimization of the DMLS process parameters is governed by its knack to control
and measure the process variables involved in the DMLS process. The parameters
which are of prime importance in the DMLS process include the scanning speed
and material deposition thickness. Although there are many optimization techniques
available, yet GRA and TOPSIS are widely used tools that help in transforming
the multi-objective function into a single-objective function (SOF) [10]. Raju et al.
[11] used the GRA technique for prototyping the rapid tooling parts using the SLA
technique under the controlled machine parameter setting. Taguchi-based grey rela-
tional analysis was used to optimize the parameter levels. Anjian and Joseph [12]
worked on optimizing the printing parameters that affect the surface roughness of the
parts produced by the FDM process using Taguchi method. With optimized results,
confirmatory printing was done and improved surface roughness was achieved.

Vishwas et al. [13] worked on materials such as ABS and nylon using the FDM
technique to assess the properties like the dimensional accuracy and theUTS.Taguchi
methodology was used. Uzair et al. [14] studied the impact of the fused deposition
modeling (FDM) process parameters on the strength of built parts using Taguchi’s
design of experiments.

It is thus realized from the works of the literature that the GRA and TOPSIS
techniques have not been used in optimizing the DMLS parameters. Thus, research
compares and finds the optimized DMLS process parameters using the above-said
techniques.

2 Materials and Methods

2.1 Materials

Bronze–nickel (DirectMetal 20) powder is a very fine-grained powder that results
in components with excellent mechanical properties, surface quality and accuracy.
The specialty of this powder mixture is that it partially compensates for the natural
sintering shrinkage occurring due to the laser sintering process. Typical applica-
tions include injection moulding tooling’s, direct manufacture of functional metal
prototypes, and also, the parts built using this powder mixture have very good corro-
sion resistance [15]. For preparing the samples, the powder was procured from EOS
GmbH, Germany, of mesh size 20 μm. The nominal composition of the powder is
shown in Table 1.
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Table 1 Nominal powder composition

Material Composition (wt. %)

Cu Ni Sn P

Bronze–nickel 76.6 14.8 7.0 1.6

Fig. 1 DMLS processed
samples

2.2 Specimen Buildup by DMLS Process

In the first instance, 3D CADmodels of test specimens were modelled using CATIA
R19 V5 CAD/CAM software. They were then converted into .stl file and then
converted to .bdf format using EOS RP tool software. The models were sliced into
layers using software with the layer thickness chosen to be 20, 40 and 60 μm. The
specimens of bronze–nickel parts with a cylindrical shape of diameter 10 mm and
thickness 8 mm were built as per our convenience (Fig. 1). The DMLS samples
were processed in an EOSINT M250 Xtended RP machine of the base plate of size
250mm× 250mm× 25mmacting as a build platform. The powder was preheated to
avoid the build failure. Studies have shown that preheating improves the mechanical
strength of the sintered powder, reduces warping and the in-built residual stresses of
AM components [16]. The microwire electrodischarge method was used to remove
the samples from base plate.

2.3 Energy Density

Laser power decides the amount of melting the powder can undergo, or in other
words, laser power defines the severity of the temperature gradient in the powder,
while the amount of energy input during the melting defines the term scan speed.
Both, the laser power and scan speed, have a direct effect on the surface quality.
During laser scanning, the distance between the central lines of two neighbouring
scanning paths becomes important, and thus, the term hatch spacing is used. It must
be noted that poor hatch spacing often results in regular porosity in built parts as
adjacent melt lines do not fuse together completely [17]. Thus, the energy density
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was calculated using Eq. 1, which relates the energy density with LP, LSS and layer
thickness [12].

ED = N

v × h × t
(1)

where ED = energy density (J/mm3), N = LP (W), v = LSS (mm/s), h = hatch
spacing (mm) and t = layer thickness (mm).

2.4 Characterization Methods

Density

The density measurements were carried in accordance to the Archimedes principle.

Porosity

The theoretical density of the specimens and the porosity in the test specimens were
determined using Eqs. 2 and 3.

ρt = 100
∑n

i=1
xi
ρi

(2)

where ρt being the theoretical density, xi is the fraction of component mixture of all
material (i being Cu, Ni, P and Sn), ρi is each components density (g/cm3) and ρe is
the experimental density (g/cm3).

% of porosity = ρt − ρe

ρt
× 100 (3)

Macrohardness

One of the most commonly tested mechanical properties is the hardness. Hardness
testing is relatively easier and inexpensive and provides an insight to properties
such as wear resistance and yield strength. Due to the presence of internal defects,
AM components exhibit variations in yield strength when tested for repeatability,
but often it is seen that hardness data are unaffected by the internal defects. Thus,
the hardness measurements indicate the true effect of microstructural features. The
Vickers hardness test is a versatile hardness test method used for both macro- and
microhardness testing. It has a broad load range and is suitable for a wide range of
applications and materials. The Vickers hardness test is often regarded as easier to
use than other hardness tests [18]. Vickers macro-indentation hardness (VHN) of
AM samples is subjected to a load of 15 kg. The load is normally applied for 10–15 s
using a square base diamond indenter. The diagonal of the indentation is measured
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after the removal of the load using a travelling microscope. Equation 3 was used in
the calculation of the hardness.

V HN = 1.854
W

d2
(4)

where ‘W ’ is the load applied in kg and ‘d’ is the arithmeticmean of the two diagonals
in mm.

2.5 Taguchi Method

Based on the number of input parameters and their levels involved in the investiga-
tion, an appropriate orthogonal array (OA) needs to be selected. Depending on the
number of parameters and their levels (Table 2), the minimum number of experi-
mental runs required for investigation is obtained from the relation (L – 1)P + 1,
where L is the number of levels and P is the number of input parameters [19]. In the
present study, since L = 3, P = 2, the minimum number of experiments required
is 5. But, we adopted L9 design for experimentation. The L9 orthogonal array with
input parameters and responses [energy density (ED), porosity (P), hardness (H)
and density (ρe)] measured is indicated in Table 3 designed using MINITAB V16
software.

Table 2 DMLS parameters and their levels

Input parameters Level 1 Level 2 Level 3

Laser scan speed (LSS), mm/s 100 200 300

Layer thickness (TM), mm 0.02 0.04 0.06

Table 3 L9 Orthogonal array with input parameters and output responses

Exp. no Input parameters Responses

LSS (mm/s) TM (mm) ED (J/mm3) P (%) ρe (kg/cm3) H (VHN)

1 100 0.02 600 3.722 8.02 146

2 100 0.04 300 4.802 7.93 95.8

3 100 0.06 200 5.042 7.91 90.8

4 200 0.02 300 6.363 7.8 111.2

5 200 0.04 150 6.963 7.75 78.4

6 200 0.06 100 7.083 7.61 74.8

7 300 0.02 200 6.483 7.79 78.9

8 300 0.04 100 7.083 7.74 66.4

9 300 0.06 66.66 7.203 7.31 65.2
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3 Results and Discussion

3.1 Grey Relational Approach (GRA)

GRA is a method of transforming a multi-response problem into a single-objective
problem. Deng in 1982 developed the GRA technique. Grey relational grade (GRG)
is used in assessing the overall performance of the experimental tests. The optimal
solution using GRA is determined by ranking the GRG values. The highest GRG
value is ranked1. The process of performingGRAhas been explained in the following
sections.

Stage 1

The S/N ratio has been used to assess the obtained results. It is used to know the
amount of valuable information from the given data set. For the output responses,
S/N ratios were determined by using Eqs. 5 and 6. The ratios can be written off as (i)
smaller-the-better (SB), (ii) nominal-the-better (NB) and (iii) larger-the-better (LB).
In the present work, the ‘LB option’ has been used for the responses (ED, ρe and H)
and the ‘SB option’ has been used for ‘porosity’, as it is always desired to keep the
level of porosity to a minimum. The calculated S/N ratios are presented in Table 4.

1. Larger-the-better

S/N ratio = −10 log

(
1

n

) n∑

i=1

1

y2i j
(5)

2. Smaller-the-better

.

Table 4 S/N ratio for the output responses

Experiment no S/N ratio

ED (LB) P (SB) ρe(LB) D (LB)

1 55.563 −11.416 18.083 43.287

2 49.542 −13.628 17.985 39.627

3 46.021 −14.052 17.964 39.162

4 49.542 −16.073 17.842 40.922

5 43.522 −16.856 17.786 37.886

6 40.000 −17.004 17.628 37.478

7 46.021 −16.236 17.831 37.942

8 40.000 −17.004 17.775 36.443

9 36.477 −17.150 17.278 36.285
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S/N ratio = −10 log

(
1

n

) n∑

i=1

y2i j (6)

where ‘n’ represents the number of repetitions for each experiment and yi j are
response values.

Stage 2

The S/N ratio values obtained from stage 1 were normalized using Eqs. 7 and
8. Normalization involves transforming the S/N ratio values into a dimensionless
parameter and setting the obtained values in the range of zero to one.

1. Larger-the-better

.

N ∗
i (k) = yi (k) − min yi (k)

max yi (k) − min yi (k)
(7)

2. Smaller-the-better

.

N ∗
i (k) = max yi (k) − yi (k)

max yi (k) − min yi (k)
(8)

where i = 1, 2, …, m and m = the number of trial data, k is the response value (k
= 1, 2, 3, …, n), n = the number of factors, yi (k) = original sequence, N ∗

i (k) is the
normalized value, min yi (k) is the minimum of yi (k) and max yi (k) is the maximum
value of yi (k). Table 5 presents the normalized values.

Table 5 Normalized value for the output responses

Experiment no Normalized value

ED (LB) P (SB) ρe (LB) D (LB)

1 1.000 0.000 1.000 1.000

2 0.685 0.386 0.878 0.477

3 0.500 0.460 0.851 0.411

4 0.685 0.812 0.700 0.662

5 0.369 0.949 0.631 0.229

6 0.185 0.975 0.434 0.170

7 0.500 0.840 0.686 0.237

8 0.185 0.975 0.617 0.023

9 0.000 1.000 0.000 0.000
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Table 6 Deviation sequence, GRC, GRG and rank for all the output responses for bronze–nickel
samples

Exp. no �oi εi (k) GRG Rank

ED P ρe H ED P ρe H

1 0.000 1.000 0.000 0.000 1.000 0.333 1.000 1.000 0.833 1

2 0.315 0.614 0.122 0.523 0.613 0.449 0.804 0.489 0.589 3

3 0.500 0.540 0.149 0.589 0.500 0.481 0.770 0.459 0.553 7

4 0.315 0.188 0.300 0.338 0.613 0.727 0.625 0.597 0.640 2

5 0.631 0.051 0.369 0.771 0.442 0.907 0.575 0.393 0.579 4

6 0.815 0.025 0.566 0.830 0.380 0.952 0.469 0.376 0.544 8

7 0.500 0.160 0.314 0.763 0.500 0.758 0.614 0.396 0.567 5

8 0.815 0.025 0.383 0.977 0.380 0.952 0.566 0.338 0.559 6

9 1.000 0.000 1.000 1.000 0.333 1.000 0.333 0.333 0.500 9

Average of GRG 0.596

Stage 3

The next step in the GRA process is finding the deviation sequence values �oi (k).
Normalized values in Table 5 were used in Eq. 9 to obtain the �oi (k) values.

�oi (k) = ‖yo(k) − yi (k)‖ (9)

where yo(k) and yi (k) are the reference and comparability sequences. The value of
yo(k) is taken as 1 (one), and the values of �oi (k) are listed in Table 6.

Stage 4

This stage involves finding of the grey relation coefficient (GRC) using the values
obtained from the previous stage. GRC helps in finding the link between the ideal
and actual normalized experimental results. Equation 10 was used to compute the
GRC εi (k).

εi (k) = �min + τ�max

�oi (k) + τ�max
(10)

where �max and �min are the highest and the least values of �oi (k) and τ is taken as
0.5.

Stage 5

The grey relational grade (GRG) refers to the average of GRC of responses. GRG
was calculated using Eq. 11.
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Table 7 Response table for
the average GRGs

Level LSS TM

1 0.6583 0.6800

2 0.5877 0.5757

3 0.5420 0.5323

Delta 0.1163 0.1477

Rank 2 1

Fig. 2 Main effects plot for
means of GRG
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GRG =
(
1

m

) ∑
εi (k) (11)

where ‘m’ denotes the number of response variables.
If the GRG value of an experiment is one or is closer to one, then the GRG value

corresponding to that particular experiment indicates the closeness to the optimal
response. Further, GRG values are ranked as indicated in Table 6. It is seen that
experiment 1 has the highest GRG value meaning very much closer or equal to
one. However, in order to make sure that the highest-ranked experiment is the best
optimal solution, the response table was drawn. Table 7 indicates the response table
for average GRGs as obtained from Table 6. The layer thickness (TM) was found to
be having a higher delta value than the LSS. Thus, from Fig. 2, it can be said that
TM is the most influential factor and Level 1 of LSS and TM gives the optimized set
of input parameters. Also, it is understood that the optimized set of parameters lies
within the Taguchi’s L9 experimentation model.

3.2 Analysis of Variance (ANOVA)

ANOVA of GRG is shown in Table 8. ANOVA helps to determine the percentage
contribution of each input factor, or in other words, it helps to find the significance
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Table 8 ANOVA using GRG values in GRA

Source Degrees of freedom Sum of squares Mean square F value Percentage
contribution

LSS 2 0.020613 0.010306 2.14 27.69

TM 2 0.034569 0.017284 3.59 46.44

Error 4 0.019241 0.004810

Total 8 0.074422

level of individual parameters that affect the multiple responses of the process under
investigation. Minitab 16 software was used to extract the values in the ANOVA
table. Between the two input parameters of the DMLS process, TM has the most
influence with a percentage contribution of 46.44%.

3.3 Technique for Order Preference by Similarity to Ideal
Solution Method (TOPSIS)

TOPSIS is a robust and widely accepted multi-criteria decision making (MCDM)
technique in operation research and production engineering. In this method, the
best alternatives are searched based on the closeness coefficient from the ideal
best/worst solution. The basics behind the method are to evaluate the alternatives
on the Euclidian distance scale such that the least span from ideal best and farthest
from ideal worst solution is achieved. The alternatives are then ordered based on
their rank.

Stage 1

Normalization of data was done using Eq. 12, and values are presented in Table 9.

Table 9 Normalized and weighted normalized values for the output responses

Exp. no Ri j Vi j

ED P ρe H ED P ρe H

1 0.735 0.200 0.344 0.524 0.184 0.050 0.086 0.131

2 0.367 0.258 0.340 0.344 0.092 0.065 0.085 0.086

3 0.245 0.271 0.340 0.326 0.061 0.068 0.085 0.081

4 0.367 0.342 0.335 0.399 0.092 0.086 0.084 0.100

5 0.184 0.375 0.333 0.281 0.046 0.094 0.083 0.070

6 0.122 0.381 0.327 0.268 0.031 0.095 0.082 0.067

7 0.245 0.349 0.334 0.283 0.061 0.087 0.084 0.071

8 0.122 0.381 0.332 0.238 0.031 0.095 0.083 0.060

9 0.082 0.387 0.314 0.234 0.020 0.097 0.078 0.058
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Ri j = Xi j
√∑m

i=1 X
2
i j

; for i = 1, 2, . . . ,m; j = 1, 2, . . . , n (12)

where

i number of alternatives (experimental runs).
j number of criteria (output responses).
Xij normalized value of ith experimental run associated with jth output response.

Stage 2

Considering the relative importance weights (Wj) of different attributes with respect
to the objective, the summation of weights should be equal to one. In this work there
are four responses, and hence, 25% weightage was given to the each response. Thus,
Wj = 0.25.

Stage 3

The weighted normalized matrix was constructed by taking the product of respective
weights and the normalized values of the particular column (Eq. 13). The weighted
normalized values (Vi j ) are shown in Table 9.

