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ABSTRACT

In the current study, an aluminum alloy A356-based hybrid metal matrix
composite with red mud and titanium carbide reinforcements is fabricated
using a liquid processing route namely the stir casting method. The
machining characteristics along with the suitable electrode material
during the electric discharge machining of the fabricated composite are
determined. The authors are interested in studying the effects of various
electric discharge machining (EDM) input parameters like peak current,
the voltage on time, and gap voltage affecting the material removal rate
(MRR) and tool wear rate (TWR) at the time of machining. Levels of input
parameters to conduct the experiments are considered from the literature
review, machine capacity, and pilot experiments. To predict the suitable
electrode material for the newly fabricated heterogeneous composite
material, different electrode materials namely brass, copper, graphite, and
stainless steel are used to perform the experiments. Further, the surface
roughness of the machined surface is measured and compared for different
electrode materials used in the present work. From the results, it has been
observed that copper electrode followed by stainless steel electrode show
the least tool wear rate (TWR), while brass exhibited the highest TWR.
Stainless steel electrode has shown a 90.73% reduction in TWR when
compared with brass which has shown the largest TWR. But the Graphite
electrode had shown a 57.19% improvement in MRR when compared with
stainless steel which had produced a lower value of MRR.
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1. INTRODUCTION

With technological advancement and demand for
innovative applications, the requirement for
specific materials has risen. Metal matrix
composites are being utilized as a chief group of
building materials for automotive, defense, and
aerospace applications because of their low
density, high specific strength, and high specific
modulus, along with the higher service
temperatures. Moreover, compared to monolithic
materials, MMCs are reported to depict better
physical, mechanical, and wear properties [1].
Ceramic particles have been a compelling choice
as reinforcements in metal matrices. Previously,
titanium carbide TiC, titanium boride TiB,
titanium diboride TiB;, and silicon carbide SiC
have been incorporated as reinforcements in
different MMCs. Amongst these ceramic
reinforcements, TiC is considered a fascinating
one due to its enhanced thermal stability, better
chemical compatibility, better resistance to
corrosion and oxidation in unfavorable
environments, and mechanical properties that
include very high hardness and high elastic
modulus [2-5].

Xianglong Sun et al. [2] Synthesized composites
with in-situ TiC and MWCNTSs reinforcements in
the Ti matrix through vacuum hot press sintering
and hot rolling process. They reported that the
proportion and particle size of TiC increased with
MWCNTSs proportion resulting in the formation of
different microstructure and grain refinement
after rolling deformation. Grain refinement, solid
solution strengthening of C, and dispersion
strengthening in TiC significantly increased the
strength and hardness of the composite.
H.A.Rastegari et al [6] fabricated composites with
TiC reinforcements and Ti-6Al-4V matrix in
graphite crucible by vacuum induction melting
(VIM) method forming Grain boundary, eutectic
and trans granular TiC precipitates. They
reported that compared to neat Ti-6Al-4V, TiC-
reinforced composites showed greater hardness
and tensile strength which further increased with
volume fraction of TiC. Several metallurgical
processes such as liquid-based stir casting
process [7,8], powder-based technique[9,10],
semi-solid powder densification [11], pellet
method [12], and spray automation and
deposition [13] are being adopted by the
researchers for the fabrication of MMCs.

Amongst all these, liquid phase stir casting has
been the foremost economical and simplest route
for the fabrication of metal matrix composites
commercially [14,15]. Kalaiselvan et al. [16]
prepared boron carbide-reinforced Al alloy
composites using different techniques like
squeeze casting, stir casting, spray deposition,
pressure infiltration, liquid infiltration, and
powder metallurgy and studied their
characterization. Stir casting is a relatively cheap
manufacturing process that additionally provides
a wide selection of materials. Belete et al [17]
prepared and studied ceramic particle-reinforced
Al composites using stir casting. They reported
that the stir casting route is a simple and cost-
effective method of composite fabrication that
assists in better particle dispersion in the metal
matrix while stirring. Johny et al. [18] applied the
stir casting method to fabricate Al6061 and
ZrSiO4 composites and identified homogeneous
microstructure within the developed specimens.
Miiller and ]. Monaghan [19] studied aluminum
matrix composite manufactured by the method of
stir casting process is having improved
mechanical properties.

