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Abstract. In the present research, Cu-Sn alloy with 7.5 wt. % of SisN4 particles reinforced
composites were fabricated by using conventional stir casting method. As-cast Cu-8 %Sn
alloy and Cu-8 %Sn alloy with 7.5 wt. % of SisN4 reinforced composites were evaluated for
microstructural studies using SEM and EDS, density, tensile properties and wear behaviour as
per ASTM method. Cu-Sn alloy with 7.5wt. % of silicon nitride particles reinforced
composites shown lesser densities as compared to the base Cu-Sn alloy. Further, these
composites were exhibited superior tensile strength with slight reduction in the ductility. Pin
on disc wear apparatus was used to conduct the wear tests at varying loads and speeds. The
wear resistance of Cu-Sn alloy increased with the incorporation of SisN4 particles. Further,
applied load and speeds were impacted in the wear behaviour of Cu-Sn alloy composites. As
load and speed increased, there was more material loss in as-cast alloy and its composites.
Tensile fractured surfaces indicated various fracture modes in Cu-Sn alloy and composites.
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Introduction

The requirement for lightweight composites with certain features over conventional materials
increased as advanced science and technology. This opened the door for additional study into
metal matrix composites (MMCs). To enhance the properties of the base metal, materials are
reinforced with carbides or organic compounds. MMCs are primarily used in the automotive,
aeronautical, and aviation industries [1]. Excellent electrical and thermal, corrosion resistance,
and ease of alloying are some highly valuable characteristics of copper. Because of these
properties, it is a promising option for most electrical and thermal applications [2]. On the
other hand, its subpar mechanical performance prevents its use in many applications.
However, this problem can be overcome by incorporating hard ceramic particles like carbides,
borides, oxides, and nitrides. These elements increase strength and hardness at the cost of a
negligible reduction in electrical conductivity [3].

Many studies illustrate the addition of reinforcements like carbon nanotube, graphite,
fly-ash, rice-husk ash, Al>0Os, Cr.03, TiO., TiC, B4C, SiC, etc., can increase the mechanical
properties of copper matrix [4—6]. With high thermal conductivity and less thermal expansion
coefficient, SisNa (silicon nitride) has drawn significant attention because of its superior wear,
corrosion thermal shock resistance, and good mechanical properties. SisN4 is an interesting
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and potential option due to its chemical and mechanical stability at high temperatures for
high-temperature applications. Less work is carried out on the effect of SisNs on copper
matrix [7,8].

Several fabrication techniques can produce MMCs, including friction stir, compo-
casting; squeeze casting, ultrasonic-assisted casting, spray deposition, powder metallurgy, and
diffusion bonding. Stir casting is the most practical and effective for mass production [9,10].
The size, shape, characteristics, proportion, dispersion of the reinforcements, matrix and
reinforcement bonding, heat treatment process, and manufacturing method are factors to
determine the characteristics of MMC. Decreasing the dislocation motion in the crystal lattice
by adding nanoscale reinforcements to the matrix helps to avoid wear [11,12]. It was observed
that adding MoS; reinforcements to the AI-SilOMg successfully reduced wear by
approximately 65 % [13]. Graphite particles were added as reinforcement to the aluminum
alloy to improve its tribological characteristics. These MMCs are capable of self-healing and
self-lubrication [14,15]. When sliding distance and velocity increased, the wear rate and
specific wear of epoxy/cenosphere syntactic foams dropped, according to a study [16].
According to a study, 5 %, Al.Osz added as one of the reinforcements that can improve the
composite's wear properties [17]. The composite's hardness and tensile strength are enhanced
by enhancing the weight percentage of reinforcement [18].

