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Electrical Discharge Machining of Al6063/SIC
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Abstract—Metal  matrix composites (MMC) are generating
extensive interest in diverse fields like defense, aerospace, € ectronics
and automotive industries. In this present investigation, material
remova rate (MRR) modeling has been carried out using an
axisymmetric model of Al-SiC composite during electrical discharge
machining (EDM). A FEA model of single spark EDM was
developed to calculate the temperature distribution.Further, single
spark model was extended to simulate the second discharge. For
multi-discharge machining material removal was caculated by
calculating the number of pulses. Validation of model has been done
by comparing the experimental results obtained under the same
process parameters with the analytical results. A good agreement was
found between the experimental results and the theoretical value.

Keywords—Electrical Discharge Machining,FEA, Metal matrix
composites, Multi-discharge

NOMENCLATURE

EDM Electrical discharge machining
MRR Material removal rate (mm>min)
NOP Number of pulses

PRMMC  Particlereinforced metal matrix composite
P Fraction of heat input

\% Voltage (V)

| Current (A)

QN Heat flux (W/m?)

R Spark radius (um)

r Radial coordinate of the workpiece
K Thermal conductivity (W/mK)

T Temperature variable (K)

To Initial temperature (K)

Ton Spark-on time (Us)

Toit Spark-off time (us)

X,y Cartesian coordinate

Co Specific heat (JkgK)

C, Crater volume (un)

hy Coefficient of heat transfer of dielectric fluid
h, Coefficient of heat transfer of air

|. INTRODUCTION

In the present scenario there is a gradua growth ofdifferent
types of material like composites, ceramics.
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These materials possess some specific material properties
like strength to weight ratio. These materials have better
mechanical properties than dloys, so machining them is a
cumbersome task because of high tool wear rate.

The definition of composites can be restricted to include
only those materials that contain reinforcement supported by a
binder (matrix) materia [1]. Thus, composites typically have a
discontinuous reinforcement or particle phase that is stiffer
and stronger than the continuous matrix phase. These
advanced composites are considered to be an excellent
candidate for high temperature structural materials [2].

An Aluminium aloy with SIC reinforcement has replaced
the conventional materials in aerospace, automobile and
automotive industries [3]. Li et a. [4] showed that the SIC
reinforcing particles have the strongest effect on improving
the strength of the composite as compared to other ceramic
particles (CrsC,, TiC and Ti(C, N)). SIC reinforcing particles
exibits higher fracture toughness and hardness as well as a
limited decomposition to increase matrix strength. In contrast
to high tool wear and high cost of tooling with conventional
machining, noncontact material removal process offers an
attractive aternative [5, 6]. Among the non-conventiona
machining methods EDM has proved to be the most prominent
machining method to machine composite materias. Muller et
al. [7] investigated materid remova mechanism of EDM and
laser cutting while machining AA2618-20%SiCp and A356-
35%SiCp with Cu tool electrode. Both processes proved to be
suitable for machining PRMMCs, laser provides significant
advantages in terms of removal rate. EDM however induced
less thermal damage than that was observed using the
laser.Dhar et a. [8] developed a second order, non-linear
mathematical model for establishing the relationship among
machining parameters. Kanagarajan et al. [9] aso developed a
statistical models based on second order polynomial equations
for the optimization of different process characteristics, using
non-dominated sorting genetic algorithm (NSGA-I1).Witold et
al. [10] presented a FEA model to predict the thermal stresses
induced during the cooling of Cr-Al,O; composite processed
by sintering. Manda et a. [11] developed a mathematical
model using regression analysis to predict the wear behavior
of the MMCs. The wear of MMC is much lesser in
comparison with hardened; tempered AlSI 4340 steel.

Literature reports extensive studies on various aspects of
EDM process, but very less attention has been given to FEA
modelling of EDM process for MMC. There are certain
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difficulties involved in the modelling of MMC's lig,
macroscopic combination of two or more distinct eniais
having a recognizable interface between them, nofoun
distribution due to improper mixing etc.

In the present investigation a FEA model has beqag) or

developed, for single discharge EDM. Different aspeof
machining have been considered like pulse-on tpokse-off
time, number of pulses, spark gap etc. Further, single
discharge model has been extended to predict theemture
distribution forsecond discharge. Later, the preicresults
obtained from the model
experimental results and very good co-efficientofrelation
has been found between predicted and experimergalts.

