
Research Article
Study on Compaction andMachinability of Silicon Nitride (Si3N4)
Reinforced Copper Alloy Composite through P/M Route

T. Sathish ,1 V. Mohanavel,2 Alagar Karthick ,3 M. Arunkumar ,4 M. Ravichandran ,5

and S. Rajkumar 6

1Department of Mechanical Engineering, Saveetha School of Engineering, SIMATS, 602105 Chennai, Tamil Nadu, India
2Centre for Materials Engineering and Regenerative Medicine, Bharath Institute of Higher Education and Research, Chennai,
600073 Tamil Nadu, India
3Department of Electrical and Electronics Engineering, KPR Institute of Engineering and Technology, Coimbatore,
641407 Tamil Nadu, India
4Department of Agriculture Engineering, Sri Shakthi Institute of Engineering and Technology, Coimbatore,
641062 Tamil Nadu, India
5Department of Mechanical Engineering, K.Ramakrishnan College of Engineering, Trichy 621112, Tamil Nadu, India
6Department of Mechanical Engineering, Faculty of Manufacturing, Institute of Technology, Hawassa University, Ethiopia

Correspondence should be addressed to S. Rajkumar; rajkumar@hu.edu.et

Received 11 April 2021; Accepted 23 June 2021; Published 8 July 2021

Academic Editor: Ching Hao Lee

Copyright © 2021 T. Sathish et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Nowadays, most of the products are used in the electrical and electronics field, and copper alloy is playing a significant role such as
Springs for relay contacts and switchgear, Rotor bars, and Busbars. In this work, the copper alloys consider as base alloy, and the
reinforced factor of silicon nitride (Si3N4) is processed of reinforcement as 3wt. %, 6 wt. %, 9 wt. %, 12wt. % Si3N4 through powder
metallurgy performance. The ball mill process is used for this work to obtain an enhanced homogeneous mixture of both base
material as well as reinforced particles. Using a hydraulic press, the blended powders are compacted with applying 3 kN and 10
min period for obtained good strength of green compact specimens. Further, the green compacted specimens are sintered, and
the sintered billets are machined in the conventional lathes with different cutting speeds 50m/min, 100m/min, and 150m/min;
feed rate of 0.1mm/rev (fixed); and depth of cut of 0.5mm, 0.8mm, 1mm, 1.2mm, 1.4mm, and 1.6mm. Cutting speed and
depth of cut to find the composites’ cutting force is ingenious. A wear test also can be conducted to find the wear resistance of
the reinforced particles of the copper alloy material.

1. Introduction

With the development of new materials, the composite func-
tions majorly with low mass ratio to potency ratios and
enhanced properties. The standard composite is metal matrix
composites. These are high strength, magnificent wear, and
corrosion behavior and have high mechanical properties.
The powder metallurgy route is the best way to fabricate
all parts in simple compacting and heating metal powders
[1, 2]. The machining of MMCs is complex due to superior
hardness value, the tool wear is more, and the surface finish
attains poor condition. The Aluminium Matrix Composites

(AMCs) are simple ones to replacing MMCs by their nature
of strength and lightweight, and these alloys are suitable for
structural work, aerospace, and automotive sectors. The
polymer composite is also used for the fabrication of auto-
motive components to improve their strength. Polymer
composites possess high strength and lightweight [3, 4].

Powder metallurgy is a versatile process of producing
composites within a short period. The preparation of pow-
ders, blending of powders, and the compaction process are
indirect effects of the composites’ machinability process
[5–7]. The sintering process increases the strength of the
composites and affects the cutting force of the tool. Based
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on the material, the tool selection was an important one [8–
11]. The compaction process in the P/M tightens the loose
powder effectively by applying different compaction pres-
sure and selects the proper die and punch. There are forced
particles mixed into the base material due to the blending or
milling process [12]. The effects of reinforcement in the
composite reflect in the tool wear. Most of the tool materials
are affected by machining speed and feed rate [13]. Numer-
ous methodologies are used to manufacture aluminum com-
posites and other composites. Most composites are prepared
by powder metallurgy and stir casting approach; most
researchers develop their composites through these tech-
niques. The stir casting method is termed liquid state pro-
cessing which the base material has to be melted well and
stir continually with the addition of solid reinforcement
particles. This process considers the time for carrying out
stirring action to increase the composites’ strength. After
stirring, action followed the solidification process to improve
the solid strength of the composites. Stir casting examination
offered the low-cost, simple in-process control of liquid state
molten material. But some of the limitations are caused by
the stir casting process, such as difficulty obtaining homoge-
neous mixture and possibly producing porosity in the com-
posites. High temperature leads to poor wetting and a
chance to form a reaction between the base and reinforced
particles. The researchers undertake all these considerations.
The powder metallurgy process is used to prepare the com-
posites with multiple reinforcement particles in a single pro-
cess. It can be provided the enhanced mechanical strength as
well as tribological properties of the hybrid composites.