The greatest drawback related to MMCs is their
high price. Therefore, currently, the emphasis is
on manufacturing composites that incorporate
reinforcements that are relatively cheap and have
low density. Materials like graphite, fly ash, red
mud, etc. are obtainable reinforcements for
MMCs. Amongst these, red mud, obtained in
massive quantities during extraction of
aluminum from bauxite ore is an economical as
well as low-density alternative for particulate
reinforcements in composites that can be utilized
for automotive applications. Ravi C Naikar [20]
prepared uniformly distributed red mud (3 wt%,
6 wt%, 9 wt%) reinforced aluminum matrix
composite through stir casting and studied its
mechanical properties. The work reported that
the wear rate increases with the weight
percentage of red mud while the tensile strength
increases with the weight percentage of red mud
up to 6% after which it decreases. Amit Sharma et
al [21] fabricated Al-2014/Red mud metal matrix
composites with 5 wt% to 15 wt% of
reinforcements using 90p and 150p particle
sizes. It was concluded from findings that tensile
strength and hardness improved with weight
percentage of red mud and maximum was
obtained at 15 wt% and 90um grain size.
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Electric discharge machining is one of the earliest
non-traditional machining processes. Electric-
discharge machining was invented by Russian
engineers, B.R. Lazarenko and N.I. Lazarenko in
1943. Though electro-discharge machining is
limited to only electrically conductive tool and
workpiece, it allows for very high surface finish
rates with no mechanical vibrations and
mechanical stresses occurring during machining as
there is no physical contact between tool and
workpiece [22]. F. Milller et al [23] studied A356
reinforced SiC (35% and 13um grain size)
composites fabricated through a powder
metallurgy route involving Hot-Isostatic Pressing
(HIP). The results obtained showed that the
prepared MMC can be machined using electro-
discharge machining which is otherwise difficult to
machine using conventional machining processes
as SiC particle-reinforced Al matrix composites
cause excessive tool wear. However, the material
removal rate reported was low compared to the
conventional machining process. Also, the Cu
electrode was found to be more effective than the
graphite electrode. During electric-discharge
machining, the material removal rate obtained was
low while the tool wear was higher.

Yan et al [24] studied the cutting of Al203
reinforced Al-6061 matrix through rotary electro-
discharge machining with a disk-shaped electrode
with Tagauchi methodology. A greater material
removal rate was obtained due to the efficient
debris deposal effect of the rotary disk electrode. It
was inferred through Taguchi methodology that in
general electrical parameters (Peak Current, Pulse
duration, and Gap voltage) affect the machining
characteristics (material removal rate, electrode
wear rate & SR) more significantly than the non-
electrical parameters (speed of rotational disc).

[t is important to note that the machining of metal
matrix composites using conventional machining
processes causes the deterioration of surface
quality due to the delamination between the
ductile matrix, and hard and brittle reinforcement
materials. Therefore, researchers around the
world [44,50] were focusing on machining the
MMCs after utilizing unconventional machining
processes. In the present study, the authors
attempted to investigate the effect of electrode
material on the performance of electric discharge
machining of aluminum MMCs. The novelty of the
present work is the use of four different electrodes
to estimate the MRR, TWR, and surface roughness
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during the machining of the fabricated Al-based
MMC sample. Moreover, a comparative analysis
was conducted to suggest the best electrode
material that enhances the machining
performance of the fabricated MMC during
roughing and finishing operations which has not
been done so far.

2. EXPERIMENTAL DETAILS
2.1 Materials

Bayer’s red mud and TiC of 24 pm and 300 pm
mesh size respectively are used as particulate
reinforcements. The chemical compositions of
Bayer red mud and specifications of TiC are
presented in Tables 1 & 2. Bayer red mud particle
size ranges between 0.8-50 micrometers with an
average value of 14.8 micrometers. The density of
Bayer red mud is 2.70 g/cc [26].

Table 1. Showing specifications of TiC [48].

Molar Mass (g/mol) 59.89

Density (g/cm3) 4.9-5.2
Solubility in Water Insoluble

ICSC number 1319

Boiling Point (°C) 4820

Surface Area (m?/g) 10

Thermal Conductivity at 20°C 0.041
Crystallography Cubic Crystalline
Color Light Grey

TiC depicts several properties such as high
hardness, elastic modulus, and thermal
conductivity along with low density that make it
an appropriate reinforcement for aluminum
metal matrix [27,28].

Wettability and reactivity of TiC are important
qualities required for reinforcement and matrix
adhesion which greatly influences the final
properties of the composite as these parameters
affect the load transfer from matrix to
reinforcements [29,30]. The density of titanium
carbide powder is 4.93 g/cc [31].

Table 2. Showing chemical composition in red mud.

