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Abstract Wire electro-discharge machining (WEDM) is a
vital process in manufacturing intricate shapes. The present
work proposes a semi-empirical model for material removal
rate in WEDM based on thermo-physical properties of the
work piece and machining parameters such as pulse on-
time and average gap voltage. The model is developed by
using dimensional analysis and non-linear estimation
technique such as quasi-Newton and simplex. Predictability
of the proposed model is more than 99% for all work
materials studied. The work materials were silicon carbide
particulate reinforced aluminium matrix composites. The
experiments and model prediction show significant role of
coefficient of thermal expansion in WEDM of these
materials. In addition, an empirical model, based on
response surface method, has also been developed. The
comparison of these models shows significant agreement in
the predictions.

Keywords Wire electro-discharge machining . Dimensional
analysis . Semi-empirical model .Metal matrix composites

1 Introduction

Wire electro-discharge machining (WEDM) is a widely
accepted non-traditional material removal process used to
manufacture components with intricate shapes and profiles.
WEDM has been gaining wide acceptance in the machining

of various materials used in modern tooling applications [1,
2]. Compared to die-sinking electrical discharge machining
(EDM), WEDM is a technology with increasing economic
importance in terms of units sold per year [3]. The settings
for the various process parameters required in the WEDM
process play crucial role in producing an optimal perfor-
mance. The ultimate goal of the WEDM process is to
achieve an accurate and efficient machining operation
without compromise in the machining performance. This
can mainly be achieved by understanding the inter-
relationship between the large number of factors affecting
the process and by identifying the optimal machining
conditions.

Many attempts have been made to obtain the relationship
between pulse conditions and material removal by solving
time-dependent heat transfer equations assuming various
heat source models [4–8]. Patel et al. [4] developed an
anode erosion model considering Gaussian heat flux on the
anode surface and shown that the plasma flushing efficien-
cy is same for both cathode and anode. Erden and Kogmen
[8] compared the performance characteristics and accuracy
obtained from many of the earlier models. Recently, Yeo et
al. [9] compared five EDM models from Snoeys, Van
Dijck, Beck, Jilani and DiBitonto in terms of the temper-
ature distribution, crater geometry and material removal at
the cathode. Comparative analyses on the material removal
rate (MRR) ratio of the predicted result to experimental data
for discharge energy range from 0.33 to 952 mJ showed
that DiBitonto's model yielded the closest proximity of 1.2–
46.1 MRR ratio. They have suggested that the disk heat
source models can be enhanced by improving the approx-
imation of the heat flux and energy fraction. Table 1 shows
the comparative study of these models and their accuracies
in predicting MRRs. In addition to these thermal models of
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EDM, Singh and Ghosh [10] mentioned that for short pulse
duration (<5 µs), the strong electric field at the cathode
leads to mechanical stresses in the cathode material. These
mechanical stresses were considered to contribute to
material removal from the work piece in die-sinking
EDM. However, in WEDM, the polarity of work piece is
anodic, which may not be subjected to very high electric
fields as in case of cathode. Thus, melting and/or
evaporation have always been considered as the dominant
material removal mechanism WEDM [11–13]. All of these
and most of the many other theoretical models are
concerned with die-sinking, in which cathodic workpiece
polarity and rather long discharge times are employed. For
WEDM, in which the work piece polarity is anodic and the
pulses are of short duration with a highly transient
discharge current, very few such models exist [11–13].

In addition, many different types of problem-solving
quality tools have been used to investigate the significant
factors and its inter-relationships with the other variables in
obtaining an optimal WEDM performance [14–16]. In
addition, the modelling of the WEDM process by means
of empirical modelling techniques has also been applied to
effectively relate the process parameters to the different
performance measures of the WEDM process [17].

Literature shows that, basically, two separate approaches,
the theoretical and the empirical, have been used in
modelling of electro-discharge or WEDM process. The
theoretical models show large discrepancy (Table 1) be-
tween the predictions and the experimental results due to
simplified and unavoidable assumptions. On the other hand,
the empirical models are limited to specific experimental
conditions.

Moreover, it can be noted that there are very few
attempts to model the WEDM process theoretically.
Although, large number of efforts to empirically model
this process has been made, to the best of the knowledge of
the present authors, no model has been reported in WEDM
of metal matrix composites (MMCs). Therefore, there
exists a need to represent the process using the synergy of
combination of theoretical and empirical methods. In view of
this, the aim of this study was to develop a semi-empirical

model in machining of ceramic reinforced aluminium matrix
composites.

