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This paper deals with studying the effect of powder mixing electrical discharge machining (PMEDM) pa-
rameters using copper and graphite electrodes on the white layer thickness (WLT), the total heat flux
generated and the fatigue life. Response surface methodology (RSM) was used to plan and design the
experimental work matrices for two groups of experiments: for the first EDM group, kerosene dielec-
tric was used alone, whereas the second was treated by adding the SiC micro powders mixing to dielectric

f‘:(eDyl\)Al/ords: fluid (PMEDM). The total heat flux generated and fatigue lives after EDM and PMEDM models were de-
PMEDM veloped by FEM using ANSYS 15.0 software. The graphite electrodes gave a total heat flux higher than
Silicone carbide powder copper electrodes by 82.4%, while using the SiC powder and graphite electrodes gave a higher total heat
RSM flux than copper electrodes by 91.5%. The lowest WLT values of 5.0 um and 5.57 pm are reached at a high
FEM current and low current with low pulse on time using the copper and graphite electrodes and the SiC
WLT powder, respectively. This means that there is an improvement in WLT by 134% and 110%, respectively,

Total heat flux
Fatigue life

when compared with the use of same electrodes and kerosene dielectric alone. The graphite electrodes
with PMEDM and SiC powder improved the experimental fatigue safety factor by 7.30% compared with
the use of copper electrodes and by 14.61% and 18.61% compared with results using the kerosene di-
electric alone with copper and graphite electrodes, respectively.

© 2016 Karabuk University. Publishing services by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The mixing of a suitable abrasives and metallic material in powder
form into the dielectric fluid is one of the latest advancement for
improving the innovations and enhancement capabilities of EDM
process [1]. This process is called powder mixed EDM (PMEDM).
In this process, the electrically conductive powder particles are mixed
in the dielectric fluid, which reduces the particles’ insulating strength
and increase the spark gap distance between the tool and workpiece
to spread the electric discharge uniformly in all directions. As a result,
the process becomes more stable, thereby improving material
removal rate (MRR) and surface finish [2,3].

Razak et al. [4] conducted investigations on powder concentra-
tion and powder particles size of silicon carbide PMEDM based on
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Taguchi orthogonal array. The outcomes are expected to be capable
of increasing MRR, improving surface finish, reducing TWR, and re-
ducing machining time and cost.

EDM is a thermal erosion process [5]. Instantaneous tempera-
ture rise during the machining process changes the physical
properties of the machining surface layer, resulting in the pres-
ence of residual stress, which is one of the key factors affecting the
machined surface quality and its functional performance.

Abhijeetsinh and Kapil [6] studied the influence of process pa-
rameters and electrode shape configuration on AISI 316 Stainless
steel workpiece material and pure copper as electrode material. De-
tailed analysis of structural features of machined surface is done
by using Scanning Electron Microscope (SEM) to understand the
mode of heat affected zone (HAZ), recast layer thickness and micro
cracks, which alternatively affects structure of machined workpiece
and hence tool life.

The high magnitude thermal residual stresses, which are created
on the upper layer of workpiece surface due to rapid solidification
of EDM processes, influence the component properties. They in-
crease with increasing pulse energy [7,8]. EDM components are
commonly applied in high temperature, high-stress, and high-
fatigue-load environments. Under such conditions, the cracks on the
machined surface act as stress raisers and lead to a considerable
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Fig. 1. The Avery Denison plain bending fatigue testing machine type 7305, England.

reduction in the fatigue life of the component. Accordingly, the
current study conducts an experimental investigation of the powder
mixing method, which does not require post-treatment process-
ing to identify the optimal EDM machining parameters that suppress
the formation of cracks in the recast layer for longest lives under
different fatigue loads.

Mehdi et al. [9] used Response surface methodology (RSM) to
analyze the effect of EDM input parameters for machining Al-Mg
2Si composite material on microstructure changes. The results show
that voltage and current, and pulse on time are the most signifi-
cant factors on microstructure of machined surfaced.

A considerable amount of work has been reported by the re-
searchers on the measurement of EDM performance on the
performance parameters with various DOE and optimization tech-
niques especially utilizing the Response surface methodology [10-15].

The objective of this study concerns the effects of SiC powder
mixing (PMEDM) parameters on the total heat flux generated, white
layer thickness (WLT) and fatigue life properties of the selected AISI
die steel workpiece, and developing numerical models for verify-
ing the experimental results by using the response surface
methodology (RSM) and the finite element method (FEM) with
ANSYS 15.0 software.

The adoption of the current work goals were intended within
other targets to reach the best combination parameters because this
type of die and mold steel owns its global importance in engineer-
ing industries as well as the significance of EDM processes.

2. Experimental work

The workpiece material was prepared for chemical composi-
tion, mechanical properties tests and Rockwell hardness tests on
the bases of ASTM-77 steel standard for mechanical testing of steel
products [16]. The workpiece specimens were prepared with
dimensions 89.9 x 30 x 4.25 mm, according to requirement of the
Avery type 7305 plain bending fatigue testing machine, as shown
in Fig. 1.

The average values of chemical composition of the selected
workpiece material and the equivalent values given according to
ASTM A 681-76 standard specification for alloy and die steels [17]

are listed in Table 1. The results of tensile test and Rockwell hard-
ness tests are given in Table 2. The chemical composition of the
copper electrodes are listed in Table 3. The used kerosene dielec-
tric was tested according to the ASTM (D 3699-90) industry standard
specifications for kerosene. The chemical composition of the silicon
carbide powder was tested for compositions by using the X-ray dif-
fraction tester.

