Study on Machinabilty of Al,0,
Ceramic Composite in EDM
Using Response Surface
Methodology

Electric discharge machining (EDM) has been proven as an alternate process for ma-
chining complex and intricate shapes from the conductive ceramic composites. Al,O3
based electrodischarge machinable Al,O3;—SiC,,—TiC ceramic composite is a potential
substitute for traditional materials due to their high hardness, excellent chemical, and
mechanical stability under a broad range of temperature, and high specific stiffness. The
right selection of the machining condition is the most important aspect to take into
consideration in the EDM. The present work correlates the inter-relationships of various
EDM machining parameters, namely, discharge current, pulse-on time, duty cycle, and
gap voltage on the metal removal rate (MRR), electrode wear ratio (EWR), and surface
roughness using the response surface methodology (RSM) while EDM of
Al,O3-SiC,,—TiC ceramic composite. Analysis of variance is used to study the signifi-
cance of process variables on MRR, EWR, and surface roughness. The experimental
results reveal that discharge current, pulse-on time, and duty cycle significantly affected
MRR and EWR, while discharge current and pulse-on time affected the surface rough-
ness. The validation of developed models shows that the MRR EWR and surface rough-
ness of EDM of Al,03-SiC,,—TiC ceramic can be estimated with reasonable accuracy
using the second-order models. Finally, trust-region method for nonlinear minimization is
used to find the optimum levels of the parameters. The surface and subsurface damage
have also been assessed and characterized using scanning electron microscopy. This
study reveals that EDMed material unevenness increases with discharge current and
pulse-on time. [DOI: 10.1115/1.4003100]
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1 Introduction

Advanced structural ceramics, such as silicon carbide (SiC),
silicon nitride (Si3Ny), alumina (Al,03), and zirconia (ZrO,), are
attractive for many applications due to their very high hardness
and strength, wear resistance, resistance to chemical degradation,
and low density. Ceramic materials are extensively used in the
industrial fields that produce cutting tools, self-lubricating bear-
ings, nozzles, turbine blades, internal combustion engines, heat
exchangers, aerospace parts, and as bioceramics. However, they
have not achieved their predicted widespread use due to several
significant drawbacks, notably their relatively low toughness, the
high cost of production, and the difficulty in machining to final
tolerances [1]. Conventional sintering and compacting techniques
of powder metallurgy, followed by diamond grinding, have been
used to machine the ceramic components required in real applica-
tions [2]. Ceramic machining can be expensive and difficult when
shape is complex and also subjected to generation of surface
cracks due their low fracture toughness [3]. EDM is capable of
machining complex and intricate shapes regardless of hardness of
material, provided that the electrical resistivity is sufficiently low
(<100 Q cm) to support sparking. The addition of hard, refrac-
tory, and conductive ceramics such as TiN, TiC, TiB,, and TiCN
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in particulate form to Si3Ny, ZrO,, and Al,O5 has been used as an
approach to produce composite with sufficient conductivity for
EDM and improved hardness and toughness [4].

Jones et al. [5] used SisN, based ceramic composite containing
TiB, for EDM prepared by hot pressing the optimum machining
conditions that were identified. The material proved to be excel-
lent for shaping by both die-sinking EDM and wire EDM. Matsuo
and Oshima [6] performed wire EDM on conductive zirconia
composites containing 23-45 vol % TiC to investigate amount of
optimum carbide. Pitman and Huddleston [7] compared the die-
sinking EDM characteristics of zirconia based ceramic matrix
composite with 30 vol % of titanium nitride under normal spark-
ing and induced arcing conditions and indicated that the major
mechanism of material removal was thermal spalling. Nakamura
et al. [8] reported surface damage in zirconium diboride (ZrB,)
based composite ceramics induced by EDM. The effects of pulsed
current, pulse duration, and duty factor on the strength and the
roughness were evaluated.

There have been very few attempts to study EDM of Al,O3
based ceramic composites [9-12]. Fu and Li [9] conducted experi-
mental study, in which the pulse current, pulse duration time, and
electrical polarity were selected as process parameters that affect
surface roughness, MRR, and the variation of fracture strength of
Al,O3—Cr3C, composites. They observed that the fracture
strength and surface roughness of the composites depend strongly
on the pulse current and electrical polarity. The material removal
mechanisms of the composites can be categorized as melting at
lower pulse current and combined melting and thermal spalling,
together with a minor contribution from vaporization, at higher
pulse current. Zhang et al. [10] used a hot pressed aluminum
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Table 1 Room temperature mechanical
Al,03;-SiC,,~TiC and other bulk ceramics

