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Abstract - Grinding of Metal matrix composites (MMCs) which
are making inroads in various engineering applications have
proved to be extremely difficult to machine due to presence
of hard ceramic reinforcement. Electro-discharge machining
(EDM) of MMC:s containing electrically non conducting phases
possess few problems in terms of hampering the process stability
and impeding the material removal process. Use of combination
of grinding and EDM has potential to overcome these
problems. This article presents the optimization design of an
electro-discharge diamond surface grinding (EDDSG) process
performed on aluminum-metal matrix composite (AI-MMC).
The major performance characteristics selected to evaluate
the process are material removal rate (MRR) and average
surface roughness (Ra). The input machining parameters used
in the present study were current, pulse on-time, wheel speed,
and duty factor. Experiments were carried out on newly self
developed surface grinding setup for electro-discharge diamond
grinding (EDDG) process for Al-10wt.%SiCp composites. The
experimentations are planned as per L9 orthogonal array. Grey
relational analysis (GRA) is used for optimizing the machining
parameters. Principal component analysis (PCA) is coupled with
GRA to evaluate the weighting values corresponding to various
performance characteristics that their relative importance can
be properly described. The most significant factor has been
found as pulse on-time effecting the robustness of electro-
discharge diamond surface grinding (EDDSG) process.

Keywords : Electro-discharge diamond surface grinding,
Aluminium-metal matrix composites, Grey relational analysis,
Principal component analysis

1. INTRODUCTION

In recent years the critical need for less expensive
structural materials that can provide an optimum level of
performance has generated considerable research interest in
the development and application of metal matrix composites
(MMCs). Clyne and Withers [1] discussed that use of MMCs
provide significant benefits including performance such
as component’s life, and improved productivity. Kannnan
and Kishawy [2] mentioned that MMCs provide economic
advantage through energy savings or lower maintenance cost
and environmental benefits of lower noise levels. Compared
to monolithic metals, MMCs have high strength-to-weight
ratio, better fatigue resistance, better elevated temperature
properties, lower coefficient of thermal expansion, improves
thermal conductivity, and excellent wear resistance. However,
the utilization of MMCs in different industries is not as
generalized as expected due to difficulties in machining of it.
Cost effective machining has not been, yet, proven. MMCs
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have been successfully applied in aerospace industries since
1970s and in the middle of 1980s these materials reached
the automobile industry and nowadays its use is gaining
importance [3]. AL,O, is widely used in mechanical, optical,
and microelectronic applications because of its excellent
chemical resistance, good mechanical strength, high hardness,
transparency, high abrasive and corrosion resistance [4-5].

In traditional machining processes, grinding is one of
the viable method of machining because of high dimensional
accuracy and surface quality. But grinding of composite
materials using conventional surface grinding process shows
poor surface finish and accuracy [6]. The decreasing cutting
ability of the wheel during the grinding of MMCs may be
caused by the following phenomena: (1) break out and
fragmentation of grains due to abrasion of reinforcement; (2)
attrition wear of the active grains; (3) clogging of the wheel
caused by the adherence of the chips. The last two forms of
damage determine the formation of wear flats on the wheel
surface [7-8]. EDM is an inefficient machining process.
Thermal modeling of the process [9] has indicated that the
fraction of molten material which is physically not removed
but re-deposited on the parent material could be as high as
80%. EDM of composite materials containing electrically
non conducting phases possess a few problems. The non-
conducting material particles hamper the process stability and
impede the material removal process [10]. These problems
can be taken care of in EDDG which is a hybrid machining
process comprising of diamond grinding (DG) and electro-
discharge grinding (EDG). MRR is enhanced as the abrasive
grains eradicate the non-conducting material particles, with
spark discharges having thermally softened the surrounding
binding material.

This hybrid machining process has been developed by
combining EDM with metal bonded diamond grinding. In
this process, synergetic interaction effect of electro-discharge
action and abrasion action are employed to increase the
machining performance of constituent processes. The
electrical discharges of EDDG cause considerable decrease
in grinding forces, and grinding wheel wear; and also
effectively re-sharp the grinding wheel. The abrasive action
in this process helps to increase material removal rate (MRR)
and surface quality.