Vi j = Wj Ri j (13)

Stage 4

Using Eq. 14a and b, ideal and negative ideal solutions were calculated and the values
are shown in Table 10. Positive and negative ideal solutions are given by:

A+ = {
V+
1 . . . V+

n } (14a)

A− = {
V−
1 . . . V−

n } (14b)

where V+
j = {max

(
Vi j

)
if jεJ ;min

(
Vi j

)
if jεJ

′ }

V−
j = {min

(
Vi j

)
if jεJ ;min

(
Vi j

)
if jεJ

′ }

Table 10 Positive and negative ideal solutions for output responses

ED P ρe H

A+ 0.184 0.050 0.086 0.131

A− 0.020 0.097 0.078 0.058
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Stage 5

The separation measure (SM) values, namely the ideal alternative (S+
i ) and the nega-

tive alternatives (S−
i ) were calculated using Eq. 15a and 15b for the values obtained

in Table 10. The obtained SM values have been shown in Table 11.

S+
i =

√
√
√
√

n∑

(i=1)

[
V+
j − Vi j

]2
i = 1, 2 . . .m (15a)

S−
i =

√
√
√
√

n∑

(i=1)

[
V−
j − Vi j

]2
i = 1, 2 . . .m (15b)

Stage 6

Using Eq. 16, the relative closeness coefficients were calculated and shown as seen
in Table 11. The option with Pi closest to 1 was selected.

Pi = S−
i(

S+
i + S−

i

)0 < Pi < 1 (16)

Table 11 displays that among the nine experiments; trial 1 has the maximum
relative closeness value. The higher the relative closeness value of an experiment, the
higher is the chanceof that experiment being closer to the ideal value.A response table
has been constructed using Pi values from Table 11 in order to know the optimized
set of parameters for the TOPSIS technique. Table 12 displays the response table for
the average grey relational grade, and thus, it is understood that the optimized set of
parameters lies within the Taguchi’s L9 experimentation model. The LSS was found

Table 11 Separation measure, relative closeness value and ranking for the various experimental
run

Experiment no. S+
i S−

i Pi Rank

1 0.000 0.185 1.000 1

2 0.103 0.083 0.446 3

3 0.133 0.055 0.294 4

4 0.103 0.083 0.447 2

5 0.157 0.029 0.155 6

6 0.172 0.014 0.074 7

7 0.141 0.044 0.237 5

8 0.175 0.011 0.061 8

9 0.185 0.000 0.000 9

Average of relative closeness value 0.302



156 R. Rajesh et al.

Table 12 Response table for
the average closeness value

Level LSS TM

1 0.58014 0.56136

2 0.22532 0.22076

3 0.09947 0.12280

Delta 0.48067 0.43856

Rank 1 2

Fig. 3 Main effects plot for
means of average closeness
value
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to be having a higher delta value than the TM. Thus, from Fig. 3, it can be said that
LSS as the most influential factor and Level 1 of LSS and TM gives the optimized
set of input parameters.

3.4 Analysis of Variance (ANOVA)

ANOVA of the relative closeness value is shown in Table 13. Among the two input
parameters of the DMLS process, the LSS has higher influence with a percentage
contribution of 49.31% as against the layer thickness with a percentage contribution
of 42.05%.

Table 13 Analysis of variance (ANOVA) using the relative closeness values

Source Degrees of freedom Sum of squares Mean square F value Percentage
contribution

LSS 2 0.37279 0.18639 11.43 49.31

TM 2 0.31794 0.15897 9.74 42.05

Error 4 0.06525 0.01631

Total 8 0.75598
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Table 14 Optimized and
predicted GRG values of
GRA and TOPSIS methods

Methods Optimized GRG
value

Predicted GRG
value

% Difference

GRA 0.833 0.7423 10.88

TOPSIS 1 0.8395 16.05

3.5 Comparison of GRA and TOPSIS Results

Based on the study conducted, both the GRA and TOPSIS have produced results,
within theTaguchi’s L9 experimentationmatrix.However, bothmethods have arrived
at a different conclusion. GRA study says that TM has more influence over the
process, whereas TOPSIS says that LSS has more influence over the process. Thus,
in order to select the best method among the two, a comparison of the predicted
closeness value (α) was done using Eq. 17.

α = αm +
∑

(αn − αm) (17)

where αm = mean of the GRG values in the case of GRA and mean of the relative
closeness value in the case of TOPSIS.

αn =mean grey relational at the optimum level in the case of GRA and the average
closeness value in the case of TOPSIS.

From Tables 6 and 11, the values of αm(GRA) = 0.596 and
αm(TOPSIS) = 0.302. From Table 7 for GRA,

∑
(αn − αm) =

{(0.6583 − 0.596) + (0.6800 − 0.596)} = 0.1463, and from Table 12 for TOPSIS,∑
(αn − αm) = {(0.58014 − 0.302) + (0.56136 − 0.302)} = 0.5375. Thus,

α(GRA) = 0.7423andα(TOPSIS) = 0.8395. Comparison ofoptimized and
predicted GRG vales for both methods is shown in Table 14.

4 Conclusion

GRA and TOPSIS methods were successfully used for comparison and assessment
of optimized values. The following conclusions are drawn

• Both in GRA and TOPSIS methods, the optimized set of parameters was found
to be within the L9 experimental run.

• Experiment 1 gave the optimized set of parameters with LSS of 100 mm/s, TM
of 0.02 mm, ED of 600 J/mm3, porosity of 3.722%, density equal to 8.02 kg/cm3,
hardness equal to 146 VHN.

• Although it was clear from the experimental results that the first experimental trial
gives the optimized set of parameters, yet GRA and TOPSISmethodswere carried
out to known if any other optimized set of parameters were available within the
L9 experimentation run.
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• For GRG value, ANOVA indicated that layer thickness was the major influencing
factor on the overall objective, and in case of TOPSIS, laser scan speed was
found to be the most influencing factor. However, since the percentage difference
between the experimental and predicted values in case ofGRA is less thanTOPSIS
method, we can conclude that layer thickness to be the most influencing factor in
the DMLS process.
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Optimization of Parameters for Material
Removal Rate and Surface Roughness
in Wire Electric Discharge Grinding
(WEDG) for Micro-machining
of Cemented Carbide Rods

M. Parthiban and M. Harinath

Abstract In this work, the machining of cemented carbide rods is carried out in
wire electric discharge grinding process. It is a hybrid machining process in which
machining ofmicro-parts can bemachinedwith high accuracy, aspect ratios, and flex-
ibility. The rotary axis ismounted on theWEDMmachine to producemicro-rods. The
workpiece material cemented carbide is selected since it is widely used for cutting
tools in industrial applications. Thismaterial is tough to bemachined through conven-
tional process. From the literature survey, the following three machining parameters
such as the input current (A), pulse-off time (µs), and voltage (V) are considered as
the input parameters for the machining process. Experimental trials are conducted
based on the Taguchi parametric design by machining an Ø2 mm, and length of
10 mm to Ø400 µm with brass wire of Ø 0.25 mm was used to machine the work-
piece material under different sets of parameter combinations. The S/N ratio analysis
was carried out to find the optimummachining parameters and significant parameters
affecting the material removal rate and surface roughness. ANOVA is used to find the
most dominating parameter. Finally, it is concluded experimentally and statistically
that the significant parameters affecting the material removal rate and surface rough-
ness is input current. By varying these parameters, machining process of cemented
carbide is extended to contour profiles.

Keywords Wire electric discharge grinding (WEDG) · Design of experiments
(DOE) · Analysis of variance (ANOVA) · Cemented carbide (C) · S/N ratio
analysis ·Material removal rate (MRR)

1 Introduction

In recent years, the manufacturing of micro-parts is increased due to the increase in
various applications. Hybrid manufacturing machines are used to manufacture more
complex and good surface finish parts. The wire electrical discharge machining is
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one such hybrid machining process which uses the transverse wire to manufacture
the parts. Because of its high advantages, it is widely used in the aerospace, nuclear,
and automotive industries. More complex and intricate shapes can be machined
using this machining process. Machining hard materials like titanium with complex
shapes can be machined using wire electric discharge grinding process. High preci-
sion parts can be fabricated effectively with the help of WEDG process because
conventional grinding process takes many hours to grind and polish the materials.
The research in this non-traditional machining process was initiated by Kinoshita
et al. [1]; they pointed out that the ratio between the clearance and the amplitude of
wire vibration is the most appropriate value to judge the short-circuit gap. Masuzawa
and Tongshoff [2] developed the WEDG machine and manufactured small pins for
micro-parts and microelectrodes and used these microelectrodes as a tool for elec-
trical discharge machining (EDM) applications. Anand [3] in his study, to improve
the dimensional accuracy and surface finish of a machining process, carried out opti-
mization with a fractional factorial experiment with an orthogonal array. Masuzawa
et al. [4] converted the WEDM into a wire electrical discharge-turning process by
placing a submergible water-cooled spindle which can rotate up to 2800 rpm for the
production of gear wheels for the gear assembly. Qu et al. [5] studied wire elec-
trical discharge machining for material removal rate by developing a mathematical
model for the machining process. Chris Morgan et al. [6] developed the micro-shaft
in WEDG process and investigated the straightness error and surface roughness for
the machining parameters. Haddad [7] based on the Taguchi design of experiments
investigated the effect of machining parameters on surface roughness and roundness
in WEDM.

Alireza and Mohammad [8] studied the roundness, surface roughness and MRR
in the cylindrical wire electric discharge turning. AISI D3 tool steel is the work
material selected, and the experimental design was performed. Parthiban et al. [9]
designed and fabricated a rotary axis setup to do an experimental study on wire
electrical discharge grinding for difficult to machine materials. Pathiban et al. [10]
manufactured microelectrodes of tungsten rod with the help of WEDG process. The
process parameters were studied and found that the spindle speed and pulse-off
time are the most influencing parameter while manufacturing the microelectrodes.
Zhang et al. [11] used microelectro discharge machine to study the micro-dimples
andmicro-grooves on tungsten carbide-mold substrates with a surface finish of 2 nm.
Rao et al. [12] performed parametric analysis in WEDM using Taguchi method on
material removal rate and surface roughness for aluminum alloy material. Wang
et al. [13] with the advantage of WEDG process, proposed a combined machining
process withWEDG technology and electrochemical machining process to fabricate
micro pins. With the help of this combined machining processes, micro pins of
less than 10 micron were succesffuly fabricated and concluded that the process
can be effectively used for producing micro-tools. Pratap et al. [14] fabricated the
polycrystalline diamond (PCD) tool in the WEDG process and studied the effects of
wire tension and discharge for themanufactured tool. Patnaik et al. [15] usedmulticut
strategy to machine the titanium alloy material in wire electric discharge machining
to study the material removal rate, wire wear, and surface integrity. The literature
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survey indicates the scope for the further research in machining of microcomponents
like microprobes, micro-tools in carbide and to manufacture microelectrodes with
the use of WEDG process.

The objective of this work is to study the process parameters of the wire electric
discharge grinding process during themanufacturing of cemented carbidemicroelec-
trodes. The manufactured microelectrodes can be further used as a micro-tool for
micro-drilling in electric discharge machining and other micro-applications. In this
work, cemented carbide is selected as the work material and the machining param-
eter such as input current, voltage, and pulse-off time are selected to study the output
responses ofmaterial removal rate and surface finish for the desired input parameters.
ANOVA is performed to find which parameter has significant effect over the output
responses.

2 Experimental Work

In thiswork, themanufacturingof carbidemicroelectrodes andoptimization is carried
for material removal rate and surface roughness. The rotary axis setup is mounted
over the wire electric discharge machine (Mitsubishi (FA10S) CNC WEDM) to
conduct all the experiments, and the setup is shown in Fig. 1. Cemented carbide
cylindrical rod of an Ø2 mm and length of 10 mm was used as work material, and
brass wire of Ø0.25 mm was used as electrode to machine the work material. In this
study, micro-machining of carbide electrodes is carried using WEDG process. The
workpiece is placed over the collect, and the machining parameters are varied for
each experiment. Thefinal diameter of carbidemicroelectrode is reduced toØ400µm
from Ø2 mm using the WEDG process. The CAD drawing of the workpiece was

Fig. 1 Rotary axis setup (WEDG)
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Table 1 Parameter settings
for cemented carbide

Parameter Level 1 Level 2 Level 3

Input current (A) 4 5 6

Pulse-off (µs) 1 2 3

Voltage (V) 8 12 16

used to generate the program by Mastercam software, and the generated program
was imported to Mitsubishi WEDMmachine for conducting the experimental trials.
Based on the input parameter levels, the microelectrodes were manufactured and the
output responses of the manufactured microelectrodes are studied.

2.1 Selection of Cutting Parameters

The selection of variables that affect the performance of the WEDM process is
identified based on the literature survey and preliminary experiments performed by
the author by considering more number of variables and also through specifically
considering the parameters affecting the MRR and surface roughness. The factors
selected are input current, pulse-off time, and voltage. The input current decides the
concentration of the machining process. Pulse-off time represents the time interval
between the discharges which plays an important role. Since the current and voltage
are reversely proportional, we have taken the voltage as a parameter. As the rotary
axis setup is submerged in fluid, the need for dielectric flushing pressure does not
have effect on the machining process, so this parameter was neglected in the present
study. The values will be assigned directly from themachine library once thematerial
of the workpiece was specified. The selected parameters with their three levels and
their values are given in Table 1.

2.2 Surface Roughness Evaluation for Cemented Carbide

The surface roughness (Ra) was measured using a non-contact 3D profiler roughness
tester Talysurf CCI-Lite. It is used to measure the surface roughness for the carbide
rod. The surface roughness Ra value was measured in the carbide rod by focusing
the center of the profile. Finally, these are recorded and the setup for measuring the
surface roughness is shown in Fig. 2.
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Fig. 2 Setup for surface
roughness measurement

3 Results and Discussion

The plan of experiments is to conduct nine sets of experiments in which the first
column was assigned to the input current and the second column to the voltage and
the third column to the pulse-off time. In this present study, interaction of factors
is to be considered. The outputs to be studied are surface roughness (µm) and the
material removal rate MRR (mm3/min). The experiments are conducted for a set of
cutting parameters as listed in L9 orthogonal array. The Designed parameters and
its response for Cemented Carbide is shown in Table 2. For each process parameter
setup, three trials were performed and the average value of the MRR is recorded.

Table 2 Designed parameter and response for cemented carbide

S. No. Current (A) Voltage (V) Time off (µs) MRR (mm3/min) Ra (µm)

1 4 8 1 16.56 2.87

2 4 12 2 16.96 2.80

3 4 16 3 17.48 2.62

4 5 8 2 19.63 2.32

5 5 12 3 19.87 2.20

6 5 16 1 19.50 2.13

7 6 8 3 22.31 2.41

8 6 12 1 20.45 2.34

9 6 16 2 19.98 2.28
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From the results, to find the optimal process parameters, the results were discussed
with the use of various tools like ANOVA and S/N ratio to find out the significant
effect of machining parameters on material removal rate and surface roughness.

MRR was calculated according to Eq. (1),

MRR = π(d0 − d)2

4t
× l (1)

where d0 is the initial diameter,

d is the final diameter of the workpiece,
l is the length of the machined part, and
t is the time taken for machining.

The surface roughness parameterRa wasmeasured using a non-contact 3Dprofiler
roughness tester Talysurf CCI-Lite. The cutoff chosen was 0.8 mm and taken at the
mid-region of the specimen.

The experiments were done for different sets of machining parameters, and the
images of machined component of cemented carbide electrodes have been shown in
Fig. 3, and different contour profiles that are machined are shown in Fig. 4.

Fig. 3 Image of machined
cemented carbide electrode

Fig. 4 Image of contour profile
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3.1 Data Analysis Using S/N Ratio

From the results, S/N values were calculated for each experiment to find the influence
of each factor to the response variables. The results are presented in Figs. 5 and 6.
It shows that the greater the difference in S/N values of the control factor, greater

Fig. 5 Main effect plots of S/N ratio for MRR

Fig. 6 Main effect plots of S/N ratio for surface roughness
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the significance of the factor to the response variable. Thus, the input current has the
strongest influence on MRR and surface roughness.