Two types of electrode materials were selected (Copper and
Graphite) with dimension of 30 x 24 x 24 mm. The copper elec-
trode material was examined for chemical composition properties
using the X-Met 3000TX HORIZONT metal analyzer. Both selected
electrode materials have their own extensive industrial applica-
tions. Copper is more widely used, while graphite is also used in
industrial and researches areas. The current work will attempt to
prove the high role of graphite in improving the performance re-
sponses of the process. There are other electrode materials used,
but with less applications, like aluminum and even steels.

SiC powder was chosen as a mixed powder with kerosene di-
electric because it has many important properties such as high
melting point, strength and electrical resistivity. The average grain
size for silicon carbide powder is 95.502 pm.

The powder with this particle size has been used to increase the
micro shooting effect of its solid particles and consequently in-
creases the material removal rates, and improves surface residual
stresses and other properties of machined workpiece in addition
to the cheapness price, which makes the process of mixing very suit-
able in economic terms.

The EDM parameters are: the gap voltage Vp (140 V), the pulse
on time duration period T,, (40 and 120 us), the pulse off time du-
ration period Ty (14 and 40 us), the pulse current I, (8 and 22 A),
the duty factor (n="75%), two sides flashing pressure = 0.73 bar (10.3
psi.) and the SiC powder mixing concentration (0 and 5 g/L).

In this work, for optimum machining performance measures, se-
lecting the proper combination of machining parameters is an
important task. Generally, the machining parameters were se-
lected on the basis of data provided by the EDM manufactures and
research works. Such data were not available for the AISI D2 die steel,
especially when using the graphite electrodes, the SiC and graph-
ite mixing powder.

Table 1

The chemical compositions of workpiece material.
Sample C% Si% Mn % P% S% Cr¥% Mo % Ni % Co% Cu% V% Fe %
Tested (Average)  1.51 0.174 0.264 0.014 0.003 12.71 0.555 0158 0.0137 0.099 0.306 Bal.
Standard AISID2  140to 1.60 0.60 max. 0.60 max. 0.03 max. 0.03max. 11.00to3.00 0.70to1.20 - 1.00 Max. - 110 Max.  Bal.
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Table 2
The mechanical properties of the selected materials.
Sample Ultimate tensile Yield strength Elongation Hardness
stress N/mm? N/mm? % HRB
Average 704.25 415.25 18.125 90.75

In this work, the analytical and statistical response surface meth-
odology (RSM) method was used to select best combination of
process parameters for an optimum machining performance and
giving the beat design of experiment DOE matrix with minimum
numbers of experiments. RSM analyze the experimental data by plot-
ting Interaction graphs, residual plots for accuracy and response
curves [12]. A Box-Behnken design as a type of response surface
design was used, which does not contain an embedded factorial or
fractional factorial design to determine the best responses conditions.

For the purpose of powder mixing with dielectric fluid (PMEDM),
a stainless steel container (of about 30 liters volume and overall di-
mensions of 400 x 300 x 230 mm with a cover of 400 x 230 mm and
3 mm thickness) was fabricated, which contained kerosene dielec-
tric pump, an electric motor (300 RPM) connected to a mixer and
stainless steel impellers, a workpiece clamping fixture, valves and
pipe accessories. For the power supply, an AC/DC converter for driving
the special kerosene pump was installed in an electrical board made
especially for this work. This board contained also a pressure gauge
(one bar capacity) as shown in Fig. 2.

In this work, two groups were planned, each containing 22 ex-
periments using a new set of workpiece and electrode in each
experiment. The first 11 experiments in each group were ma-
chined by using the copper electrodes, while the last 11 experiments
were done by using the graphite electrodes. The specimens after
EDM machining with the used copper and graphite electrodes for

both groups are shown in Fig. 3.

For studying of the influence of EDM parameters and electrode
material types on the surface recast white layers micro defects, the
optical stereo microscope (OSM) was used. The selected speci-
mens were prepared after grinding, polishing and etching processes
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for surface topography examination. The white layer thickness (WLT)

inspections were implemented by using the Optical microscope
(OM).

3. Modeling and simulation of the heat flux using FEM

Due to the random, high complexity and uncertainty nature of
EDM, the following assumptions have been considered to make the
problem mathematically feasible for all proposed EDM and PMEDM
models unless otherwise specified:

1 An axisymmetric model has been considered.

2 Workpiece materials are homogeneous and isotropic in nature
[18].

3 The material properties of the workpiece and tool are temper-
ature dependent.

4 Density and element shape are not affected [19].

5 EDM discharge spark channel is considered as a uniform cylin-
drical column shape.

6 The heat source is assumed to have Gaussian distribution of heat
flux on the surface of the workpiece material during pulse on
time period [20,21].

7 Temperature analysis is considered to be of transient type [18,22].

8 The channel diameter is approximately between 10 um and
100 pm, thus the electrode can be considered as a semi-infinite
body.

9 The magnitude of the heat flux incident on the electrodes is in-
dependent of the affected surface profile.

Many authors have considered uniformly distributed and the
hemi-spherical disc heat source within a spark [23,24]. This as-
sumption is far from reality for thermal modeling in EDM. However,
Dibitonto et al. [20], Eubank et al. [25] and Bhattacharya et al. [26]
have shown that the Gaussian heat distribution is more realistic
than disc heat source for modeling the heat input in EDM. This

fact is evidenced from the actual shape of a crater formed during
EDM.

Table 3

The chemical compositions of copper electrodes material.
Zn% Pb % Si% Mn % P% S% Sn¥% Al% Ni % Sb % Fe % Cu%
0.006 0.001 0.011 0.0002 0.005 0.002 0.0005 0.007 0.004 0.005 0.007 99.96
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Fig. 2. The (CNC) EDM machine with all the fabricated accessories.
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Group (1)

Group (2)

Fig. 3. The specimens and the used copper and graphite electrodes for groups (1 and 2) experiments after EDM and PMEDM machining.