Some researchers carried out the PM method, mixing
Al2O3into the aluminum and copper powders; the excellent

mechanical strength was found. When developing compos-
ites, ductility is considered a factor in improving the compos-
ites’ strength [14]. In some literature, the silicon nitride
(Si3N4) was used to reinforce into the alloys the composites’
ductility has to be obtained excellently and improve fracture
toughness. Silicon nitride is one of the hard ceramic particles.
It possesses high fracture toughness. Few of the literature
only considered the silicon nitride ceramic particles into the
aluminum alloy composites. The copper alloys have excep-
tional corrosion resistance. It has widely used in mechanical
areas such as the joining of rivets and screws. Usually, copper
alloys are called metal alloys. In that alloy, copper has a chief
element of the copper alloys.

In general, copper and its alloys possess high electrical
and thermal properties, continually better corrosion resis-
tance, and superior ductility in nature for use in various engi-
neering applications [15]. These alloys’ limitations are low
tensile strength andminimumwear resistance; this limitation
needs enforcement in the silicon nitride ceramic particles to
solve the limitations. Silicon nitride reinforced particles have

(a) (b)

Figure 2: Punch and die for the compaction.

Table 2: Sintering process sequence.

Sintering process
Temperature

Time
Starting Ending

Heating process 35°C 400°C 50min

Soaking process 400°C 400°C 40min

Heating process 400°C 500°C 40min

Soaking process 500°C 500°C 40min

Heating process 500°C 600°C 40min

Soaking process 600°C 600°C 50min

Allowed to cooling in the furnace 600°C 35°C —

Copper alloy +
silicon nitride

Blending or milling

Compaction

Sintering

Machining

Surface
roughness test

Wear test

Figure 1: Flowchart of the proposed study.

Table 1: Chemical composition of copper alloy.

Elements Cu Al Mg Mn Si Cr

Weight% 98.05 0.42 0.29 0.47 0.24 0.24

2 International Journal of Polymer Science



high thermal, mechanical, and wear properties to reinforce
the base material to enhance material strength. Si3N4 ceramic
particles offered better compressive strength than any com-
posites since they possess superior compressive strength
and yield strength [16]. Copper alloys and silicon carbide
hard particles improve the microhardness of the composite
materials. The wear resistance of the composites also
increases hugely. Using silicon nitride, the homogeneous
mixture was obtained in the P/M process route. The ball mill-
ing process was enhanced the mixture strength, such as base
alloys and silicon nitride hard particles. The sintering process
lifted the strength of the composites through melting. Both
the base alloys and silicon nitride was moved to red hot con-
dition and obtained uniform distribution [17]. This study
planned to prepare the copper alloys with reinforced silicon
nitride by implementing powder metallurgy practice. The
main objectives of this work were mentioned, such as to find
the machinability characteristics and wear property of the
copper alloy composites prepared by the powder metallurgy
practice with different input parameters. The sintered com-
posites are machined by using of conventional lathe machine
with different machining parameters such as cutting speed,
feed rate, and depth of cut. The result of cutting force is mea-
sured by the influence of cutting speed and depth of cut. The
machinability study is focusing on machining of the copper
nozzle and bushes, a wear study aimed to prevent the wear
in the commutator in an electric motor.

2. Materials and Method

This experiment considers the copper alloys to reinforce sil-
icon nitrite with a different weight percentage of composition
[18]. The experiment plan was illustrated in Figure 1, and the
material selection is the initial phase of this work. The mate-
rial is chosen for this work as copper alloys and silicon
nitride. Copper alloys are primarily used in electrical items
such as motor winding and electrical wire. The powder met-
allurgy process highly blends both the materials; continually,
the compaction process is carried out. Further, green com-

paction is sintered and extruded. Finally, the machinability,
surface roughness, and wear test were conducted. Table 1
presented the constituent elements of copper alloys generally
X-ray fluorescence (XRF) technique was used to measure the
material’s elemental composition. The atomized powder par-
ticles of copper alloys and the different weight percentages of
the silicon nitride were mixed into the ball mill with a uni-
form speed of 400rpm, with a few steel balls being induced
the powders’.