2 Machining of metal matrix composites

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 MMCs. Clyne and
Withers [18] discussed and suggested that use of MMC
provides significant benefits including performance such as
component's life and improved productivity. Kannan and
Kishawy [19] mentioned that MMCs provide economic
advantage through energy savings or lower maintenance
cost and environmental benefits of lower noise levels and
fewer air-borne emissions. Compared to the monolithic
metals, MMCs have higher strength-to-weight ratios, better
fatigue resistance, better elevated temperature properties,
and lower coefficients of thermal expansion, improved
thermal conductivity, good damping characteristics and
excellent wear resistance. Further, it provides high flexibil-
ity in design. However, the utilisation of the MMC in
different industries is not as generalised as expected due to
difficulties in the machining of MMCs. Cost-effective
machining has not yet been proven. Although primary
fabrication processes such as casting, forging and extrusion
have been well developed by a number of companies,
cutting and finishing operations are still less well under-
stood. Hung et al. [20] did extensive studies in machining
of MMCs. They found that the ceramic particles that
enhance the mechanical properties of MMCs and make
them desirable also significantly reduce cutting tool life due
to rapid abrasive wear. Chadwick and Heath [21] studied
into machining of MMCs and shown that polycrystalline
diamond (PCD) tools give longer service lives than carbide
tools by 2–200 times and cause less sub-surface damage.
Further, Heath [22] had shown that tool life of PCD tools is
much longer as compared with cemented carbide tools.
Davim [23] compared the performance of the diamond
tools with chemical vapour deposition (CVD)-coated
inserts and brazed PCD inserts in machining Al/SiCp/20%
composite. The life of PCD inserts was found to be almost
ten times longer, with a cutting speed five times higher than
that of CVD-coated tool. Further, the associated VB wear
was about one third of that of CVD tool. Over the years, it
has been found that the tool wear is rapid for cutting tools
other than PCD. The literature review on conventional
machining of MMCs reveals that only PCD is a suitable
tool to machine these materials. However, it is too costly,
and sub-surface damages, work hardening of matrix,
delamination between matrix and particles and crack of
particle or matrix are associated. Hence, poor machinability

Table 1 Ratio of theoretical to experimental data (V=25 V, I=12.8 A,
Ton=42 µs, material=AISI 4140) [9]

Model Ratio of MRR

Snoey's model 1.9

Van Dijck's model 9.3

Beck's model 2.3

Jilani's model 2

Dibitonto's model 2.1

600 Int J Adv Manuf Technol (2010) 51:599–610



makes it one of the most challenging types of materials to
be processed especially when intricate parts and precision
parts are required.

The non-conventional machining processes such as
abrasive water jet machining and laser machining can be
applied. However, the equipment is too expensive, and
problems such as poor surface quality and limitation of
work piece height are associated [24]. Recently, Liu et al.
[25] studied on the mechanism of electrochemical discharge
machining of Al/SiC composites. They have reported that
the breakdown voltage in electrochemical discharge ma-
chining was much lower compared to conventional die-
sinking EDM. In addition, the formation of Al4C3 phase
was found on the EDM machined surfaces but not on the
electrochemical discharge machined specimen. Thus, EDM
has evolved as one of the promising choices to machine
these materials.

Many researchers have worked in EDM of MMCs. Their
findings include surface softening, effect of ceramic
reinforcement on surface finish, effect of process parame-
ters on surface finish and MRRs. The common conclusions
of all these studies suggest that the ceramic particles do not
melt and may only dislodge after melting of the surround-
ing matrix. Extensive studies have been made on die-
sinking EDM of these materials. Comparatively, very few
studies have been undertaken in WEDM of MMCs.
Moreover, most of these studies have been done by using
one-factor-at-a-time approach, which may not explain the
effects of interaction among the various factors.

Some of the crucial findings are discussed here. Roux et
al. [26] studied on the influence of EDM on surface
integrity of Al/SiC/15% MMC. Their findings suggest
negligible influence of the reinforcements on surface
roughness. The surface roughness was found to be related
to pulse energy alone. Extensive experimental study has
been undertaken by Ramulu and Taya [27] on the EDM
characteristics of Al/SiCw composites. MRR was found to
increase with increased power. The MRR and surface
roughness were found to be higher for 15% reinforcement
of SiCw. Hung et al. [28] reported, in EDM of Al/SiCp, that
only current dominates the surface finish, and the effect of
voltage and on-time was negligible. In another study of the
present authors on EDM of Al/SiC MMC, surface finish of
MMC was found to be better than that of the unreinforced
alloy, and MRR of MMC was lower than that of the
unreinforced alloy [29]. In recent studies of the present
authors on Al/Al2O3p composites, MRR was found to
decrease with the increase in volume fraction of the
alumina particles. However, surface finish was found to
deteriorate with increased volume fraction of the ceramic
reinforcements [30].