In order to obtain the optimal machining performance, ‘higher-the-better’ char-
acteristic for material removal rate was taken. Figure 5 shows the highest material
removal as attained when input current was 6A; likewise, by analyzing the other two
plots of S/N ratio’s, the peak point in the graph provides optimum value of 3(µs)
for pulse-off time and 8 V of voltage. attainment of high material removal condi-
tions requires a large discharge of energy by increasing the current and voltage. The
diameter of the discharge channel is known to be directly proportional to the pulse-
off time. Hence, more craters are produced at short pulse-off time which results in
more material removal. Therefore, during the minimum pulse off time the maximum
material removal rate is obtained.

Figure 6 shows the variation of S/N ratio for surface roughness for different levels
of parameters. The S/N ratio was calculated based on the phenomena of ‘smaller-
the-better’ characteristic. The peak values of parameters in the graph have high S/N
ratio value which will effect less surface roughness. The factor that has the most
influence on surface roughness is again the input current, while the optimal factor
values are those with the highest S/N value as current 5 A, voltage 16 V, pulse-off
time 3 µs as shown in Fig. 6.

3.2 Analysis of Variance (ANOVA)—MRR

MRR—Since the ANOVA was done with a confidence level of 95% (α = 0.05),
the parameter that has a P value less than 0.05 can be taken as the most influencing
parameter. From the results given in Table 3, it can be seen that the input current
contributes the most for the material removal rate when compared to voltage and
pulse-off time. The most influencing parameter is the input current with contribution
of 87.16% followed by the voltage of 7.86% and pulse-off time with 1.60%.

Surface roughness—Since the ANOVAwas done with a confidence level of 95%
(α = 0.05), the parameter that has a P value less than 0.05 can be taken as the most
influencing parameter. From the results given in Table 4, it can be seen that the input
current contributes the most for the surface roughness when compared to the other

Table 3 ANOVA for cemented carbide (MRR)

Source DF Seq SS Adj SS Adj MS F P % Contribution

Input current (A) 2 23.979 23.979 11.9897 25.83 0.037 87.16

Pulse-off (µs) 2 0.4403 0.4403 0.2201 0.47 0.678 1.60

Voltage (V) 2 2.1638 2.1638 1.0819 2.33 0.300 7.86

Error 2 0.9285 0.9285 0.4642 3.37

Total 8 27.512 100
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Table 4 ANOVA for surface roughness

Source DF Seq SS Adj SS Adj MS F P % Contribution

Input current (A) 2 0.4612 0.4912 0.54564 514.14 0.002 89.28

Pulse-off (µs) 2 0.0542 0.0542 0.2714 56.81 0.017 9.82

Voltage (V) 2 0.0049 0.0049 0.00247 5.19 0.162 0.89

Error 2 0.0009 0.0009 0.00047

Total 8 0.5514 0.5514 100

parameters.With 89.28% of contribution, the most dominating parameter is the input
current followed by pulse-off time with 9.82% and voltage with 0.89%.

4 Conclusion

In this study, micro-machining on cemented carbide was carried out for material
removal and surface roughness. The experimental investigation has been done on
the effects of machining parameters, namely the input current, pulse-off time, and
voltage on MRR and surface roughness for micro-machining of carbide rods by
WEDG. Experimental trials were taken for full factorial design in order to analyze
the selected process parameters for MRR and surface roughness.

• The results show that the manufacturing of carbide microelectrodes of up to Ø
400µmcan be achieved inWEDGprocess, and by using this process, micro-tools
and microelectrodes could be manufactured more effectively.

• By performing ANOVA, the most significant factor is determined, and by
analyzing the S/N ratio, the optimal parameter to achieve MRR is when input
current at 6A, pulse-off time at 3(µs), and voltage at 8 V. And, the optimal param-
eter to achieve the surface roughness is when the current is at 5 A, voltage at 16 V,
pulse-off time at 3 µs, respectively.

• Themost dominating parameter forMRR is input currentwith a percentage contri-
bution of 87.19%. The second important parameter is voltage with the percentage
contribution of 7.86% followed by pulse-off time of 1.60%, respectively.

• The most dominating parameter for surface roughness is input current with a
percentage contribution of 89.28%. The second important parameter is pulse-off
time with the percentage contribution of 9.82% followed by voltage of 0.89%,
respectively.
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Exploration of Effectiveness of Ionic
Liquid Adopted as an Additive
to the Vegetable Oils

Harpreet Singh, Balraj Singh, and Roshan Lal Virdi

Abstract Abrasive material removal processes are quite challenging due to high
temperatures and power requirements. To achieve quality products, unwanted mate-
rial removal is required from the base processed material. In the process of removing
unwanted material from the workpieces, different operations are involved such as
threading, grinding, and turning operations. The main parameters of the material
removal process are feed, speed, and depth of cut. During the material removal
process, heat is generated from the workpiece as well as tool. Therefore, time to
time, lubrication is required to tackle with the problems that rise from generation
of heat. Minimum quantity lubrication is an alternate of general cooling systems
to protect the environment as well as human health. In the present investigation,
attempt has been made to explore the surface roughness, grinding forces, specific
grinding energy, grinding temperature, and G ratio in MQL grinding of AISI 52100
steel. The three input variables are considered in this investigation, namely vegetable
oils, air pressure, and an ionic fluid. Better results have been attained with the MQL
grinding by using coconut oil under different parameters. Signal-to-noise (S/N) ratio
as per Taguchi design revealed MQL as significant parameters for surface rough-
ness, whereas feed can be set within the range. Taguchi optimized conditions were
validated through multiple response optimization using desirability function.

Keywords Surface grinding · Vegetable oils · Ionic fluids ·
Environment-friendly · Inexpensive ·Minimum quantity lubrication
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G ratio Grinding Ratio
Vwp Volume of Workpiece Removed
Vwear Volume of Wheel Wear
Et or U Specific Grinding Energy
Ft Tangential Force
Fn Normal Force
vs Peripheral Speed of Grinding Wheel
a Grinding Depth
b Grinding width
Ra Surface Roughness

1 Introduction

Grinding is a category of machining and utilized as a true metal cutting process.
Every fragment of abrasive works as a microscopic single-point cutting edge and has
a high negative shape angle. Surface grinding is a class of grinding process employed
in various industries to make the workpiece exterior smooth for a better finish [1].
In the grinding operation or material removal process, heat generation is immense in
both the job and the grindingwheel which affects thework quality. Tominimize these
thermic effects, the various kinds of vegetable oils because of their high biological
degradability and non-toxic nature could be consumed as lubricants. Vegetable oils
(ground nut oil, coconut oil, canola oil) were adopted on the account of their diverse
characteristics like tolerable expenditure, low-heat creation within grinding section,
and low firmness [2] (Fig. 1).

Ionic fluid is adopted because of its temperature invariability and non-mixing
nature in water. It is a salt in the form of liquid at the temperature less than

Fig. 1 Grinding process
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100 °C. It is made up of ions comprising cations and anions in bulk and asym-
metry [3]. The ionic liquid adopted in this analysis is 1-butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)-imide. If we look at the other gases in ionic fluid gas
clarification,membrane hydrogen is less likely to dissolve than the methane although
carbon dioxide is more able to dissolve than methane and the change in temperature
has the principal impact on the breaking up of methane at low temperature. Methane
disintegrates less as compared to ethane, butane, and propane [4]. Ionic fluids have
the considerable impact in machining operation even where the conditions are tribo-
logical. Their application to metalworking fluids in almost dry machining case is
greatly probable and can be helpful method to descend forces [5]. The attention
has been inclined to the ionic fluids due to their environment-friendly nature as
they are reliable, re-utilizable and can go back to the earth without deteriorating it
[6]. Khalilpourazari and Khalilpourazary [2] toiled (worked hard) on the optimiza-
tion technique of the determinants of surface grinding operation and propounded
Taguchi method in comparison with other prevailing (or superior) methods rendered
the successive consequences. Dambatta et al. [7] in their scrutiny conducted an exper-
imental review with the aid of Taguchi pattern of examination to check the up-shots
of granulating determinants and diverse sorts of coolants throughout the course of
crushing of Si3N4 improved engineering ceramics and outcomes of the process
constants on the grinding forces and exterior grade had been investigated. Besides,
from the Taguchi-based analysis the S/N ratio of outcomes were utilized to attain the
optimum variable settings.

Goindi et al. [5] in their examination targeted the ionic fluids to be adopted as a
lubrication preservative to brew with the vegetable oil (canola oil) in MQL milling
to perform on the surface of plain carbon steel and found out that the ionic fluids
alter the tribological circumstances of machining approach. Goindi et al. [8] in their
exploration put forward the up-shots attained in the comprehensive probe conducted
to assess the functioning of oil-free ionic fluid containing fluorine and phosphonium
ion-based oil compatible ionic fluids brewed to canola oil or polyethylene glycol in
minuscule volumes in obstructed MQLmachining of a carbon steel of plain medium
under disparate cuttingmeasurands.Ngo et al. [9] perceived in their interpretation that
the alkylimidazolium-bis(trifluoromethylsulfonyl)-imide salts portrayedfine thermic
invariability when set parallel to alkylimidazolium tetrafluoroborate salts. Lu et al.
[10] in their experiment dovetailed (combine) and deduced the ionic liquid named
as 1-ethyl-3-hexylimdazolium-bis(trifluoromethylsufonyl)-imide as coolant for the
steel-steel contiguity.

Abdul Sani et al. [11] in their review studied the interrelated efficacies of the ionic
fluids: the first being based on ammonium and the other ionic fluid having phospho-
nium as foundation element capable of blending in oil and biologically acceptable
adopted as lubrication preservative in antithetical (conflicting) oil at distinctive treat
rates in direction of unveiling and perceiving their lubrication potentialities. Ferri
et al. [12] in their work aimed to explore the output obtained on the employment
of cutting liquids miscible with the ionic fluids. The output to check is of declining
the sliding effect of machine equipment and the abrasion of the same. Davis et al.
[13] intended to quest the efficacy of ionic fluid (IF), a variety of low melting point
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salt (below 100 °C), functioning as an accompaniment for executing MQL practice
during titanium machining and resulted in curtailing of tool erosion, achieving low
cutting forces and acceptable outer finish of work surface. Kalita et al. [14] effectu-
ated (or brought about) an exploration on minimum quantity lubrication grinding to
explore the possibility of putting on record the effectiveness of approach of MoS2
nano-lubricants grounded on oils on cast iron and EN steel and considered three
dominant variables to deduce the practice effectiveness named as specific energy,
rubbing coefficient in grinding, and grinding ratio (G ratio). Li et al. [15] probed the
similarities and dissimilarities between the efficacy of MQL grinding by adopting
castor oil, rapeseed oil, sunflower oil, palm oil, soybean oil, corn oil, and peanut oil
as starting oils on the basis of values of grinding force, grinding temperature, and
energy ratio coefficient of MQL grinding attained following the execution of seven
unidentical varieties of vegetable oils.

Awale et al. [16] mainly targeted in their study to explore practically the cooling
and the lubrication influence of dry, flood, MQL grinding technique on the different
measurands named as specific grinding energy, specific grinding force, grinding
force ratio, ground surface quality, micro-hardness, and the debris configuration of
hardened H13 hot die steel. Irani et al. [17] in his study tell about the systems that
have application of cutting liquid high results in the high material removal rates or
deepest depth of cut. So, in the long way, the ways adopted in this experimentation
are potentially good to make grinding field modern. Barczak and Batako [18] in
his probe intended to surge the physical operations understanding performing in
the MQL. Shokrani et al. [19] in this exploration took survey on those materials
at which machining is not easy, categorized them into three major classes, namely
hard materials, ductile materials, and heterogenous materials, and found out those
characteristics of those materials which make machining of these materials tough.

From the above discussion, it is very clear that various researchers have donework
on vegetable oil with MQL. But, work with vegetable oil with ionic liquid under
minimum quantity lubrication (MQL) process is limited. So, significant approach
for investigating the performance characteristic of vegetable oils with ionic liquid
must be required. This study aims to present the grinding performance of AISI 52100
alloy steel with biodegradable vegetable oil and ionic liquid.

2 Experimental Review

The scrutinization was operated on the machine popular by name as surface grinder.
The white aluminum oxide grinding wheel (wheel diameter= 180 mm; wheel width
= 13 mm; wheel bore diameter = 31.50 mm; wheel grade −80) is equipped in this
experiment. The grinding parameters are encapsulated in Table 1.
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Table 1 Grinding parameters Description Characteristics

Grinding type Surface grinding

Material adopted AISI 52100

Grinding environment MQL, flood, dry

Cutting fluids Groundnut, coconut, canola

Lubricant preservative Ionic fluid

MQL flow rate 100 ml/s

Nozzle angle 15o

Wheel speed 28 m/s

Depth of cut 20-µ

Grinding wheel passes 20

Compressed air pressure 3, 4, 5 (bar)

Flood cutting fluid Water-soluble servo oil

Flood cutting flow rate 8000 ml/h

2.1 Experimental Materials

Groundnut, coconut, and canola oil are three vegetable oils selected in this experiment
due to their bio-degradability and non-polluted characteristics. Each oil is employed
in three different manners, i.e., pure oil (without mixture), oil + 1% ionic fluid,
and oil + 1.5% ionic fluid. The ionic liquid adopted in this analysis is 1-butyl-
3-methylimidazolium bis(trifluoromethylsulfonyl)-imide. A high carbon chromium
alloy steel (AISI 52100 steel) having density of 7.81 g/cm3 was employed in this
analysis. The chemical configuration of AISI 52100 steel is summed up in Table 2.

Table 2 Chemical
configuration of AISI 52100

Materials AISI 52100

Ferrous (%) Balance

Carbon (%) 0.98–1.1

Manganese (%) 0.25–0.45

Phosphorus (%) 0.025

Sulfur (%) 0.025

Silicon (%) 0.15–0.30

Chromium (%) 1.3–1.6



176 H. Singh et al.

Table 3 Response table for MQL

Oils ILs (%) P (bar) Ft (N) Fn (N) Temp (°C) Ra (µm) U (J/mm3) G ratio

Groundnut 0 3 6.75 26.79 77.50 0.46 24.23 5.90

Groundnut 1 4 6.28 25.30 70.00 0.39 22.54 6.30

Groundnut 1.5 5 5.87 24.63 68.25 0.33 21.07 6.70

Coconut 0 4 6.66 23.56 70.25 0.42 23.91 6.30

Coconut 1 5 6.17 22.85 67.75 0.37 22.15 6.50

Coconut 1.5 3 5.69 20.77 62.00 0.29 20.43 7.00

Canola 0 5 8.96 29.98 75.00 0.61 32.16 5.60

Canola 1 3 8.30 28.51 74.50 0.52 29.80 5.70

Canola 1.5 4 6.87 25.05 69.25 0.37 22.80 6.25

2.2 Experimental Condition

In this study, three categories of parameters such as vegetable oils, air pressure, and
ionic fluid were considered. All these constants were allocated as per the orthogonal
(L9) array. For every single observation, the calculation of relative magnitudes of
tangential and vertical forces, temperature, surface roughness, grinding energy, and
G ratio are done.

3 Results and Discussion

3.1 Investigative Strategies and Assessments

Grinding forces (tangential and normal force) were assessed on the 610B model
dynamometer. A total of 9 similar work sections were passed for overall 180 times
having each piece passed for 20 times, and eventually, the average of grinding force
at each pass had been derived to attain the relative grinding force. The temperature
of workpiece surface was checked after every five passes with the aid of a digital
thermocouple. At the end, the surface roughness of every single piece was noted by
moving tip of Ra tester across the direction of grinding.

Tangential and Normal Forces

Tangential force exerts in the direction of tangent to the point where the grinding
wheel makes contact with the work section, while grinding and normal force exerts
at the right angle to the work section where grinding wheel makes contact with the
work section.
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Grinding Temperature

Most of the time, the temperature in the midst of grinding approach is delivered
by escalating sliding powers or deleting powers. The coolants are employed on the
grounds in many varieties for controlling the temperature as the grinding wheel is
furthermore pulverized due to high temperature by elevating tool wear.