EDDG can be operated in three different configurations
(1) electro-discharge diamond cut-off grinding (EDDCG)
(2) electro-discharge diamond face grinding (EDDFQG) (3)
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electro-discharge diamond surface grinding (EDDSG).

EDDSG is used to machine flat surfaces by using
periphery of the metal bonded diamond grinding wheel. Since
rectangular workpiece is held in a horizontal orientation,
peripheral grinding is performed by rotating the grinding
wheel about a horizontal axis perpendicular to the downward
motion of servo system. The relative motion of the workpart
is achieved by reciprocating the workpiece. While machining
the rotating wheel is fed downwards under the control of
servo system. The metal bonded grinding wheel and work
surface are physically separated by a gap, the magnitude of
which depends on local breakdown strength of the dielectric
for a particular gap voltage setting. The workpiece is thus
simultaneously subjected to heating due to electrical sparks
occurring between the periphery of metal bonded grinding
wheel and the workpiece, and abrasion action by abrasives of
diamond wheel having protrusion height more than the inter-
electrode gap (IEG).

Through grey relational analysis (GRA), a grey relational
grade is defined as an indicator of the multiple-performance
characteristics for evaluation. Lu ef al. [11] used GRA
coupled with principal component analysis (PCA) to optimize
process parameters of high-speed end milling of SKD61 tool
steel. Yang et al. [12] employed GRA method to determine
optimal machining parameter setting for the end milling of
high-purity graphite under dry machining conditions. Most
of the researchers used their subjective judgment to establish
the weighting values of various performance characteristics
to calculate the values of grey relational grade.

Pearson [13] proposed PCA which was subsequently
developed as a statistical tool by Hoteling [14]. This
approach preserves as much original information as possible
by significantly simplifying a large number of correlated
variables into fewer uncorrelated and independent principal
components. In recent times, PCA has gradually become an
analytical tool for the optimization of a system with multiple-
performance characteristics [15].

The context is organized in the following manner.
Section 2 describes about newly developed experimental
setup on EDM machine and Taguchi methodology based
experimentation. Section 3 presents optimization using
GRA coupled with PCA and finally paper concludes with
confirmation tests and summary of this study.

I1. DETAILS ABOUT EXPERIMENTAL SET UP AND TAGUCHI
METHODOLOGY BASED EXPERIMENTATION

An attachment was developed and mounted on a Smart
ZNC die-sinking EDM machine. The EDM machine was
supplied by Electronica Machine Tools Ltd. Pune, India.

The metal bonded diamond grinding wheel mounted
on the ram of the machine with an attachment. Fig.1a,b [16]
respectively shows schematic diagram of electro-discharge
diamond surface grinding set-up and dimension details of
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fabricated attachment attached to Z axis replacing original
tool holder of ZNC EDM machine. The grinding wheel was
driven with the help of variable-speed D.C. motor through a
belt pulley arrangement. The speed of the motor was varied
by changing supply voltage with the help of a variac. The set
up consists of a metal bonded diamond grinding wheel, D.C.
motor, shaft, pulley, V-belt, bearing etc.
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Fig.1a,b (a) Schematic diagram of electro-discharge diamond surface
grinding set-up and (b) Dimension details of fabricated attachment attached
to Z axis replacing original tool holder of EDM machine

Since the experiment was to be performed in surface
grinding mode, so an automatic table feed arrangement was
made. The lead screw of the machine table was driven by
reversible synchronous motor. Since for automatic to and fro
motion of the table motor should automatically rotate both
in clockwise and anticlockwise direction as and when it is
required, therefore a reversible synchronous motor control
circuit was designed using relay switch, two limit switches
and regulated power supply. Working of this automatic control
is very simple. Suppose the motor is rotating in clockwise
direction and as a result table is moving in forward direction.
When a lever attached to machine table presses the limit
switches, polarity of the motor will automatically changed
and motor will start rotating in anticlockwise direction and
therefore table will move in reverse direction.
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The input process parameters taken are wheel speed,
current, pulse on-time, and duty factor. The output parameters
analyzed are MRR and R . Experiments were performed on
aluminum-silicon carbide (Al-SiC) MMC.