Compound Fe203 Al203 Si02
Wt. fraction 30-60% 10-20% 3-50%

Compound Naz20 CaO TiO2
Wt. fraction 2-10% 2-8% Trace-25%
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A356 is used as matrix material. A356 has been
shown to have good mechanical and wear
characteristics at room temperature. It also has
improved mechanical properties at higher
temperatures. It solidifies in a wide range of
temperature intervals within solidus and
liquidus temperatures making it favourable as
a matrix for composite manufacture using
composting [32]. The composition of A356
aluminum alloy is presented in Table 3. The
density of A356 is 2.67 g/cc. It has a solidus
temperature of 556 °C and a liquidus
temperature of 616 °C. Its pouring temperature
is 680 °C [34]. In the present study, AMMC is
fabricated with the addition of 15 vol% of red
mud and 12 vol% of TiC into the matrix A356
[49].

Table 3. Showing alloying elements of A356.

Compound Standard wt% [33] | Asreceived Wt%

Al 90-93 91

Si 6-7.5 7.2

Mg 0.45 0.44
Cu 0.25 0.25
Mn 0.35 0.35
Fe 0.6 0.6
Ti 0.25 0.25
Zn 0.35 0.35

The percentages were chosen in accordance with
previous studies [35,36]. The die used for the
composite fabrication is rectangular shaped
made of cast iron. The size of the die cavity is

(10 x 6 x 5) mms3.

2.2 Fabrication of composite

For the fabrication of the castings, a mild steel
rectangular die set of 120 X 50 X 5 mm3 has
been utilized. The die was clamped and
preheated to 300 °C [37] for six hours to avoid
casting defects. The required amount of red
mud and titanium carbide was weighed and
kept aside. A weighed amount of A356 alloy is
placed in a graphite crucible for melting the
alloy inside an electric pit furnace. The furnace
temperature was set at 750 °C, greater than the
melting temperature of A356 to superheat the
melt. Red mud was preheated to 500 °C for 15
minutes [35]. Preheating of reinforcements is
required to remove the entrapped moisture as
well as not to lower the temperature of the
molten matrix while adding the

reinforcements. TiC was preheated at 300 °C
[38]. Red mud was added into the melt and
mechanically stirred at 400rpm for 1 minute
followed by the addition of TiC under the same
stirring conditions. Then the molten metal
matrix is put into the preheated die cavity and
allowed to cool to room temperature forming a
solid metal matrix. After cooling, the die was
un-clamped and the cast specimen was then
ejected from the die for further
experimentation. Fig. 1 shows the die and the
stir cast component fabricated.

Fig. 1. Photograph of fabricated hybrid composite
with die.

2.3 Electric discharge machining of A356/
Red mud/TiC hybrid composite

The microstructural and mechanical
characterization of the fabricated aluminum
red mud composite was presented in Ref. [49].
Further, in the present manuscript, the authors
investigated the machining performance of the
said composites. Fig. 2 shows the schematic of
electro-discharge machining. Further, the
Electro-discharge machining working principle
is based upon the erosion of unwanted material
by melting followed by vaporizing. The
electrical energy required for erosion is
supplied to the tool electrode which acts as a
negative electrode while the work material acts
as a positive electrode. The cathode and the
anode are separated by a small spark gap in
which discharge occurs causing sparks. These
sparks result in the erosion of work material.
The electrodes are immersed into a dielectric
medium which is required for flushing of
removed material as well as to restore the
potential difference after breakdown such that
a new dielectric breakdown can occur.
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Fig. 2. Schematic diagram of -electro-discharge
machining process,

Table 4. Showing the EDM settings [46],

Frequency 50Hz
. . EDM O0il (relative density
Dielectric 0.763 g/cc)

brass, copper, graphite,

Electrode material .
stainless steel

Diameter of electrode 8mm
50,100 volts

Gap Voltage, Vg

Peak Voltage, I 6 Amp

Pulse on time, Ton 40, 50, 60 pus
Depth of Cut 5mm
Maximum Flushing 10MPa
Pressure

Fig. 2 shows the electro-discharge machining
process schematic. The EDM studies are carried
out in ELECTRONICA-SMART ZNC EDM
machines. The parameters chosen for the series
of experiments are given in Table 4. The six sets
of experiments were carried out according to the
input response levels of peak current, pulse on
time, and gap voltage using different electrodes
viz. Brass (B), Copper (C), Graphite (G), and
Stainless Steel (S) as given in Table 5.

Table 5. Level of Input Process Parameters.