The intensity of heat imparted to the workpiece surface, which
is denoted by Qw, is a function of instantaneous spark radius (r).
The Gaussian distribution of heat applied at the axis of a spark for
a single discharge with a maximum radius (R), and then the heat
flux Qw(r) at radius r of the system is given by the following rela-
tion [18]:

4.57=ka>:<Vb*Ip*l(neJ;sl;lT (1)

Qw(r)- R

The rate of energy incident on the workpiece is equal to the rate
of energy supplied, which is equal to Rw*V;"Ip, where Rw is the energy
percentage fraction of heat input to the workpiece, V, is the break-
down voltage (different from the applied voltage), R is the spark
radius in um, and I, is the discharge current.

The value of Rw has been determined by Shuvra et al. [19],
Dibitonto et al. [20] and Patel et al. [21] who have suggested that
a constant fraction of the total power is transferred to the elec-
trodes. They have used the value of Rw as 8% as the percentage of
heat input absorbed by the workpiece for their theoretical work of
conventional EDM, and the same value was used in this work. The
Rw values during PMEDM in the present model have been assumed
to be 9% of the total heat lost in the workpiece. Shankar et al. [22]
have calculated that about 18% is absorbed by the cathode and the
rest is discharged to the dielectric fluid.

The breakdown voltage value (V,) is taken as 20V, while for
PMEDM it is about 20%-30% lower than that for EDM, i.e., V;, =15 V.
The spark radius (R) was taken as 15 wm, and the heat flux for AISI
D2 die steel is Qw (r)=680 MW/m?K for various values of dis-
charge current. The spark radii for PMEDM processes were taken
to be 40% larger than traditional EDM.

Table 4

The new parameter (Kn), which takes into account the effect of
suspended powder particles on the spark frequency and break-
down voltage, was also calculated. The value of Kn depends upon
the type of powder and the powder properties, such as shape, size,
concentration etc. The values of Kn factor were experimentally es-
timated for EDM and PMEDM machining groups as given in Table 4
using the results of material removal rates which were experimen-
tally calculated.

Marafona and Chousal [27] suggested an equation called the
equivalent heat input radius R(t) or the radius of plasma channel
(um), which is dependent on the current intensity (Ip) and pulse on
duration (T,y,), thereby:

R(t)=2.04%1,0.43%T,,0.44 )

The total heat flux generated and absorbed by the workpiece,
electrode and dielectric can be calculated for machining area is about
500 mm? and the effective geometric machining area is about 0.75%
of the above total machining area and about 10% of the total numbers
of discharge sparks generated instantaneously during one pulse on
period of time, then:

The total number of discharge sparks (SN) (3)
=Total machining areax 20% x 0.75/Area of one discharge spark

The total heat fluxes for all EDM experiments were calculated
using equation (1), but this equation needs to modify as:
457#Rw#Vb=#Ip=Kn -ast

e Rri
n-Rf (4)
x SN/Machining area of the workpiece

Qw (r)=

The average values of material removal rate (MRR) and the experimentally estimated values of Kn factor for all EDM and PMEDM machining groups.

Exp. Type of Pulse on Pulse off Pulse Material removal rate — average Average values of
no. electrode time Ton (US) time Tof (Us) current (A) values (MRR) mm?/min Kn coefficient
Group 1 Av. Group 2 Av. Group 1 Group 2

1. Copper 120 40 8 8.6789 19.6368 1.00 5.05
2. Copper 120 40 22 272888 40.7208 1.00 3.42
3. Copper 40 14 8 7.6445 12.2038 1.00 416
4. Copper 40 14 22 16.4341 32.7842 1.00 4.79
5. Graphite 120 40 8 7.0185 26.2421 0.75 9.02
6. Graphite 120 40 22 34.4913 71.0767 1.40 4.47
7. Graphite 40 14 8 9.7517 12.3534 1.24 3.40
8. Graphite 40 14 22 24.7480 65.2185 1.82 5.26
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Table 5
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The total heat flux fraction values absorbed by the workpieces, the electrodes and kerosene dielectric for group (2).

Exp. Type of Pulse on duration Pulse off duration Pulse Heat flux percentage fraction absorbed by the [MW/m?]

no- electrode Ton (1) Tor (1) current (A) Workpiece Electrode Kerosene dielectric
1. Copper 120 40 8 157.40 354.15 1437.06

2. Copper 120 40 22 122.82 276.35 1121.35

3. Copper 40 14 8 342.26 770.09 3124.83

4. Copper 40 14 22 451.54 1015.97 4122.56

5. Graphite 120 40 8 210.88 474.48 1925.33

6. Graphite 120 40 22 277.56 624.51 2534.12

7. Graphite 40 14 8 346.88 780.48 3167.01

8. Graphite 40 14 22 902.45 2030.51 8239.37

The results for the total heat fluxes entering the workpiece, the
electrode and the dielectric fluid during the on-time for all PMEDM
experiments are given in Table 5. The theoretical and numerical
total heat flux generated by the using copper and graphite elec-
trodes and FEM and ANSYS solutions for experimental group (2) is
given in Table 6. The percentage increase in the value of the
experimental total heat flux using SiC mixed powder (group 2)
compared with that in group (1) using kerosene dielectric alone is
given in Table 7.

The maximum total heat flux generated by the discharge pro-
cesses and obtained by the FEM and ANSYS solutions and simulations
after EDM machining using copper and graphite electrodes for group
(2) are given in Fig. 4. In the present study, a three-dimensional
axisymmetric model is developed to predict the total heat flux in
AISI D2 die steel workpiece using the transient thermal FE Analy-
sis ANSYS software.