Machine parts with copper alloy are used where the part experiences significant friction,
for example, bearings. Cu-Sn alloys employed in bearings need grease as lubricants, which is
more eco-friendly than copper-lead alloys, which constantly use at high temperatures and
cause damaging gas releases [19]. Bearings are desired for their higher thermal conductivity,
which dissipates heat through friction, excellent wear resistance, compressive strength,
fatigue, tensile, shear, and corrosion resistance, and their capacity to handle shocks and
vibrations. Higher compressive and tensile strengths boost the bearing material's capacity to
withstand the development of cracks and spreading under higher contact pressures and to stop
extrusion or other long-term deformation of the bearing [20].

Therefore, this work makes an effort to develop Cu-Sn alloy with 7.5 wt. % of SizNa
particles reinforced composites using stir cast method. Thus prepared composites were
evaluated for density, tensile and wear behaviour as per ASTM standards.

Experimental Details
Materials used and composites preparation. In the market today, copper-tin, copper-zinc,
and copper-aluminum alloys are the most common bearing materials available. Wear
performance is crucial in some applications, especially when exposed to higher loads.
Cu-Sn alloys are used in various mechanical and electronic industrial applications because
they have outstanding characteristics. Alloys rich in Sn are lead-free solder materials, whereas
alloys with rich Cu are used as structural materials. Due to safety and environmental
concerns, researchers have become interested in the later application because it eliminates
lead toxicity [21].

For the preparation of the composite, a commercially available Cu-Sn alloy was
considered. Table 1 shows the elemental composition of Cu-Sn alloy.

Table 1. Chemical composition of Cu-Sn alloy.

Element Weight, %
Sn 7.85
Al 0.47
Si 0.06
Others 0.20
Cu Balance
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In the current investigation, SizsN4 particles with a diameter of 25-30 um were used as
reinforcement material to improve the mechanical behaviour of the Cu-Sn alloy. Cu-Sn/SizN4
composites were fabricated using the liquid stir casting process. Figure 1 shows the SizN4
particles used in the present study.

| SEMHV:250kV | WD:10.10mm MEGASIE=CAN
SEM MAG: 3.00 kx | Det: SE

Fig. 1. SEM micrograph of SisNa4 particles

The Cu-Sn alloy with micro SisN4 composites was made using a stir process based on
the liquid metallurgy method. Metal ingots of a specific amount of Cu 8 % Sn alloy are
loaded into an electric furnace and heated until they melt. In this case, the molten metal is
heated to a superheated temperature of 1150 °C, whereas the typical melting point of copper
tin alloy is 1070 °C. The melting point and the superheated temperature are measured and
recorded using thermocouples selected for their accuracy over the relevant temperature range.
For about three minutes, solid hexachloroethane (C2Cle) [22] is used to degas the superheated
molten metal in the crucible. The molten metal is stirred by a rotor with steel blades, mounted
on a shaft and coated with zirconium ceramic. The stirrer is submerged to a depth of about
60 % within the crucible, and the molten metal is agitated to the point of vortex creation by
rotating the stirrer at a speed of about 300 rpm. While the molten metal is being stirred, a
separate heater is used to heat micro silicon nitride particulates to temperatures of up to
500 °C; these are then slowly poured into the molten metal vortex in stages, amounting to
7.5% by weight of charged copper tin alloy. Interfacial shear strength is established by
continuing to stir until the CuSn alloy matrix and SisN4 reinforcement particulates are
completely wet. In order to create Cu-Sn and 7.5 wt. % of SisN4 composites, the molten metal
mixture of CuSn alloy matrix and SisN4 composites were poured into the cast iron moulds.
Figure 2 shows the Cu-Sn alloy with 7.5 wt. % of SisN4 composites after casting.

Fig. 2. Cu-Sn alloy and SizN4 composite
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Testing of prepared composites. Cu-Sn base alloy and Cu-Sn 7.5wt. % SisNa
composites were used for the microstructural study. Using a 200-320 grit size abrasive paper,
the specimen's surface was initially made flat, and then finer lines were added by using
600-1200 grit size. Using Keller's reagent for an etching process, the last layer is removed
chemically, and an SEM is employed to inspect it.