Surface Roughness

Surface roughness most oftenly considered as roughness, is a section of exterior
quality. It functions a paramount contribution in commuting the way the practical
object will have a relationship with the surroundings. It is unacceptable in nature
to achieve a high outer waviness; it is probably a stumbling block and costly to
limit it in manufacturing. So, the three variables namely three disparate vegetable
oils i.e. groundnut, coconut and canola, air pressure at distinguished values and ionic
liquid mixed in vegetable oils are employed in this research to constraint the surface
roughness.

Specific Grinding Energy

The power exhausted in removing unit volume of a material from the work region
while grinding is called the grinding energy, which can be measured by applying the
following formula:

U = P

Qw
= Ft × V s

Vw × a × b
(1)

where U = specific grinding energy (J/mm3), Ft = tangential force (m/s), Vs =
wheel velocity (m/s), Vw = work feed rate (m/s), a = width of working zone (mm),
b = depth of cut (mm).

Grinding Ratio

It is the ratio of volume of material removed (Vwp) to the volume of grinding wheel
wear (Vwear) under the similar grinding conditions. It is illustrated as

G ratio = Vwp

Vwear

Vwp

Vwear
(2)

where Vwp = volume of workpiece removed and Vwear = volume of grinding
wheel wear.
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3.2 S/N Ratio

In this optimization analysis, the grade of variables’ function could be considered
based on three classes, namely, the smaller-the-better, higher-the-better, and nominal-
the-better. All the determinants are considered best according to smaller-the-better
except for the G ratio which is optimum if the S/N ratio analysis provides the value
according to the larger-the-better.

No matter what is the class of standard characteristics, the better grade can be
accomplished by setting the highest S/N ratio with the operation determinants.

Figures 2, 3, 4, 5, 6, and 7 illustrate the main effects plot for SN ratios of different
output determinants. By looking at Figs. 2, 3, 4, 5, 6, and 7, we can conclude that
the optimum values for distinct output parameters are obtained for coconut oil, the
mixture having ionic fluid 1.5% and at the pressure of 4 bar. As coconut oil has low
viscosity which allows this oil to flow smoothly over the work surface due to which
the debris from the surface and the wheel pores gets flushed easily. This results in
low friction between the wheel and the work region, and due to the better flushing
off of debris, the surface appearance is smooth.

The SN ratio for the output parameters ends up at high position when 1.5% ionic
fluid, containing coolant, is discharged on the work section. The rationale behind
this action is the existence of fluorine (lost free in the course of disintegration of
ionic fluids in grinding) that makes the bond with the chips, thereby disconnecting
the physical contiguity of the tool and the fragment interface.

Fig. 2 Main effects plot for S/N ratios of tangential forces
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Fig. 3 Main effects plot for S/N ratios of normal forces

Fig. 4 Main effects plot for S/N ratios of grinding temperature
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Fig. 5 Main effects plot for S/N ratios of surface roughness

Fig. 6 Main effects plot for S/N ratios of grinding energy
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Fig. 7 Main effects plot for S/N ratios of grinding ratio

In case of air pressure, both the SN ratios for output determinants are finished
up at maximum when air is supplied at pressure of 4 bar. It could be an optimum
pressure because of the appropriate amount of mist discharged on the work section
at this pressure. At 3 bar, the amount of mist discharged to work area could not
be satisfactory as the mist discharged may have resulted in less amount that is not
enough for building up of satisfactory film for cleaning the debris.

4 Conclusions

The entire practice was functioned on AISI 52100 taking into consideration the three
amending variables, namely vegetable oils, air pressure, and ionic fluid to deduce
the efficacy on the various parameters such as crushing loads, specific granulating
energy, grinding temperature, and the exterior unevenness of the job’s material.

The epilogues educed by analyzing the entire research are demonstrated below

• Coconut oil is the most optimum oil for lubricating as all the responses are at
lower position on usage of coconut oil.

• The proportion of 1.5% ionic fluid in the coolant is the optimal choice for lubri-
cation to get the optimal up-shots. This happens as a result of viscosity change of
the coolant after the blending of ionic fluid in lubricant.

• The responses are better at 4 bar pressure when compared with the responses
accomplished at 3 and 5 bar pressure.
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• The optimal exterior un-flatness accomplished in this analysis is on the employ-
ment of coconut oil brewed with the 1.5% ionic fluid as additive of the total
amount of coolant at the pressure of 3 bar. It shows that the vegetable oil and
ionic fluid are the obligatory factors in this investigation, whereas air pressure is
of least importance.

• From the investigation, it can be said that the vegetable oils in MQL technique are
authenticated as less deleterious and secure for the surroundings when placed side
by side with regular fluids and the expenses are lower than flood grinding as the
vegetable oils as coolant are easy to make available at appropriate whereabouts.

To recapitulate, it can be said that theMQL approach is worthy of attention and up
to the standard up-shots and can be employed in place of natural machining methods.
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Experimental Investigation of Vegetable
Oils-Based Minimum Quantity
Lubrication Grinding by Using Ionic
Liquid

Balraj Singh, Harpreet Singh, Roshan Lal Virdi, and Khushdeep Goyal

Abstract In the era of modernization, today each and every industry is focusing on
improving the quality of the product. Also with the increased requirements of energy
utilization and environment protection, minimum quantity lubrication (MQL) has
got great attention. As the name suggests, the quantity of the applied lubricant is
reduced to its least amount for effective results. Vegetable oils extensively used as
base oil in the grinding process due to its non-pollutant and biodegradability proper-
ties. This study involves the performances aspects of three vegetable oils (groundnut,
rice bran, and palm oil) which were used as cutting fluid to eliminate health hazards
related to the operator. Ionic liquid played a significant role in this study, as it exhibits
low molten temperature or non-flammable properties. AISI52100 alloys steel used
as work material for evaluating the lubrication performance of vegetable oil and
ionic liquid. Surface roughness, grinding temperature, grinding forces, grinding ratio,
and specific grinding energy have been selected as output parameters. The Taguchi
method that uses L9 orthogonal arrays was performed to optimize the process param-
eter. Results revealed that groundnut oil led to the optimum results as compared to
other two oils (Rice bran or palm oil) in terms of forces, temperature and surface
roughness. It was concluded that by increasing the concentration of ionic liquid
from 1 to 1.5%, there was significance reduction in grinding temperature or grinding
forces. Groundnut oil at 4 bar pressure with 1.5% of the concentration of ionic liquid
helped to achieve the optimum results.

Keywords Environment friendly · Ionic liquid ·Minimum quantity lubrication
(MQL) · Vegetable oils

1 Introduction

Grinding is a machining process which is firstly developed by ancient human by
rubbing two rocks together in order to form various weapons and tools. By using
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conventional processes, extremeheat is generated at the point of contact ofwork piece
and tool that possess challenge to the researcher to reduce the heat at its acceptable
level. Need of environmental protection and human safety has imposed challenge
to various research center, universities and industrial sector to find out alternative
for conventional machining process [1, 2]. Various cooling and lubrication method
has been adopted for minimizing the heat at the grinding zone. However, minimum
quantity lubrication technique got great attention due to its number of advantages in
terms of safer or cleaner process and ready to use fluid. MQL exhibits eco-friendly
and less consumption of power with better lubrication effect. As the name suggest,
the quantity of applied lubricant is reduced to its least amount for effective or efficient
lubrication. MQL is that techniques in which the usage of lubricant is reduced from
liter/minute to milliliter/hours [3]. MQL also known as near dry machining and
microlubrication in which small quantity of fluid transported at the interface of tool
and work piece for proper functioning of tool [4].

When the cutting tool (grinding wheel) is advance toward the work piece, material
is removed in the form of swarf/chips. The chip is produced by the shearing action,
and this produced chipmay classify into two groups known as primary and secondary
shearing zone. In the case of primary shear zone, the material is removed by elasto-
plastic deformation, and the most of the energy used in this stage (primary zone)
is converted into heat. On the other side, secondary shear zone is responsible for
generation of heat or frictional forces by producing the chips/swarf on rake side
of the tool. Advancement of the tool toward the work piece may give rise to flank
wear on the flank profile of the tool. Machining of advance material is generally
associated with lower productivity and higher machining cost. By using hardened
material with increased temperature, the chances of shorter tool life or high wear of
tool are increased [5–7].

Zhang et al. [8] performed an experiment by using AL2O3 and sic nanoparticles of
different size (30, 50, & 70) with 2% nanofluid by volume fraction. Results revealed
that nanofluid (30:70) results in higher material removal rate and also mixture of sic
and AL2O3 increase the efficiency of MQL grinding. Dongzhou, et al. [9] performed
an experiment under nanoparticle jet MQL grinding, conventional flood grinding,
MQL grinding, and dry grinding condition. Results revealed that nanoparticle jet
MQL grinding generates lower specific tangential forces as compared to MQL and
dry grinding. Zhang et al. [10] studied the lubricating behavior ofmixed nanoparticles
and pure nanoparticles. Results indicated that hybrid nanoparticles (MOS2/CNT)
obtain better lubrication than pure nanoparticles. Li et al. [11] studied the effect of
grinding temperature by using three work material, Ni-based alloys, 45 steel, and
nodular cast iron under minimum quantity lubrication cooling (MQLC) for heat
transfer. Carbon nanotube (CNT) and nanofluid were used with 2 and 2.5% volume
fraction and results indicated that grinding temperature of 2.5% nanofluid was lower
than that of 2% nanofluid.

Hadad et al. [12] performed an experiment on 100cr6 steel by using CBN and
AL2O3 grinding wheel. Results showed that MQL process can increase the grind-
ability of 100cr6 hardened steel. Guo et al. [13] use castor oil that act as base oil and
mixed separately with six different vegetable oil (palm, maize, sunflower, soyabean,
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peanut, and rapeseed) at 1:1 ratio to alter their rheologic properties using nickel-
based GH4169 alloys. Results revealed that viscosity of mixed oil was lower than
pure one, and lubricating properties of mixed oil were higher to pure castor oil. Li
et al. [14] demonstrated the comparative study ofMQL by using vegetable oils on the
basis of energy ratio coefficient, grinding forces, and grinding temperature. Results
revealed that the castor oil produced lower value of grinding forces among vegetable
oils while generating high temperature. Emami et al. [15] they use four different kind
of lubricants, viz. vegetable oils, synthetic, minerals, and hydrocracked under MQL
grinding. Results revealed that hydrocracked-based oil and synthetic oil gave satis-
factory performance under MQL grinding process of AL2O3 ceramics. Dambatta
et al. [16] reported the performance characteristics of flood cooling andMQL during
the grinding of Si3N4 ceramics. Results showed that tangential and normal forces
were lower in the case of MQL as compared to flood cooling.

Rabiei et al. [17] studied the mechanical characteristics of work material of two
hard steel (100cr6 & HSS) and two soft steel (CK45 & S305) under MQL grinding.
Results revealed that MQL techniques decrease the friction coefficient and grinding
forces in both hard and soft steels. Moreover, while applying MQL techniques,
better surface quality and finish can be obtained. Goindi et al. [18] use 1 wt% of
imidazolium-based ionic liquid in canola oil on plain carbon steel to find out the
effectiveness and feasibility of ionic liquid under MQL milling. Results revealed
that ionic liquid significantly effects the tribology properties and should be used as
additives in order to reduce the energy usage or machining force.

Goindi et al. [19] studied the behavior of phosphonium-based oil miscible ionic
liquid (IL) and fluorine containing non-miscible ionic liquid which were mixed to
polyethylene glycol and canola oil under MQL machining. Results indicated that
fluorine consisting IL showed superior performance at higher cutting speed and
can be used for machining of high-speed applications. Virdi et al. [20] perform an
experiment by using inconel-718 alloy to find out the tribological performance under
nanofluid minimum quantity lubrication (NFMQL). Results indicated that nanofluid
minimum quantity lubrication significantly enhances the performance in terms of
grinding ratio (G-ratio) and surface roughness.

It is clear from the abovediscussion that researchers have done experimentations in
the field of vegetable oil-based nanofluidMQL.But thework done in investigating the
performance of ionic liquid MQL technique for grinding of Inconels using vegetable
oil-based ionic liquidMQLsystem is very limited. There is significant scope and need
to examine the grinding of hard to machine materials like AISI52100 alloys using
vegetable oils. Therefore, the present work aims to examine the behavior of vegetable
oil-based ionic fluids in grinding of hard to machine materials using biodegradable
vegetable oils.
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2 Experimental Setup

This experiment was performed by using a surface grinder. Three vegetable oils
(Groundnut, Rice bran, and palm oil) were used as lubricant. The various parameters
of surface grinder were as follows: Principle axis power 0.75 kw/h, highest rotating
speed 2886 r.p.m, table speed 0.66 m/s, and frequency 50 Hz. A clip-type thermo-
couple device was used for measuring the temperature. A dynamometer was used
for measuring the tangential and normal forces (Fig. 1).

2.1 Work Piece and Wheel Material

The experiment was performed by using a white Al2O3 grinding wheel on precision
surface grinder. AISI52100 alloys steel was used as base material to perform all
the experiments, and the constitution of material is displayed in Table 1. Groundnut

Fig. 1 Schematic line diagram of minimum quantity lubrication process (MQL)

Table 1 Composition of
material

Elements Composition (%age)

Cr 1.14

Fe 97.13

C 0.96

S 0.06

P 0.047

Si 0.19

Mn 0.47
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oil, rice bran oil, and palm oil are used for conducting all the experiments in the
composition of ionic liquid (BMIS TFSI).

2.2 Experimental Condition

While performing the experiments, the speed of grinding wheel kept constant which
is 28 m/s which means 2886 r.p.m. The flow of air pressure kept 3 bar, 4 bar, and
5 bar while the depth of cut taken as 20 µm by which the tool removes the material
from base material in the form of chips. The other grinding parameters shown in
Table 2 give necessary data about the process. While performing all experiment, the
nozzle distance kept constant. Major three variables used in this research work are:

• Air pressure

Table 2 Grinding parameters

Description Properties

Grinding type Surface grinding

Material adopted AISI 52100

Cutting fluids Groundnut, rice bran, palm oil

Lubricant preservative Ionic fluid

MQL flow rate 100 ml/s

Nozzle angle 15°

Wheel speed 28 m/s

Depth of cut 20-µm

Grinding wheel passes 20

Compressed air pressure 3, 4, 5 (bar)

Table 3 Response table

Oils P, (Bar) ILs (%) Ft, (N) Fn, (N) Temp (°C) Ra (µm) U (J/mm3) G-ratio

Palm 3 1.5 7.62 27.16 74.23 0.36 29.23 6.61

Palm 4 0 8.55 30.23 82.15 0.40 31.75 5.2

Palm 5 1.0 8.18 29.07 79.87 0.37 31.03 4.92

Groundnut 3 0 6.61 29.12 85.13 0.31 23.75 7.63

Groundnut 4 1.0 5.76 26.13 80.27 0.27 21.41 8.69

Groundnut 5 1.5 5.28 24.45 68.21 0.25 20.17 7.69

Rice bran 3 1.0 7.23 28.10 80.97 0.33 26.13 6.81

Rice bran 4 1.5 6.69 26.09 70.12 0.28 22.06 8.44

Rice bran 5 0 7.78 29.23 84.94 0.36 27.33 7.63
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• Concentration of ionic liquid
• Composition of the vegetable oils.

3 Result and Discussion

3.1 Analytical Method and Measurement

Grinding forces (Tangential and Normal) were measured by using dynamometer.
After the completion of grinding, the surface roughness was calculated by surface
roughness tester. The tip of the surface roughness testerwasmove across the direction
of grinding to find out the accurate value of Ra (Table 3).