The three-dimensional meshed domain models of the workpiece,
the electrode and the used kerosene dielectric were done by using
the mapped meshing technique with a triangle element pattern
shape with more elements mapped toward the heat-affected regions
for better study. The total elements and nodes numbers are 54,407
and 46,664, respectively. The numbers of contact elements are
31,444 and the solid elements are 22,963. The smoothness of

Table 6

elements is of medium size and their minimum edge length is
2.51°m.

Fig. 4 shows two simulations models for maximum values of input
EDM parameters using copper and graphite electrodes, respective-
ly. The right figures represent the total heat flux generated form of
the electrode, the workpiece and the kerosene dielectric after hiding
the stainless steel container. The figures in the left show the thermal
model of the electrode and workpiece after the hiding of kero-
sene dielectric with the values of maximum heat flux generated and
the input EDM and PMEDM processes parameters and also the veri-
fied percentage errors between the experimental thermal models
compared with the theoretical calculations.

Three levels factorial response surface methodology (RSM) and
the Design-Expert 9.0 software were used to analyze the obtained
total heat power for each parametric subgroup, the analysis of results
for both experimental groups using copper and graphite elec-
trodes are shown in Figs. 5 and 6.

The Model F-value of 31,212.03 implies that the model is signif-
icant. The “Pred R-Squared” of 0.9997 is in reasonable agreement with
the “Adj R-Squared” of 1.0000; i.e. the difference is less than 0.2.

The predicted equation of the total heat flux generated for
PMEDM experimental group (2), using copper electrodes and ker-
osene dielectric with SiC powder mixing, is:

The experimental and numerical total heat flux (power) generated by PMEDM processes using kerosene dielectric with SiC mixed powder.

Exp. Type of Pulse on Pulse off Pulse Experimental total Numerical total Error in numerical
no. electrode time Ton (s) time Tof (US) current (A) heat flux [MW/m?| heat flux [MW/m?] mode %
1. Copper 120 40 8 1948.61 2026.60 +4.0
2. Copper 120 40 22 1520.52 1579.90 +3.9
3. Copper 40 14 8 423718 4414.70 +4.2
4. Copper 40 14 22 5590.07 5826.60 +4.2
5. Graphite 120 40 8 2610.69 2374.30 -9.0
6. Graphite 120 40 22 3436.19 3118.00 -9.3
7. Graphite 40 14 8 4294.37 3891.10 -9.3
8. Graphite 40 14 22 11,172.33 10,087.00 -9.7
Table 7
The experimental heat flux (power) generated by EDM (group 1) and PMEDM (group 2) processes.
Exp. Type of Pulse on Pulse off Pulse Experimental total heat Percentage increase
no. electrode time Ton (Us) time Tog (1s) current (A) flux [MW/m?] in total heat flux (%)
Group (1) Group (2)
1. Copper 120 40 8 434.62 1948.61 +348.4
2. Copper 120 40 22 531.88 1520.52 +185.9
3. Copper 40 14 8 1218.50 423718 +247.7
4. Copper 40 14 22 1396.12 5590.07 +300.4
5. Graphite 120 40 8 346.26 2610.69 +654.0
6. Graphite 120 40 22 919.62 3436.19 +273.7
7. Graphite 40 14 8 1511.00 4294.37 +184.2
8. Graphite 40 14 22 2541.00 11,172.33 +339.7




A. Al-Khazraji et al./Engineering Science and Technology, an International Journal 19 (2016) 1400-1415 1405

Total heat flux = 5.827E+009 W/m? (+4.2%)

E: Transient Thermal model Total heat power (Copper+Kerosene+SiC Mixed Powder/224/40 micro se
Total Heat Flux 1)

Type: Total Heat Flux

Unit: Wim=

Time: 4.e-005

3170572015 12:23

5.8266e9 Max S
5.098388 ST

4.37e9
3.6417e9
2.913300

VAVAYATaTaTan

SRR

2.185e9 R
1456789 SRR
SN N P

ey ZaN PN,
7.2833¢8 e AN ANA N,

5.4206e-13 Min

Min - 53201e-002 o

N 5.2232+009 2

3.2406e-002 4

0.000 0.030 (m) Ha—
L S—
0015

Exp. Type of electrode Pulse on Pulse Current The total heat flux
No. duration 7o, (A) W/m?
(1s)
4. Copper 40 22 E: Transient Thermal model Total heat power (Coﬁeroseneﬁic Mized Powder/22A/40 micro se
Total Heat Flux iy :

Type: Total Heat Flusx
Unit: Wim®

Time: 4.8-005 1.4915¢:003
30520151221
5.82669 Max 1 1
522384009
5.0983¢9 -] 1.8738e-004 3
4.3768 5.67748-005 ‘
3541769
pot 1.2664e-005
2.18589
1.4567e9
7.2833¢8

1.5194e-004 4

5.4206e-13 Min

1.4667e-004 8

8. Graphite 40 22

Total heat flux = 1.009E+010 W/m? (-9.7%)

F: Transient Thermal model Total heat power (Graphite+Kerosene+SiC Mixing Powder/224/40 micro ¢
Total Heat Flux AR

Type: Total Heat Flux

Unit: Wim=

Time: 4.e-005

31/05/2015 05:00 &

1.0087e10 Max
8.6463e9
7.2052e9
5.7642e9
4.3231e9
2.8821e9
1.441e9
5.4206e-13 Min

Min
8.4252e-002 3

5.3688e-002

0.000 0.030 (m) e
[ S—
0015

F: Transient Thermal model Total heat power {Graphite+Kerosene+SiC Mixing Powder/22A/40 micro ¢
Total Heat Flux \

Type: Total Heat Flux
Unit: Wim?
Time: 4.e-005 1.6662e+008
31/05i2015 04:59
1.0087e10 Max i
8.6463€9
575420 e {
4.3231e9
2.8821e9
144189
5.4206e-13 Min

1.3014e-004 4

0.000 0.200 {m) —
S '
0100

Fig. 4. The total modeled heat flux generated by the PMEDM experiments using the SiC powder, the pulse current (22 A) and the pulse on time (40 pus).