Yue and Dai [31] reported that surface finish of
unreinforced matrix was superior than Al2O3p reinforced

composites. Gatto and Iuliano [32] showed that the SiC
reinforcement was absent in the recast layer after WEDM.
Rozenek and Kozak [33] had shown that current and on-
time influence the surface finish and cutting rate signifi-
cantly in machining of alumina as well as silicon carbide
reinforced aluminium matrix composites. Yan and Tsai
[34], in an extensive one-factor-at-a-time experimental
study on WEDM of Al/Al2O3p composites, concluded that
the ceramic reinforcement was more significant than the
energy level on surface finish of the MMCs. The surface
roughness values were found to increase with increased
volume fraction of the reinforcement. In WEDM of
aluminium matrix composites, surface finish of MMCs
was found to be significantly different than that of
unreinforced alloy. However, the findings of various
authors are also significantly different. These differences
were due to the different range of parameters during the
experiments, different matrix and different type and size of
reinforcement particles.

Lau et al. [35] reported that MMCs can not be cut by
WEDM process due to frequent wire breakage. In recent
studies, Chiang and Chang et al. [36] have used grey
relational method for multi-objective optimizations of
Al2O3p reinforced composites. Dhar et al. [37] have
developed non-linear empirical model using design of
experiments in EDM of Al/SiC composites. The analysis
of variance was performed to verify the fit and adequacy of
the developed models. Karthikeyan et al. [38] employed
full factorial design of experiments to model MRR and
TWR in EDM of Al/SiC composites empirically. The
present authors have recently reported their findings on
the effects of volume fraction of SiC particulates in WEDM
of MMCs [39]. The recent experimental study by Cichosz
and Karloszak [40] on die-sinking EDM of Al/Al2O3f

MMCs reported formation of Al–O compound on the
machined surfaces. They have reported the correlation
between the formation of recast layer and discharge current.

It is thus observed that published work on the EDM
characteristics of MMCs is reasonably extensive. However,
the understandings into WEDM of MMCs have not been
optimised. The issues such as wire breakage and poor
surface quality are still not completely understood while
machining these materials. Further, the works done so far
have not been incorporated into any modelling and
optimization activity. Therefore, the present work is an
attempt in that direction. In this study, two different models
of MRR have been developed. The first model is an
empirical model developed by using statistical approach.
The response surface methodology (RSM) was employed to
develop this model. In another attempt, a semi-empirical
model has been developed. The following sections deal
with the development of these models, and finally, a
comparison of these models is presented.
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3 Development of response surface model

RSM approach is the procedure for determining the
relationship between various process parameters with the
various machining criteria and exploring the effect of these
process parameters on the responses. RSM is a dynamic
and foremost important tool of design of experiment
wherein the relationship between response(s) of a process
with its input decision variables is mapped.

In order to study the effect of WEDM process
parameters of MMCs on the MRR, a second-order
polynomial response can be fitted. In RSM, the quantitative
form of relationship between the desired response and the
independent input variables [41] could be represented as:

Yi ¼ f X1;X2;X3;X4ð Þ � " ð1Þ
where, x1, x2, x3 and x4 are the coded values of the variables
pulse on-time, off-time, average voltage and ceramic
volume fraction, respectively. Am, Bm, Um and Vfm are the
values of pulse on-time, off-time, average voltage and
ceramic volume fraction at zero level, respectively.

The coded numbers of the input parameters in Eq. 1 are
obtained from the following transformation:

Pulse on� time; X1 ¼ A� Am

ΔA
ð2Þ

Pulse off � time; X2 ¼ B� Bm

ΔB
ð3Þ

Average gap voltage; X3 ¼ U � Um

ΔU
ð4Þ

Volume fraction; X4 ¼ Vf � Vfm

ΔVf
ð5Þ

In the present study, experiments were designed on the
basis of experimental design technique proposed by Box
and Hunter [42]. The uniform-precision rotatable central
composite, face centre design, experimental design (CCD),

as demonstrated by Myers and Montgomery [43], was used
to improve the reliability of the results and to reduce the
size of experiments without loss of accuracy. This design
consists of 16 factorial, two replicate (coded level ±1) runs,
eight axial runs as well as six central trials. The strategy of
complete randomization was adopted for conducting the
experiments. Based on the extensive preliminary inves-
tigations, literature and the experience of machine oper-
ators, input parameters (control factors) were selected to
develop empirical models for WEDM in machining of
Al/SiCp composites. Pulse on-time (microsecond), pulse off-
time (microsecond), average voltage (volt) and volume
fraction of ceramic reinforcements (percent) were selected as
the input parameters. Table 2 shows the levels and range of
these parameters for the experiments as well as their codes.
The experimental matrix employed in this study is shown in
Table 3.