properties of

K

E HU IC
Ceramic (GPa) (GPa) (MPa m®?)
Al,O4 356+6 13.3-17.4 3.8
Hot-pressed SiC 430-450 26.9 3-4
TiC 414 35.6 —
Al,O3+25 wt % SiC 404.1+04 21 8.7
AISiTi 409.6 0.5 19.0-32 9.6+0.6

oxide based ceramics (SG4) for EDM. They demonstrated that the
material removal rate, the surface roughness, and the diameter of
discharge point increase with increasing pulse-on time and dis-
charge current. They found that longer pulse-on time results into
higher surface roughness and generation of thicker resolidified
layer with microcracks in the subsurface. In a recent work, Chiang
[11] attempted modeling and analysis of the effects of machining
parameters on the performance characteristics of EDM process of
Al,03—-TiC mixed ceramic. Very recently, Chiang and Chang [12]
employed gray relational analysis to optimize the multiresponse
characteristics of EDM of Al,0O;—TiC mixed ceramic.

From the literature review presented above, machining of
Al,O3 based ceramic composites containing conductive com-
pound by spark erosion has been successful but research work has
been very limited [9-12] despite the fact that Al,O3 ceramic is
particularly attractive for engineering applications. The EDM
erodable ceramic composites, namely, Al,O5;-SiC,—TiC, has
been introduced recently, but no EDM machinability study has
been reported. The present study is mainly focused on the inves-
tigation of EDM machinability of Al,03;-SiC,-TiC ceramic
composite. Therefore, the present work aims to find out the effect
of parameters such as discharge current, pulse-on time, duty cycle,
and gap voltage on the responses, namely, MRR, EWR, and sur-
face roughness. Experiments have been planned by using central
rotatable composite design (CCRD) of experiments. A series of
experiments has been performed on die-sinking EDM machine.
Analysis of variance (ANOVA) is used to analyze the main effects
and to obtain the significant parameters. Three different second-
order empirical models have been developed for predicting the
MRR, EWR, and surface roughness. The validation of developed
models has been carried out and MRR EWR and surface rough-
ness of EDM of Al,03;—-SiC,,—TiC ceramic can be estimated with
reasonable accuracy using the second-order models. The surface
and subsurface damage have also been assessed and characterized
using scanning electron microscopy (SEM).

2 Experimental Details

2.1 Composite Fabrication. The alumina based ceramic
composite Al,O;—SiC,,—TiC, supplied by Industrial Ceramic
Technology (Ann Arbor, MI), was fabricated by first mixing and
blending of a mixture of 46.1 vol % Al,O3 powder, 30.9 vol %
SiC whiskers, and 23.0 vol % TiC powder. The SiC whiskers had
an initial length of 50 um and a diameter of =~0.5 um. The
length decreased by more than a factor of 2 after mixing and
blending. The addition of SiC whiskers improves the ability of
ceramic composite to resist EDM process induced thermal shocks.
Incorporation of TiC powder reduces electrical resistivity (ppc
~0.009 Q cm at 20°C) and makes ceramic composite machin-
able by EDM. It also improves fracture toughness and strength of
ceramic composite. The powder mixture was hot pressed in an
inert atmosphere at 1700—1800°C. After hot pressing, the density
of the composite was 3.915 g/cm?, which is ~99% of theoretical
density, based on the densities of the constituents [13]. The size of
the workpiece is a square of 20 X 20 mm? having a thickness of 5
mm. The mechanical properties of the Al,0;—SiC,,—TiC compos-
ite and other bulk ceramics are summarized in Table 1. The mi-
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Fig. 1 ceramic

Microstructure of
(Al,03-SiC,,—~TiC)

Al,O, composite

crostructure of Al,0;-SiC,—TiC has been presented in Fig. 1,
where the bright grains are TiC particles, the light-gray filaments
are the SiC whiskers, and the dark-gray background is the alumina
matrix.

2.2 Experimental Design. The design of experiments is a
powerful analysis tool for modeling and analyzing the influence of
control factors on performance output. The most important stage
in the design of experiment lies in the selection of the control
factors. It is necessary to choose suitable factors to be varied in
the experiment, the ranges over which these factors will be varied,
and the specific levels at which runs will be made. EDM is a
series of complex physical events with inherent problems and is
controlled by a large number of factors. The parameters can be
classified as electrical parameters, nonelectrical parameters, elec-
trode based parameters, and workpiece material based parameters.
It was necessary to choose a reasonable set of factors to be varied
in the experiment. While a smaller set of factors would give a
simpler model, a larger number give the model more predictive
power. However, the larger number of factors results in more te-
dious experimentation and analysis. Thus, the selection of factors
to some extent should be compromised. Review of literature re-
vealed that among all the factors, discharge parameters such as
discharge current, pulse-on time, duty cycle, and gap voltage have
most significant influence on the EDM performance. Therefore, it
was decided that these four factors be chosen for the present
study. It was also found that the volume fraction and size of rein-
forcements (whiskers and secondary phase) affect the EDM of
ceramic  composites [5]. Due to nonavailability of
Al,05-SiC,—TiC ceramic composites with reinforcements in
various volume fraction and size, influence of material dependent
parameter was not considered in this study.

