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Abstract

The aluminum alloy AA606 | -4wt.% boron carbide (B4C) particulate metal matrix composites were fabricated by the stir
casting method. The die-sinker electric discharge machining was performed to make the rectangular mini channels on
these composites. The full factorial experimental design that consists of three input conditions, the current (1), discharge
duration (T-on), and discharge idle time (T-off) at three levels each (3%=27 total runs), was used for experimentation. The
volume, V, the taper, 6 (along with the depth), the lateral overcut (along the width), and the difference in depth, Ad (between
total depth and depth up to the tapered profile) at entrance and exit cross-sectional profiles of the channel were consid-
ered as output responses. The 6, lateral overcut, and Ad were calculated from the entrance and exit profiles which were
obtained by extracting the data points of each channel with the help of an optical profile projector. The computer-aided
geometric model was developed to estimate the volume. A set of optimum electric discharge machining parameter levels
were identified for maximum V and a minimum of 6, lateral overcut, and Ad. Analysis of variance was performed to iden-
tify the significant parameter and the contribution toward output responses. Results showed that the volume was found
to be maximum at higher I (8 A) and lower T-On (25 ps) conditions. The taper was found to decrease with the increase
in current but both lateral overcut and Ad increased. Both | and T-On are found to be the significant parameters affecting
both V and Ad, whereas current is for 6 and lateral overcut. In some cases, it was observed that there is a considerable dif-
ference in the 0 and the lateral overcut values in the entrance and exit portions for the same channel. It is because of the
randomly dispersed B4C particles which alter the material removal mechanism.
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Introduction et al.” used a friction stir-based process to fabricate the
cooling channel profiles on aluminum AA6061To6.
Gudipudi et al.* employed sinker-electric discharge
machining (EDM) to make rectangular channels on
AA6061-B4C composites. However, these composites
in which a certain amount of reinforcement (RF) parti-
cles are incorporated into the base metal matrix showed
improved performance in thermal management

Machining of micro/mini channel profiles on various
work materials has gained research interest among sev-
eral groups because of higher heat dissipation capabil-
ity by allowing the cooling fluids to flow through
them.'? Various conventional and non-conventional
machining methods were reported and are being prac-
ticed to make these channels. Haghbin et al.* used
abrasive water-jet micro-milling to machine the chan-
nels on 316L stginless ste4€1 and aluminum alloy Warangal, Warangal, India
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systems. It is because of the higher heat dissipation rate
with low thermal expansion coefficient values of com-
posites than pure metals and alloys.'®'> AA6061-B,C
is one such composite and found application in a vari-
ety of high technology industries like nuclear, friction,
and computer hard disks.'® These are also used as a
potential material in the defense (armor components)
and aerospace'*!” sectors.

Though some traditional machining methods are
being used to process these composites, they result in
poor performance characteristics. The performance
characteristics generally include worn-out tool profile,
dimensional inaccuracy, and lack of surface integrity
of the machined zone. The poor performance is due to
RF particulates which had high abrasiveness, anisotro-
pic, and non-homogeneous features present in the
matrix material.'*!> Moreover, when the process is
scaling down to micro-level, these issues become more
severe due to the size of RF particle, and grain size (of
the matrix material) is comparable to the cutting edge
radius of the tool.'® Therefore, a non-conventional
EDM is being reported as a potential process to over-
come these limitations while machining the compo-
sites.!”2* In EDM, the tool and work electrodes are
connected to a direct current (DC) power supply and
separated with an inter-electrode gap through which
the pressurized dielectric was flushed. When the power
is supplied, the sparking takes place (at a point of low
electrical resistance) after crossing the breakdown vol-
tage. This very high dense spark energy could melt and
vaporize the localized area of the electrode materials.
Hence, the small tiny craters would be formed on both
the tool and work electrodes. As a result of the series of
discharges, the cavity which replicates the profile of the
tool would be produced over the entire surface of work
material.?* Hence, the removal of the material takes
place in EDM by precisely controlled sparks which
occur between the conductive tool (electrode) and work
specimens separated at a specific gap (of few micro-
meters) in the presence of a dielectric medium.
Therefore, the non-contacting type, lower material
removal rate characteristics of EDM/micro-EDM is
attributed to attaining high surface finish and dimen-
sional accuracy.?>*