The appearance of response function is a surface as
plotting the expected response of f. The identification of
suitable approximation of f will determine whether the
application of RSM is successful or not. In this study, the
approximation of f will be proposed using the fitted second-
order polynomial regression model, which is called the
quadratic model. The quadratic models of yi for four input
parameters can be written as follows:

YMRR ¼ a0 þ
X4
i¼1

aixi þ
X4
i¼1

aiix
2
i þ

X4
j>i

aijxixj ð6Þ

where α0 is constant for MRR, and αi represents the
coefficients of linear terms. The quadratic and interaction
terms are denoted by αii and αij, respectively. Here, xi is the
variable corresponding to process parameters such as on-
time, off-time, average voltage and ceramic volume fraction.
The response surface may contain linear terms, squared
terms and interaction terms. The proposed quadratic model
of Yi in this study investigates over the entire process
parameter space. The necessary data for building the
response model was collected by the design of experiments.
These experimental results are shown in the CCD design
matrix (Table 3).

Table 2 Experimental parameters settings (central composite)

Level Pulse on-time, A (μs) Pulse off-time, B (μs) Average voltage, U (V) Volume fraction, Vf (%)

−2 0.4 12 40 10

−1 0.4 12 40 10

0 0.7 14 45 20

+1 1 16 50 30

+2 1 16 50 30
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The constants and coefficients for the model were
determined by using the experimental results. The final
form of the model is shown below:

MRR ¼ 75:2343þ 153:55� Að Þ � 1:68382� Bð Þ � 0:525� Uð Þ
� 2:55906� Vf

� �þ 44:2603� A2
� �þ 0:0548343� V 2

f

� �
� 3:75� ABð Þ � 1:25� AUð Þ � 1:41667� AVf

� �þ 0:0375BVf

� �
ð7Þ

The adequacy of the proposed models was also checked
by the variance analysis (F test). The R value for the MRR
model is 0.99. It indicates very good fit and agreement
between experiments and the model predictions. Table 4
shows the analysis of variance of the presented response
surface regression equation. In the next section, develop-
ment of semi-empirical model using dimensional analysis
and non-linear estimation is presented. Comparisons be-
tween the predictions of these empirical and semi-empirical
models are made in the following section.

4 Development of dimensional analysis model

It has been demonstrated that the MRR can be predicted
using empirical models such as response surface models.
However, these models are limited to the machining
settings parameters and they do not consider the effects of
work material properties on the process performance.
Therefore, it was decided to develop a model which
includes the machining parameters as well as material-
specific parameters.

The present work uses the technique of dimensional
analysis to develop a semi-empirical model of MRR in
WEDM of Al/SiC composites. Dimensional analysis is a
method by which we deduce information about a phenom-
enon from the single premise that the phenomenon can be
described by a dimensionally correct equation among
certain variables. The theory of dimensional analysis is
the mathematical theory which is purely algebraic. The
application of dimensional analysis to a practical problem is
based on the hypothesis that the solution of the problem is
expressible by means of a dimensionally homogeneous
equation in terms of specified variables [44].