Total heat power = +4986.48607 +125.03143 *Pulse current

5
—44.22331%Pulse on time (T,,) (3)

And, using graphite electrodes, the equation is:
Total heat power = +7447.41107 +125.03143 = Pulse current 6)

—44.22331*Pulse on time (T, )

The total heat flux generated by the discharge processes for ex-
perimental group (2), using the copper electrodes and SiC mixed
powder reached the maximum value as 5.827*109 W/m? at a pulse
current value of 22 A and a pulse on time of 40 us. While, when
using graphite electrodes, the total heat flux values reached the
maximum value as 1.009*1010 W/m? at the same input current and
time on period.

This means that the use of graphite electrodes and the kero-
sene dielectric with SiC mixed powder yields higher total heat flux
values by 91.5% when compared with the use of copper electrodes
and by 285.3% and 602.7% more when using copper and graphite
electrodes and the kerosene dielectric alone, respectively.

The high total heat flux levels are obtained when using the graph-
ite electrodes and the SiC mixed powder as both own low thermal
and electrical conductivity and high electrical resistivity com-
pared with copper electrodes. Therefore, when high pulse current
passage through the gap between the electrode and the workpiece,
a plasma channel with high thermal energy is generated, but cannot
able to transform them into fusion state, because of the high milting
points of both materials. Then this plasma channel moves to the
surface of the workpiece and starts the main effect of the abrasive
powder working on enlarged the electrodes gaps and give more



1406 A. Al-Khazraji et al./Engineering Science and Technology, an International Journal 19 (2016) 1400-1415
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Fig. 5. The total heat flux (power) generated by the EDM machining using copper electrodes and SiC powder mixing.

arranged discharge plasma channels consequentially an increase in
the amount of metal removal rate were caused by increase of the
melting and eroded areas within the heating periods.

4. Calculation of the white layer thickness (WLT)

predicted equation of WLT for EDM machining using copper elec-
trodes and SiC mixed powder obtained from using the three levels
factorial response surface methodology (RSM) and the Design-
Expert 9.0 software is:

WLT =+4.40179+0.023214 +Pulse current

. . (7)
The average of three values of workpieces WLT measurements +0.055125+*Pulse on time (T,,)
after EDM machining for both experimental groups using the two ) o
groups is given in Table 8. And, for graphite electrodes, the equation is:
TPe Model F—vaIL{'e of 7.33 mllpllles that the model is 51gnlﬁcant. WIT = +5.17679+ 0.023214 + Pulse current
The “Pred R-Squared” of 0.9998 is in reasonable agreement with the . (8)
“Adj R-Squared” of 1.0000; i.e. the difference is less than 0.2. The +0.055125:Pulse on time (T, )
- Total heat power (MW/m?)
% Total heat power (MW/m?)
= e Design Points
o I 11172.3
= 100
£ 1520.51
é X1 = A: Pulse current
4 X2 = B: Pulse on time Ton
Actual Factor
C: Type of electrode = Graphite
A: Pulse current (A)
Group (2) / EDM + Kerosene dielectric +SiC powder mixing
Fig. 6. The total heat flux (power) generated by the EDM using graphite electrodes and SiC powder mixing.
Table 8
Calculation the average values of the white layer thickness (WLT) after EDM and PMEDM machining.
Exp. Type of Pulse on Pulse off Pulse Average WLT Average WLT
no. electrode Ton (us) Tof (1s) current (A) Group (1) (um) Group (2) (um)
1. Copper 120 40 8 33.34 8.90
2. Copper 120 40 22 26.67 13.34
3. Copper 40 14 8 13.34 9.40
4. Copper 40 14 22 11.67 5.00
5. Graphite 120 40 8 20.00 13.67
6. Graphite 120 40 22 8.34 1110
7. Graphite 40 14 8 15.00 5.57
8. Graphite 40 14 22 15.00 9.40
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WLT (um)

B: Pulse on time Ton (us)

A: Pulse current (A)

WLT (um)
e Design Points

I13.67
5

X1 = A: Pulse current
X2 = B: Pulse on time Ton

Actual Factor
C: Type of electrode = Copper

Fig. 7. The WLT for experimental group (2) after PMEDM using copper electrodes.

The average of WLT for after PMEDM machining using the copper
and graphite electrodes is shown in Figs. 7 and 8, respectively. For
experimental group (2) using the SiC mixed powder and copper elec-
trodes, the WLT reached the minimum value as 5.0 um at a current
value of 22 A and a pulse time of 40 us, whereas when using the
graphite electrodes, the WLT reached the minimum value as 5.57 um
at the input current 8 A and with the same time on a period of 40 ps.
This means that there is improvement by 134% and 67% when com-
pared with using of copper and graphite electrodes, and using
kerosene dielectric alone, respectively.

The lower levels of the obtained WLT when using the copper elec-
trodes and the abrasive SiC have high hardness work on removal
of the melted white layer at high rates by micro shot peening process
with a short period of time on/off and then with high pulse current.
This is because a high sparks heat power produced with a good ar-
rangements of the plasma channels and the use of dielectric flushing
from the both sides of cutting zone. The micro shot peening process
required a longer period of time when using the graphite elec-
trodes because, they producing a lower discharge heat power.

The images in Tables 9 and 10 show the macro graphic and mi-
crostructure of the heat affected zones (HAZ) for the workpieces
surfaces for each subgroup input parameters after EDM and PMEDM
processes (groups 1 and 2) using copper and graphite electrodes.
These images reveal that the craters sizes increased with the in-
crease in the pulse current and the time on duration, and they
reached their minimum sizes, especially when using the graphite

electrodes where higher plasma discharge heat power was
generated.