Machining

Parameters 1 2 3 4 5 6

Peak current, Ip

(in Amp) 10 6 6 6 10 | 10

Pulse on time,

Ton (in ps) 40 | 60 | 50 | 50 | 50 | 50

Gap voltage, Vg

. 100 | 50 | 50 | 100 | 50 | 100
(in volts)

Fig. 3-a-b shows the different material electrodes
and the corresponding impression created
during electric discharge machining.

The material removal rate (MRR) is
mathematically calculated according to Eq (1).

MRR = (Wy-W.) / t (1)
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Here, Wy, and W, represent the weight of the
workpiece before and after machining
respectively and t represents the machining time.

Tool Wear Rate (TWR) is obtained according to
Eq (2) given below.

TWR = (Tp-Ta) / t (2)

Brass

Fig. 3. Photograph showing (a) Types of electrode
used; (b) Impressions created during EDM.

Here, Ty and T. represent the weight of the
electrode before and after machining

respectively and t represents the machining time.
Fig. 4 The EDM used for the experiment and the
process of creating the impression.

g 4
e —p———— - 2y &

Fig. 4. Photograph showing (a) EDM machine; (b)
Impressions being created during EDM.

2.4 Surface roughness

Surface Roughness is measured using the
Mitutoyo Surftest SV2100 M4 tester as shown in
the fig. 5. It uses a stylus method of measurement
and can measure roughness up to 500 pm.



Debasmita Paniet al, Tribology in Industry Vol. 46, No. 4 (2024) 560-569

i
- i% : |‘
- ‘ , |

Surftest Sv21 00 Ma
Y ] 8

Fig. 5. Photograph showing Surface roughness tester.

The pin of the tester moves from left to right in
the impression to obtain the R, value and
similarly moves from right to left in the
impression to obtain the R,; value.

The average of Rii and Ra2 gives the surface
roughness average R..

3. RESULTS AND DISCUSSION
3.1 Material removal rate

Experimental studies according to input labels
described in Table 4 have been carried out to
depict the influence of the different electrodes on
the material removal rate. The points on the X-
axis denote the experimental conditions
mentioned in Table 4 for each electrode i.e. brass
(B), copper (C), Graphite (G), and stainless steel
(S)- MRR is calculated using Eq. (1). The material
removal rate is plotted in Fig. 6.

0.0020
—a— Brass
0.0018 —e— Copper
—a— Graphite
_ 0.0016 —v— Stainless Steel
p—
' 0.0014
1)
£ 0.0012
£
< 0.0010
~
0.0008
=
0.0006
0.0004
0.0002
1 2 3 4 5 6
EXPERIMENT

Fig. 6. Plot showing the comparison of MRR with
various electrodes.

MRR depends on the electrode material,
workpiece material dielectric flushing, and
frequency of sparks. With a greater frequency of
sparks, improper removal of stock occurs. With an
increase in peak current MRR increases, as with an
increase in peak current, discharge energy also
increases. There is no significant increase in MMR
due to the use of brass electrodes. However, due to
machining with brass electrodes, a thin layer of
tool material gets adhered to the workpiece. For
Copper electrodes higher discharge current leads
to higher MRR. This is because the increased spark
discharge energy leads to an impulsive force in the
spark gap which facilitates the melting and
vaporization of work piece material [46]. MRR
with graphite electrodes is much higher compared
to copper and brass electrodes and several times
higher than stainless steel electrodes. Similar
findings were also reported [45].

MRR also increases with increases in pulse on time.
As Ton increases the spark energy also increases
which leads to more material removal. Also, with
an increase in gap voltage Vg, the material removal
rate increases for electrodes due to an increase in
spark energy. For brass electrodes, MRR initially
increases and then starts to fall off as increased Vg
causes harsh concentrated discharge [25]. Material
removal rates are found to be similar for copper
and graphite electrodes. For a level with a higher
peak current, the amount of loss of mass is also
higher. Similar studies were also reported by
Haron et al [39] while studying the performance of
Cu and graphite electrodes during EDM of XW42
tool steel.

3.2 Tool wear rate

The points on the X-axis denote the experimental
conditions mentioned in Table 4 for each
electrode i.e. brass (B), copper (C), Graphite (G),
and stainless steel (S).

TWR is calculated using Eq. (2). The tool wear
rate for different electrode materials were
plotted in Fig. 7.

Tool wear is found to be a similar trend for
copper and graphite electrodes. For a level with a
higher peak current, the amount of loss of mass is
also higher. Similar studies were also reported
for TWR by Haron et al [39] while studying the
performance of Cu and graphite electrodes
during EDM of XW42 tool steel.
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Fig. 7. Plot showing the comparison of TWR of various
electrodes.