A series of experiments on EDM of Al,0;-SiC,,—TiC ceramic
composite was planned using CCRD. A total of 31 experiments
were carried out with independent variables at five different lev-
els. Based on the preliminary experiments conducted by using one
variable at a time approach, the range of the discharge current,
pulse-on time, duty cycle, and gap voltage were selected as 3—7 A,
10— 200 wus, duty cycle 0.24-0.88, and 50-90 V, respectively.
When the current was less than 3 A, the observed MRR was
insignificant and for the current more than 7 A, Al,03;-SiC,,—TiC
ceramic starts disintegrating because of its low fracture toughness
resulting in poor surface finish necessitating the selection of the
intermediate values as stated above. The range selected for the
pulse-on time was commonly used for the EDM of ceramic com-
posites. The levels selected for the duty cycle cover a wide range
of duty cycle, whereas the range of gap voltage selected was in
accordance to that available on the machine used for the experi-
mentation. Machining time for each workpiece in the experiments
has been kept 75 min. The process variables and their levels are
summarized in Table 2.

In order to determine the equation of the response surfaces,
several experimental designs exist, which approximate the equa-
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Table 2 Levels of the independent factors

Levels
Factors -2 -1 0 1 2
Discharge current (A) 3 4 5 6 7
Pulse-on time (us) 10 50 100 150 200
Duty cycle 0.24 0.40 0.56 0.72 0.88
Gap voltage (V) 50 60 70 80 90

tion using the smallest number of experiments possible. The most
preferred classes of design are the orthogonal first order design
and the central composite second-order design. The first order
model is acceptable over a narrow range of variables; therefore,
the experiments were conducted to obtain second-order model.
General second-order surface roughness model in terms of process
parameters can be given by [14]

Y= Bo+ BiXi + BoXo + BsXs + BuXy+ B1iX] + X + B13X3
+ :344X421 + B1oX 1 X + B13X 1 X3 X + B14X 1 Xy + £23X0X5
+ BosXo Xy + B3uX3X, (1)
where Y is the value of response, namely, MRR, EWR, and sur-
face roughness; X;, X,, X3, and X, are the coded values of vari-
ables’ discharge current, pulse-on time, duty cycle, and gap volt-

age, respectively. They were obtained using the following
transforming equations:

X1={”1_—5=I,,—5 (2)

S G

= @

x=0 s

where, I, t., 7, and U are the values of variables’ discharge cur-

rent, pulse-on time, duty cycle, and gap voltage. When the
pulse-on time is 10 us, it gives a value of a lower level, —1.8
instead of —2. It has been established [14] that small discrepan-
cies in the required factor levels will result in very little difference
in the model subsequently developed and the practical interpreta-
tion of the results of the experiments would not be seriously af-
fected by the inability of the experimenter to achieve the desired
factor levels exactly.

Method of least-squares is used to determine the constant coef-
ficients. Equation (1) represents the response surface; therefore,
these designs are also called as response surface designs. In this
technique, the main objective is to optimize the response surface
that is influenced by various process parameters. Response surface
methodology also quantifies the relationship between controllable
input parameters and the obtained response surface [14].

2.3 Measurement of MRR, EWR, and Surface Roughness.
Die sinking EDM experiments were carried out on EDM machine
(Model PS LEADER ZNC, Electronica, India) using a pulse gen-
erator. In all the experiments, kerosene oil was used as dielectric
medium. After EDM, Al,0;-SiC,,—TiC ceramic composite
samples were cleaned with acetone. A high precision electronic
weighing balance with least count 10™* g was used to measure the
weight loss of EDM specimens and electrodes after each experi-
ment. The surface finish after machining was characterized using
profilometer (Talysurf 6, Rank Taylor Hobson, England). A
traverse length of 5 mm with a cut-off evaluation length of 0.8
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mm was selected. The center line average value of the surface
roughness (R,) is the most widely used surface roughness param-
eter in industry, which was selected in this study. MRR and EWR
are defined as follows:

wear weight of workpiece

MRR(g/min) = —— — (6)
time of machining

wear weight of electrode
EWR(%) =

7
wear weight of workpiece @
The measured values of MRR, EWR, and surface roughness for
each experiment were presented in Table 3.