Uniform mixing in the ball mill, the blending operation
carried out 1 hour 30 minutes [19]. The mixed powder parti-
cles are filled in the cylindrical die cavity. The powders are
pressed by the application of pressure, the punch and die of
the experiment were illustrated in Figure 2. The hydraulic
press complied under the specifications of 10 kN capacity
and the ram’s stroke length as 300mm. The 3 kN pressure
was applied while compaction with maintaining the pressure
for 10min [20]. The sintering sequence is presented in
Table 2, and the Green compact billets are further sintered
by using of sintering process in the furnace. The billets are
placed inside the furnace in the order of reinforcement per-
centage to collect the billets after sintering [21]. Initially,
the starting temperature of the sintering process at 35°C
was applied, continually heating up to 400°C after reaching
400°C to maintain the same temperature for 40min. Further
heating 400°C to 500°C, the furnace reached 500°C to main-
tain the same temperature at the time of 40min [22–24]. In
the last attempt of heating 500°C to 600°C, the furnace
reached the temperature of 600°C and maintains the same
temperature for 40min. After that, they allowed reducing

(a) (b)

Figure 3: Compacted billets (a) before sintering and (b) after sintering.

Table 3: Machining parameters.

Tool bit material High-speed steel (HSS)

Cutting speed in m/min 50, 100,150

Feed rate in mm/rev 0.1 (fixed)

Depth of cut in mm 0.5, 0.8, 1, 1.2,1.4,1.6

Percentage of reinforcement % wt. Si3N4 3, 6, 9,12
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the temperature of 600°C to 35°C. The compact green billets
before sintering and after sintering are shown in Figure 3.
The soaking process is essential to modifying the composite
billets’ microstructure [25–28].

The conventional machining process was carried out in
the lathe machine with different speeds, constant feed rates,
and depth of cut. The HMT lathe machine was used for
machining the composites with the aid of a high-speed steel
tool material. The Mitutoyo surface roughness tester is mea-
sured by the machined components’ surface roughness [29–
31]. The cutting force was measured by using of lathe tool
dynamometer made by National instruments effectively; the
machining parameters of this investigation are presented in
Table 3.Wear test experiments under the influence of 3.0

kgf of applied, sliding velocity of 2m/s, the sliding distance
of 1500m, and the wear track diameter of 120mm [32–34].
The disc rotational speed is maintained at 160 rpm with a

Figure 4: DUCOM dry sliding wear tester with specimens.

Table 4: Summary of machining parameters with the result of surface roughness.

S. no
Feed rate in
(mm/rev)

Cutting speed in
(m/min)

Depth of cut
(mm)

Surface roughness values in microns
3wt. % 6wt. % 9wt. % !2wt. %

1

0.1

50

0.5 0.58 1.52 2.08 2.65

2 0.8 0.75 1.58 2.09 2.68

3 1.0 0.92 1.68 2.10 2.74

4 1.2 0.67 1.54 1.07 2.69

5 1.4 0.69 1.63 2.15 2.72

6 1.6 0.83 1.57 2.17 2.78

7 0.5 0.95 1.68 2.23 2.8

8 0.8 1.02 1.72 2.37 2.81

9

100

1.0 1.34 1.86 2.29 2.80

10 1.2 1.25 1.67 2.34 2.76

11 1.4 1.34 1.73 2.42 2.84

12 1.6 1.21 1.81 2.45 2.83

13 0.5 1.32 1.92 2.53 2.94

14 0.8 1.42 1.96 2.57 2.97

15

150

1.0 1.28 1.89 2.74 3.01

16 1.2 1.34 1.94 2.64 3.11

17 1.4 1.47 2.01 2.58 3.12

18 1.6 1.39 2.05 2.62 3.16

Table 5: Cutting force summary (cutting speed 50m/min).