Therefore, the present work focused to make rectan-
gular channels on the AA6061-B4C composites fabri-
cated by ultrasonically assisted stir casting through the
die-sinker EDM. However, the functionality with the
best cooling and fluid characteristics of the given fluid
and flow type depends on the physical characteristics
and profile geometry of the produced channel.” But
these geometrical parameters of a produced channel
would greatly be affected by the method of manufac-
turing and processing conditions. It is because the com-
posite which consists of more than one material
constituent (AA6061 matrix and B4C RF) would exhi-
bit entirely different material removal mechanisms.
Hence, for a chosen machining process the machining
performance of a composite could vary compared to a

single-phase material. Moreover, in EDM of these
composites the wire/tool electrode paths are continu-
ously deviated by the RF particles, shielding effect, and
accumulated debris in the inter-electrode gap, resulting
in dimensional variation in a finished product. Hence,
the studies on geometrical features obtained via EDM
of multi-phase composite materials had a great neces-
sity of research. But, the scientific discussion about cat-
alytic properties reported in the literature was not
enough to understand the effect of EDM process para-
meters on various geometrical features on composites.
Therefore, this study was conducted and addressed the
effect of various input EDM parameters with different
levels of geometrical profile aspects like volume, taper,
lateral overcut, and the difference in depth of produced
rectangular channels on AA6061-B4C composites.

Materials and methods

Material details

Matrix material AA6061 billets were purchased from
Bharat Aerospace Metals, Mumbali, India. B4C RF par-
ticles having an average size of 30 wm were supplied by
Supertek Dies, Delhi, India.

Fabrication and characterization of AA606 |-B,C
composite

The stir casting experimental setup used in the present
work to fabricate the composites is shown in Figure
I(a). The AA6061 matrix material pieces were heated
in a graphite crucible up to 750°C. The vortex was cre-
ated by a mechanical stirrer through which the pre-
heated (at 280°C) 4 wt.% B4C particles and 10 wt.% of
FcK,Ti flux were added to the matrix melt. The com-
posite mixture was cooled after 10 min of stirring until
semisolid state and reheated to 750°C followed by
Smin of stirring again. At this stage, the titanium made
ultrasonic probe was immersed in the composite mix-
ture and generated the high-intensity ultrasonic sound
waves of 18 kHz in about 15 min in the melt to create a
cavitation effect. Hence, the improved wettability and
random dispersion of B4C particles in the matrix mate-
rial were achieved because of the breakdown of the
B4C particle clusters. The solidified composite castings
were heat treated at T6 condition. The optical and
scanning electron microscope (SEM) images showing
the distribution of B4C particle in the AA6061 matrix
material are shown in Figure 2. The density of the fab-
ricated AA6061-4wt.% B4C composite was measured
as 2.612 g/em® by the Archimedes principle. The tensile
and compressive stress—strain curves of composite spe-
cimen compared to the pure matrix during uniaxial ten-
sile (ASTM E8M) and uniaxial compression test
(ASTM E9) are shown in Figure 3(a) and (b), respec-
tively. The specific strengths (strength/p,.,) of a compo-
site at 4wt.% B4C compared to the pure AA6061
matrix are graphically represented in Figure 4. The
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Figure 1. (a) Stir casting experimental setup, (b) die-sinker EDM experimental setup, (c) machined composite and tool, and (d)

composite specimen with machined rectangular channels.

g g
SEMHV: 200KV
SEMMAG: 100 %

Figure 2. Optical micrographs showing B4C distribution in the AA606 | matrix material: (a) before etching, (b) after etching, and

(c) SEM micrograph.

resistance against plastic deformation and the work
hardening capacity during testing of the composite
were observed to be higher due to the presence of B4C.
Hence, the improvement in the specific strengths of the
composite compared to the matrix is noticed in Figure
4. Moreover, the difference in coefficient of thermal
expansion values of AA6061 matrix material and B4C
RF causes to create the strain fields around B4C during
solidification. This phenomenon restricts the motion of
dislocations during testing which is the reason for the
improved mechanical strength of the composite.