The displacement method and density measurements per ASTM D792-66 were used to
determine measured density values, and the rule of mixture was utilized to calculate
theoretical density. The specimen is initially submerged in a known volume of distilled water.
Physical, digital balance equipment calculates the specimen'’s mass after it has been immersed
in water. After the sample is submerged, the volume is determined by the amount of displaced
water. The mass and volume data were collected for both copper-tin alloy and copper-tin alloy
with 7.5wt. % of SisNs composites. Then theoretical and experimental densities were
compared.

Tensile tests were conducted on the composites to look into their mechanical properties.
Round test specimens made of Cu-Sn base alloy and Cu-Sn with 7.5wt. % of SisN4
composites are employed for tensile testing based on standard ASTM-E8 at room temperature
using a computerized UTM with a 400 kN capacity. Three samples were used to compute
yield strength, UTS (ultimate tensile strength), and elongation %, three samples were taken
and calculated average value for results. Figure 3 shows the schematic diagram of tensile test
specimen and machined tensile test specimen as per standard respectively.
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Fig. 3. Schematic diagram of tensile test specimen (a) and machined tensile test specimen (b)

Wear is removing material from one or more solid surfaces that are in friction. The
standard wear test estimates the amount of material removed under specific circumstances. A
wear test was performed on numerous specimens using pin-on-disc equipment. The samples
hold the counter head of a revolving circular disc firmly with a 120 mm circumference wear
track by a pin holder. Dead weights were put to the pin on the other side of the circular disc to
calculate the wear.

[

Fig. 4. Wear test specimen

The specimens are fabricated based on standard ASTM-G99, and the disc is cleaned
using acetone. Samples prepared for the wear test collect information about wear from
electronic sensors. The pin's surface was initially flawed. The rotating disc is meticulously
cleaned to provide precise readings. The next step is to fix the samples to the chuck. The track
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has a diameter of 120 mm. Figure 4 shows the samples that were used in the wear test, having
8 mm in diameter and 30 mm length. Wear test were carried out at varying loads and speeds.
Varying loads of 1 to 3 Kg at 300 rpm and varying speeds of 100 to 300 rpm at 3 Kg load at
2500 m sliding distance were used.

Results and Discussion

Microstructural study. The microstructural characterizations of specimens are examined by
SEM with EDS attachment. Figure 5 demonstrates the SEM micrographs of Cu-Sn alloy and
micro SisNs reinforced composites. Figure 5(a) shows the SEM of CuSn alloy. Figure 5(b)
shows the SEM images of Cu-Sn alloy with 7.5 wt.% of SisN4 reinforced composites. It
confirms that most of micro SisNs particles are mixed uniformly in Cu-Sn alloy. Further,
these figures disclose the uniformity of the prepared composites.

SEM HV: 25.0 kV WD: 15.04 mm | | VEGA3 TESCAN SEM HV: 25.0 kV WD: 12.38 mm

SEM MAG: 300 x Det: SE 200 pm SEM MAG: 300 x Det: SE
(@) (b)
() (b)
Fig. 5. SEM micrographs of (a) As-cast Cu-Sn alloy (b) Cu-Sn alloy with 7.5 wt. %
of SisN4 composites

As can be seen in Fig. 5(b), micro SisN4 reinforcement particles are evenly dispersed
throughout the CuSn matrix, as revealed by scanning electron micrographs. This also shows
that there are no cracks, holes, or pores present. Micro SisN4 reinforcement particles and the
'‘CuSn alloy matrix are observed to form strong interfacial bonds. From the above SEM
images, it is clear that the CuSn with micro SisN4 particulate composite is extremely strong
and has a significant impact on both mechanical and tribological properties due to the uniform
distribution of reinforcement particles, the lack of defects in the casting process, and the good
interfacial bonding between the different materials.