S. no Depth of cut (mm)
Cutting force (kgf)

3 wt. % 6wt. % 9wt. % 12wt. %

1 0.5 2.34 2.89 3.01 3.76

2 0.8 4.56 5.32 4.56 6.37

3 1.0 6.75 7.24 7.34 8.28

4 1.2 8.24 9.15 10.45 10.72

5 1.4 10.23 12.34 12.78 14.89

6 1.6 12.74 13.24 14.23 16.76
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time of 25 minutes. The dry sliding wear test specimens and
apparatus of the DUCOMmachine are effectively utilized for
this research, as shown in Figure 4.

Different reinforcement percentages of wear test speci-
mens are prepared under 10mm diameter and 40mm length
with power tool cutting. Specimens are cleaned well before
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Figure 5: Depth of cut vs. cutting force (cutting speed 50m/min).

Table 6: Cutting force summary (cutting speed 100m/min).

S. no Depth of cut (mm)
Cutting force (kgf)

3wt. % 6wt. % 9wt. % 12wt. %

1 0.5 3.45 3.84 3.67 3.76

2 0.8 6.24 5.23 6.24 7.36

3 1.0 7.23 9.15 10.21 1.24

4 1.2 9.45 12.12 11.54 12.76

5 1.4 12.62 14.67 16.92 15.43

6 1.6 14.67 18.23 19.84 17.98
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Figure 6: Depth of cut vs. cutting force (cutting speed 100m/min).

Table 7: Cutting force summary (cutting speed 150m/min).

S. no Depth of cut (mm)
Cutting force (kgf)

3 wt. % 6wt. % 9wt. % 12wt. %

1 0.5 1.89 2.37 3.01 2.56

2 0.8 3.65 4.62 4.52 5.34

3 1.0 7.23 8.34 8.24 9.37

4 1.2 8.24 11.24 10.34 12.76

5 1.4 10.29 13.47 14.78 13.27

6 1.6 13.64 17.23 16.34 15.49
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Figure 7: Depth of cut vs. cutting force (cutting speed 150m/min).
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Figure 8: Cutting speed vs. cutting force (depth of cut 0.5mm).
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carried out the wear test. All the samples are prepared and
wear-tested as per the American Society of Testing Materials
(ASTM G99) standard procedure [35–37].

3. Results and Discussion

Table 4 clearly illustrated the influence of machining param-
eters and the result of surface roughness value. The surface
roughness values are increased by increasing of reinforce-
ment percentage of silicon nitride. The cutting speed and
the reinforcement percentage were directly influenced to
maximize the surface roughness value. The maximum sur-
face roughness value was obtained as 3.16 microns by rein-
forcement of 12wt. %, cutting speed of 150m/min, depth of
cut 1.6mm, and the constant federate 0.1mm/rev. The min-

imum surface roughness value obtained is 0.58 microns.
Increasing reinforcement increases the tool wear and
increases the surface roughness value. Increasing reinforce-
ment increases the strength of the composites in terms of
toughness and hardness, leading to affect the tool edges. Fur-
ther, it can be reflected by poor surface finish.

3.1. Effects of Cutting Speed. The Cutting force summary of
influencing Cutting speed 50m/min is presented. The cutting
force increases by increasing the depth of the cut and increas-
ing reinforcement percentage Table 5. The maximum cutting
force attained was 16.76 kgf at reinforcement of 12wt. % of
silicon nitride with the depth of cut as 1.6mm. The minimum
cutting force is 2.34 kgf by influencing 3wt. % of reinforce-
ment and the 0.5 depth of cut as shown in Figure 5.
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Figure 9: Cutting speed vs. cutting force (depth of cut 0.8mm).
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Figure 10: Cutting speed vs. cutting force (depth of cut1.0mm).
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Figure 11: Cutting speed vs. cutting force (depth of cut 1.2mm).
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The cutting force analysis by influencing cutting speed
100m/min is illustrated. The cutting force constantly
increases with increasing depth of cut and increasing rein-
forcement weight percentage. Maximum cutting force
obtained as 17.98 kgf by the reinforcement of 12wt. % with
the depth of cut as 1.6mm in Table 6. The low cutting force
was 3.45 kgf by persuading 3wt. % of reinforcement and
the 0.5 depth of cut, as shown in Figure 6.