EDM experimental of composites—design of
experiments

The tool (copper) and composite work material were
machined till the average surface roughness values
attained 1.02 and 1.03 wm, respectively, which were
measured by a surface profilometer (Model: Taylor
Hobson Surtronic S128). The photographs of tool and
composite work specimens are shown in Figure 1(b),
and the dimensions are represented in Table 1. The die-
sinker EDM setup was used to make the rectangular
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Figure 3. (a) Tensile stress—strain curves during uniaxial tensile
test and (b) compressive stress—strain curves during uniaxial
compression test.

channels in the fabricated composite. The photograph
of the tool-work arrangement used for EDM is shown
in Figure 1(c). The tool electrode was vertically fed
toward the work until it reaches the spark discharge
gap of 0.25mm. At this stage, a high electric potential
(95*+10V) was applied to initiate the plasma in the
spark gap by the breakdown of dielectric. The spark
discharge voltage was maintained at 55+ 10V. As a
result, the melting and vaporization of a work material
occurred due to the intensive heat generated by the
plasma. Hence, the crater was created in the work spe-
cimen, which replicates the shape of the tool electrode.
The varied experimental input parameters with their
levels and output responses are represented in Table 1.

Table |. Representation of EDM experimental details.
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Figure 4. Variation in specific strength (strength/“pe,”) of
matrix and composite specimens.

The photographs of the tool (Copper) and composite
work specimens with machined channels are shown in
Figure 1(d).

Model calculation of response variable
volume, V (mm>)
In this study, a computer-aided design (CAD)-based

three-dimensional geometric model was generated to
estimate the volume (mm?) of the channel produced for

EDM machine specification

Model/make

Work table

X-axis movement

Y-axis movement

Working tank capacity

Dielectric capacity

Controller type

Supply voltage

Connected load

Power factor
Fixed parameters

Polarity

Spark open voltage (V)

Discharge gap voltage (V)

Tool electrode

Machining time (min)

Work

Thickness of the tool/channel width (mm)

Length of the channel/thickness of work (mm)
Varied parameters and their levels
Code/parameter
A. Current, | (A)
B. Pulse duration on time, T-on (us)
C. Pulse duration off time, T-off (jvs)
Performance output (response variable)

Response variable |

Response variable 2

Response variable 3

Response variable 4

Die-sinker EDM-50, Ratnaparkhi, Bangalore, India
325 mm X 250 mm

320mm

220 mm

610 mm X 360 mm X 245 mm

200L

PSR-20

4:15V, 3 Phase, 50Hz

2 kVA

0.8 (approximately)

Straight

95+ 10

55+ 10

Cu

5

AA6061-4 wt.%B4C
1.00 = 0.05

2

Level | Level 2
4 6

25 45

24 36

Volume of the channel, V (mm?)

Taper at entrance and exit of the channel, 6 (°)
Lateral over cut, LOC (mm)

The difference in depth, Ad (mm)

Level 3

65
48

EDM: electric discharge machining.
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Table 2. Co-ordinate data points of entrance and exit profiles of rectangular channel.

S. No. Entrance profile data Exit profile data

X Y V4 X Y V4
| 0 0 0 0 0 0
2 0.011 —0.179 0 0.019 —0.071 0
3 0.024 —0.334 0 0.035 —0.148 0
4 0.025 —0.45 0 0.024 —0.25 0
5 0.014 —0.508 0 0.028 —0.386 0
6 0.032 —0.567 0 0.026 —0.612 0
7 0.039 —0.639 0 0.027 -0.77 0
8 0.022 —0.689 0 0.031 —0.866 0
9 0.024 —0.8 0 0.031 —1.028 0
10 0.038 —0.892 0 0.038 —1.215 0
I 0.05 —1.042 0 0.045 —1.368 0
12 0.044 —1.173 0 0.044 —1.502 0
13 0.045 —1.284 0 0.046 —1.646 0
14 0.058 —1.389 0 0.056 —1.746 0
15 0.064 —1.49 0 0.074 —1.868 0
16 0.072 —1.672 0 0.076 —1.898 0
17 0.092 —1.759 0 0.084 —1.954 0
18 0.092 —1.839 0 0.101 —1.992 0
19 0.096 -1.92 0 0.107 —2.036 0
20 0.101 —1.975 0 0.126 —2.066 0
21 0.121 —2.017 0 0.151 —2.1 0
22 0.148 —2.075 0 0.164 —2.115 0
23 0.211 =2.113 0 0.33 =2.115 0
24 0.243 —2.137 0 0.526 —2.115 0
25 0.453 —2.137 0 0.716 —2.115 0
26 0.766 —2.137 0 0.84 =2.115 0
27 0.828 —2.116 0 0.898 —2.118 0
28 0.897 —2.118 0 0.989 —2.079 0
29 0.982 -2.09 0 1.043 —2.052 0
30 1.039 —2.093 0 1.065 —2.021 0
31 1.072 —2.034 0 1.073 —1.993 0
32 1.091 —1.986 0 1.088 —1.95 0
33 1.105 —1.894 0 1.086 —1.837 0
34 1.119 —1.837 0 1.079 —1.762 0
35 1.125 —1.765 0 1.107 —1.653 0
36 1.129 —1.653 0 1112 —1.504 0
37 1.136 —1.543 0 1.123 —1.343 0
38 1.136 —1.271 0 1.128 —1.226 0
39 1.147 —1.125 0 1.124 —1.078 0
40 1.152 —0.897 0 1.128 —0.985 0
41 1.155 —0.755 0 1.142 —0.887 0
42 1.16 —0.609 0 1.148 —0.679 0
43 1.16 —0.371 0 1.158 —0.538 0
44 1.16 —0.255 0 1.158 —0.363 0
45 1.16 —0.115 0 I.165 —0.255 0
46 1.16 —0.008 0 1.169 —0.151 0
47 1.16 0 0 1.169 0 0