Table 3 Results of the statistically designed experiments

Std. No. A B U Vf MRR, mm2/min

1 0.4 12 40 10 48

2 1 12 40 10 118

3 0.4 16 40 10 36

4 1 16 40 10 98

5 0.4 12 50 10 36

6 1 12 50 10 100

7 0.4 16 50 10 26

8 1 16 50 10 78

9 0.4 12 40 10 48

10 1 12 40 10 116

11 0.4 16 40 10 36

12 1 16 40 10 98

13 0.4 12 50 10 36

14 1 12 50 10 100

15 0.4 16 50 10 26

16 1 16 50 10 78

17 0.4 12 40 30 38

18 1 12 40 30 90

19 0.4 16 40 30 28

20 1 16 40 30 72

21 0.4 12 50 30 26

22 1 12 50 30 72

23 0.4 16 50 30 20

24 1 16 50 30 56

25 0.4 12 40 30 38

26 1 12 40 30 90

27 0.4 16 40 30 28

28 1 16 40 30 74

29 0.4 12 50 30 28

30 1 12 50 30 74

31 0.4 16 50 30 20

32 1 16 50 30 56

33 0.4 14 45 20 28

34 1 14 45 20 78

35 0.7 12 45 20 56

36 0.7 16 45 20 42

37 0.7 14 40 20 56

38 0.7 14 50 20 42

39 0.7 14 45 10 62

40 0.7 14 45 30 47

41 0.7 14 45 20 49

42 0.7 14 45 20 50

43 0.7 14 45 20 50

44 0.7 14 45 20 50

45 0.7 14 45 20 51

46 0.7 14 45 20 50

Table 4 Analysis of variance

Source DF SS MS F P

Regression 10 31,251.6 3,125.16 3,000 0.000

Residual error 35 35.9 1.03

Lack-of-fit 14 25.9 1.85 3.89 0.03

Pure error 21 10 0.48

Total 45 31,287.5
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In WEDM of MMCs, the material removal is by melting
and/or evaporation of the electrically conductive phase, i.e.
aluminium in the present case. A possible mechanism for
formation of craters is that sparks are formed at the
conductive phase. Similar findings were reported by
Gadalla in electric discharge machining of WC-Co [45,
46]. In addition, it has also been observed and reported by
many other researchers [24, 29, 30, 34]. The same
mechanism might be possible due to low melting temper-
ature and high electrical conductivity of the aluminium
alloy as compared to the ceramic (SiCp) reinforcements.
This “selective sparking” between aluminium alloy and the
cathode wire might be attributed to the high electric
resistance of the ceramic (SiC) reinforcements. Thus, the
spark might, obviously, follow the path of least resistance
and jump on the conductive aluminium alloy matrix. This
electrical energy in the form of spark energy transferred
into heat energy. Maximum part of this heat energy is
delivered to the anodic work piece in the first few
microseconds. Therefore, in WEDM, even at small on
times, the temperature of anode is raised beyond boiling
point temperature of the matrix alloy. During off-time, the
insulating phase (SiCp) is dislodged, and the resulting
cavities are partially smeared by the liquid phase. The
residual cavities depend on the amount of molten metal.
Thus, the part of heat conducted into the work piece and the
amount of molten material was found to be influenced by
the thermal properties of the work material. The amount of
electrical energy, i.e. spark energy and intensity of
discharge power, might be influenced by the electrical
properties of the electrodes. Besides, the supplied energy in
the spark gap is determined by the pulse parameters such as
on-time, peak discharge current and voltage.

Thus, based on the literature, it can be said that no single
material property of the work or tool material can predict its
eroded volume. The electrical, thermal properties along
with the pulse condition might determine the performance

of the WEDM process. The thermal, physical properties of
the material as well as the pulse on-time and average gap
voltage are found to be the most significant parameters for
MRR [39, 47].

In the developed model, the thermo-physical properties
of the machined materials like thermal conductivity,
electrical conductivity, density, specific heat, melting
temperature, thermal coefficient of expansion and latent
heat of fusion were considered. The machining process
parameters such as pulse on-time and average gap voltage
were also considered along with these material properties.
The dimensions of these variables as well as their values for
the machined materials are shown in Table 5.

Applying dimensional analysis, the MRR, V can be
given by an equation of the form,

V ¼ f Ton; U ; r; K; s; Cp; Tm; "; Lf
� � ð8Þ

where, Ton is the pulse on-time, and U is the average gap
voltage. The units of on-time and gap voltage are
microsecond and voltage, respectively. Further, the dimen-
sions for on-time and gap voltage are T and ML2T−3I−1,
respectively.

4.1 Buckingham's π theorem

In the present study, this theorem is used to assemble all
variables appearing in the problem in a number of
dimensionless products (πs). The required relations con-
necting the individual variables are determined as algebraic
expressions relating πs.

A dimensional matrix is then formulated as shown in
Table 6, where the dependent as well as independent
variables are defined as per their fundamental dimensions
[44], where x1, x2, x3, x4, x5, x6, x7, x8, x9 and x10 are the
indices of the variables in Eq. 8, respectively.

It is necessary to choose the repeating and non-repeating
variables to develop a model using the П-theorem. The

Table 5 Units, dimensions and thermo-physical properties of the machined materials

Properties Symbol Dimensions Work piece material

Al/SiCp/10% Al/SiCp/20% Al/SiCp/30%

Density, kg/m3 Ρ ML−3 2,710 2,765 2,798

Thermal conductivity, W/m-K K MLT−3θ−1 156 150 144.5

Electrical conductivity, Siemens/m Σ M−1L−3T3I2 19.83×106 15.3×106 11.136×106

Specific heat, J/kg-K Cp L2T−2θ−1 879 837 795

Melting point, K Tm θ 828 828 828

Thermal coefficient of expansion, K−1 Ε θ−1 20.7 17.46 14.58

Heat of fusion, J/kg Lf L2T−2 389×103 389×103 389×103

M mass, L length, T time, θ temperature, I current
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number of repeating variables is equal to the number of
fundamental dimensions. Thus, five variables were selected
as repeating variables on the basis of the following
conditions:

1. The dependent variable (MRR) should not be the
repeating variable.

2. The repeating variables should be of different properties.
3. Repeating variables should not form a dimensionless

group.
4. Repeating variable together should have the same number

of fundamental dimensions (five in the present case).
5. No two repeating variables should have the same

dimensions.