2.4 Scanning Electron Microscopy. The surfaces of the
specimens were examined directly by a SEM EVO 50. The elec-
tric discharge machined samples had been mounted on stubs with
silver paste before the photomicrographs were taken.

3 Results and Discussions

The work successfully evaluated the feasibility of EDM of
newly introduced ceramic composite Al,O;—SiC,—TiC. The
study reveals that process parameters have strong influence not
only on material removal rate but also on electrode wear ratio and
surface roughness.

3.1 Material Removal Rate. The main effect plots for MRR
are shown in Fig. 2(a). Figure 3 shows the surface plots for MRR
prepared with the help of MATLAB software (version 7.0). MRR
increases with the increase in discharge current (Fig. 3(a)). This
could be due to an increase in both diameter and the depth of the
craters, as well as discharge energy at the discharge point, to im-
prove the rate of melting and evaporation. The material removal
rate is very less in comparison to that of metals. This is due to
very high melting point and low electrical conductivity of
Al,03-SiC,,—TiC ceramic composite. Figure 3(a) also shows that
MRR decreases with the increase in pulse-on time initially, but
after a certain value of pulse-on time, MRR increases. This is due
to the fact that, with an increase in pulse-on time, some of the
melt resolidify on the workpiece due to lower discharge energy
initially, which leads to a decrease in MRR. However, beyond a
certain value of pulse-on time, an increase in the discharge energy
conducted into the machining gap within a single discharge and
causes the MRR to increase [11].

The variation of MRR with duty cycle and discharge current
and duty cycle and pulse-on time is shown in Figs. 3(b) and 3(c),
respectively. It can be seen that an increase in the duty cycle leads
to a slight increase of the MRR. The increase of duty cycle means
applying the spark discharge for a longer duration and this causes
an increase in MRR.

3.2 Electrode Wear Ratio. Figure 2(b) displays the main ef-
fect plots for EWR. Figure 4(a) shows the relationships between
the pulse-on time and EWR at various discharge currents. The
surface plot reveals that EWR increases with discharge current.
The electrical discharge column formed in the machining gap not
only removes the unwanted workpiece material but also wears out
the electrode. Increase in the discharge current causes more elec-
trical discharge energy to be conducted into the machining gap,
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Table 3 Measured responses corresponding to each trial

Exp.  Discharge current (X;)  Pulse-on time (X5) Gap voltage (X,) MRR EWR  Surface roughness R,
No. (A) (us) Duty cycle (X3) (V) (mg/min) (%) (pm)
1 1 1 1 -1 4.232 5.04 2.96
2 -1 1 1 1 1.832 4.56 2.66
3 -1 -1 -1 1 0.795 4.39 2.16
4 -1 -1 1 -1 1.640 4.78 2.19
5 0 0 0 0 1.609 5.64 3.15
6 1 -1 1 -1 2.625 5.88 2.35
7 0 0 0 -2 2.072 4.47 274
8 1 1 1 1 3.307 5.61 2.96
9 1 -1 1 1 2.333 6.54 2.23
10 0 0 0 0 1.597 5.74 2.84
11 -1 -1 -1 -1 0.772 3.97 2.23
12 0 0 2 0 3.469 6.02 2.31
13 0 0 0 0 1.396 5.62 2.79
14 -1 1 1 -1 2.567 4.23 2.84
15 0 2 0 0 3.087 4.18 3.35
16 -1 1 -1 1 1.460 4.01 2.74
17 1 -1 -1 1 1.225 5.67 2.32
18 -2 0 0 0 0.093 4.28 1.94
19 0 0 0 0 1.604 5.71 2.87
20 0 -2 0 0 1.324 5.56 2.89
21 -1 -1 1 1 1.556 5.09 2.17
22 1 1 —1 1 1.704 5.32 2.84
23 0 0 0 0 1.497 5.46 2.83
24 0 0 0 0 1.444 5.49 2.85
25 1 1 -1 -1 1.672 4.87 3.06
26 1 -1 -1 -1 0.089 5.23 2.34
27 -1 1 -1 -1 1.487 3.56 2.96
28 0 0 0 2 1.195 5.33 2.82
29 0 0 -2 0 1.179 4.09 2.73
30 0 0 0 0 1.341 5.61 2.79
31 2 0 0 0 1.873 6.21 3.03