Tangential and Normal Forces
The abrasive wear of work material results is production of various kinds of forces
which are mainly characterized as tangential and normal forces. These forces are
differentiating on the basis of direction of applied load.Normal forces are those forces
which are applied normal to the axis of movement of grinding wheel. Tangential
forces are those forces which act along the direction of grinding wheel.

Grinding Temperature
Grinding temperature is an essential parameter during the process of grinding as it
affects the surface integrity of work material. As the grinding temperature increased,
the chances of surface roughness or thermal damage to work piece are also increased.
Most of the grinding temperature is increased by friction or cutting forces, so main
purpose of this study is to reduce these forces at grinding zone.

Surface Roughness
The surface roughness of the ground samples was examined using Mitutoyo SJ-201
roughness tester. The roughness was measured at the center of the work piece by
sampling five points with a cut-off length of 2.5 mm. During the process of grinding,
the optimum value of surface roughness should lie between 0.1 and 2 µm.

Surface Grinding Energy (S.G.E.)
S.G.E is that energy which is required for removing unit volume of material. Specific
grinding energy is directly proportional to the product of tangential force and wheel
velocity. It is measured by using following equation.

Specific Grinding Energy = Ft × Vs

Vw × a × b
(1)

where F t = tangential force (N), V s = wheel velocity (m/s), Vw = work feed rate
(m/s), A = width of working zone (mm), and B = depth of cut (mm).
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Grinding Ratio (G-Ratio)
Grinding ratio can be defined as the ratio of volume of material removed per unit
volume of wheel wear. High grinding ratio is always desirable because it would result
in lower wheel wear which results in longer tool life.

G-Ratio = vol. of material removed./vol. of grinding wheel wear (2)

3.2 Signal to Noise Ratio Analysis

While performing the process of optimization and validation, the performance
features of process parameter could be categorized into nominal-the-better, smaller-
the-better, and larger-the-better. This experimentation was performed to acquire
the optimal value, i.e., small value of surface roughness, specific grinding energy,
grinding temperature, grinding forces (Ft & Fn), and higher value of grinding ratio
through grinding performance process parameters (Figs. 2, 3, 4, 5, 6 and 7).

The graphs depict the mean effect plot for S/N ratio for the tangential force,
normal force, surface roughness, grinding temperature, specific grinding energy, and
grinding ratio. According to the graph of main effect plot for S/N ratio analysis, the
optimum parameter is groundnut oil at 4 bar pressure by using 1.5 concentration
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Fig. 5 Main effect plot for data mean of grinding temperature
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of ionic liquid. Study shows that oil with low viscosity results in high fluidity and
converse is equally true. Among all three oil (groundnut, rice bran, palm), groundnut
oil exhibits low viscosity and oil with low viscosity possess high fluidity. By using
groundnut oil, there is fewer clusters of chips on the machined surface of work piece.
Also, there is less consumption of energy by using groundnut oil which resulted
in less grinding forces (Ft & Fn), temperatures, surface roughness (Ra), specific
grinding energy (S.G.E), and high grinding ratio (G-Ratio).

From the graph, it is also observed that mean S/N ratio is low at 3 bar pressure
and maximum at 4 bar pressure. This is due to high pressure of air that increased
the speed of falling the aerosol droplet (mixture of air and fluid) on the work piece.
Also by using the 4 bar pressure, it will generate the stable air oil film at grinding
zone which results in efficient lubrication with optimum results. Moreover, graph
also depicted that while increasing the pressure from 4 to 5 bar mean, S/N ratio is
slightly decreased because the falling of the droplets very rapid, and it is unable to
create a stable air fluid layer between the interface of grinding wheel or work piece.

From the main effect plot for data mean graphs, it was also observed that ionic
liquid played significant role in order to minimizing the specific grinding energy,
grinding forces, surface roughness, and grinding temperature. This is due to the
presence of the fluorine in ionic liquid which makes the bond with newly fresh
chips/swarf, thereby decreasing the adherence of the chip to the rake profile of the
tool which results in lower machining forces. While performing the experiments,
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higher grinding ratio (G-Ratio) is always desirable because high G-ratio would result
into lesser wheel wear or higher tool life.

4 Conclusions

Three vegetable oils were mixed with ionic liquid according to orthogonal L9 arrays.
Vegetable oils havebeenuseddue to its non-pollutant andbiodegradability properties.
The following conclusions have been obtained from this experiment:

• It is observed that groundnut oil led to the optimum results as compared to other
two oils (palm or ricebran) in matter of the forces, G-Ratio, or surface roughness
(Ra). The results indicated that pressure 4 bar was the optimum level for optimum
result because high pressure of air increases the speed of falling of aerosol at
grinding zone which reduces the grinding forces.

• The concentration of ionic liquid has also affected the results. It was observed that
by increasing the concentration of ionic liquid from 1 to 1.5%, there was signifi-
cance reduction in specific grinding energy, grinding temperature surface rough-
ness, or grinding forces. Groundnut oil at 4 bar pressure with 1.5% concentration
of ionic liquid helped to achieving the optimum results.

• It is, therefore, concluded that minimum quantity lubrication process is the best
method in terms of its non-pollutant properties or biodegradability. Therefore,
MQL is an attractive replacement of the conventional machining process.
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Comparison of Copper and Tungsten
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Machined SUS-316L

Gurpreet Singh , Amit Mahajan , Sandeep Devgan,
and Sarabjeet Singh Sidhu

Abstract The present work reported the performance assessment of two electrodes,
namely copper and tungsten for the electric discharge machining of SUS-316L. The
experimentalworkwas performed according toTaguchi’smethodologyof orthogonal
array considering electrode, current, pulse-on time, pulse-off time as input param-
eters. Three output responses, i.e., material removal rate, surface roughness, and
microhardness were opted for deciding the significance of input parameters on the
machined surface. Furthermore, each response was statistically validated using anal-
ysis of variance for investing the dominating factors. It was revealed that the current
and electrode were the most significant factors affecting all the three responses. For
material removal rate, current 28 A (contribution: 55.58%) and copper as electrode
material (contribution: 33.92%) noted as significant factors. The roughness of the
electric dischargemachined surface directly relates to the intensity of spark generated
within the working area. Similar findings were observed in the study, current (contri-
bution: 43.29%), pulse-on time (contribution: 19.06%), and electrode (contribution:
13.60%) were the factors which majorly contribute to the roughness of the machined
surface. However, tungsten electrode noted as prominent affecting the microhard-
ness of the machined SUS-316L surface. The sample machined at 28 A of current,
pulse-on time 90 μs, and pulse-off time 60 μs exhibits the utmost microhardness
value with a maximum contribution by current (contribution: 47.84%), followed by
electrode type (contribution: 28.92%).
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1 Introduction

Today, non-conventional machining techniques establish their existence in themanu-
facturing field by machining the hard and complex-shaped materials and alloys with
precisely and improved surface quality [1, 2]. The advancedmachiningmethods such
as electric discharge machining, laser beam machining, electrochemical machining,
and ultrasonic machining have a wide range of applications in the modern industries
[3]. Electric discharge machining (EDM) is an enormously renowned fabricating
technique amid all other developed machining processes. This machining technique
has also an immense impact on the surface properties and develops thick subsur-
face films with modified elemental composition and microstructure [4]. EDM is also
known as an electro-spark machining or thermo-electric technique where the tool
electrode derives controlled high-frequency electric sparks that are directed on the
workpiece substrate. The millions of electric discharges generate high temperatures
on the targeted region which results in the removal of a certain volume of metal
from the substrate [5, 6]. EDM process parameters such as pulse duration, current,
dielectric medium, voltage, type of electrode, and polarity (negative or positive) play
a momentous role in the machining of different materials and alloys.

Guu et al. [7] considered this thermo-electric technique for surface tailoring of
AISI D2 tool steel. They reported that by inflating the spark plasma energy within
the workpiece and tool electrode, the recast layer’s hardness and the thickness could
be enhanced. Das et al. [8] machined EN31 tool steel and observed current as a
significant factor for material removal rate (MRR) and surface roughness (SR).
The amplification in the intensity of current coupled with pulse-on time predom-
inantly affects the MRR. A similar result was reported by Sharif et al. [9] unfolding
current as an eminent parameter influencing all the output responses of the EDMed
316L workpiece. The stainless steel 316L (SUS-16L) is majorly employed for the
marine industry, heat exchangers, and biomedical applications because of its corro-
sion resistance behavior in acetic and alkaline chloride environments. The present
work devoted to themachining of SUS-316L using electric dischargemachining. The
machining performance of two electrodes, i.e., copper and tungsten is compared, and
their results are assessed in terms of material removal rate, surface roughness, and
microhardness.

2 Materials and Methods

The workpiece material, i.e., SUS-316L was procured from Metline Industries,
Mumbai, India, and used in the form of a rectangular block (size: 75 mm× 40 mm×
5mm) for conducting the experiments. The properties of the workpiece and electrode
materials are listed in Tables 1and 2, respectively.

The experimental design was generated according to Taguchi’s L18 (2ˆ1 ×
3ˆ3) orthogonal array using Minitab-17 software. Table 3 demonstrates the input
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Table 1 Properties of workpiece material

Properties Units Details

Material – SUS-316L steel

Chemical composition – Cr:16.13%, Ni:10.15%, Mo:2.05%, Mn:1.07%, Si:0.41%,
P:0.22%, C:0.016%, and Fe:Remainder

Workpiece size mm 50 × 100 × 5

Density g/cm3 7.99

Melting range °C 1371–1399

Thermal conductivity W/mK 16.2

Specific heat capacity J/g°C 0.5

Table 2 Properties of electrode materials

Properties Units Details

Material – Electrolytic copper Tungsten

Purity – 99.9% W-98.3%, ThO2-1.7%

Diameter mm 8.5 10

Density g/cm3 8.904 19.25

Melting point ºC 1083 3410

Boiling temperature ºC 2562 5530

Thermal conductivity W/mK 388 173

Table 3 Experimental parameters and their levels

Process parameter Units Symbol Level 1 Level 2 Level 3

Electrode – A Tungsten Copper –

Discharge current Ampere B 20 24 28

Pulse-on time μ-seconds C 60 90 120

Pulse-off time μ-seconds D 60 90 120

machining factors, i.e., electrode, discharge current, pulse-on time, and pulse-off
time with their respective levels chosen for the experimentation. The signal-to-noise
ratios (S/N ratios) of the output responseswere consideredusing the condition ‘larger-
is-better’ for material removal rate and microhardness, whereas ‘smaller-is-better’
for surface roughness.

The experiments were carried out on the die-sinker-type EDM machine (model:
S645 CMAX, make: OSCARMAX, Taiwan) selecting negative polarity conditions
and a fixed machining time of 20 min for each run. Commercially available hydro-
carbon oil, commonly known as EDM oil was used as a dielectric medium. Each trial
was performed twice on two different plates to minimize the noise and errors, and
further, an average of both was considered for the result analysis. Table 4 illustrates
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Table 4 Design of experiment matrix with their parametric combination

Exp. run Levels of process
parameter

Actual values of process parameter

A B C D Electrode Current (Amp.) P-on (μs) P-off (μs)

1 1 1 1 1 Copper 20 60 60

2 1 1 2 2 Copper 20 90 90

3 1 1 3 3 Copper 20 120 120

4 1 2 1 1 Copper 24 60 60

5 1 2 2 2 Copper 24 90 90

6 1 2 3 3 Copper 24 120 120

7 1 3 1 2 Copper 28 60 90

8 1 3 2 3 Copper 28 90 120

9 1 3 3 1 Copper 28 120 60

10 2 1 1 3 Tungsten 20 60 120

11 2 1 2 1 Tungsten 20 90 60

12 2 1 3 2 Tungsten 20 120 90

13 2 2 1 2 Tungsten 24 60 90

14 2 2 2 3 Tungsten 24 90 120

15 2 2 3 1 Tungsten 24 120 60

16 2 3 1 3 Tungsten 28 60 120

17 2 3 2 1 Tungsten 28 90 60

18 2 3 3 2 Tungsten 28 120 90

the experimental design matrix with their parametric combination based on the
L18 orthogonal array. The values for spark gap voltage (60 V), dielectric medium
(EDM oil), and flushing pressure (0.5 kgf/cm2) were kept constant throughout the
experimentation.

For calculating theMRR, initial and final weight was measured for each run using
a digital weighing balance (made citizen, model CY220), with display values up to
three decimal places. Further, the material removal from the machined surface was
calculated as per Eq. 1.

MRR
(
mm3/min

) = 1000×mass loss of workpiece(g)

workpiece density
( g
mm3

) ×machining time(min)
(1)

After the experimental process, the surface roughness (Ra, μm) of machined
samples wasmeasured using ‘Mitutoyo surface roughness tester (SJ-401, Germany)’
diametrically at three distinct points and arithmetic mean considered for the anal-
ysis. Moreover, the microhardness of the machined samples was examined using
‘Mitutoyo microhardness tester (HM-220, Germany)’ with a diamond indenter at an
applied load of 0.98 N for a dwell time of 10 s. Three readings were taken at three
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different points, and an averagewas calculated for precise results. The selected output
responses for the reported work were material removal rate (mm3/min.), surface
roughness (μm), and microhardness (HV).

3 Results and Discussion

Table 5 demonstrates the mean values of the output responses followed by a standard
deviation (Avg. ± SD) and alongside the signal-to-noise (S/N) ratios for each trial.
Relatively, the output responses were statistically investigated through analysis of
variance (ANOVA) to scrutinize the significant factors affecting the particular output
response, which are discussed in their respective sections.

Table 5 Mean output response values and corresponding S/N ratio values

Exp. run Results S/N ratios (dB)

MRR
(mm3/min)
Avg. ± SD

SR (μm) Avg.
± SD

MH (HV) Avg.
± SD

MRR SR MH

1 2.714 ± 0.67 0.3894 ± 0.09 357.5 ± 6.23 51.0655 8.19208 8.6722

2 4.368 ± 0.61 0.4597 ± 0.08 385.6 ± 5.15 51.7227 6.75051 12.8057

3 6.071 ± 0.45 0.6282 ± 0.05 306.3 ± 7.42 49.7229 4.03804 15.6652

4 9.237 ± 0.13 0.4379 ± 0.04 371.8 ± 6.29 51.4062 7.17250 19.3106

5 10.615 ± 0.96 0.5673 ± 0.08 396.9 ± 6.14 51.9736 4.92374 20.5184

6 6.863 ± 0.29 0.9741 ± 0.06 495.1 ± 8.64 53.8939 0.22793 16.7303

7 10.292 ± 0.49 0.8756 ± 0.05 461.9 ± 8.49 53.2910 1.15388 20.2500

8 12.849 ± 0.21 0.6954 ± 0.04 429.4 ± 6.54 52.6572 3.15531 22.1774

9 10.411 ± 0.94 1.1083 ± 0.09 518.3 ± 9.28 54.2916 −0.89315 20.3498

10 1.538 ± 0.98 0.4768 ± 0.08 389.7 ± 6.85 51.8146 6.43328 3.7391

11 2.0761 ± 0.37 0.7496 ± 0.05 514.2 ± 8.96 54.2226 2.50341 6.3450

12 2.4376 ± 0.30 0.6852 ± 0.06 372.9 ± 6.25 51.4318 3.28365 7.7392

13 3.6437 ± 0.14 0.8124 ± 0.06 506.5 ± 8.51 54.0916 1.80460 11.2309

14 4.2759 ± 0.66 0.7981 ± 0.02 463.1 ± 7.28 53.3135 1.95885 12.6206

15 3.9804 ± 0.47 1.0637 ± 0.07 531.8 ± 7.95 54.5150 −0.53638 11.9985

16 5.2901 ± 0.84 0.9165 ± 0.08 594.9 ± 9.35 55.4889 0.75735 14.4693

17 7.2538 ± 0.66 1.1972 ± 0.07 678.5 ± 9.58 56.6310 −1.56333 17.2113

18 6.7023 ± 0.34 0.8659 ± 0.08 651.6 ± 8.54 56.2796 1.25065 16.5245
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3.1 Evaluation of Material Removal Rate

The material removal rate is a predominant response for the electric discharge
machined substrate, which is majorly formulated by spark energy produced within
the working area and the conductivity of the tool-workpiece during the process, i.e.,
more conductivity, more MRR [10–12]. On the same grounds, the sample machined
(trial 8) with a copper electrode and higher current intensity (28A) depicts the supe-
rior MRR (12.849± 0.21 mm3/min). Both current and electrode were the significant
factors with a contribution of 55.58% and 33.92%, respectively. Table 6 listed the
results ofANOVA,where significant factorswere decided as per theirp-value (<0.05).
Figure 1 illustrates the S/N ratios plot for MRR generated usingMinitab-17 software

Table 6 Analysis of variance for signal-to-noise ratios of MRR

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

Electrode 1 165.628 165.628 54.30 0.000* 33.92

Current 2 271.373 135.686 44.48 0.000* 55.58

Pulse-on time 2 18.433 9.217 3.02 0.094 3.77

Pulse-off time 2 2.366 1.183 0.39 0.688 0.48

Residual error 10 30.504 3.050 6.25

Total 17 488.303 100
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Table 7 Analysis of variance for signal-to-noise ratios of SR

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

Electrode 1 19.696 19.6957 5.91 0.035* 13.60

Current 2 62.726 31.3631 9.42 0.005* 43.29

Pulse-on time 2 27.614 13.8072 4.15 0.049* 19.06

Pulse-off time 2 1.558 0.7788 0.23 0.796 1.08

Residual error 10 33.301 3.3301 22.97

Total 17 144.895 100

following Taguchi’s methodology for the ‘larger-is-better’ condition. The S/N ratios
of MRR steeply increase as the intensity of current increases due to a rise in spark
energy produced between the electrode and workpiece during the process [13, 14].
Under similar parametric settings, the copper electrode (trial 8) exhibits 77% more
MRR compared to the sample machined with the tungsten electrode (trial 17). This
improvement is due to the conductivity of the electrolytic copper tool, offering a
better work function mechanism with the workpiece material.