Element detection by spectroscopy (EDS) is a powerful and useful technique for
identifying elements and their relative abundance. While chemical analysis can identify which
elements are present in a given sample, a more precise measure of their relative abundance
requires EDS. Compositions of the aforementioned composites are shown in Fig. 6, and EDS
is used for elemental analysis of both Cu-Sn alloy and Cu-Sn with SisNs reinforcement

(Fig. 6(a,b)).



16 B. Adaveesh, G.V. Prabhushankar, M. Nagaral

Cu
e Element Weight %
e snL 7.95
3Tl
o - Cuk 92.05
g 265
.=
o EIF! .
154
1048] 5
53 in Cu
A S
o _-l._._-—hh— ......k — . z'
aQ L7 34 51 &8 Bs 0nr 1% 136 153
Lagc: 300 23 Cniks 3475 ke et Octane Fro Det
keV
(a)
- cu
a1 Element Weight %
192 NK 1.31
343 SiK 6.52
w snL 592
g 245 (
S 196 C."K 86.85
147
B8
i 5a Cu
l'.'ll:l- L7 34 51 &8 B35 ”."Iﬂi‘ ) -III'P 136 153
Lage: 300 J3Cnis 3475 kaV Dot Otans P Dt
keV
_ (b) _ |
Fig. 6. EDS spectrums of (a) As-cast Cu-Sn alloy (b) Cu-Sn alloy with 7.5 wt.% of SizN4
composites

As can be seen from the preceding graphs, the Y axis represents the number of
occurrences and the X axis represents the intensity of those occurrences. The EDS
spectrograph of as cast Cu-Sn alloy is shown in Fig. 6(a). Copper is the most abundant
element in the sample, with tin as an alloying element also confirmed by the spectrum. The
presence of silicon nitride is confirmed with Si and N peaks in the EDS spectrum of Cu-Sn
alloy with 7.5 wt.% of SisN4 particles composites, shown in Fig. 6(b).

Density measurements. Explanations of the theoretical and experimental values
obtained for various samples are provided in Fig. 7. In this study, it is expected that
experimental values will be similar to the calculated theoretical values. Since theoretical
values are calculated using standardised formulas, it is extremely unlikely that the
experimental values will match exactly.

Figure 7 displays a comparison between the theoretical and experimental densities of an
as cast Cu-Sn alloy and a Cu-Sn alloy reinforced with 7.5 wt. % of SizN4 composites. The
density of SisNa is only 3.17 g/cm?®, while the density of Cu-Sn alloy is 8.80 g/cm?®. Since
SizN4 has a lower density than CuSn alloy, adding 7.5 wt. % of SizNa4 to the alloy results in a
lower composite density of 7.765 g/cms. Furthermore, the difference between the theoretical
and experimental densities can be seen to be smaller than expected. When SizN4 is added,
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density drops, which is consistent with the findings of other researchers [23]. The closeness of
the experimental densities to the theoretical densities, as shown in Fig. 7, is further evidence
of the high quality of the specimens prepared.
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Fig. 7. Theoretical and experimental densities of Cu-Sn alloy and its SizNa reinforced
composites

Tensile behaviour. The analysis of the tensile behaviour of base metal Cu-Sn and
Cu-Sn 7.5 wt. % SisN4 composites are shown in Figs. 8-10. These properties include UTS,
yield strength, and percentage of elongation.

Figures 8 and 9 represent the ultimate and yield tensile strength of Cu-Sn alloy and Cu-
Sn alloy with 7.5 wt. % of SisN4 composites. Cu-Sn 7.5 wt. % SisN4 composites demonstrated
a 32.941 % increase in UTS, a 28.865 % rise in YS, and a 23.002 % decrease in elongation
percentage when compared to Cu-Sn base metal. It is clear from Figs. 8 and 9 that SisN4
particles significantly increase the tensile strength of the Cu-Sn matrix. Dislocations occur
through the matrix due to the application of a uniaxial tensile load. Plastic zones are created
when they aggregate close to the reinforcement particle boundary. The difference in the
thermal expansion coefficient between the matrix and the reinforcement phase determines the
size of this plastic zone. The copper matrix-reinforcement interface acts as an effective barrier
against the spread of dislocations across the interface. SizN4 hard particles give the matrix
strength, and as a result of this process of strengthening, the composite gives greater
resistance to tensile force.
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Fig. 8. Ultimate strength of Cu-Sn alloy with SizN4 composites
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Fig. 9. Yield strength of Cu-Sn alloy with SisN4 composites
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Fig. 10. Elongation of Cu-Sn alloy with SisN4 composites