In the cutting force study, by influencing cutting speed
150m/min, the cutting force regularly increases with increas-
ing cut and increasing reinforcement weight percentage in
Table 7. The maximum value of cutting force was 15.49 kgf
by their enforcement of 12%, with the depth of cut as 1.6
mm. The 1.89 kgf cutting force was attained by inducing 3
wt. % of reinforcement and the 0.5 depth of cut, as shown
in Figure 7. Compared to cutting speed 100m/min, the cut-
ting force value decreased by applying 100m/min.

3.2. Effects of Depth of Cut. The cutting force’s effects were
analyzed by variation of cut depth shown in Figures 8–13.
The minimum cutting force obtained as 2.58 kgf with 50
m/min influence was shown in Figure 9. The maximum cut-
ting force was obtained as 20.86 kgf with 12wt. % reinforce-
ment and the 100m/min cutting speed, as shown in
Figure 13, which presented the wear results. The constant

values of applied load (30N), sliding velocity (2m/s), track
diameter (120mm), and wear time (25min) were continued
to all four specimens with different reinforcement percent-
ages. Increasing reinforcement particles (Si3N4) conversely
reduced the wear. Further increasing of reinforcement per-
centage can be turned to increases the wear rate Table 8.

The wear graph was presented in Figure 14 effectively; the
maximum wear was 211 microns using 3wt. % of Si3N4.
Using a testing time of 25 minutes, the average frictional
force was illustrated as 1.0. During the wear process, the tem-
perature would be continually maintained as 287°C. For
increasing reinforcement, reduction reduces the wear finally
reached the maximum reinforcement it caused to increase
wear. Minimum wear was obtained as 174 microns with 9
wt. % of reinforcement. High reinforcement percentage was
induced lower mixing level. Further, it can be the origin of
high weight loss. These reinforcement composites offered
better wear resistance even in increasing temperature and
the higher speed of the wear test.

4. Conclusion

The powder metallurgy technique carried out the machin-
ability study of copper alloys with silicon nitride. The differ-
ent machining parameters as cutting speed, feed rate, depth
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Figure 13: Cutting speed vs. cutting force (depth of cut 1.6mm).

Table 8: Summary of wear test.

S.
no

Load
(N)

Sliding velocity
(m/s)

Sliding distance
(m)

Track diameter
(mm)

Wear time
(min)

Wear results
Reinforcement

%
Wear

(microns)
Frictional
force

1

30 2 1500 120 25

3 211 1.2

2 6 182 1.4

3 9 174 1.5

4 12 188 1.4
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of cut, and reinforcement percentage were executed to mea-
sure the composite’s surface roughness and cutting force
effectively. The result of this investigation was presented as
follows:

(i) The cutting speed and the reinforcement percentage
were directly influenced to maximize the surface
roughness value from the analysis. The maximum
surface roughness value obtained was 3.16 microns
by reinforcement of 12wt. %, cutting speed of 150
m/min, depth of cut 1.6mm, and the constant feed
rate 0.1mm/rev. The minimum surface roughness
value obtained is 0.58 microns. Increasing reinforce-
ment increases the tool wear and increases the surface
roughness value

The maximum cutting force attained is 16.76 kgf at rein-
forcement of 12wt. % of silicon nitride with the depth of cut
as 1.6mm. The minimum cutting force is 2.34 kgf by
influencing 3wt. % of reinforcement and the 0.5 depth. The
cutting speed is 100m/min, and the maximum cutting force
is obtained as kgf by the reinforcement of 12wt. % with the
cut’s depth as 1.6mm. The low cutting force was 3.45 kgf by
persuading 3wt. % of reinforcement and 0.5 depth. For the
cutting speed of 150m/min, the maximum value of cutting
force was 15.49 kgf by their enforcement of 12wt. % with
the depth of cut as1.6mm. The 1.89 kgf cutting force was
attained by inducing 3wt. % of reinforcement and the 0.5
depth of cut.

(ii) From the analysis, the maximum cutting force
obtained was 20.86 kgf with the influence of 12wt.
% reinforcement and the 100m/min cutting speed.
The minimum cutting force obtained was 2.58 kgf
with an influence of 50m/min

(iii) From the wear test, the minimum wear was obtained
as 174 microns with 9wt. % of reinforcement. Max-
imum wear was obtained as 211 microns by rein-
forcement of 3wt. % of Si3N4. The increasing
tendency of reinforcement reduces the wear and
finally reached the 9wt. % to 12wt. % of reinforce-
ment it caused to increase wear
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