improving the MRR and increasing the EWR. It is also observed
from Fig. 4(a) that an increase in pulse-on time decreases the
values of electrode wear ratio. This is due to the fact that the
diameter of the discharge column increased with the pulse dura-
tion, eventually reducing the energy density of the electrical dis-
charge on the discharge spot [15]. In recent investigations, it has
been reported that at longer pulse-on time, the carbon from the
decomposition of hydrocarbon-based dielectric liquid deposits on
the surface of the tool [16,17]. This deposited layer increases the
wear resistance of the tool and reduces EWR. The effects of duty
cycle, discharge current, duty cycle, and pulse-on time on the
value of EWR are presented in Figs. 4(bh) and 4(c). It shows that
the value of EWR increases with an increase of the duty cycle. An
increase in duty cycle lead to generation of higher spark energy,
which causes an increase of electrode wear, which eventually re-
sulted into higher EWR. It can be seen from the main effects plot
(Fig. 2(b)) that the gap voltage does not influence the EWR to a
great extent.

3.3 Surface Roughness. Figure 2(c) displays the main effect
plots for surface roughness. It can be seen that the discharge cur-
rent and pulse-on time are significant parameters affecting surface
roughness. The surface plot presented in Fig. 5 shows the relation-
ships between discharge current and surface roughness at various
pulse-on time. An increase in discharge current increases the sur-
face roughness, while EDM of Al,0;-SiC,,—TiC composite. The
discharge energy density and the impulsive force increase with the
discharge current and result in the formation of deeper and larger
discharge craters. It increases both MRR and surface roughness.
Moreover, at higher discharge current, EDM of Al,O3;-SiC,,—TiC
composite is subjected to generation of micropores due its low
facture toughness and low thermal shock resistance, which causes
the surface finish to deteriorate. Thus, the quality of the machined
surface gradually declines and the surface roughness increases as

021004-4 / Vol. 133, APRIL 2011

the discharge current increases. The small improvement in surface
finish has been observed beyond a discharge current of 6 A. This
may be due to the presence of a sufficient amount of aluminum
and silicon particle machining debris in the dielectric fluid, which
modifies the plasma channel. The plasma channel becomes en-
larged and widened [18]. The electric density decreases; hence,
sparking is uniformly distributed among the powder particles. As
a result, an even more uniform distribution of the discharge takes
place, which causes uniform erosion (shallow craters) on the
workpiece. This results in improved surface finish. An increase in
pulse-on time increases the surface roughness. This is due to the
expansion of plasma channel, which results into a wider contact
zone of discharging. This reduces both energy density and the
impulsive force. The melted debris cannot be removed completely
due to reduction in impulsive force and forms an apparent glob-
ulelike recast layer, which ultimately results in degradation of the
surface roughness. In the case of EDM of Al,0;-SiC,,—TiC, the
micropores and fine pock mark formation are also observed with
prolonged pulse-on time. Besides, reduction in the removal of
debris and the carbon accumulation on machined surface, mi-
cropores, and fine pock mark formation also attribute to further
increase in surface roughness with an increase in pulse-on dura-
tion. It is observed that discharge current, pulse-on time, and duty
cycle significantly influenced the MRR and EWR, while discharge
current and pulse-on time influenced the surface roughness.

3.4 Surface Morphology. During the EDM process, results
in bombardment of high energetic (kinetic) electrons on the elec-
trode surface, the spot attains high temperature (about 10,000°C)
especially with materials of low thermal conductivity. At this high
temperature, material at that spot melts and vaporizes leaving a
crater on the surface. However, small amount of the molten ma-
terial cools rapidly under the effects of the dielectric fluid. The
rapid heating and cooling effect generates a highly distinctive sur-
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Fig. 2 Main effects plots: (a) main effects for MRR, (b) main effects for EWR, and (c) main effects

for surface roughness

face morphology on electrical discharge machined surfaces.

The SEM micrographs of the EDM machined surfaces at a
pulse-on time of 50 ws for various currents are given in Fig. 6.
The EDM surface is characterized by an uneven fused structure,
globules of debris, shallow craters, and micropores. Micrographs
also show the formation of bright TiC layer on the machined
surface. SEM examination of the EDM machined surface shows
no surface cracks. It can be seen from surface micrographs shown
in Figs. 6(a) and 6(b) that the surface roughness increases with an
increase in discharge current. This increase could be due to the
increase in deeper and larger discharge craters with other irregu-
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larities as the pulse current increases. An increase in discharge
current forms micropores due to low facture toughness and ther-
mal shock resistance of Al,0O;—SiC,,—TiC ceramic composite.
Improvement in surface roughness was observed at discharge cur-
rent of 7 A for a 50 um pulse-on time (micrograph of Fig. 6(c)).
The decrease in surface roughness may be due to the enhanced
TiC deposition and could also due to the uniform sparking result-
ing from the presence of Al and Si particles (machining debris) in
the kerf.