Il. THERMAL MODEL OFEDM

In EDM of AlI6063/SiC composite, the matrix material
melts at a relatively low temperature, but theggerature rise

is insufficient for reinforced particles to meltftér melting of
matrix,in the absence of matrix material the reioément
evacuatesfrom the crater without getting meltece fode of
heat transfer in solid is through conduction antiveen the
dielectric and workpiece is through convection. Ttiowing

assumptions are made in the present analysis te pralblem
mathematically feasible:

A. Assumptions

» The workpiece domain is considered to be axisymmetr
 The composition of workpiece material is
homogeneous.

» The heat transfer to the workpiece is by conduction
* Inertia and body force effects are negligible dgrstress
development.

» The workpiece material is elastic-perfectly plastia yield
stress in tension is same as that in compression.

» The initial temperature was set to room temperaisimgle
discharge analysis.

» Analysis is done considering 100% flushing effiagn

» The workpiece is assumed as stress-free before EDM.

» The thermal properties of workpiece material anesatered
as a function of temperature. It is assumed thattduhermal
expansion, density and element shape are not effect

* The heat source is assumed to have Gaussian digiritof
heat flux on the surface of the workpiece.

B. Governing Equation

The governing heat transfer differential equatioitheut
internal heat generation written in a cylindricabadinates of
an axis symmetric thermal model for calculating tieat flux

is given by [12].
K, a—Tj+i(Ka—Tj 1)
or) 0z\ 0z

o

Where p is density, ¢ is specific heat, K is thermal

conductivity of the workpiece, T is temperaturés the time
and r& z are coordinates of the workpiece.

have been verified with the

quasi-

C.Heat Distribution

Plasma channel incident on the workpiece surfacsesa
the temperature to rise in the workpiece. The ithstion of
plasma channel can be assumed as uniform disk es¢LB¢
Gaussian heat distribution [17]-[21], for
EDM.Gaussian distribution of heat flux is more istid and
accurate than disc heat source.Fig. 1 shows thensaiic
diagram of thermal model with the applied boundary

conditions.
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Fig. 1 An axisymmetric model for the EDM procegsuiation

D.Boundary Conditions

The workpiece domain is considered to be axisymimetr
about z axis. Therefore taking this advantage,yaigls done
only for one small half (ABCD) of the workpiece. &h
workpiece domain considered for analysis is shawfig. 1.1t
is clearly evident from Fig. 1that the maximum hieaut will
be at point A.

On the top surface, the heat transferred to thépiece is
shown by Gaussian heat flux distribution. Heat fispapplied
on boundary 1 upto spark radius R, beyond R coioretakes
place due to dielectric fluids. As 2 & 3 are faorfr the spark
location no heat transfer conditions have been rasdufor
them. For boundary 4, as it is axis of symmetry teat
transfer is zero.

In mathematical terms, the applied boundary cootitiare
given as follows:

K g—-zr =Q(r),when R< r for boundary

K g—-zr =h, (T -T,),when R> r for boundary
Z—T =0, at boundary 2, 3 &
n

wherehis heat transfer coefficient of dielectric flui@(r) is
heat flux due to the spark ang i the initial temperature.
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E. Material Properties

The material properties of matrix and reinforcemearg
given in Table | and Table Il respectively.

F.Heat Flux

A Gaussian distribution for heat flux [21] is as®dnin
present analysis.

4.45PVI r\?

where P is the percentage heat input to the wotkpié is the
discharge voltage, | is the current and R is tharlspadius.
Earlier many researchers have assumed that there feat
loss between the tool and the workpiece. But Yaztaal. [21]

have done experiment on conventional EDM and cated|
the value of heat input to the workpiece to be 0S¥&nkar et
al. [22] calculated the value of P about 0.4-0.mgsvater as
dielectric.

G.Spark Radius

During the spark-on time the size of plasma doeésermain
constant but it grows with time [17], mainly dependpon
electrode material and polarity. DiBitonto et al7] have
calculated the radius of plasma discharge chamneid form
of integral equation for rectangular pulses. Erf28] further
integrated this equation and found that the radfudischarge

Shape of meshed crater

Shape of assumed crater

Fig. 2 Assumed crater morphology

where r is the radius of spherical dome and h jgrdef
dome. And the volume is calculated by given fornafla
spherical dome volume.