Thus, machining setting parameters (on-time and aver-
age voltage) along with melting temperature and heat of
fusion were selected as the non-repeating parameters. The
dependent variable, MRR, was also selected as non-
repeating variable. Other properties of work materials were
thus chosen as the repeating parameters.

If an equation is dimensionally homogeneous, it can be
reduced to a relation with a complete set of dimensionless
products. Therefore, if n variables are connected by
dimensionally homogeneous equation, the equation can be
expressed in the form of a relation between n–r dimen-
sionless products πs, where n–r is the number of products
in a complete set, where n is the number of variables and r
is the rank of matrix shown in Table 6. In most cases, r is
equal to the number of fundamental dimensions in the
problem. In the present case, the fundamental dimensions
are mass (M), length (L), time (T), temperature (θ) and
current (I). Therefore, since the total variables are ten and
the fundamental dimensions are five,

n=10 and r=5,
hence,

n�r ¼ 5 in the present study

Therefore,

f Π1; Π2; Π3; Π4; Π5ð Þ ¼ 0 ð9Þ

Now, the dimensional formula for the relation in Eq. 8
can be written as

L3T�1½ �X1 T½ �X2 ML2T�3I�1½ �X3 q½ �X4 L2T�2½ �X5 M�1L�3T 3I2½ �X6

L2T�2q�1
� �X7

MLT�3q�1
� �X8

ML�3½ �X9 q�1
� �X10 ¼ M 0L0T0q0I0

� �
:

ð10Þ

By equating the powers of the fundamental units on
both sides of Eq. 10, a set of simultaneous equations are
obtained. These equations are later solved to obtain the
magnitudes of these constants. The five dimensionless
products are then determined by solving for the xs.
The results of dimensional analysis are shown in Table 7.
The detailed derivation of this model is given in the
Appendix.

Hence, as per the results shown in Table 7, the following
complete set of dimensionless products is obtained:

Y
1
¼ V

ffiffiffiffiffiffiffiffi
Cp

a4"

r

a ¼ K

rCp

Dimensions Model parameters

x1 x2 x3 x4 x5 x6 x7 x8 x9 x10
V Ton U Tm Lf σ Cp K ρ ε

M (mass) 0 0 1 0 0 −1 0 1 1 0

L (length) 3 0 2 0 2 −3 2 1 −3 0

T (time) −1 1 −3 0 −2 3 −2 −3 0 0

θ (temperature) 0 0 0 1 0 0 −1 −1 0 −1
I (current) 0 0 −1 0 0 2 0 0 0 0

Table 6 Model parameters in
the form of their fundamental
dimensions

Table 7 Results of dimensional analysis

Π1 Π2 Π3 Π4 Π5

x1 1 0 0 0 0

x2 0 1 0 0 0

x3 0 0 1 0 0

x4 0 0 0 1 0

x5 0 0 0 0 1

x6 0 0 1/2 0 0

x7 2.5 2 0 0 −1
x8 −2 −1 −1/2 0 0

x9 2 1 0 0 0

x10 −1/2 −1 1/2 1 1
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where α=thermal diffusivity, m2/s,

Y
2
¼ TonCp

a"Y
3
¼ U

ffiffiffiffiffiffi
s"
K

r
Y

4
¼ Tm"Y

5
¼ Lf "

Cp

Note that Eq. 9 can also be written as

Π1 ¼ f Π2; Π3; Π4; Π5ð Þ ð11Þ
Therefore, the final form of the model can be written as

below:

V ¼ A

ffiffiffiffiffiffiffiffi
a4"

Cp

s
CpTon
a"

	 
a U 2s"
K

	 
b

Tm"ð Þc Lf "

Cp

	 
d

ð12Þ

where, A is the coefficient, and a, b, c and d are the power
indexes of the corresponding dimensionless bracket, i.e. Πs.

The most noticeable aspect in this model is the
appearance of thermal coefficient of expansion (ε) in all
the dimensional products. It suggests the significance of
this property in WEDM process.