The construction of these microscopic layers and HAZ for ex-
perimental group (2) indicates that lower layer thicknesses and
defects exist due to the high abrasive and micro shot peening prop-
erties of the silicon carbide powder and the plasma discharge
pressure of the process as well as the high role of the dielectric flush-
ing of the formed craters from both sides of the cutting areas. With
high pulse current value and time on duration, the defects sizes were
increased in these layers, especially when using the copper elec-
trodes due to the high thermal energy generated. These figures show
the discontinuity and uncompleted formation of the white recast
layer, especially when using the copper electrodes due to the high
heat power produced and the abrasive properties of the SiC powder
materials.

5. Modeling and simulation of the fatigue life using FEM

In the present work, the three-dimensional analysis and mod-
eling for EDM of AISI D2 die steel was studied. The damage model
was developed to study the influence of different parameters on the
workpiece fatigue life. The objective of fatigue analysis is to explain
the characterizing capability of a material component to serve the
designed cycles loads during its lifetime [28].

The main assumptions of the models are as showing below:

WLT (um)

B: Pulse on time Ton (us)

A: Pulse current (A)

Group (2) / EDM + Kerosene dielectric +SiC powder mixing

WLT (um)
® Design Points

I13.67
5

X1 = A: Pulse current
X2 = B: Pulse on time Ton

Actual Factor
C: Type of electrode = Graphite

Fig. 8. The WLT for experimental group (2) after PMEDM using graphite electrodes.
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Table 9

The white layer thickness (WLT) and HAZ microstructures for EDM group (1) using kerosene
dielectric alone.

Exp. No. Type of Pulse on Pulse

The white layer microstructure
electrode duration Ton | Current (A)

(optical microscope X300)

1. Copper

X1.5
6 Graphite

7. [ Graphite

5
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Table 10

The WLT and HAZ microstructures for PMEDM group (2) using kerosene dielectric and SiC

mixed powder.

The white layer microstructure

(optical microscope X300)

Pulse

Current
(A)

Pulse on
duration 7on
(ks)

Type of
electrode

Copper

Exp. No.

Copper

A%

v ,
P e
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Table 11
The experimental fatigue life results after EDM and PMEDM machining.
Exp. Type of Pulse on Pulse Pulse off For group (1) For group (2)
no- electrode time Ton (us) current (A) time Tog (us) Applied stress No. of cycles to Applied stress No. of cycles to
(o) (MPa) failure (x1000) (o) (MPa) failure (x1000)
1. Copper 120 8 40 350.00 100.250 350.00 138.250
2. Copper 120 8 40 300.00 239.750 300.00 304.000
3. Copper 120 8 40 230.00 1260.500 250.00 1225.000
4. Copper 120 22 40 350.00 61.000 350.00 85.500
5. Copper 120 22 40 300.00 133.500 300.00 188.000
6. Copper 120 22 40 215.00 1273.250 230.00 1304.000
7. Copper 40 8 14 350.00 84.250 350.00 125.750
8. Copper 40 8 14 300.00 199.750 300.00 264.250
9. Copper 40 8 14 220.00 1157.500 240.00 1207.000
10. Copper 40 22 14 350.00 56.250 350.00 74.000
11 Copper 40 22 14 210.00 1212.500 220.00 1196.250
12. Graphite 120 8 40 350.00 94.500 350.00 183.500
13. Graphite 120 8 40 300.00 214.750 300.00 436.250
14. Graphite 120 8 40 220.00 1319.000 270.00 1164.000
15. Graphite 120 22 40 350.00 45.250 350.00 113.250
16. Graphite 120 22 40 300.00 87.250 300.00 258.750
17. Graphite 120 22 40 200.00 1063.750 250.00 1226.000
18. Graphite 40 8 14 350.00 70.250 350.00 154.000
19. Graphite 40 8 14 300.00 164.750 300.00 352.250
20. Graphite 40 8 14 215.00 1201.500 260.00 1263.500
21. Graphite 40 22 14 350.00 51.250 350.00 106.000
22. Graphite 40 22 14 200.00 1188.500 240.00 1271.500

1 The EDM and PMEDM damaged layers cannot carry any load
cycles during fatigue. Therefore, the fatigue damage begins
beneath the damaged layer, not at the top surface of the specimen.

2 Since the residual stresses are produced at the damaged layer,
their effects on the fatigue life are ignored.

3 The size effect is not considered, because the thickness of the
damaged layer is small.

4 The crack growth is determined primarily by both the levels of
the actual stress and the electrical pulse-induced damage.

This study used the stress life fatigue modeling analysis by using
the ANSYS software 15.0. The cyclic fatigue of the material was ob-
tained from completely reversed, constant amplitude tests with a
load ratio of -1 at room temperature. The Goodman mean stress
correction theory is a good choice for hard materials. The flat bending
workpieces were used for the fatigue test. The test frequency of the
machine was maintained constant at 60 Hz. All the fatigue limits
were defined at the stress level of 106 loading cycles. The von Mises
stress theory, which takes the sign of the largest absolute princi-
pal stress, will be used to compare against the experimental stress
value.

The Multiphysics, static structural models domain loads, in-
cludes the environment temperature, the fixing supported and the
loading force. The fatigue strength concentration factor (Kf), which
is equal to 1 and 0.72 for flat as received specimens and for PMEDM
machining workpieces [29], respectively, was set. The experimen-

tal fatigue results after EDM and PMEDM machining are given in
Table 11 for the two groups.

The three-dimensional meshed domain models for the workpiece,
using the triangle surface meshed mapping technique where the
element pattern shapes meshing, were created with more ele-
ments mapped toward the machined regions for better study. The
total elements and nodes numbers for establishing S/N curve for
the flat as received specimens are 134,280 and 195,027, respec-
tively and for EDM and PMEDM machining workpieces specimens
are 83,824 and 123,748, respectively.