’ =%nh(3r2+h2) (5)

The NOP can be calculated by dividing the total nidiag
time to pulse duration as given in (6).

TABLE |
CHEMICAL COMPOSITION AND THERMAL PROPERTIES OFAL6063AT ROOM
TEMPERATURE

Chemical Composition

Element Al Cr Cu Mg

Mn Si Ti Zn

Content (%) 975 0.1 0.1 045-09 035 0.1 04 1

Thermal Properties

; R Thermal Conductivity 210 W/mK
_chaznnel depends upon the discharge power and #ngéven Co-efficient of Thermal Expansion 23.4x10-6
in (2). Specific Heat 900J/kgK
R (t) =ZpP'f A3) Density 2700 Kg/ni
Melting Temperature 952K
where, P is the discharge power, t is time and Znohn are Mechanical Properties
empirical constant, Z is a function of the discleatgngth, Modulus of Elasticity 68.9 GPa
iven b Poisson’s Ratio 0.33
9 y Tensile Yield Streng: 214MP¢
L
= 4)
Im+0.5N TABLE II
— — CHEMICAL COMPOSITION AND THERMAL PROPERTIES OFSIC AT ROOM
m—M+O._5N gnd n=N TEMPERATURE
where, | is discharge length.
There is no realistic and reliable model reported t  Chemical Composition
determine the spark radius. In present analysikgpaius is  Eement SiC (Pure)
taken as 120 pm. Content (%) 98 2

H.Modeling Procedure

Thermal Properties

EDM is a complicated process that requires a pawésbl
to simulate the process. In present analysis thnelation has
been done on ANSYS.

In present analysis a three dimensional model midsion

500pmx200umx=30um has been created with spherepoh 30

diameter in it. The number of reinforced particlashbeen
calculated by using “Rule of mixture” applied tongposite
materials. The element selected for analysis itQetode 87.

|. Determination of material removal rate

MRR prediction depends upon the crater morpholddne
morphology of crater is assumed to be sphericaledshape.

Thermal Conductivity 120 W/mK
Co-efficient of Thermal Expansion 4x10-6
Specific Heat 750J3/kgK
Density 3210 Kg/ni
Melting Temperature 3003K
Mechanical Properties
Modulus of Elasticity 415GPa
Poisson’s Ratio 0.33
Tensile Yield Strength 550MPa
NOP = Toeen (6)
Ton +Tof'f

whereTachis the machining time, fis pulse-on time and,f
is pulse-off time. Knowing the @nd NOP one can
easilyderive the MRR for multi-discharge by usiig. (
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MRR = M )
mach
By using(4)-(6) material removal rate for multi-cligrge
with the help of single-spark model can be caladafable 3

shows the process parameters used for modeling [25]

[ll.  RESULTS ANDDISCUSSION

Results have been obtained for the single spark ai

considering Al6063/SiC as workpiece material. Terapge
distribution in the workpiece has been shown in Big

It is clearly evident from Fig. 3 that the maximum

temperature occurs at the top surface on the diertenf the
workpiece, where the intensity of heat flux is rmaxm
according to Gaussian distribution of heat flux.

TABLE 11l
PROCESSPARAMETERS USED TOSIMULATE THE EDM PROCESS IN
AL6063/3C CoMPOSITE[25]

Properties Value
Fraction of heat input (P) 0.08
Voltage (V) 60V
Current (1) 9,13A
Initial temperature (J) 298 K
Co-efficient of heat transfer of dielectric fluibi( 10000 W/mK
Pulse-on time () 70, 170, 270 ps
Pulse-off time (Tx) 29, 45,77 us
Spark radius (R) 120 pm

Fig. 3 Temperature distribution at the end of tingle spark at

V=60V, I=9A, P=0.08 and J, = 70us

Fig. 4 shows the FEA model after material removtais
evident from the temperature distribution that, imigrthe
spark-on time the temperature rises in the workpiaad
temperature rise is sufficient enough to melt tregrin due to
its low melting temperature but the reinforcemesrthains in
solid form due to its very high melting temperatuidter the
melting of matrix material no binding exists betwethe
matrix and reinforcement, therefore the
evacuates the crater without getting melted.

cooling period. Fig. 5 shows the temperature distion at the
end of pulse-off time. Most of the heat is takerapby the
dielectric fluid through convection and some pdrtheat is
taken away by molten metal.