The SEM micrographs of the EDM machined surfaces at a
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Fig. 3 Response surfaces for MRR

pulse-on time of 200 us for various currents of normal cutting
mode are shown in Fig. 7. On comparison of the micrographs
shown in Figs. 6 and 7, it can be seen that the surface irregulari-
ties increase with an increase in pulse-on time. The increase in
surface unevenness is more predominant with an increase in
pulse-on time in comparison to an increase in discharge current.
This may be due to the plasma channel expansion with the in-
crease in pulse-on time. It widens the contact zone of discharge
and subsequently reduces both energy density and the impulsive
force. The melted debris might not be removed completely due to
reduction in impulsive force and forms an apparent globulelike
recasted layer to degrade the surface roughness. These effects be-

021004-6 / Vol. 133, APRIL 2011
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Fig. 4 Response surfaces for EWR

come more pronounced as the pulse-on time increases. Besides, a
reduction in the removal of debris and carbon accumulation on
machined surface [18], micropores, and fine pock mark formation
also attribute to further increase in surface roughness with an in-
crease in pulse-on time.

Subsurface damage and recast layer of the EDMed specimens
were also investigated and is presented in Fig. 8. When the spark
eroded area was observed for subsurface damage, melt flow of the
recast layer was observed. The extremely fine cracks were filled
by the recast layer. It can be seen from the micrographs that the
thickness of the recast layer varies for different values of pulse-on
time (Figs. 8(a) and 8(b)). The recast layer thickness is influenced
by the pulse-on time and increases as the pulse-on time increases.
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This can be explained by the fact that the amount of material that
can be flushed away by the dielectric is constant while EDM
occurs. Therefore, as more heat is transferred into the sample as
the pulse-on time increases, the dielectric is increasingly unable to
clear away the material debris, and so it builds up on the surface

Fig. 6 EDMed surface characteristics of Al,0;-SiC,—TiC ce-
ramic composite under a duty cycle of 0.72, a gap voltage of 70
V, and a pulse-on time of 50 us: (a) discharge current of 3 A,
(b) discharge current of 5 A, and (c) discharge current of 7 A
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Fig. 7 EDMed surface characteristics of Al,0;-SiC,~TiC ce-
ramic composite under a duty cycle of 0.72, a gap voltage of 70
V, and a pulse-on time of 200 us: (a) discharge current of 3 A,
(b) discharge current of 5 A, and (c) discharge current of 7 A

Recast layer

Fig. 8 SEM. Micrographs at a duty cycle of 0.72 and a gap
voltage of 70 V: (a 3 A/50 us, (b) 7 A/50 us, (c¢)
7 A/200 ups, where the micrographs (b) and (¢) qualitatively
show variation in the thickness of the recast layer for different
values of pulse-on time
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Table 4 ANOVA table for MRR (after elimination)

Source SS DF MS F value P value R? Remark

Regression 1.97 X 1079 9 2.19X107% 62.3931 <0.0001 0.9636 Fo.01.021=3.40, F>F( 101

Linear 1.61X 1079 4 4.02X 107

Square 2.10X 107% 2 1.05 X 1079 Model is adequate and lack of fit is insignificant
Interactions 1.49x 107% 3 4.96x 1077 3.73 0.057

Residual error 7.36 X 1077 21 3.51x107%

Lack-of-fit 6.65%x 1077 15 443X 1078

Pure error 7.14x 10798 6 1.19x 10798

Total 2.04X 1079

of the sample. During the subsequent cooling, this material reso-
lidifies to form the recast layer, the depth of which depends on the
volume of debris, which is left on the sample surface during ma-
chining.

4 ANOVA and Effects of the Factors

In order to find out the statistical significance of various factors
such as discharge current, pulse-on time, duty cycle, and gap volt-
age impact velocity on MRR, EWR, and surface roughness,
ANOVA is performed on experimental data. Tables 4—6 show the
results of the ANOVA for MRR, EWR, and surface roughness.

4.1 Modeling of MRR. MRR model has been obtained by
analyzing the data presented in Table 3 and is given below as Eq.

(8),

MRR = 0.001505 + 0.000323X, + 0.000414X, + 0.000611X
—0.00014X, + 0.000174X3 + 0.000204X3 + 0.000245X, X,
- 0.0001X,X, — 0.00015X3X, (8)

ANOVA is used to check the adequacy of developed model.
ANOVA of this response surface is presented in Table 4. F-ratio
of the predictive model is calculated and compared with the stan-
dard tabulated value of F-ratio for a specific confidence interval.
The F-value of the model shows that the model is adequate at
99% confidence level. The duty cycle is found to be the most
significant factor influencing the MRR with contribution of
43.92%, which is followed by pulse-on time and discharge current
with contributions of 20.20% and 12.30%, respectively.