EDM time of Smin. Initially, the coordinate data
points of both sides (entrance and exit) of each rectan-
gular channel were collected from the optical profile
projector (Table 2). These data points were used to gen-
erate entrance and exit profiles of the corresponding
channel. These profile curves were positioned on the
two different parallel planes which are at a distance
(equal to the length of a channel or the thickness of a
work). The volume of the channel was computed from
the model. A model calculation of volume is illustrated
in the following steps.

Step I. Collecting the data points for both the entrance
and the exit of each rectangular slot from the optical
profile projector, which is shown in Figure 5.

Step II. The data points were used to generate both
entrance and exit cross-sectional profiles of the corre-
sponding channel, as shown in Figure 6.

Step II1. These generated cross-sectional profile curves
were placed on two different parallel planes which are
at a distance (equal to the length of the channel or
thickness of the work) apart to get the volume of the
corresponding channel as shown in Figure 7.
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Figure 5. Photograph of optical-type profile projector.

The model calculation of the taper, 6 (°)

The taper, 6 of the entrance and exit cross-sectional
profiles of each channel is calculated by equation (1)

)

where W,,, is the width of the channel at the top; Wj,,
is the width of the channel at the bottom; and d is the
depth of the channel up to taper profile. The calculated
0 values for the entrance and exit profiles of the channel
at given EDM conditions (I: 8 A; T-On: 45 us; T-Off:
36 ws) were 2.98° and 3.15°, respectively (Figure 6).

me - Wbot

taper,® = tan™! ( 57 (1)

The model calculation for the lateral overcut (mm)

The lateral overcut (LOC) in the direction of the width
of a machined channel at the entrance and exit portions
is calculated by equation (2)

Tr - me

Lateral overcut, LOC = 5

)

where T; is the thickness of the tool, 1 mm; W,,, is the
width of the channel at the top (mm). The calculated
LOC values for the entrance and exit cross-sections of
the channel at given EDM conditions (I: 8A; T-On:
45 ws; T-Off: 36 us) were 0.08 and 0.085 mm, respec-
tively (Figure 6).

The model calculation for the difference in depth, Ad
(mm)

The difference in depth, Ad which shows the variation
between the total depth and depth up to the tapered
profile is calculated by equation (3)

The difference in depth, Ad = D — d (3)

where D is the total depth of a channel; d is the depth
up to tapered portion of a channel. The Ad values for
the entrance and exit portions of the channel at given
EDM conditions (: 8 A; T-On: 45 ps; T-Off: 36 ps) were
calculated as 0.3 and 0.27 mm, respectively (Figure 6).

Results and discussion

The general full factorial L-27 experimental design and
results are represented in Table 3. The generated CAD-
based models to estimate the volume of the channel
(along with the entrance and exit cross-sectional pro-
files) machined at various experimental conditions are
shown in Figures 8-14.