3.2 Evaluation of Surface Roughness

Superior surface finish (0.3894 ± 0.09 μm) was examined for trial 1, machined
with the copper electrode at lower current intensity 20 A, P-on 60 μs, P-off 60 μs.
However, a drastic increase in SR was observed with tungsten electrode and the
highest roughness exhibited by trial 17 (1.1972 ± 0.07 μm) at current 28 A, P-on
90 μs, P-off 60 μs. According to ANOVA results of Table 7, current (contribution:
43.29%), pulse-on duration (contribution: 19.06%), and electrode type (contribution:
13.60%) showed their dominance for the machining of SUS-316L under the selected
parametric levels.

Similar results were revealed by Fig. 2 illustrating the effect of input process
parameters on surface roughness. There is an inversely proportional relation of the
surface finish with the spark energy produced on the working sample, i.e., the SR
increases with an increase in the current and pulse-on duration. This is because of the
explosion of intense energy in theworking gap triggering the craters andmicro-cracks
on the machined surface and thereby increasing the roughness [15, 16].

3.3 Evaluation of Microhardness

The ANOVA results exhibiting the efficient factors associated with the microhard-
ness of electric discharge machined SUS-316L. Superior microhardness of 678.5
± 9.58 HV was revealed with the tungsten electrode at the utmost current of 28A
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Fig. 2 Main effects plot for S/N ratio of surface roughness

(trial 17) with an increment of 31% comparative to the sample machined with the
same parametric setting using the copper electrode (trial 9). From the S/N ratios
plot Fig. 3, the current and electrode are the dominating factors for the microhard-
ness of the machined SUS-316L samples. The S/N ratios significantly increase with
an increase in the current intensity coupled with the tungsten electrode. Similar
results were portrayed byANOVATable 8, showing themajor contribution of current
(47.84%) and electrode (28.92%). It is due to the reason that high current produces
the spark more rapidly, and because of the electrolyte (hydrocarbon oil) breakdown,
intermetallic compounds formed and thus improved the surface hardness [17–19].

4 Conclusions

Thepresentwork reports the experimental comparisonof electric dischargemachined
SUS-316Lwith copper and tungsten electrodes. From the results, it can be concluded
that the current was the eminent factor for all three output responses. The surface
machined with the copper electrode at parametric settings of current 28 A, P-on
90 μs, and P-off 120 μs exhibits MRR value 12.849 ± 0.21 mm3/min, whereas
the sample machined at lower levels of current (20 A), P-on (60 μs), P-off 60 μs
with copper electrode showed the superior surface finish of 0.3894 ± 0.09 μm. The
tungsten electrode significantly participated in the microhardness of the machined
surface and revealed the higher microhardness (678.5 ± 9.58 HV) with an increase
of 31% compared to the copper electrode under the same parametric values.
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Table 8 Analysis of variance for signal-to-noise ratios of MH

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

Electrode 1 17.531 17.5310 16.50 0.002* 28.92

Current 2 29.015 14.5074 13.65 0.001* 47.84

Pulse-on time 2 1.129 0.5645 0.53 0.604 1.86

Pulse-off time 2 2.347 1.1734 1.10 0.369 3.87

Residual error 10 10.625 1.0625 17.51

Total 17 60.647 100
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Abstract The current study presents the investigation of powder mixed electrical
discharge machining parameters in terms of surface integrity and machinability of β-
type titanium alloy by utilizing three different dielectric medium. The three dielectric
mediums, i.e., deionizedwater, multi-walled carbon nanotubes (MWCNTs) in deion-
ized water and μHydroxyapatite powder (μHAp) in deionized water were employed
for examination. To investigate the effectiveness of the powder mixed over the
conventional electrical discharge process, the experiments were conducted according
to the L18 experimental array, andmetal removal rate (MRR)was studied. The results
revealed that the machining in MWCNTs dielectric medium at 25 A current with
negative polarity by incorporating copper/tungsten (Cu/W) electrode considered as
optimal parameters of operation for higher material removal rate (MMR). MWCNTs
dielectric medium significantly elevates the MRR to 58.7 mm3/min. However, in
the conventional electrical discharge machining, the feasibility of the process for
achieving the good surface integrity was constrained at high current. Moreover, the
powder mixed electrical discharge machining shifts the efficiency of machining.
The best surface integrity was recognized with PM-EDM even at the higher ranges
of discharge energies. The presence of powder particles in the dielectric medium
generates a uniform-patterned surface without any surface irregularities.
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1 Introduction

Nowadays, non-conventional manufacturing processes are vastly recommended for
the fabrication as well as for surfacemodification of complex shape components. The
non-conventional fabrication methods provide effective cutting, accuracy and metal
removal at a faster rate. However, the demand for a precise fabrication process is
being increased due to speeding up in profound studies related to human anatomy or
other complex-shaped joint replacements. The high precision and geometric accuracy
are the major necessities for the effective functioning of implantations [1]. Electrical
discharge machining (EDM) is a futuristic technique for fabricating complex profiles
and attains a broad range of regular and textured surfaces by easily altering the process
parameters [2, 3].

However, the conventional EDMprocess has some constraints related tomanufac-
turing at high discharge energies. EDM-treated surfaces at high discharge energies
exhibit surface irregularities like cracks and uneven blowholes due to a large temper-
ature gradient during machining. The deprived surface quality leads to poor substrate
precision and also reduces the service life of machined parts [4]. The EDM process
parameters significantly affect the various aspects of surface integrity of the substrate
as surface roughness elevates with the increase in peak current and pulse duration [5].
So, the suitable selection of process parameters for the best performance of EDM
is a challenging task [6]. The powder mixed electrical discharge machining (PM-
EDM) has emerged as one of the novel innovations for elevating the effectiveness
of conventional EDM [7]. The powder addition in dielectric significantly affects the
performance of machining. The presence of foreign particles in the spark gap affects
the conductivity between the tool and workpiece that contributes to the proficiency of
the machining process [8]. Like, Mohri et al. [9] studied the effect of silicon powder
in a dielectric on the surface finish of H-13 die steel and concluded that the fine
surface without any surface irregularities was attained. Sharma et al. [10] found the
improvement in tribological and corrosion characteristics of titanium alloy during the
hexagonal boron nitride powder mixed in deionized water. Similarly, Yu et al. [11]
utilized gas-assisted holed electrodes for EDMing of titanium alloy and observed
better MRR and surface integrity.

Recently, carbon nanotubes (CNTs) that emerge as dielectric medium powder
have excellent characteristics which can shift the thermal and electrical properties of
dielectric that can have positive effects on output parameters like surface integrity of
machined surface [12]. Izman et al. [13] investigated the effects of multi-wall carbon
nanotubes added into dielectric in the EDM process. They concluded that material
removal rate and surface roughness are improved by about 7 and 9% relatively along
with better surface characteristics of the modified surface. Similarly, the bioactive
material like hydroxyapatite {(Ca10(PO4)6(OH)2, HAp} is potentially used as a
powder in the dielectric medium in EDM. Basically, the HAp powder is a medical-
grade material used to induce biocompatibility of alloy [14]. The HAp coatings are
prolonged utilize to increase the bioactivity of metallic implants without compro-
mising the bulk properties of an alloy [15]. Like, hydroxyapatite (HA) powder was
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utilized in PM-EDM to promote the biological performance and surface integrity of
the substrate. Therefore, in the current article, three different dielectric mediums, i.e.,
deionized water, deionized water with multi-walled carbon nanotubes (MWCNTs)
and deionized water withμHAp powder (micro-Hydroxyapatite powder) were used.
The L18 Taguchi’s experimental array was utilized to scrutinize the performance
of PM-EDM process parameters on β-type titanium alloy. The comparison of the
surfaces fabricated with three different dielectric medium was scrutinized in terms
of surface integrity. Also, the most favorable set of process parameters was figure
out for higher material removal rate (MRR).

2 Materials and Methods

The medical-grade β-type titanium alloy (Composition (Wt. %); Ti: 53%, Nb: 35%,
Ta: 7%, Zr: 5%, O: 0.08%) was used for experimentation. The recent reported
researches were contemplated as a resource to select the input parameters in the
current experimentation [1, 3, 7]. The three different dielectric medium sets were
used for investigation. The first medium was pure deionized water, and deionized
water + μHAP powder with a concentration of 15 g/l was considered as the second
medium. The third medium was the deionized water + MWCNTs with a concentra-
tion of 5 g/l. The three different materials, i.e., graphite (grained ~ 5 μm), tungsten
and tungsten (75% wt) + copper (25% wt) (#NICKUNJ, New Delhi, India) were
used as tool electrodes. For experimentation, the separate tank of capacity 50 L was
fabricated along with a coupled pump (Flow Rate: 2000 lph; Max Head: 2.5 m) for
effective flushing of dielectricmedium (Fig. 1). The experimental trials are performed
on EDM (Model: SZNC-35–5030) at assorted values of current and pulse on/off with

Fig. 1 Schematic view of electrical discharge machining with dielectric flushing arrangement
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Table 1 Working factors
with different levels

Process parameters Level

Polarities Negative (N), positive (P)

Peak current (IP)(Amp) 10 Amp, 15 Amp, 25 Amp

Pulse-on (Pon)(μs) 20 μs, 60 μs, 100 μs

pulse-off(Pon)(μs) 20 μs, 60 μs, 100 μs

Dielectric medium Water, Water + HAp, Water +
MWCNTs

Electrode material Graphite (Gr), tungsten(W),
copper–tungsten (Cu-W)

both polarities (−/ + ) at predetermined working gap voltage between electrode and
workpiece, i.e., 140 V.

2.1 Design of Experiment

Table 1 presents the input performance parameters and their respective levels. The
Taguchi L18 an orthogonal design of experimentation is illustrated in Table 2. The
analysis of variance (ANOVA) was employed to examine the influence of input
performance parameters on the signal-to-noise outcomes (S/N ratio) of the MRR by
incorporating Minitab-17 statistical tool.

2.2 Discharge Energy Calculations

The discharge energies were scrutinized by the calculation of the duty cycle of all
trials as described in Eq. 1. Discharge energy is the mean value of electrical energy
produced per one impulse which is further transformed into heat energy and also
represents as the product of peak current and duty cycle as expressed in Eq. 2.

Duty Cycle(%) = Pulse on Time

Pulse on Time + Pulse off Time
∗ 100 (1)

Discharge Energy = DutyCycle ∗ peak current (2)
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Table 2 Experimental array with MMR and EWR responses (Respective S/N Ratios)

Process parameters Responses

Trials Polarity
(−/ + )

IP
(A)

Pon
(μs)

Pon
(μs)

Electrodes
materials

Dielectric
medium

MRR
(mm3/min)
Avg ± SD

Discharge
energy

1 N 10 20 20 Cu/W D 1 11.457 ± 0.29 500

2 N 10 60 60 Gr D 2 2.423 ± 0.30 500

3 N 10 100 100 W D 3 42.353 ± 0.34 500

4 N 15 20 20 Gr D 2 3.433 ± 0.18 750

5 N 15 60 60 W D 3 43.387 ± 0.31 750

6 N 15 100 100 Cu/W D 1 31.583 ± 0.43 750

7 N 25 20 60 W D 1 33.413 ± 0.19 625

8 N 25 60 100 Cu/W D 2 30.733 ± 0.29 937.5

9 N 25 100 20 Gr D 3 58.773 ± 0.09 2083.3

10 P 10 20 100 Gr D 3 15.497 ± 0.25 166.6

11 P 10 60 20 W D 1 2.497 ± 0.13 750

12 P 10 100 60 Cu/W D 2 0.843 ± 0.11 625

13 P 15 20 60 Cu/W D 3 29.283 ± 0.24 375

14 P 15 60 100 Gr D 1 1.517 ± 0.39 562.5

15 P 15 100 20 W D 2 6.703 ± 0.19 1250

16 P 25 20 100 W D 2 8.243 ± 0.13 416

17 P 25 60 20 Cu/W D 3 50.843 ± 0.08 1875

18 P 25 100 60 Gr D 1 2.953 ± 0.13 1562.5

D 1: Deionized water
D 2: Deionized water with micro-hydroxyapatite powder of concentration 15 g/l
D 3: Deionized water with MWCNTs of concentration 5 g/l

2.3 Material Removal Rate Calculations

The material removal rate (MRR) was obtained by calculating the mass difference
of each substrate (before and after the machining). The equation for evaluating the
MRR in mm3/min is:

(MRR) = 1000 ∗ mass loss ofworkpiece(g)

Density ofworhpiece
( g
mm3

) ∗ time required formachining(min)
(3)

Moreover, the optimal machining parameters were also figured out for the best
results of MRR using the statistical ANOVA technique. The best samples fromMRR
responses were further investigated in terms of surface integrity of substrates. Field
emission scanning electron microscopy (FE-SEM) (JSM-7600F Jeol, Japan) was
employed for the investigation of the surface integrity of substrates.
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3 Results and Discussion

3.1 Statistical Analysis

Material removal rate (MRR) outcomes for all the trials are summarized in Table
2. The values listed are the means obtained from three attempts of each trial. The
analysis of variance technique with the criteria ‘the larger the better’ at 95% confi-
dence (P <0.05) was employed for identifying the significant process parameters
affecting MRR (Table 3). The factors that exhibited a larger F-value confirmed their
significance in contributing to the metal removal rate (MRR). The results revealed
that the dielectric (P-value; 0.0), polarity (P-value; 0.001), current (P-value; 0.003)
and electrode (P-value; 0.024) were considered as a significant factor that majorly
affects theMRR. Figure 2 reveals that themachining inMWCNTs dielectric medium
at 25 A current with negative polarity by incorporating copper/tungsten (Cu/W) elec-
trode considered as optimal parameters of operation for higher material removal rate
(MMR).MWCNTsdielectricmedium (Medium1) significantly elevatedMRR(more
than 98%). Trial 9 exhibited the highest MRR (58.7 mm3/min), and although, it was
also machined at the highest discharge energy among all samples. This is due to fact
that the high electrical and thermal conductivity ofMWCNTs aid the electric spark to
propagate more frequently into the heat-affected zone. Also, higher specific stiffness
and structural toughness of MWCNTs facilitate the material exclusion process by
bursting action.