The experimental average values of fatigue stress at 10° cycles and
numerical fatigue safety factor values for group (2) are given in
Table 12. The fatigue safety factor values were calculated at 106 cycles
of the experimental result respect to the fatigue stress at 10° cycles
of the as-received material, which is equal to 270 MPa. The percent-
age enhancement in the value of experimental fatigue stresses at 108
cycles using SiC mixed powder (group 2) is compared with using ker-
osene dielectric alone (group 1) as shown in Table 13.

The maximum fatigue life and safety factor obtained by the FEM
and PMEDM with ANSYS solutions and simulations using the copper
and graphite electrodes using the pulse current of 8 A and pulse
on time of 40 ps are given in Fig. 9. Each simulation model in this
figure shows two models for each of input parameters of PMEDM
sub-group. The right figures represent the numerical modeled fatigue
safety factor. The figures in the left show the fatigue life models simu-
lations with the values of fatigue stresses at 106 cycles obtained from

Table 12

The experimental average values of fatigue stress at 106 cycles and fatigue safety factor for group (2) PMEDM machining with SiC powder mixing.
Exp. no. Type of Pulse on Pulse off time Pulse Fatigue stress at Fatigue safety Fatigue safety Error in

electrode time Ton (US) Tof (1s) current (A) 106 cycles (Mpa) factor experiment factor numeric numeric mode %

1. Copper 120 40 8 257 0.95 0.97 +2.1
2. Copper 120 40 22 240 0.89 0.85 -4.5
3. Copper 40 14 8 247 0.92 0.91 -11
4. Copper 40 14 22 227 0.84 0.78 -71
5. Graphite 120 40 8 275 1.02 113 +10.8
6. Graphite 120 40 22 256 0.95 0.96 +1.1
7. Graphite 40 14 8 267 0.99 1.06 +7.1
8. Graphite 40 14 22 248 0.92 091 -11
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The experimental values of fatigue stress at 10° cycles for EDM group (1) and PMEDM group (2).

1411

Exp. Type of Pulse on time Pulse off Pulse Experimental fatigue stress Percentage enhancement
no. electrode Ton (us) time Tog (US) current (A) at 10° cycles (Mpa) in fatigue stress (%)
Group (1) Group (2)

1. Copper 120 40 8 240 257 +7.1
2. Copper 120 40 22 225 240 +6.7
3. Copper 40 14 8 227 247 +8.8
4. Copper 40 14 22 215 227 +5.6
5. Graphite 120 40 8 232 275 +17.7
6. Graphite 120 40 22 203 256 +26.1
7. Graphite 40 14 8 223 267 +19.7
8. Graphite 40 14 22 207 248 +20.1

Exp. Type of Pulse on Pulse Current (A) Fatigue Safety Factor

No. electrode duration Ton

(ks)
3. Copper 40 8 Fatigue Safety Factor = 0.91

Fatigue life=1.21E+6Cycles / Ob=247MPa / F=163N

C: Fatigue- Kerosene + SiC Mixing Powder/ Copper {8A) / 40 micro sec.
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Fig. 9. The FEM Models for maximum fatigue life and safety factor of group (2) with SiC powder mixing (PMEDM) machining.
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Fig. 10. The S/N curves of experimental groups (1) and (2) after EDM and PMEDM using the SiC powder mixing and pulse current (8 A).

the S/N curves of each experimental sub-group, the input EDM
process parameters and the model loading force.

The S/N fatigue stress at 10° cycles curves for both groups after
EDM and PMEDM machining is shown in Figs. 10 and 11 using
pulse currents 8 A and 22 A, respectively. These figures show that
fatigue life increasing with decreasing the pulse current and in-
creasing the pulse on duration time, and copper electrodes gave
fatigue life values higher than graphite electrodes, after EDM ex-
perimental group (1). Whereas, graphite electrodes gave fatigue
life values higher than copper electrodes after PMEDM experimen-
tal group (2).

The three levels factorial response surface methodology (RSM)
and the Design-Expert 9.0 software were used to analyze the ob-
tained fatigue safety factor for each parametric subgroup.

The Model F-value of 444.81 implies that the model is signifi-
cant. The “Pred R-Squared” of 0.9991 is in reasonable agreement

with the “Adj R-Squared” of 1.0000; i.e. the difference is less than
0.2.

The predicted equation of the fatigue safety factor for PMEDM
experimental group (2) using kerosene dielectric with SiC mixing
powder and copper electrodes is:

Fatigue Safety Factor = +0.96768 —0.010179 * Pulse current
+7.81250 E - 004 *Pulse on time (T,,)

And, using graphite electrodes, the equation is:

Fatigue Safety Factor =+1.10518-0.010179 *Pulse current

10
+7.81250E-004 #Pulse on time (T,;,) (10)

The predicted equation of the fatigue stress at 10° cycles ob-
tained by using copper electrodes is:

=<h= SN curve for D2 die steel as received

é 380 S = @=Copper + Kerosene /22A -120 us
< S == Copper + Kerosene / 22A - 40 |is
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Fig. 11. The S/N curves for experimental groups (1) and (2) after EDM and PMEDM using the SiC powder mixing and pulse current (22 A).
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Fig. 12. The fatigue safety factor after EDM using copper electrodes and SiC mixed powder.

Fatigue stress at 106 cycles = +253.08929
—1.33929 = Pulse current time

+0.12187 * Pulse on time (T, ) an

And, using graphite electrodes, the equation is:

Fatigue stress at 106 cycles =+271.83929
-1.33929Pulse current time  (12)
+0.12187«Pulse on time (T,, )

The analysis of results for fatigue safety factor for experimen-
tal group (2) using the copper and graphite electrodes are shown
in Figs. 12 and 13, respectively. While, the fatigue stresses at 106
cycles for all experimental groups using the copper and graphite
electrodes are shown in Figs. 14 and 15, respectively.