Effect of EDM conditions on the volume of the
machined channel

The results of the factorial regression analysis for the
volume of the channel are shown in Table 4. The main
effect and interaction effect plots of the EDM para-
meters for volume are shown in Figure 15. The devel-
oped regression model for volume of the channel as a
function of input parameters is represented with equa-
tion (4). From the results, it was observed that the

0.5+
I: 8A; T On: 45ps; T Off: 36us; Entrance Profile I: 8A; T On: 45ps; T Off: 36us; Exit Profile
— Wigp: 1.16 mm Wtop: 1.169 mm
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S | i i )
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: 7 B Lt
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Figure 6. Entrance and exit cross-sectional profiles of the channel at I: 8 A; T-On: 45 ps; and T-Off: 36 ps.
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: Effect of EDM conditions on the taper at the
o o= Yy, i entrance
el
\'. - Sloy The results of the factorial regression analysis for the
taper at the entrance cross-sectional profile of the chan-
Exit plane 7 nel are shown in Table 5. The main effect and interac-

Entrance plane

Exit profile curve Entrance profile curve

Volume: 4.6168 mm?

Figure 7. Geometric model (not to scale) to estimate the
volume of the channel at I: 8 A, T-On: 45 ps, and T-Off: 36 p.s.

volume of the channel was found to be increased with
the current but decreased with the 7-On, and higher at
a moderate value of 7-Off. The reason is at the higher
discharge current, the amount of heat energy available
due to generated plasma is sufficient enough to melt or
even evaporate the work specimen. Hence, the matrix
AAG6061 reaches completely a molten state and the
bonded B4C particles could easily be detached, which
are evacuated by the subsequent flushing by a dielec-
tric. Moreover, during the shorter discharge duration
time the heat energy density is high because of the
insufficient time to spread the plasma over the larger
area. Therefore, the more amount of heat energy con-
centrated on less area could effectively melt and eject
the work material due to a very impulsive nature of
shorter discharge duration time. The analysis of var-
iance (ANOVA) results from Table 4 also revealed that
these two parameters (current and 7-On) and their
interaction are significantly affecting the volume of a
channel with p-values less than 0.05.%” From the factor-
ial plots, the volume of the channel was found to be
higher at moderate value of discharge idle time, T-off
(level 2: 36 ws). It is because if the idle time is too short
the molten material could not be flushed away by the
dielectric and gets re-solidified at the inter-electrode
gap. Hence, the subsequent discharge plasma energy
will be consumed in melting away this existed re-
solidified layer but not the new portion of the work
material. When the idle time is too long both the
machining zone and heat-affected zone become harder
due to prolonged contact with the dielectric. Thus, sub-
sequent discharge plasma energy will be wasted in soft-
ening these hardened layers. Therefore, the experiment
trail 20 (current: 8 A; T-On: 25 ws; T-Off: 36 ws) yielded
higher volume of 11.194mm? (Table 3).
Regression Equation

Volume = — 12.19 + 2.4614 + 0.219B — 0.0135C
—0.040514 « B+ 0.01774 « C — 0.00138B« C (4)

tion effect plots of the EDM parameters for taper are
shown in Figure 16. The developed regression model
for the taper of the channel as a function of input para-
meters is represented with an equation (5). Generally,
in EDM the issue of taper arises because of the non-
uniform penetration of the discharge plasma in the
direction of the depth of a channel as the tool electrode
moves down. The penetration of the plasma is inter-
rupted by various reasons like partially melted or re-
solidified matrix material, shielding effect of B4C parti-
culates, and settle down of the detached or fragmented
B4C particulates in craters leftover during previous dis-
charges. However, the proper plasma penetration in
the direction of the depth of the channel is expected in
the case of higher discharge current and shorter dis-
charge duration time due to their characteristic features
such as high available heat energy and evacuation abil-
ity of debris/re-solidified matrix/fragmented B4C in the
inter-electrode gap, respectively, which has also been
discussed in the effect of EDM conditions on the vol-
ume of the machined channel. Therefore, from Table 3
the experimental trails 19, 20, and 21 which are con-
ducted at the combination of high current (8 A) and
low T-On (25 ws) values resulted in low taper values
compared to other conditions. The ANOVA results in
Table 5 revealed that the current is significantly affect-
ing the taper of a channel with p-values less than 0.05.
Regression Equation