Tool wear in copper is found to be low while that of
brass electrodes is more with an increase in
discharge current. This may be due to the reason
that the electrons from the workpiece (negative
terminal) strike the tool surface (positive terminal)
in the reverse polarity during EDM machining.
These continuous strikes liberate greater energy on
the tool surface and the tool materials with lower
melting points wear more. Electrode wear is a
cumulative result of high-density electron impact
(electrical) and associated thermal effect;
mechanical vibrations due to metal particles from
workpieces; also due to irregularity in the
microstructure of tool material [40]. The rate of
brass electrode wear is higher than copper
electrode which is again much higher than stainless
steel electrode. Suhardjono [41] while machining
hardened tool steel SKD 11 found that for 20A pulse
current, the wear rate of brass is about four times
the wear rate of copper and about six times the
wear rate of stainless steel electrode which further
increases with an increase in pulse current. Tool
wear of graphite is significantly lower than brass
electrodes which can be attributed to the large
difference in their melting points. F. Wang et al. [42]
and H.M. Chow et al. [43] in their EDM studies
reported that melting at elevated temperatures is
the main process in which materials are removed
during arc machining due to the low melting point
of the tool material will result in high tool wear rate.

3.3 Surface roughness
The surface roughness values obtained using the

Mitutoyo Surftest SV2100 M4 tester are plotted
in the graph shown in the figure. These values are

566

plotted in the graph shown in Figure 8. Stainless
steel electrode produces the best surface finish
amongst the chosen copper, graphite, and brass
electrodes. H. Singh and A. Singh [44] while
studying the surface roughness produced during
EDM with brass and copper electrodes also
reported similar results for brass electrodes.
With high MRR, larger and deeper craters are
formed causing poor surface finish. This can be
associated with the resulting rougher surfaces of
graphite and copper electrodes. EDM with brass
electrodes causes only a low rate of increase in
surface roughness against discharge current and
forms smaller craters resulting in lower surface
roughness [45].

10 Unmachined
9 Brass
Copper
8 Graphite 7.60656

7 Stainless Steel 6.45586

5.31265

R, (in mm)

TYPE OF ELECTRODE

Fig. 8. Plot showing the comparison of surface
roughness between different electrode materials.

Irrespective of the type of electrode used, the
surface finish decreases with an increase in
current. Analysis of surface roughness shows that
graphite produces the poorest surface. This is
because of the porous and coarse grain structure
of graphite electrodes.

As EDM is a copying process, the open-grain
structure of the graphite electrode gets imprinted
onto the workpiece. The Cu electrode produces a
better surface than the graphite electrode
because of its better electrical and thermal
properties than graphite. Good electrical
conductivity leads to uniform and sustainable
pulse discharges thus diminishing the chances of
short circuits and arcing. It can be concluded that
for a better-finished surface, there must be high
frequency and low amperage current [46].
Similar results were also obtained by Lonardo et
al. [47] and S. Singh et al. [40] while machining
with copper electrodes.
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4. CONCLUSION

The electric discharge machining of the A356
hybrid MMC has been conducted in the present
study. From the experimental investigations on
the machining of hybrid MMC using EDM, MRR,
TWR, and SR are obtained for different
electrode materials namely brass, copper,
graphite, and stainless steel. The experimental
results of EDM machining of hybrid MMC show
that MRR is higher for graphite electrodes
followed by copper and brass electrodes. It is
also observed that the MRR obtained is lowest
for stainless steel electrodes for the present
workpiece material. Further, tool wear is found
to be low for stainless steel followed by copper
and graphite electrodes while brass electrode
shows a higher tool wear rate [50] during
machining of A356/Red mud/TiC composite.
Graphite had shown a 57.19% improvement in
MRR when compared with stainless steel which
had produced a low value of MRR. Further,
stainless steel has shown a 90.73% reduction in
TWR when compared with brass which has
shown a high value of TWR. It is also found that
the stainless-steel electrode is found to give a
better surface finish than brass, graphite, and
copper electrodes. After considering the
multiple responses, namely MRR, TWR, and
surface roughness, the combination of
aluminum MMC workpiece and stainless-steel
tool has given the lowest value of the surface
roughness, and tool wear rate with a
comparable value of MRR when compared with
the other combination of workpiece and tool
materials. It is also important to note that
Graphite electrodes followed by copper and
brass electrodes can be utilized for roughing
operations while stainless steel electrode is
used for finishing operations.
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