4.2 Modeling of EWR. The ANOVA table for the reduced
quadratic model for EWR is shown in Table 5. It can be seen from
Table 5 that this model is adequate at 99% confidence level. The
ANOVA of experimental data shows that the relative contributions
of discharge current, pulse-on time, and duty cycle on EWR are
42.29%, 11.85%, and 17.22%, respectively. The modified EWR
model is therefore given as follows:

EWR =5.61 + 0.559583X, — 0.29625X, + 0.357083X;
+0.222917X, - 0.10719X? — 0.20094X3 — 0.15469X3

—0.19344X2 9

4.3 Modeling of Surface Roughness. Second-order model
was obtained for surface roughness data presented in Table 6. The
improved model after neglecting the terms, which have insignifi-
cant effect on the surfaces roughness, is obtained as

R,=2.85756+0.136871X, + 0.248329X, — 0.0469X;

-0.12249X7 - 0.11378X3 (10)

ANOVA for the response surface given by Eq. (10) is presented
in Table 6. It is clear from the F-test that the model is adequate at
99% confidence level as the F-value of model is higher than the
tabulated F-value and lack of fit is insignificant. The two signifi-
cant main effects of factors affecting the surface roughness are
discharge current and pulse-on time with the contributions of
11.91% and 39.19%s respectively, whereas the second-order ef-
fects of both the discharge current and duty cycle also contribute
significantly by 12.49% and 10.85% respectively.

Table 5 ANOVA table for EWR (after elimination)

Source SS DF MS F value P value R? Remark
Regression 17.11171 8 2.138963 71.41066 <0.0001 0.9613 Foo1822=345, F>Fq0,82
Linear 13.87435 4 3.468588
Square 3.237361 4 0.80934 3.44 0.0674 Model is adequate and lack of fit is insignificant
Residual error 0.658963 22 0.029953
Lack-of-fit 0.594163 16 0.037135
Pure error 0.0648 6 0.0108
Total 17.77067
Table 6 ANOVA table for surface roughness (after elimination)
Source SS DF MS F value P value R? Remark
Regression 3.152882 5 0.630576 28.24 <0.0001 0.8496 Fy01505=3.86, F>F ;525
Linear 2.233552 3 0.744554
Square 0.919326 2 0.459663 2.71 0.1103 Model is adequate and lack of fit is insignificant
Residual error 0.558137 25 0.022325
Lack-of-fit 0.499924 19 0.026311
Pure error 0.058212 6 0.009702
Total 3.711020
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Table 7 Confirmation Experiments

MRR EWR Surface roughness R,
Machining conditions (g/min) (%) (um)
Discharge current Pulse-on time Gap voltage
Exp. No. (A) (us) Duty cycle V) Expt. Predicted Expt.  Predicted  Expt. Predicted

1 5 200 0.56 70 0.003087 0.003031*+0.000587 4.18 4.2137£0.54 3.35 3.3542*+0.460
2 5 100 0.88 70 0.003469 0.003543+0.000587 6.02 5.705*=0.54 2.31 2.3086=*0.460
3 3 150 0.56 80 0.001445 0.001202+0.000587 3.78 3.594*=0.54 2.77 2.3422*+0.460
4 6 10 0.40 70 0.001198 0.001044 =0.000587 5.56 5.339*0.54 2.59 2.3084=*0.460

4.4 Validation of Developed Models. The second-order
models for different responses, namely, MRR, EWR, and surface
roughness, were validated using the chi square test. The calculated
chi square values of the models for the MRR, EWR, and surface
roughness are 3.90 X 1074, 0.1296, and 0.3595, respectively. The
tabulated value at x> 0.005 is 14.458, which indicates that 99.5%
of the variability in MRR, EWR, and surface roughness is ex-
plained by these models. Therefore, the MRR, EWR, and surface
roughness of EDM of Al,O;-SiC,,—TiC ceramic can be esti-
mated with reasonable accuracy using the second-order models.

5 Confirmation Experiments

Due to the experimental error, the estimated parameters and
hence the estimated MRR, EWR, and surface roughness are sub-
jected to uncertainty. The precision of responses were estimated
by calculating confidence interval. The confidence interval for the
predicted response is ¥ =AY, where AY is given by

AY=la/2,DF\“"7e (11)

Here Y is denoted for the responses, namely, MRR, EWR, and
surface roughness, ¢ is the value of horizontal coordinate on
t-distribution corresponding to the specified degree of freedom
(DF), a is the level of confidence interval, and V, is the variance
of error of the predicted response. The value of « is taken as
0.005. The values of AMRR, AEWR, and AR, for MRR, EWR,
and surface roughness models are calculated as 5.873
X 107 g/min, 0.54%, and 0.460 wum, respectively.