Taper = 10.9 —3.054 + 0.781B — 0.029C
—0.05744 « B + 0.0476A4 « C — 0.00778B« C  (5)

Effect of EDM conditions on LOC of the machined
channel

The results of the factorial regression analysis for the
LOC at the entrance cross-sectional profile of the chan-
nel are shown in Table 6. The main effect and interac-
tion effect plots of the EDM parameters for LOC are
shown in Figure 17. The developed regression model
for LOC of the channel as a function of input para-
meters is represented with an equation (6). From the
results, it is observed that the lower discharge current is
favorable to reduce the overcut in the lateral direction.
It is because the lower heat energy and current density
could melt the work material in the vicinity of the
machining zone. Therefore, the experimental trails from
1 to 9 which were conducted at the lower current (4 A)
exhibited lower LOC compared to other conditions in
Table 3. The ANOVA results in Table 6 revealed that
the current is significantly affecting the overcut of a
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Figure 8. Entrance, exit cross-sectional profiles and geometric model of the channels machined at various input conditions for

experimental runs from | to 4.
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Figure 9. Entrance, exit cross-sectional profiles and geometric model of the channels machined at various input conditions for

experimental runs from 5 to 8.
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Figure 10. Entrance, exit cross-sectional profiles and geometric model of the channels machined at various input conditions for
experimental runs from 9 to 12.
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Figure I 1. Entrance, exit cross-sectional profiles and geometric model of the channels machined at various input conditions for

experimental runs from 13 to 16.
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Figure 12. Entrance, exit cross-sectional profiles and geometric model of the channels machined at various input conditions for

experimental runs from 17 to 20.
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Figure 13. Entrance, exit cross-sectional profiles and geometric model of the channels machined at various input conditions for
experimental runs from 21 to 24.
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Figure 14. Entrance, exit cross-sectional profiles and geometric model of the channels machined at various input conditions for

experimental runs from 25 to 27.

Table 4. Results of factorial regression analysis for Volume.

ANOVA
Source df Adjusted SS Adjusted MS F-Value p-Value
Model 18 210.742 11.7079 21.19 0.000
Linear 6 166.958 27.8263 50.36 0.000
Current 2 121.392 60.6960 109.85 0.000
TOn 2 40.799 20.3994 36.92 0.000
TOff 2 4.767 2.3835 4.31 0.054
Two-way interactions 12 43.784 3.6487 6.60 0.006
Current X T-On 4 37.332 9.3329 16.89 0.001
Current X T-Off 4 3.528 0.8820 1.60 0.265
T-On X T-Off 4 2.924 0.7311 1.32 0.340
Error 8 4.420 0.5525
Total 26 215.162
Model summary
S R? R?(adj)
0.743311 97.95% 93.32%

ANOVA: analysis of variance; MS: mean of squares; SS: sum of squares.
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Figure 15. Main effect, interaction effect, residual plots, and Pareto chart for volume..
Table 5. Results of factorial regression analysis for taper.
ANOVA
Source df Adjusted SS Adjusted MS F-Value p-Value
Model 18 1824.26 101.348 428 0.021
Linear 6 1610.47 268412 11.35 0.002
Current 2 1390.76 695.380 29.40 0.000
T-On 2 178.83 89.414 3.78 0.070
TOff 2 40.88 20.442 0.86 0.457
Two-way interactions 12 213.79 17.816 0.75 0.683
Current X T-On 4 88.60 22.150 0.94 0.490
Current X T-Off 4 21.34 5.334 0.23 0917
T-On X T-Off 4 103.85 25.963 1.10 0.420
Error 8 189.23 23.653
Total 26 2013.48
Model Summary
S R? R? (adj)
4.86347 90.60% 69.46%

ANOVA: analysis of variance; MS: mean of squares; SS: sum of squares.

channel with p-values less than 0.05.
Regression Equation

Overcut = — 0.0820 + 0.019634 + 0.000894B

—0.000196C — 0.0001384 * B + 0.0001
—0.000009B * C

464 % C
(6)

Effect of EDM conditions on the difference in depth
of the machined channel

The results of the factorial regression analysis for the
difference in depth at the entrance cross-sectional profile
of the channel are shown in Table 7. The main effect
and interaction effect plots of the EDM parameters for
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Figure 16. Main effect, interaction effect, residual plots, and Pareto chart for taper.