Evacuated reinforced particle after
" melting of matrix

Fig. 5 Temperature distribution at the end of this@-off time of
77us.

IV. FEA MODEL EXTENDED TO SECOND DISCHARGE

Simulation of second discharge pulse has also bagied
out using coupled thermal structural analysis. DMEthe
location of next discharge depends upon the digtect
breakdown. In present analysis, for a particularchrang
condition inter-electrode gap is kept constant. eAffirst
discharge slight deformation occurs causing reduadti spark
gap by 0.977um, as shown in Fig. 6.lt causes thd ne
discharge to occur at the top edge of the crateatéml at
60pm away from first discharge location.

Fig. 7 shows the simulated model of workpiece aftzrond
discharge. In this case the crater formed is lattygn previous
crater, because of the heat flux applied on theecradge and

reinforcetme due to higher initial temperature. As a result thaterial

removal rate is higher in the second discharge thanof the

During the pulse-off time plasma channel does ndste first discharge, but it causes poor surface fifishause of the

between the two electrodes, therefore no heatdpplied on
the workpiece. During the pulse-off time only cooten
takes place between the workpiece and dielectrid.fl

uneven crater formation.

The workpiece was assumed to be at room temperature

initially, but after first discharge there is a ealerable
increase in the temperature of the workpiece ever the
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Fig. 7 Crater formation after sustained single luisge

V.MODEL VALIDATION

Model validation has been done by comparing theipted
MRR with the experimental results [25].Fig. 8 shothe
comparison between theoretical
values.The predicted MRR shows a coefficient ofelation
of 87%with the experimental MRR. There were so
deviations in the model when compared to the erpantal

data, this could possibly be due to some simplgyin

assumptions taken in the present numerical mokiel 100%
flushing efficiency, no ignition delays, no depasit of recast
layer, etc. In practice, the melted material is fody flushed
from the crater, a considerable amount of melteders
again solidifies in the crater and forms the redagér. The
ideal conditions for machining are not realized die
improper flushing of debris and arcing into theemglectrode
gap during the machining with high energy dischartas,
reducing the actual MRR. The MRR is mainly influeddy
spark gap, lift, sensitivity and dielectric fluidn present
analysis dielectric fluid is not playing an impaortaole. It is
coming into picture only for convection, but in aa&t it is a
very important factor to be considered while mattgn The

material removal is mainly caused by melting an{!

vaporization of material. Molten metal is taken swsy the
dielectric fluid, but at the same time the molteetah are
under very high pressure due to plasma channelegidd
property of molten metal also caused problem ineneait
removal. However, it is very difficult to model amtorporate

MRR and experiment

all theseeffects in the analytical model. The rastdported in
present analysis shows that the trends of the qgieztiresults
and experimental results are almost same.

—<&— MRR (Exp.)
50 N

MRR (Th.)

012 3 456 7 8 9 10111213 141516 17 18
Exp. No.
Fig. 8 Comparison of predicted MRR with experiméntdue

VI. CONCLUSION

In the present investigation, an axisymmetric thedrmodel
is developed to predict the material removal rate i
Al6063/SiC composite. The important features o$ ghiocess
such as individual material properties, shape arel af heat
source (Gaussian heat distribution), percentadeaf input to
the workpiece, pulse on/off time are taken intooaet in the
development of the model. FEA based model has been
developed to analyze the temperature distributiod &s
effect on material removal rate. To validate thedslpthe
predicted theoretical MRR is compared with the
experimentally determined MRR values. A very good
agreement between experimental and theoreticaltsebas
%Fen obtained.It is evident from the analytical elothat

aterial removal in second discharge is more thagles
discharge, because of initial temperature and speckirs on
Erater ridge.During the EDM there is very high temwrgiure
rise in the workpiece but still it is not enough reelt the
reinforced particle, so particles evacuates withoatting.The
model developed in present study can be furthed tesebtain
residual stress distributions, thermal stress idigion
mechanism of reinforcement particle bursting phesaom.
The follow-up publicationwill consider more realist
machining conditions and effects of different pmxe
parameters on the residual stress and thermals sividls be
investigated.A very complex phenomenon occurs atctiater
while material removal. The follow-up publicationsll also
consider the modeling of dielectric fluid, molteraterial and
plasma channel at the discharge crater, using ©BD t
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