Each workpiece was machined for 90 minutes before
measuring output parameters. Three repetitions have been
done in each set of experiments. Amount of material removal
after 90 minutes was obtained by finding weight difference
before and after machining using precision electronic
digital weight balance with 0.01lmg resolution. The MRR is
calculated by using the following formula:

'|r'.l.'i _ '|I_'.I.'r.

MRER (g/min) = (1)

t
where W is initial weight of workpiece in gram (before

machining); W is final weight of workpiece in gram (after
machining); t is machining time in minutes. A Talysurf
surtronic 25 at 0.8 mm cutoff value was applied to measure
the R of each machined workpiece. The specification of
grinding wheel is shown in Table I.

TABLE I SpeciFicaTION OF GRINDING WHEEL

Abrasive Diamond
Grain size 80/100
Grade M
Concentration 75%
Bonding material Bronze
Depth of abrasive 5 mm
Wheel diameter 100 mm
Thickness of wheel 10 mm

Three levels of each process parameters have been
selected without considering the interaction effect. The
numerical value of process parameters at different levels for
machining of Al-SiC composite is shown in Table II.

Pilot experiments were performed to decide the range
of parameters. The initial level of process parameters
for machining Al-SiC composites is: wheel speed- 1000
RPM, current- 8 A, pulse on-time- 100 ps, and duty factor-
0.578. The experiments were performed as per standard L9
orthogonal array (OA) (Table III). Actual photograph of the
setup is shown in Fig.2a,b.

(b)
Fig.2a,b EDSSG set up (a) Fabricated attachment attached to Z axis
replacing original tool holder of EDM machine and (b) Fabricated
attachment attached to X axis for an automatic table feed arrangement
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TABLE II MACHINING PARAMETERS AND THEIR LEVELS USED IN THE EXPERIMENT
For AL-10WT%SIC CompoSITE

Symbol Machining Level 1 Level 2 Level 3
parameter
Wheel
S speed 1000 1200 1400
(RPM)
Current (A) 8 16 24
T Pulse on- 100 150 200
time (ps)

DF Duty factor 0.578 0.638 0.697
TABLE III EXxPERIMENTAL OBSERVATIONS FOR AL-10WT%SIC ComPOSITE
Usig L, OA

MRR | ASR

Exp.No. S C T DF (¢/min) | (um)
1 1 1 1 1 0.0085 | 5.96

2 1 2 2 2 0.0099 | 5.94

3 1 3 3 3 0.0122 | 6.04

4 2 1 2 3 0.0091 | 4.45

5 2 2 3 1 0.0133 | 7.05

6 2 3 1 2 0.0112 | 5.78

7 3 1 3 2 0.0105 | 6.28

8 3 2 1 3 0.0119 | 6.02

9 3 3 2 1 0.0139 | 6.36
III.  OptimMizaTION USING GRA CoupLED WiTH PCA

In GRA, when the range of sequences is large or the
standard value is large, the function of factors is neglected.
However, if the factors measured unit, goals and directions
are different, the GRA might produce incorrect results.
Therefore, original experimental data must be pre-processed
to avoid such effects. Data pre-processing is the process of
transforming the original sequence to a comparable sequence.
For this purpose, the experimental results are normalized in
the range of zero and one, the process is called grey relational
generating. Three different types of data normalization
according to whether we require the smaller-the-better (SB),
the larger-the-better (LB), and nominal-the-better (NB). The
normalization is taken by the following equations.

Smaller-the-better (SB)

max ¥ (k) — X (k)

Jq:."l:k_:l = — 27

: max¥; k) — min¥; (k) =
Larger- the-better (LB)
) % (&) — minX; (k) ]
.'-ul | = - |f §
T maxX (k) — minX; (k) -
Nominal-the-better (NB)

x % () — X, (1)

X0 =1-— = )

maxX¥; (k) — X, (k
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Where i = 1.2, ....n: k =1.2....p: X (k}isnormalized
value of the kth element in the ith sequence, X, (k) is
desired value of the kth quality characteristic, max X (k!
is the largest value ¥;(kl. and min ¥ (k) is the smallest

value of , ¥; (kJ = is the number of experiments and p is the
quality characteristics.