The water-treated substrates also showed superior results of MRR as compared
to μHAp mixed dielectric medium, indicated in Fig. 2. As the current increases, the
material removal was enhanced in the case of deionized water but on the flip side,
μHAp powder promulgated into molten metal and forms a dense coating on the
substrate that leads to reduce the MRR. However, the selection of process polarity
contributed significantly to improve the MRR. The negative polarity was considered
as more effective than positive polarity for machining of hard material as titanium

Table 3 Analysis of variance (ANOVA) for MMR

Process parameters DOF (f) Adj. sum of sqrs. Adj. mean of sqrs. F-value P-value

Polarity 1 1076.07 1076.07 36.27 0.001

Current 2 1028.51 514 17.33 0.003

P-on 2 155.4 77.7 2.62 0.152

P-off 2 43.5 21.75 0.73 0.519

Dielectric 2 3376.66 1688.33 56.9 0.000

Electrode 2 441.88 220.94 7.45 0.024

Error 6 178.03 29.67

Total 17 6300.05
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Fig. 2 Main effects plot for S/N ratio of material removal rate

because higher momentum of positively charged ions produces bombardment on
workpiece which causes more erosion action.

Similarly, the effect of electrode material was also significant for the material
removal rate. The copper/tungsten electrode (Cu/W) was considered as the best
electrode for metal removal of hard grade titanium alloy due to its high electrical and
thermal conductivity which facilitates the heated electrons to immerse more rapidly
in the molten bath and leads to less bulk electrical heating of electrode.

3.2 Surface Morphological Analysis

The calculated values of discharge energies were studied for the investigation of
surface characteristics ofmachined surfaces. The trail 9 (MWCNTs-treated substrate)
was machined at the highest discharge energy (i.e., 2083.3 J) among all the trials
and also considered as a prominent sample in terms of MRR. Similarly, the trail 18
was machining at 1562.5 J discharge energy which was highest among all the trials
treated with deionized water. In the case of μHAp treatment, trial 15 was machined
at the highest discharge energy (i.e., 1250 J). Figure 3a, b represents the surface
morphology of trial 15 (deionized water-treated substrate). The trail 18 exhibited
a large amount of surface irregularities like voids, blowholes and uneven scattered
debris of re-solidified molten metal (Fig. 3a). Moreover, the large number of surface
micro-cracks was revealed at the high magnification (Fig. 3b). The blowholes and



214 S. Devgan et al.

Fig. 3 a Scanning electron microscopy of trail 18 and b magnified view of section X (discharge
energy: 1562.5 J; peak current: 25 A; pulse on/off: 100 μs/60 μs; dielectric medium: deionized
water; electrode: graphite, polarity: positive);

uneven voids are formed due to the lacking of propagation of heat and fumes. This
phenomenon takes place at higher discharge energies where a large amount of heat
is generated, and the plasma channel is unable to dissipate the heat flux from the
workpiece. Due to insufficient propagation of heat flux, the large-sized voids and
blowholes are shaped resulting in the formation of the non-uniform surface with
high surface irregularities [16, 17].

Figure 4a, b demonstrates the surface morphology of powder mixed electrical
discharge machining of trail 15 (μHAp treated substrate). Figure 4a reveals that
the dense layer of μHAp powder was shaped onto the substrate and diminished the
surface irregularities even at a higher value of discharge energy. This is due to the
fact that the high specific density of μHAp particles tends to promulgate into molten
metal and form dense coating onto the substrate that leads to resolving the cracks
and other surface irregularities [18].

Fig. 4 a, b Scanning electron microscopy of trail 15 and b magnified view of figure a (discharge
energy: 1250 J; peak current: 15 A; pulse on/off: 100 μs/20 μs; dielectric medium: μHAp mixed
deionized water; electrode: tungsten, polarity: positive)
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Fig. 5 a, b Scanning electron microscopy of trail 9 and b magnified view of figure a (discharge
energy: 2083.3 J; peak current: 25 A; pulse on/off: 100 μs/20 μs; dielectric medium: deionized
water; electrode: graphite, polarity: negative)

Figure 5a, b illustrates surface micrographs of powder mixed electrical discharge
machining of trail 9 (MWCNTs-treated substrate). Figure 5a, b represents the well-
patterned structure without any surface irregularities. The MWCNTs facilitate to
generate uniform surface and exhibit superior surface integrity. The presence of
MWCNTs in the dielectric medium facilitates the smooth propagation of gathered
energy by increasing the surface area plasma. The conductive MWCNTs have capa-
bilities to form bridging action and shaped a well-spread heat flow net resulting in
the formation of voids and craters free surfaces [19].

4 Conclusion

The investigation was laid on powder mixed electrical discharge machining (PM-
EDM) in terms of material removal rate and the surface integrity of the medical-
grade β-type titanium substrate by altering the process parameters. The study
concluded that dielectric medium, process polarity, peak current and electrode mate-
rial are the significant factor that majorly affects the metal removal rate (MRR).
The machining in MWCNTs at 25 A peak current with negative polarity by incor-
porating copper/tungsten (Cu/W) electrode is considered as optimal parameters of
operation for higher material removal rate (MMR). The MWCNTs mixed dielectric
increased the MMR by 98% than deionized water due to its high conductivity. Thus,
the powder mixed electrical discharge machining shifts the efficiency of machining
to its prominent level. Thewell-patterned surfaces with the least surface irregularities
were achieved in the case PM-EDM as compare to deionized water (conventional
EDM) treatment. The best surface integritywas recognizedwith PM-EDMat the high
discharge energy, whereas in the case of deionized water treatment, the feasibility
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of the process was constrained due to the formation of surface defects. In conclu-
sion, the powder mixed electrical discharge machining (PM-EDM) is the prominent
method to attain effective machinability along with desired surface integrity.
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Analysis of Effect of Machining
Parameters on Surface Roughness
and MRR of AA3003/SiC Composite
Material

Sachinkumar Patil, M. Nagamadhu, K. Anand Babu, S. B. Kivade,
and T. Veerbhadrappa

Abstract In this research work, AA3003/SiC composite material is used as work-
piecematerial for turning process using TNMG16 04 08 insert. Experimentationwas
carried out using Taguchi L9 orthogonal array. Three process parameters with three
levels were selected. Chosen process parameters are speed (rpm), feed (mm/rev)
and depth of cut (mm). Effect of these process parameters on surface roughness and
material removal rate (MRR) was evaluated. ANOVA and signal to noise ratio anal-
ysis was carried out. ANOVA analysis showed that the speed is the major process
parameters that affect the surface roughness and MRR severely compared to feed
and depth of cut during turning process. Better surface finish and higher MRR was
observed for speed of 1000 rpm, feed of 0.4 mm/rev and depth of cut of 2.5 mm.
Better surface finish was observed for speed of 1200 rpm, feed of 0.6 mm/rev and
depth of cut of 2 mm.

Keywords Aluminum alloys · Surface roughness · Composites ·Machining ·
Material removal rate

1 Introduction

Today’smanufacturing industries are in search ofmaterials that possesses lightweight
and better mechanical properties, this demand of automobile and aerospace indus-
tries is difficult to filled by the use of conventional alloys but can be fulfilled by the
use of advanced materials such as composite materials [1]. The composite materials
possesses attractive mechanical properties such as high strength to weight ratio, high
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modulus to weight ratio, higher wear resistance, higher coefficient of thermal expan-
sion, higher corrosive resistance, excellent fatigue resistance, good damage tolerance,
and therefore, these materials are becoming center of attraction for material research
community [2]. As the research is going ahead in the field of compositematerials, it is
necessary to develop proper secondary manufacturing processes such as machining
for thesematerials. Becausemachining is one of the importantmanufacturing process
and machining cost plays major role in deciding the cost of a manufactured product.
Machining cost can be reduced by optimizing the process parameters formachining a
particular material. The demand for new cutting tools and economy inmanufacturing
all over the world will rise faster than industrial production as a whole in the near
future. Turning process is one of the basic machining processes used to obtain cylin-
drical components. Usually, the machining process parameters were selected based
on the skills and experience of the operators and also by referring themanual provided
by machine tool manufacturer. This method may not be suitable for mass production
where the higher precision and accuracy are necessary to meet customer demand.
This is possible when there is a robust set of machining parameters is available for a
particularmaterial.Many of the researchers conducted studies onmachining ofmate-
rials by keeping one parameter constant and varying other parameter, which is a time
consuming and not much accurate. Therefore, the use of optimization technique is
helpful to get correct combination of process parameters with less time and less cost.
There are different techniques are available for optimizing the process parameters
among them Taguchi method is one of the most commonly usedmethod [3]. Because
it is simple and effectivemethod. Taguchi statistical tool uses orthogonal array to opti-
mize the process parameters. 3xxx series of aluminum alloys are used in many of the
industrial applications, especially they are used in manufacturing of heat exchangers
of power plants, packaging and chemical equipments. Especially, AA3003 is one of
the widely used materials in 3xxx series of aluminum alloys due to their excellent
formability properties and higher resistance to corrosion. But they possess medium
strength; therefore, it is significant to incorporate the reinforcement particles such as
SiC to base metals to enhance the strength. However, various literature are available
to study the effect of machining parameters on different composites [4–6], but there
is still lack of studies that need to be carried on machining of AA3003/SiC material.
Hence, in the present work, AA3003/SiC composites were considered as material
for turning. Accordingly, Taguchi tool is used to optimize the machining parame-
ters during turning operation. The combined effect of process parameters on surface
roughness and MRR is also studied. Experimental results are provided to confirm
the effectiveness of Taguchi approach.

2 Experimentation

In the present work, cylindrical workpiece with 25 mm diameter AA3003/SiC mate-
rial is considered for turning operation. Turning operation was carried out on a CNC
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machine. Various jobs were obtained for different combinations of process parame-
ters. Liquid state processing such as stir casting route was employed for producing
AA3003/SiC composites, because it is one of the simple and economical method for
producing composites. For conducting the experiments according to Taguchi tech-
nique, three process parameters such as spindle speed, feed and depth of cut with
three levelswere considered. The selected levels are tabulated in Table 1. These levels
were considered on the basis of trial experiments conducted. After turning process,
surface roughness was measured using Talysurf as shown in Fig. 1. Material removal
rate (MRR) was calculated and expressed as mm3/min. In order to analyze the effect
of machining process parameters, namely, spindle speed, feed and depth of cut and

Table 1 Experimental result for MRR

Trial no Speed (rpm) Feed (mm/rev) DOC (mm) MRR S/N ratio Mean

1 800 0.2 1.5 4672 73.3901 4672

2 800 0.4 2 3876 71.7677 3876

3 800 0.6 2.5 4876 73.7613 4876

4 1000 0.2 2 5332 74.5378 5332

5 1000 0.4 2.5 3424 70.6907 3424

6 1000 0.6 1.5 2987 69.5047 2987

7 1200 0.2 2.5 3876 71.7677 3876

8 1200 0.4 1.5 2532 68.0693 2532

9 1200 0.6 2 4139 72.3379 4139

Fig. 1 Talysurf used for
surface roughness
measurement
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Table 2 Experimental results for SR

Trial no Speed rpm) Feed mm/rev) DOC (mm) Surface roughness
(Ra)

S/N ratio Mean

1 800 0.2 1.5 22.23 26.9388 22.23

2 800 0.4 2 28.45 29.0816 28.45

3 800 0.6 2.5 19.65 25.8673 19.65

4 1000 0.2 2 25.78 28.2257 25.78

5 1000 0.4 2.5 31.54 29.9772 31.54

6 1000 0.6 1.5 24.33 27.7228 24.33

7 1200 0.2 2.5 27.23 28.7010 27.23

8 1200 0.4 1.5 22.12 26.8957 22.12

9 1200 0.6 2 19.23 25.6796 19.23

the interactions on the experimental data, analysis of variance is performed at 95%
level. Before conducting the actual experiments, a set of trial and error experiments
was conducted to find the range of cutting parameters for good surface finish and
MRR. Tables 1 and 2 represent the ranking of each machining process parameter
using Taguchi design of experiment (DOE) and analysis for S/N ratio, and means
(larger is better) obtained at different process parameter levels.

3 Results and Discussion

Surface roughness is considered as oneof themost important quality indicators during
turning process. In the present work, surface roughness and MRR are considered as
output responses. Surface roughness indicates the irregularities or unevenness present
on the surface of manufactured parts. Process parameters such as cutting speed, feed
and depth of cut affect the surface roughness andMRR. To obtain good surface finish
and desired MRR, it is important to optimize the process parameter for a particular
material. In this work, three process parameters with three levels were considered.

The S/N ratio for all machined components is determined by the following Eq. 1
(Sachinkumar et al. 2018).

η = −10 log
1

n

n∑

i=1

1

T 2
i

(1)

In Eq. 1, Ti is experimental value of the ith quality characteristic and n is the
number of tests.

Followings are the steps involved in Taguchi parametric design optimization: (1)
detection of process parameters to be optimized; (2) finding the number of levels for
the selected parameters; (3) selecting orthogonal array; (4) running of experiments;
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(5) analyzing the results using S/N ratio and ANOVA;(6) finding the optimal level of
process parameters; (7) prediction of results; (8) running confirmation experiments.

Material removal rate (MRR) and surface roughness (SR) values were analyzed to
study the effect of machining process parameters using Taguchi L9 orthogonal array.
Accordingly, the experimental values were calculated and tabulated in Tables 1 and
2, respectively, forMRR and SR. In this investigation, S/N ratio is selected according
to the principle of “higher the better” in order to maximize theMRR. S/N ratio for SR
selected according to the principle of “smaller the better” in order tominimize the SR.
S/N ratios and means for MRR were calculated by using statistical software Minitab
and presented in Tables 3 and 4, respectively. S/N ratio main plots are presented in
Figs. 2a and 3a forMRR and SR, respectively.Means forMRR and SR are calculated
and presented in Figs. 2b and 3b, respectively.

From Table 1 it can be noted that, higher MRR is observed for trial No. 4, i.e., for
spindle speed of 1000 rpm, feed of 0.2mm/rev and depth of cut of 2mm, higherMRR
is observed compared to other trial numbers. Amount of cutting force generated at
this combination of process parameter may be sufficient that is why higher MRR is
observed. But for 800 rpm and 1200 rpm, cutting force applied is not sufficient or
excess as a result lower MRR is observed for these speeds, similar effect w.r.t. feed
and depth of cut on MRR are observed.

Surface roughness values such as arithmetic mean (Ra) is measured for all
machined components and also signal to noise ratios were calculated and tabulated
in Table 2. Surface roughness was analyzed according to the principle of smaller
the better. Trial No. 9 shows minimum surface roughness indicating better surface
finish for the machined components obtained at spindle speed of 1200 rpm, feed of
0.6 mm/rev and depth of cut of 2 mm.

Table 3 Response table for
signal to noise ratios for MRR

Level Spindle speed
(rpm)

Feed (mm/rev) Depth of cut
(mm)

1 72.97 73.23 70.32

2 72.97 73.23 70.32

3 72.07 71.87 72.07

Delta 2.25 3.06 2.56

Rank 3 1 2

Table 4 Response table for
signal to noise ratios for SR

Level Spindle speed
(rpm)

Feed (mm/rev) Depth of cut
(mm)

1 27.30 27.96 27.19

2 28.64 28.65 27.66

3 27.09 26.42 28.18

Delta 1.55 2.23 1.00

Rank 2 1 3
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Fig. 2. a Main effects plots for S/N ratios for MRR, b main effects plots for means for MRR and
surface plots for MRR showing combined effect of c spindle speed and feed d spindle speed and
depth of cut, e feed and depth of cut.