According to the results of the present study, the hard SisNs particles are directly
responsible for the improvement in yield quality of the composite by delectating the Cu-Sn
amalgam system and bringing greater quality obstruction of the composite against the
associated pliability load. Miniaturized scale molecule reinforced composites have a
redesigned quality because of the uniformly sized, hard fired particles in the lattice that act as
an impediment to the plastic flow.

Micro SizN4 particles' influence on Cu-Sn alloy and composites' ductility is depicted
in Fig. 10. When an axial load is applied to a specimen, the material stretches to
accommodate the stress. The elongation of a tensile test specimen is calculated by dividing
the gauge length it has at failure by the original gauge length. When describing the ductility of
a material, the elongation of a specimen is typically expressed as a percentage and is greater
the more the material can be stretched. Tensile testing results for as cast Cu-Sn alloy and
Cu-Sn alloy reinforced with 7.5 wt. % SisN4 particulates are shown in Fig. 10. When SizNg
particles are added to as-cast Cu-Sn alloy, the elongation percentage drops.



Tribological and tensile behaviour of SisNa reinforced Cu-Sn matrix composites 19

Fractography. This study analyses the materials fractured surface. Figure 11 depicts
the SEM of the tensile fractured samples of base metal Cu-Sn and Cu-Sn 7.5 wt. % Si3N4
composites. Figure 11(a) shows the ductile fracture of the Cu-Sn base metal. In SEM image,
wrinkles are observed on the surface. Initially voids are observed, and these are developed
because of plasticity, and at last cracks are observed that cause the material to ductile fracture.
Figure 11(b) shows the cracked surface images of Cu-Sn 7.5 wt. % SizN4 composites in
comparison to its matrix, with more minor wrinkles visible. This demonstrates that the Cu-Sn
7.5 wt. % SisN4 composites have brittle fracture behaviour. The SEM images reveal large
voids and crack propagation. The strong reinforcing particles trapped in the matrix material
are essential in slowing the spread of cracks in the materials. Therefore, compared to the
matrix material, these materials have greater tensile strength.
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Fig. 11. Tensile fractured surfaces SEM images (a) as-cast Cu-Sn alloy and (b) Cu-Sn alloy -
7.5 wt. % of SisN4 composites

Wear Properties. Wear tests were performed on the composites that were reinforced
with SisNa. Initially, castings are machined according to ASTM-G99 for wear testing. Six
specimens were tested with various loads and constant speeds for each composition test, while
another six samples were tested with different speeds and constant loads. The results of using
pin-on-disc technology under different conditions. Based on this finding, the wear behaviour
is examined. Here it is analysed how the loaded speed affects the wear loss.

Influence of Load. The load is a key factor in the wear and tear that occurs. The effect
of normal load in wear experiments has been the subject of extensive research in order to
better understand the wear rate of copper alloys. Moreover, graphs for wear loss against
different loads of 1, 2, and 3 kg at a constant distance of 2500 metres and speed of 300 rpm
have been plotted to investigate the impact of load on wear. Load's influence on the wear
behaviour of Cu-Sn alloy and SizN4 reinforced composites is depicted in Fig. 12.