Table 6. Results of factorial regression analysis for lateral overcut..

ANOVA
Source df Adjusted SS Adjusted MS F-Value p-Value
Model 18 0.027015 0.001501 10.39 0.001
Linear 6 0.025907 0.004318 29.88 0.000
Current 2 0.025200 0.012600 87.20 0.000
T-On 2 0.000513 0.000256 1.77 0.230
TOff 2 0.000194 0.000097 0.67 0.538
Two-way interactions 12 0.001108 0.000092 0.64 0.767
Current X T-On 4 0.000529 0.000132 0.92 0.500
Current X T-Off 4 0.000218 0.000055 0.38 0.819
T-On X T-Off 4 0.000361 0.000090 0.62 0.658
Error 8 0.001156 0.000144
Total 26 0.028171
Model summary
S R? R*(adi)
0.0120208 95.90% 86.66%

ANOVA: analysis of variance; MS: mean of squares; SS: sum of squares.

the difference in depth are shown in Figure 18. The
developed regression model for the difference in depth
of the channel as a function of input parameters is
represented with an equation (7). Results showed that
the difference in depth value is minimum at lower cur-
rent and higher discharge duration. The reason is, the
tool could not penetrate into the work material along
with the depth of a channel below the tapered portion
because of the low heat energy of lesser plasma den-
sity. Hence, from Table 3 the experiment trails 7, 8,

and 9 which are conducted at the combination of low
current and high 7-On conditions yielded a minimum
value of the difference in depth at the entrance and
exit portions of a channel compared to other condi-
tions. The ANOVA results from Table 7 also revealed
that these two parameters (current and T-On) are sig-
nificantly affecting the difference in depth of a channel

with p-values less than 0.05.
Regression Equation
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Table 7. Results of factorial regression analysis for the difference in depth..

ANOVA
Source df Adjusted SS Adjusted MS F-Value p-Value
Model 18 0.653343 0.036297 13.11 0.000
Linear 6 0.597364 0.099561 35.96 0.000
Current 2 0.527346 0.263673 95.24 0.000
T-On 2 0.055470 0.027735 10.02 0.007
TOff 2 0.014548 0.007274 2.63 0.133
Two-way interactions 12 0.055979 0.004665 1.68 0.234
Current X T-On 4 0.019947 0.004987 1.80 0.222
Current X T-Off 4 0.028888 0.007222 2.61 0.116
T-On X T-Off 4 0.007144 0.001786 0.65 0.646
Error 8 0.022149 0.002769
Total 26 0.675492
Model summary
S R? R*(adij)
0.0526179 96.72% 89.34%

ANOVA: analysis of variance; MS: mean of squares; SS: sum of squares.
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Figure 17. Main effect, interaction effect, residual plots, and Pareto chart for lateral overcut.

The difference in depth = — 0.289 + 0.07784
+ 0.00468 B — 0.00306C — 0.0008964 * B
+ 0.001334 * C — 0.000058B « C

()

Conclusion

The AA6061-4wt.% B4C composite work specimens
were developed by the stir casting method. The sinker

EDM at varied input process parameters was used to
create the channels using full factorial experimental
design. The output responses such as volume, taper,
LOC, and the difference in depth of the channel were
obtained by developing the geometric model. The linear
regression model was developed to relate the EDM
input parameters and output responses (channel volume
and its features). The developed models for all output
responses could explain the variation in the process to
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Figure 18. Main effect, interaction effect, residual plots, and Pareto chart for the difference in depth.

the extent of 97.95% (R* of volume), 90.60% (R*> of
taper), 95.90% (R* of LOC), and 96.72% (R? of the dif-
ference in depth). The developed linear regression mod-
els for all response variables are significant with a p-
value less than 0.05. ANOVA was performed to iden-
tify the significant input parameters affecting the out-
put response. ANOVA showed that both current and
T-on are significant parameters affecting the volume
and the difference in depth, whereas the current for the
taper and LOC. The arrived major conclusions from
this study are as follows.

e The higher current and lower T-on values are
preferred to get high volume.

e The higher current and lower T-on values are
suggested to reduce the raper.

e The lower current and higher T-on are helping in
reducing the overcut.

e The lower current and higher T-on are helping in
decreasing the difference in depth.
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