ANOVA is one of the most widely used tools for analyzing the statistical data
easily to identify the percentage contribution of each parameter on deciding the output
response. In this work, ANOVA study was conducted at 95% confidence level. With
the help of ANOVA study it is possible to get the clear pictures of effect of process
parameters on output responses and the significance level of each process parameters.
ANOVA results for MRR are presented in Table 5. From Table 5, it can be noted
that feed rate plays major role in deciding MRR compared to speed and depth of cut.
Therefore feed rate stands on rank 1, whereas depth of cut and speed stands at rank 2
and 3 respectively. Combined effect of each process parameters is analyzed through

Table 5 ANOVA results for MRR

Parameters Degree of
freedom

Sum of square Mean square F Contribution rank

Spindle speed
(rpm)

2 1,392,590 696,295 0.403 3

Feed (mm/rev) 2 2,735,788 1,367,894 2.26 1

Depth of cut
(mm)

2 1,696,867 848,433 1.60 2
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surface plots and are presented in Fig. 2 (b, c and d) for MRR. Similarly, ANOVA
results for SR are presented in Table 6. Feed is the major machining parameter
affecting surface finish also, whereas depth of cut and speed stands at rank 2 and 3
respectively. Combined effect of each process parameters is analyzed through surface
plots and are presented in Fig. 3 (b, c and d) for SR. Further, the theatrical results are
confirmed by conducting confirmation test run and the results are presented in Table
7. From Table 7, it is clear that there is n much difference between the predicted
values and experimental values, both the values are matched well.

Table 6 ANOVA results for SR

Parameters Degree of
freedom

Sum of square Mean square F Contribution rank

Spindle speed
(rpm)

2 33.559 16.7794 1.60 2

Feed (mm/rev) 2 61.014 30.5071 2.92 1

Depth of cut
(mm)

2 15.813 7.9065 0.53 3

Fig. 3 aMain effects plots for S/N ratios for SR, bmain effects plots for means for SR and surface
plots for SR showing combined effect of c spindle speed and feed d spindle speed and depth of cut,
e feed and depth of cut
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Table 7 Results of
confirmation experiments

Particulars MRR SR

Parameter level A2B1C2 A3B3C3

Predicted value 5220 19.68

Experimental value 5332 19.23

4 Conclusions

Turning process was used successfully for machining of AA3003/SiC composite
material using TNMG 16 04 08 insert. Taguchi L9 orthogonal array was applied and
optimal combination of process parameters was identified to give best responses of
MRR and SR. ANOVA analysis showed that the feed is the major process parameters
that affect the surface roughness and MRR severely compared to speed and depth of
cut during turning process for this material. Higher MRR was observed for speed of
1000 rpm, feed of 0.2 mm/rev and depth of cut of 2 mm. Better surface finish was
observed for speed of 1200 rpm, feed of 0.6 mm/rev and depth of cut of 2 mm.
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Use of Vortex Tube Cooling
for Machining Stellite 6

G. Benaka, Bhaskara P. Achar, P. Srinivasa Pai, Grynal D’mello,
and K. G. Gururaj

Abstract Stellite alloys are extensively used for variety of applications in the
modern industry. Themachining of these alloys is of greater importance, considering
the heat generated during machining. In addition to the difficulties in machining,
the use of liquid coolants during the machining of these alloys causes a greater
environmental impact. The manufacturing sector is continuously looking for better
machining techniques for such alloys. This paper deals with the use of vortex tube
cooling during the turning of Stellite 6 using uncoated carbide inserts. Various speeds
(40, 60 and 80 m/min) were used in combination with various feeds (0.1, 0.15 and
0.2mm/rev) for turning using cooled air emitted from the vortex tube. Tool tip temper-
ature, surface roughness and tool flank wear were measured, and the results were
compared with dry turning process. It was observed that the use of cooling air from
the vortex tube played a significant part in decreasing the heat at the cutting zone and
decreasing the flank wear. But the surface roughness was found to increase consid-
erably compared to dry turning. Thus, vortex air cooling is a suitable alternative for
machining of Stellite 6 alloys and is environmental friendly.

Keywords Vortex tube · Stellite 6 · Tool flank wear · Surface roughness · Air
cooling · Tool tip temperature

1 Introduction

The applications of chromium-based alloys have increased rapidly in the past decade.
Out of all the alloys of cobalt, there is significant growth in the usage of Stellite 6.
Stellite, a trademarked name of Kennametal Inc., is a cobalt-chromium alloy which
finds extensive usage in aerospace, automotive and chemical industries [1, 2]. Stellite
6 finds extensive usage due to its distinct properties. It possesses excellent strength,
goodwear resistance, resistance to creep and resistance to oxidation and corrosion [3,
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4]. On the contrary, machinability of these alloys is difficult. Due to this reason, they
are termed as“Difficult to cut materials” [5]. The reason of difficulty inmachinability
is because of the high temperature in the machining zone. High temperature in the
cutting zone is a consequence of low thermal conductivity [6]. Owing to the low
thermal conductivity of these materials, the heat generated in the tool-work interface
is not dissipated out fully. This concentration of heat in the machining zone is the
major cause for accelerated tool wear and poor surface finish. In addition, turning of
these alloys looks like an attractive option as a variety of parameters can be controlled
during turning. But rapid work hardening of these alloys prevents the subsequent
passes during machining. The most common solution to encounter these problems
is the usage of liquid coolants. Ever since machining started, liquid coolants have
been immensely popular. With all the advantages they carry, they also carry a greater
disadvantage with their environmental impact [7]. Vortex tube is a simplemechanical
device used to generate hot and cold streams of air from compressed air stream [4].
In present-day usage, the applications of vortex tube include cooling for machining
applications, nuclear reactors, etc. Compressed air is taken in the inlet tangentially
and separated into cold and hot streams of air from both the ends. The cold fraction
of the vortex tube is the percentage of the air from the cold end [8]. The required
cold fraction is a compromise between flow rate and temperature and depends on the
application and requirement [9]. Higher the temperature through the cold air outlet,
higher is the flow rate. The temperature and flow rate are controlled by the conical
regulating valve. Zahari Taha et al. (2013) conducted studies on power consumed
and surface roughness in dry turning using vortex tube cooling during turning of mild
steel material using Tungaloy TNMG160,408 TMT 9125 coated carbide inserts. The
two conditions employed were ambient air and compressed air through vortex tube.
Cutting speed of 100m/min and 160m/min, feed rates of 0.10, 0.18 and 0.28mm/rev
and a depth of cut of 1.0 mm to 4.0 mm were used to analyze the influence of tool
wear and power consumed during machining. It was observed that better surface
roughness was attained by ambient air cooling than vortex tube cooling due to the
quenching of the surface being heat treated.Also surface finishwas improved at lower
feed rates than that of higher feed rates. Vortex tube application also demanded more
power consumption due to the lack of lubrication during friction between the tool
and the work piece [7]. H. Shao et al. (2013) conducted studies on turning of Stellite
12 alloy using SANDVIK coated SM1105 carbide tools and uncoated carbide tools
YG 610 and YT726 in dry cutting conditions. Three cutting speeds and two feed
rates with a constant depth of cut were used as the input parameters to evaluate the
tool wear. Notch wear, maximum flank wear and average flank wear were observed.
It was found that the material removal rate and the tool life of SM1105 were better
than the uncoated carbide tools and also increased feed rates caused decrease in
the tool life [5]. Mozammel Mia et al. (2018) conducted studies on the precision
turning of Al 6061-T6 using CNMG 120,404 WIDIA tool inserts. The two cooling
conditions involved were Ranque-Hilsch vortex tube and nitrogen gas-aided MQL.
Two different cutting speeds and two different feeds were considered to evaluate
the surface roughness parameter Ra. As cutting speed increased, the average surface
roughness parameter Ra also increased [10]. This work deals with the turning of
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Stellite 6 using uncoated carbide inserts under different cutting conditions at constant
depth of cut using vortex tube. Tool tip temperature, surface roughness and tool flank
wearweremeasured. The experimentswere repeated in dry conditions, and the results
were compared.

2 Experimental Details

The test specimen consisted of a cylindrical Stellite 6 bar of 60 mm diameter of
260 mm length. The chemical composition of Stellite 6 is given in Table 1 (as per
the manufacturer).

The inserts used for turning were uncoated carbide with MR4 chip breaker
(SECO), rhomboidal in shape, flat faced, nose radius of 0.8 mm with both the
rake angles of -6° and end cutting edge angle of 5°. The tool holder used is
PCLNL2020K12JETL (SECO). The tool overhang length was kept at 60 mm out of
the total 120 mm length of the tool holder. The air cooling was achieved by using a
small vortex tube #3208 (EXAIR). The compressed air required for the vortex tube
was supplied by a 1 HP compressor (INTERNATIONAL COMPRESSOR) at 5.5–
6.9 bar. The compressed air from the compressor was passed through a filter regulator
5612B262-B (SYNTESI), which separated moisture in the air by gravity. The vortex
tube was rigidly mounted on one of the idle tool of the lathe turret. The controlling
valve at the hot end of the vortex tube was adjusted, so that the cold fraction was
set at 80%. This ensured maximum cooling with sufficient flow rate. The distance
between the vortex tube cold air outlet and the tool tip was kept constant at 35 mm
for all the experiments.

The vortex tube was kept in running condition for 30 s before the starting of the
turning operation to stabilize the temperature and flow rate. The vortex tube setup
is shown in Fig. 1. The conditions under which the experiments conducted are as
mentioned in Table 2.

Each length of cut was taken as 40 mm. The output parameters measured are
tool flank wear, surface roughness and tool tip temperature. The tool flank wear was
measured in terms of maximum tool flank wear (VBmax). Tool maker’s mjicroscope
(Mitutoyo-TM505/510) was used to measure the flank wear after each pass with a
magnification factor of 15 X. After each pass, the tool flank wear was recorded, and
experiments were carried out till it reached 0.4 mm as per ISO 3685 [11]. Surface
roughnesswasmeasured using a contactmeasuring device, Taylor andHobson (Taly-
surf 50). Surface roughness was measured over a sample length of 2.5 mm. Value
of surface roughness measured was the arithmetic average of surface profile (Ra). A

Table 1 Chemical composition

Element Co Cr Mo Fe Si Mn

Percentage 63.5 27.8 6.6 0.9 0.8 0.4
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Fig. 1 Vortex tube setup

Table 2 Experimental
conditions

Parameters Cutting speed
(m/min)

Feed rate
(mm/rev)

Depth of cut
(mm)

Experimental
conditions

40 0.1 0.5 (Constant)

60 0.15

80 0.2

30” dual laser infrared ray thermometer (EXTECH INSTRUMENTS) was used for
measuring temperature at the cutting tool tip. The laser was focused on the tool-work
interface and kept stable during the cut. The mean of four readings taken during the
cut was calculated to find the average temperature.

3 Results and Discussion

The results discussed are for the experimental data obtained with vortex cooling
compared with the data of dry machining of Stellite 6. The effect of different feeds
and speeds was relatively compared.
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Fig. 2 Influence of feed rate
on tool flank wear at
80 m/min

In Fig. 2, the influence of different feed rates on tool flank wear at high-speed
condition (80 m/min) is shown. It is observed that in both vortex cooled and dry
machining condition, the tool flank wear rises with elevation in feed rate. This is
owing to the high temperature and cutting forces involved during high cutting speed
of 80 m/min [10]. Predominantly, the flank wear during dry turning is less than that
of vortex cooled turning during lower feeds (0.1 mm/rev and 0.15 mm/rev). This is
because at lower feed rate, the temperature reduction by vortex tube does not reduce
the cutting forces involved. The wear is relatively higher due to the usage of uncoated
carbide inserts [5]. Figure 3 shows the influence of feed rates on tool tip temperature
at high-speed condition (80 m/min). It is witnessed that there is a considerable drop
in the temperature of the tool tip during vortex cooled turning.

The maximum temperature recorded during vortex cooled turning was 52 °C
when compared to 82 °C during the dry turning operation. This shows a decrease of
36.58% of temperature in the vortex cooled condition over the dry cutting condition.

Fig. 3 Effect of feed rate on
tool tip temperature at
80 m/min
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The increase in temperature in dry condition is attributed to the increased feed rate,
which causes a growth in cutting forces and hence increases the temperature involved
[5]. The decrease in temperature in vortex cooled condition is due to the cooling air
of the vortex tube at the tool-work interface [12].

Figure 4 shows the effect of different feed rates on surface roughness at high-
speed condition (80 m/min). It is observed that a decreasing trend is observed in the
surface roughness during the dry turning, when compared to the increasing trend
during the vortex cooled condition. This is because the cool air from the vortex tube
rapidly cools the surface of theworkpiecewhich has been softened due to the elevated
temperature instantly [7]. Also, the low-temperature air causes the quenching of the
surface that is being heat treated during machining [13]. This increases the surface
roughness, when compared to dry turning where such conditions are not prevalent.
Thus, the cooling air does not exhibit a chief role in improving the surface roughness
[14]. Figure 5 shows the influence of different speeds on tool flank wear at high-feed

Fig. 4 Influence of feed rate
on surface roughness at
80 m/min

Fig. 5 Influence of different
speeds on flank wear at
0.2 mm/rev
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Fig. 6 Effect of tool tip
temperature with different
speeds at 0.2 mm/rev

condition (0.2 mm/rev). It is seen that the tool flank wear in vortex cooled condition
is lesser than dry cutting condition at lower speeds, except at high-speed condition
(80 m/min). The tool flank wear is lesser in vortex cooled condition at low speed
(40 m/min) and intermediate speed (60 m/min) due to the reduction in cutting forces
which in turn prolongs the tool life [15]. The growth in tool flank wear at high speeds
(80 m/min) is due to the increased temperature of the air in the cutting zone, which
plays a negligible role in delaying the tool flank wear [15]. Thus, the cooling effect
of air from vortex tube reduces at higher speed [16].

In Fig. 6, the influence of different speeds on tool flank wear at high-feed condi-
tion (0.2 mm/rev) is shown. It is found that there is a drastic reduction in the tool
tip temperature in vortex cooled condition when compared to dry machining. The
maximum temperature was recorded at 60 m/min and was 82 °C and 54 °C for dry
and vortex cooled conditions, respectively. Thus, a reduction of 33.4% was observed
in the vortex cooled condition. This is due to the reduction in temperature in the
cutting zone due to the convection of heat through the cold air [17]. It is observed
that the tool-chip temperature increased with the tool flank wear, due to the increase
of friction between the tool and workpiece [16]. Figure 7 shows the effect of different
speeds on surface roughness at high-feed condition (0.2mm/rev). It is comprehended
that the surface roughness increases in dry machining condition with increase in the
cutting speed. At highest cutting speed condition of 80 m/min, the surface roughness
of drymachining is more than that of vortex cooled condition. This is attributed to the
increased temperature, which causes the micro-welding of the chip to the workpiece
[10, 18]. Surface roughness is higher in vortex-cooled condition than dry condition
at low speeds. This is due to cold air from the vortex tube, which caused difficulty
in chip formation and shearing [17].
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Fig. 7 Effect of different
speeds on surface roughness
at 0.2 mm/rev

4 Conclusions

This study can be used as a reference for further work. Vortex-cooled air can be used
as a suitable alternative for dry machining as well as use of flood coolant.

The present work deals with an eco-friendly way of machining Stellite 6, one of
the most prominent alloys of the modern-day industry. It involves the use of Ranque-
Hilsch vortex tube for the generation of cooling air. The following inferences can be
made from the experimental investigations:

• The tool tip temperature decreases by 36.58 and 33.4% for maximum feed and
maximum speed conditions, respectively, by the usage of cold air from the vortex
tube.

• Atmaximum feed condition, the tool flankwear in case of vortex cooled condition
is lesser than dry machining at all speeds (40 m/min and 60 m/min) except at
maximum speed condition (80 m/min)

• At maximum speed condition, the tool flank wear in case of vortex cooled condi-
tion is lesser than dry machining at all feed rates (0.1 mm/rev and 0.15 mm/rev)
except at maximum feed condition (0.2 mm/rev)

• The average surface roughness parameter Ra increased with the introduction of
cooling air.
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