A grey relational coefficient is calculated to display
the relationship between the optimal and actual normalized
experimental results. The grey relational coefficient can be
expressed as

o en Amint+{AmEx |
Lkl ————— i=1l...nk

— =l E
AL(k)+ A max F Le

where ik} is the relative difference of kth element
between comparative sequence ¥ and the reference
sequence X,, Oyilk) is the absolute value of difference
between X, (k! and X; (kJ,

i) = 1% () — X' (K)

k X k)
minminy,. »

K (=X (k)

Amax = - Xk)

Amax =

£ is a identification coefficient and its value lie between
zero and one. In general it is set to 0.5

The average grey relational coefficient is the grey
relational grade but, the importance of each quality
characteristic may be different The grey relational grade
is a weighting-sum of the grey relational coefficients. It is
defined as follows:

n
Li= ) Bl ® ®
k=1

where [y, represents the weighting value of the kth
performance characteristic, and the corresponding weighting
values are obtained from the principal component analysis.

A. Principal Component Analysis

Pearson and Hotelling initially developed PCA to
explain the structure of variance-covariance by way of the
linear combinations of each quality characteristic.
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1. The Original Multiple Quality Characteristic Array

oy - »
=L i=12...m j=12..n
01 =502 % (n)
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where is the number of experiment and is the number
of quality characteristic. X is the grey relational coefficient of
each quality characteristic.

2.Correlation Coefficient Array

The Correlation coefficient array is evaluated as follows:

(Cav(x; (), %00
1= |=Liw.m 1= 141 (8
Vo () xag (1)

- i 1 .

where Cowiz L}, %'} the covariance of sequences
roi ro 1Yy 0 . .

%4} and ¥ L), @, (1) the standard deviation of sequence

%500, oy, (1): the standard deviation of sequence ; .

3. Determining the Eigenvalues and Eigenvectors

The eigenvalues and eigenvectors are determined from
the correlation coefficient array,

(R — g Iy Vi = 0 (9)

where % eigenvalues,

Y ol =n k=120 Vi = [ 3 g 1
eigenvectors corresponding to the eigenvalues .

4. Principal Components

The uncorrelated principal component is formulated as:
n

Vo = Z i (). Vi (10)

Where Tp; is called the first principal component, T
is called the second principal component and so on.

The principal components are aligned in descending
order with respect to variance, and therefore the first principal

component T; accounts for most variance in the data. In
order to objectively reflect the relative importance for each
performance characteristic in grey relational analysis, PCA
is specially introduced here to determine the corresponding
weighting values for each performance characteristic.
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RELATIONAL GRADE AND RANK

Exp. Grey r;fl-at'ional co- Gr.ey Rank
No. efficient relational
MRR R, grade
1 0.4627 0.3979 0.3333 9
2 0.4659 0.4343 0.4029 7
3 0.4498 0.5315 0.6135 4
4 1.0000 0.6790 0.3599 2
5 0.3320 0.5753 0.8180 3
6 0.4942 0.4970 0.5000 6
7 0.3987 0.4205 0.4425 8
8 0.4529 0.5135 0.5744 5
9 0.4049 0.7023 1.0000 1
TABLE V THE EIGEN VALUES AND EXPLAINED VARIATION FOR PRINCIPAL
COMPONENTS
Principal Eigen Exp 1 am ed
component value variation
(%)
First 1.4669 62.76
Second 0.5331 37.24

Table IV represent the grey relational coefficient of
each performance characteristic. These data are used to
evaluate the correlation coefficient matrix, and determine
the corresponding eigen values shown in Table V. The
eigenvector corresponding to each eigenvalue is listed in
Table VI & and its square can represent the contribution of
the corresponding performance characteristic to the principal
component.

TABLE VI THE EIGENVECTORS FOR PRINCIPAL COMPONENTS

pulse on-time 150 ps and duty factor 0.697. The percentage
contribution of each control factor to the total variance is
pulse on-time 31.14%, duty factor 29.08%, wheel speed
28.15%, current 11.63%.