The fatigue safety factor using the copper electrodes for exper-
imental group (2) increases with the decrease in pulse current values
and the increase in pulse on duration time, reaching its maximum
value as 0.97, experimentally (0.95) at a current value of 8A and pulse
time of 120 us. While, when using the graphite electrodes, the fatigue
safety factor values reached their maximum values as 1.13, exper-
imentally (1.02) at the same input current and pulse on time period,
as shown in Fig. 13.

This means that after PMEDM processes, the use of graphite elec-
trodes and the kerosene dielectric with SiC mixed powder
gives higher experimental fatigue safety factor values by 7.37%

compared with the use of copper electrodes and higher by 14.61%
and 18.61% when compared with the results of group (1) using the
copper and graphite electrodes, respectively.

The reason behind obtaining higher fatigue safety factor is
because the use of low pulse current generates lower thermal energy,
which cannot work to make a large metallurgical changes in the crys-
talline structure of the workpiece surface. Although the graphite
electrode generates thermal energy more than that of copper, it
works with the longer pulse time on annealing the workpiece surface
and on reducing the creation of martensitic structure, assisted by
the use of hard SiC particles powder that increases the removal rate
of this layer by increasing erosive rates, and all that will lead to re-
ducing the fatigue failure thereby increasing the fatigue life.

The fatigue stresses at 10° cycles after PMEDM experimental
group (2) using the copper electrodes increase with the decrease
in pulse current and the increase in pulse on duration time, reach-
ing the maximum value as 257 MPa at a current value of 8 A and
pulse on time 120 us. Whereas, when using the graphite elec-
trodes, these fatigue stresses values reached their maximum value
as 275 MPa at the same input current and pulse on period time, i.e.
improved by 7% as shown in Fig. 15.

This means that the use of graphite electrodes and the kero-
sene dielectric with SiC powder mixing yields higher fatigue stresses
at 106 cycles values by 7.00% when compared with the use of copper
electrodes and gives a higher fatigue life than the situation when
working without mixing powder by 14.58% and 18.54% using the
copper and graphite electrodes, respectively.

Fatigue Safety Factor

B: Pulse on time Ton (pus)

A: Pulse current (A)

Fatigue Safety Factor
e Design Points

I1.13
0.78
X1 = A: Pulse current

X2 = B: Pulse on time Ton

Actual Factor
C: Type of electrode = Graphite

Fig. 13. The fatigue safety factor after EDM using graphite electrodes and SiC mixed powder.
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Fig. 14. The fatigue stresses at 10° cycles after EDM using copper electrodes and SiC mixed powder.

The stress values are equal to the ratios 0.95 and 1.02 for copper

and graphite electrodes, respectively, compared with the fatigue
stresses at 106 cycles for the as-received material.

Higher fatigue safety factor levels were obtained when using the

copper electrodes with low current and high pulse on time period
as lower heat discharges energy at the gap produced between the
electrode and the workpiece. The longer time on period with the
high abrasive effect of SiC powder work as micro shot peening of
the machining surfaces, producing less brittle carbides formation,
fewer defects and lower white layer thickness.

Also, the better surface roughness (SR) and white layer thick-

ness (WLT) workpieces gave longer fatigue lives as less micro cracks
and other surface defects were observed with less stress risers and
stress concentration areas, helped eliminate the creation of cracks
initiation and propagation, and then increased the dynamic service
lives of the components.

And, all these factors are strengthening the workpiece against

fatigue failure, and then longer lives were obtained.

6. Conclusions

1 The total heat flux values were increased with the increasing of

pulse current values up to 22 A and the decreasing of pulse on
duration time to 40 us.

2 The graphite electrodes gave a total heat flux higher than copper

electrodes by 82.4%, while using the SiC powder and graphite

electrodes gave a higher total heat flux than copper electrodes
by 91.5%, and by 285.3% and 602.7% more than using the copper
and graphite electrodes and the kerosene dielectric alone,
respectively.

The lowest WLT values of 5.0 um and 5.57 um were reached at
a high current and low current with low pulse on time using the
copper and graphite electrodes and the SiC powder, respective-
ly. This means that there is an improvement by 134% and 67%
when compared with using the copper and graphite electrodes
and kerosene dielectric alone, respectively.

The fatigue safety factor as compared with as-received materi-
al and fatigue stresses increased with the decrease of pulse
current, and increase of pulse on time.

Using graphite electrodes with PMEDM and SiC powder yielded
experimental fatigue safety factor values of 1.02, which is higher
by 7.30% when compared with the use of copper electrodes and
higher by 14.61% and 18.61% when compared with results of
using the kerosene dielectric alone with copper and graphite elec-
trodes, respectively.

The use of graphite electrodes with SiC powder gave fatigue
stresses at 106 cycles as 275 MPa, which is higher by 7.00% when
compared with the use of copper electrodes, and yielded a higher
fatigue life than when working without mixing powder by 14.58%
and 18.54% using the copper and graphite electrodes, respectively.
All predicted fatigue stresses to the fatigue stresses at 10° cycles
for the as-received material ratio are close with those results of
fatigue safety factors for the same input parameters, and this

Fatigue stress at 10E6 cycles
H

B: Pulse on time Ton (us)

A: Pulse current (A)

Fatigue stress at 10E6 cycles
® Design Points

I275
227
X1 = A: Pulse current

X2 = B: Pulse on time Ton

Actual Factor
C: Type of electrode = Graphite

Fig. 15. The fatigue stresses at 106 cycles after EDM using graphite electrodes.
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proves the accuracy of EDM and PMEDM models developed by
FEM using ANSYS software.
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