The semi-empirical model of the MRR shown as Eq. 12
includes both the machining process parameters as well as
the thermo-physical properties of the work material. The
coefficients (A) and the power indices (a, b, c and d) in
Eq. 12 need to be calculated. Therefore, a set of experi-
ments has been conducted, and based on these experimental
results, the coefficients and power indices of Eq. 12 have
been determined by using non-linear estimation.

In the most general terms, non-linear estimation com-
putes the relationship between a set of independent
variables and a dependent variable. Estimation is the
process of fitting a mathematical model to experimental
data to determine unknown parameters in the model. The
parameters are chosen so that the output of the model is the
best match to the experimental data. The estimation process
is often non-linear because the observed data do not vary in
direct proportion to the parameters in question.

In the present case, non-linear estimation methods,
namely, the simplex and quasi-Newton, were employed to
determine the model parameters.

The experiments were performed by using Charmilles
technology WEDM machine tool (Robofill 290). Plain
brass wire (CuZn37) was employed as the electrode. The
diameter of wire was 0.25 mm. Deionised water was used
as the dielectric. The electrical conductivity of the dielectric
was maintained at 15 μS/cm. The temperature of dielectric
was maintained at 22°C. Table 8 shows the machining
parameter settings used for the experiments.

The adequacy of these models is checked by the
correlation coefficient R, the mean error ME, the root mean
square error RMSE and the average percentage error,
ΔEav%. For this analysis of correlation, the following
equations were used:

ME ¼ 1

n

Xn
i¼1

Yi � Yð Þ ð13Þ

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n

Xn
i¼1

Yi � Yð Þ2
s

ð14Þ

ΔEav% ¼ 1

n

Xn
i¼1

Yi � Y

Yi
� 100 ð15Þ

where, Yi is the ith result from the model, and Y is the
corresponding experimental result. The coefficients and
power indices determined by using non-linear estimation
are shown in Table 9.

5 Discussion

Figure 1 shows the topography of the machined surfaces. It
shows the evidence of the melting of the work piece
material due to WEDM. The recast layer is the layer of re-
solidified aluminium alloy which was melted under the
action of WEDM. The surface morphology also shows
liquid-like formation on the machined surfaces.

Table 8 Fixed machining parameters

Fixed parameters Fixed level

Workpiece height 20 mm

Length of cut 20 mm

Angle of cut Vertical

Location of the workpiece on the
table

Centre of the table

Temporary reduction in
frequency (FF)

100

Tac 0.4 μs

Pulse off-time 12 μs

Wire speed 10 m/min

Wire tension 10 N

Pulse on-time 0.2, 0.4, 0.6, 0.8 and 1.0 μs

Average gap voltage 40, 45, 50 V

Work materiala Al/SiCp/10%, 20% and 30%

Wire electrode Brass wire, 0.25 mm diameter,
CuZn37

Dielectric Deionised water, 15 μS/cm

a Duralcan MMCs
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Results of experiments and predictions of two models,
empirical and semi-empirical, are shown in Figs. 2, 3, 4
and 5.

These results show that the MRR of Al/SiCp/10%
composites is much better as compared to the 20% and
30% ceramic reinforced composites. This may be attributed
to lower thermal coefficient of expansion, low thermal
conductivity, lower thermal diffusivity and lower electrical

conductivity of the 20% and 30% SiC reinforced MMCs.
Besides, the high percentage of ceramic reinforcement not
only changes the thermo-physical properties of the material
but also affects the machining performance by alterations
caused in the gap status.

The results indicate that the model is dependent on the
materials of the work piece and therefore cannot be
represented by a set of universal coefficients and power
indexes for all the materials studied. The model indicates
that coefficient of thermal expansion is the most important
property in WEDM since it appears in all the brackets of
the model. In addition, thermal diffusivity and Ton seem to
be the significant variables.

The energy that is delivered to the workpiece by the
plasma channel can be divided into two parts. One is used
to heat up the workpiece, while the other part is conducted
into the workpiece. Thus, the amount of heating and
volume of molten material is determined by the thermal
diffusivity and the melting temperature of the workpiece
material. The thermal diffusivity is further determined by
the thermal conductivity, specific heat and density. The total
molten metal, however, does not flush away, and some
parts of this molten volume remain on the workpiece