In order to verify the adequacy of the model developed, four
confirmation experiments were performed, as shown in Table 7.
The test conditions for first two confirmation experiments are
among the cutting conditions that were part of the original CCRD
designed experiment. The remaining two confirmation experi-
ments are within the range of the levels defined for the various
parameters. The predicted values and the associated confidence
interval are based on the developed models. The predicted values
and the actual experimental values are presented and compared in
Table 7. It can be seen that developed models can predict the
MRR, EWR, and surface roughness accurately within 99.5% con-
fidence interval.

6 Factor Settings for Minimum Surface Roughness

In this study, an attempt was made to derive optimal control
settings factors for minimization of surface roughness. The single
objective optimization requires quantitative determination of the
relationship between surface roughness with combination of con-
trol factors. The second-order surface roughness model obtained is
given as

R,=-2.61128 + 1.361771, + 0.00496t, + 4.67968 7 — 0.122491
— 4447 (12)

(in actual factors).

The problem of constrained optimization using a developed sur-
face roughness model for EDM of Al,03;-SiC,,—TiC ceramic
composite was formulated and is given by

minimize(R,)
subjected to

3)=1,=7(A)
10(us) =1, = 200(us)

0.24=79=0.88

Trust-region method for nonlinear minimization was used to find
the optimum levels of the parameters. Optimization tool box of
MATLAB 7.0 was used for carrying out the optimization.

A standard function of MATLAB 7.0, namely, finincon, that can
handle a large-scale optimization problem with nonlinear equality,
as well as inequality constraint, is used for the purpose. The ob-
tained process parameters, which give minimum surface rough-
ness, are presented in Table 8. This optimization methodology can
be used to determine minimum surface roughness with given con-
straints and also identifies the conditions at which the EDM op-
eration must be carried out in order to get the better surface finish.
The application of a trust region method to obtain optimal ma-
chining conditions for EDM of ceramic composite will be quite
useful at the computer-aided process planning (CAPP) stage in the
production of electric discharge machined parts. These data are
currently not available for EDM of ceramic composites.

7 Conclusions

In the present study, the influence of machining parameters on
MRR, EWR, and surface roughness during EDM of
Al,053-SiC,,—TiC ceramic composite using copper electrode was
investigated. Mathematical models were developed to predict
MRR, EWR, and surface roughness by correlating the input pa-
rameters, namely, discharge current, pulse-on time, duty cycle,
and gap voltage. Significant parameters were identified for each
response. ANOVA was used to establish adequacy of the devel-
oped models. The developed models have also been validated us-
ing chi square test. The results show that second-order models
developed for MRR and EWR are statistically significant.

The individual influences of all process parameters on the
MRR, EWR, and surface roughness were analyzed based on the

Table 8 Optimum process parameters for minimizing surface roughness

Discharge current Pulse-on time

(A) (us) Duty cycle V)

Gap voltage Calculated SR, R, at optimum parameters Experimental SR, R, at optimum parameters

(tm) (pm)

3 10 0.88 Insignificant

1.0483 1.33
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developed mathematical models. The experimental results reveal
that discharge current, pulse-on time, and duty cycle significantly
affect the MRR and EWR, while discharge current and pulse-on
time affect the surface roughness. Confirmation experiments were
conducted at various test conditions to show that the developed
models can predict MRR, EWR, and surface roughness values
accurately.

It is concluded from the surface morphology of EDMed mate-
rial unevenness increases with discharge current and pulse-on
time. The thickness of the recast layer increases with the pulse-on
time. This study showed that Al,03;—SiC,,—TiC could be effi-
ciently machined without causing a significant loss to the surface
integrity.

The two-stage effort of obtaining a surface roughness model by
response surface methodology and optimization of this model by a
trust region method resulted in a useful method of obtaining pro-
cess parameters in order to attain the improved surface quality.
Minimum surface roughness was determined with given con-
straints. The cutting conditions identified for minimum surface
roughness were discharge current, pulse-on time, duty cycle, and
gap voltage of 7 A, 50 us, 0.80, and 50 V respectively.
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Nomenclature

F = Fischer value

Ip = discharge current (A)
R, = actual surface roughness (um)
t, = pulse-on time (us)

U = gap voltage (V)
X, = coded value of discharge current
X, = coded value of pulse-on time
X3 = coded value of duty cycle

X, = coded value of gap voltage

Y = process yield

Bi» Bii» Bij = constant coefficients

& = random error

n = duty cycle

X~ = chi square
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