TaBLE VII CoNTRIBUTION OF QUALITY CHARACTERISTIC

Quahty . Contribution
characteristic
MRR 0.4999
R, 0.4999

IV. CONFIRMATION EXPERIMENT

Once the optimal level of the machining parameters is
identified, the next step is to verify the improvement of the
performance characteristics using this optimal combination.
Table X compares the results of the confirmation experiment
using the optimal machining parameters (S,C,T,DF.) with
those of the initial machining parameters (S,C, T DF,). Three
confirmation experiments were conducted at the optimum
setting of the machining parameters. The average value of
MRR, and R, at optimum level were found to be 0.137 g/
min, and 6.12 um.The result of confirmation test shows that
quality characteristics MRR has been improved considerably,
while Ra deteriorates slightly.

TaBLE VIII RESPONSE TABLE

: First Second
Quality rincipal rincipal
characteristic [ PrM¢'P? principa
component | component

MRR 0.7071 0.7071

R, 0.7071 0.7071

Table VII shows that the contributions of MRR and Ra
are indicated as 0.4999 and 0.4999. Moreover, the variance
contribution for the first principal component characterizing
the whole original variables, i.e. the two performance
characteristic, is as high as 62.76%.Hence for this study, the
squares of its corresponding eigenvectors are selected as the
weighing values of the related performance characteristic,

and the coefficients f; , E; in are thereby set as 0.4999 and
0.4999 respectively.

The main effects of each control factor on grey relational
grade are given in Table VIII. The use of the grey relational
grade to perform the ANOVA analysis is shown in Table IX.
Wheel speed, duty factor and pulse on time are the most
significant process parameters for affecting the multiple
process responses. From the response table for grey relational
grade the best combination of input parameters is the set with
S,C,T,DF, i.e., wheel speed at 1200 RPM, current at 24 A,

S R
y o a
m| Machining Grey relational grade Effect | n
b| parameter K
o
1
Level 1 Level 2 Level 3
g| Wheel 0.4545 0.5840 0.5454 | 0.1295 | 3
speed
C| Current 0.4994 0.5077 0.5769 0.7750 | 1
| Pulseon- 0.4694 0.6054 0.5091 | 0.1360 | 2
time
by Duy 0.5585 0.4527 05749 | 0.1222 | 4
F facyor
TABLE IX RESULT OF ANOVA
Machining . PC
Symbol Parameters SS dof | Variance F %)
S Wheel 0.026419 2 0.013209 2.44 28.15
speed
c Current* 0.010919 2 0.0054 P:(;)l 11.63
T Pul_se on- 0.029230 2 0.014615 270 | 3114
time
DF Duty factor 0.027296 2 0.01364 2.52 29.08
Pooled 0.010919 2 0.0054
error
Total 0.093864 | ¢ 100
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* Pooled factors
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TABLE X REsULTS OF CONFIRMATION EXPERIMENT AT OPTIMUM PARAMETER
LeveL (UsiNg Gra AND Pca)

Imt_la‘l Optimal EDDSG machining
machining
parameters parameters
SlclTlDFl SzC3T2DF3
MRR (g / min) 0.0085 0.137
R, (um) 5.96 6.12

V. CONCLUSIONS

Based on experiments, results the conclusions are
summarized as follows:

1. The principal component analysis, used to determine
the corresponding weighting values of each performance
characteristics while applying grey relational analysis to a
problem with multiple performance characteristics, is proven
to be capable of objectively reflecting the relative importance
for each performance characteristic.

2. The factors setting found as best combination
of process variables is wheel speed- level 2 (1200 RPM),
current- level 3 (24A), pulse on-time- level 2 (150 ps) and
duty factor - level 3 (0.698). The percentage contribution
of each control factor to the total variance is pulse on-time
31.14%, duty factor 29.08%, wheel speed 28.15%, current
11.63%.for simultaneous optimization of MRR. and R .
Hence, the most significant factor affecting the EDDSG
robustness has been identified as pulse on-time.

3. Improvement in MRR by 61.17%, but deterioration
in R by 2.68% have been found during EDDSG at the
optimum parameter setting against initial parameter setting
while performing simultaneous optimization of multiple
quality characteristics.
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