Table 9 The coefficients and indexes of the material removal rate
model

Al/SiCp/10% Al/SiCp/20% Al/SiCp/30%

A 2.254 2.086 1.966

A 1.1775 1.1535 1.1154

B −2.3403 −1.959 −2.266
C −0.237 −0.8673 −1.1
D 0.1514 0.5688 1.05

R 0.999 0.996 0.995

ME −0.06 0.043 −0.15
RSME 1.2 2.3 2.01

ΔEav% 0.04 0.001 0.021

Fig. 1 Machined surface of (a) Al/SiCp/20% composite and (b) Al/SiCp/30% and recast layer of (c) Al/SiCp/20% composite and (d) Al/SiCp/30%
metal matrix composite
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surface as a recast layer (Fig. 1). The ejection of molten
material at the end of the on-time removes significant
amount of molten metal and also determines the fraction of
total molten material effectively removed from the workpiece.
The efficiency of ejection of this molten material from the
surface was found to depend on the thermal coefficient of
expansion, the amount of molten material, discharge channel
radius, thermal properties of the material and the flushing
conditions [48]. The present model agrees with these
findings, where the coefficient of thermal expansion was
found to be the most influential material property along with
thermal diffusivity on the MRR. In addition, the on-time
which determines the discharge energy as well as the
discharge channel radius was also found to influence the
MRR. However, in the present case, the volume fraction of
the ceramic reinforcements was also found to affect the
MRR significantly. Although, the effect of ceramic reinforce-
ments was taken into account while determining the

properties of these materials, additional effect of ceramic
reinforcements in terms of gap contamination, change in
fluidity of the molten material and the ejection efficiency of
the molten metal might also be significant.

Comparisons of the predicted results using the RSMmodel
and the semi-empirical model are presented in Figs. 2, 3, 4
and 5. Results show good agreement between the two
different models and the experiments. However, a significant
difference exists between MRR predicted by the RSM and
the semi-empirical model at 0.2 µs on-time. The RSM model
predicts higher MRR as compared to the semi-empirical
model and the experimental results. This difference might be
attributed to the role of dislodged SiC particles in the spark
gap. These particles may alter the gap status. At lower on-
time, the energy in the gap is not enough, and the presence
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of insulating SiC particles in the gap reduces the MRR
significantly. Therefore, at low spark energy, the RSM model
could not predict as accurately as the semi-empirical model.
In addition, the range of parameters selected for the RSM
experiments was between 0.4 and 1 µs on-time.

Compared to all the empirical models proposed earlier,
the semi-empirical model is mainly based on the thermal,
physical and electrical properties of the work along with
the machining process parameters on-time and average
voltage. Although this model is not universal, the
teamwork of dimensional analysis and statistical methods
makes this methodology a very good option to look into
further issues of the process in more details. This
methodology can be further employed for investigating
the surface quality of the machined surfaces as well as for
wire tool performance.

6 Conclusions

A different approach, combination of dimensional analysis
and non-linear estimation methods, is used in the modelling
of WEDM of difficult-to-cut MMCs. Finally, the following
conclusions can be drawn:

& The predictability of the RSM and the semi-empirical
model is more than 99%.

& Predictions of the empirical as well as empirical models
agree significantly with the experiments. However, the
agreement was found to be limited at low level of pulse
on-time (0.2 µs).

& The coefficients and power indices of the model
suggests that pulse on-time and thermo-physical prop-
erties such as coefficient of thermal expansion, thermal
diffusivity and melting point temperature are significant
parameters on MRR.

& The experimental results show that increased percentage
of ceramic particulates in the MMC causes decreased
MRR. The decrease in MRR is almost 12% with an
increase of 10% in ceramic reinforcements.

& Although the present models may not be suitable for
different machining conditions, the methodology can be
employed in the process to study the process in further
details.

& It could be used to unveil the issues such as wire
performance, gap status and surface integrity of the
machined components.
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Appendix

The set of simultaneous equation:

x3 � x6 þ x8 þ x9 ¼ 0
3x1 þ 2x3 þ 2x5 � 3x6 þ 2x7 þ x8 � 3x9 ¼ 0
�x1 þ x2 � 3x3 � 2x5 þ 3x6 � 2x7 � 3x8 ¼ 0
x4 � x7 � x8 � x10 ¼ 0
�x3 þ 2x6 ¼ 0

ð16Þ

This simultaneous equation can be written in the matrix
form:AX=C1

A ¼

�1 0 1 1 0
�3 2 1 �3 0
3 �2 �3 0 0
0 �1 �1 0 �1
2 0 0 0 0

����������

����������
X ¼

X6

X7

X8

X9

X10

����������

����������
ð17Þ

Then, assigning x1=1 and x2 to x5=0 gives the following
equation:

C ¼ 0 �3 1 0 0½ �T
X ¼ 0 2:5 �2 2 �0:5½ �T ð18Þ

Therefore,

Y
1
¼ V

ffiffiffiffiffiffiffiffi
Cp

a4"

r
ð19Þ

where,

a ¼ K

rCp
ð20Þ

Then, using the procedure further, x2=1, x3=… were
assigned to determine π2, π3, π4 and π5.
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