When moving the load up from 1 to 3 kg, the graph 12 shows that wear increases for
both the composites and the base Cu-Sn alloy. The temperature of the sliding surface and the
pin rises above the critical value at a maximum load of 3 kg. Accordingly, wear loss of the
matrix Cu-Sn alloy and Cu-Sn alloy with 7.5 wt. % of SisNs composites increases with the
increase in pin load. As shown in Fig. 12, as cast Cu-Sn alloy experiences the greatest wear
loss under all loading conditions. We can see that by incorporating reinforcement into
the Cu-Sn alloy, the composites' wear loss is reduced. Some research suggests that the high
hardness of SizN4 particulates, which acts as a barrier for the wear loss, is responsible for the
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improved wear resistance of the Cu-Sn alloy with 7.5 wt. % of SisNs composites. The
increased wear misfortune as the load is increased from 1 to 3 kg is mainly due to the
increased contact area between the pin and the steel plate. As the area of contact increases
during a wear test, more heat is generated, eventually leading to the delamination of the
compound or composite.

50 4 —@— As-cast Cu-Sn alloy
—O— Cu-Sn - 7.5 wt.% Si;N,
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Fig. 12. Effect of load on the wear behaviour of Cu-Sn alloy and its SisN4 composites

Influence of Speed. It is absorbed, that wear loss varies depending on speed.
Experiment is conducted with a fixed weight of 3 kg and a variable speed disc revolving at
100, 200, and 300 rpm. It is observed that the sliding speed increases with increase in wear
rate, as shown in Fig. 13. Wear loss is more pronounced in base alloys than in composites
reinforced with SisNs. All wear loss in Cu-Sn matrix alloy and SisNs composites is
determined by sliding speed. The Cu-Sn matrix alloy and generated composites experience
significant wear as the speed is raised from 100 to 300 rpm. Composites degrade at high
temperatures; therefore, wear happens as the sliding speed rises.
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Fig. 13. Effect of speed on the wear behaviour of Cu-Sn alloy and its SisN4 composites

It can be inferred from Fig. 13 that wear misfortune volume increases with velocity.
When comparing SisNs-enhanced composites to their base Cu-Sn counterparts, the effect of
sliding rate is greater for the latter. The wear loss of the composites is much less than that of
the Cu-Sn matrix alloy at all sliding speeds, and it is especially low in the case of the Cu-Sn



Tribological and tensile behaviour of SisNa reinforced Cu-Sn matrix composites 21

alloy with 7.5 wt.% of SisN4 composites. Wear losses in the composite are reduced when
Si3sN4 powder is added to the mix. The wear loss of the composites is less than that of the Cu-
Sn alloy and the Cu-Sn compound with SisN4 composites at all sliding velocities. Wear
problems in the composite are fundamentally alleviated by the addition of SisN4 particles.
Additionally, wear loss increases as sliding rate increases due to the expansion of the
composite at elevated temperatures caused by scouring activity. Temperature increases
brought on by greater sliding rates also lead to plastic deformation of the test specimen.
Therefore, increased wear problems are a direct result of widespread delamination.

Conclusions

A stir casting process was used to make Cu-Sn alloy with 7.5 wt. % of SisN4 composites. The
prepared composites were studied for microstructural characterization by using SEM and
EDS. Scanning electron micrographs were shown the dispersion of SizNg4 particles in the Cu-
Sn alloy matrix. Further, SiasNg4 particles in the Cu-Sn alloy matrix were confirmed by the EDS
spectrums containing the Si and N elements. With the incorporation of micro sized SizNa
particles, various mechanical properties like, ultimate and yield strengths were improved.
Ultimate tensile strength of as-cast Cu-Sn alloy was 170 MPa, with 7.5 wt. % of SizN4
particles it was found 225.96 MPa. Addition of hard nitride particles decreased ductility of
Cu-Sn alloy, the lowest ductility was observed in the case of Cu-Sn alloy with 7.5 wt. % of
Si3N4 particles. Tensile fractured surfaces of as-cast "Cu-Sn alloy indicated the ductile mode
of fracture, whereas composites shown brittle fracture. Wear resistance of Cu-Sn alloy
improved with the addition of silicon nitride particles. Further, as load and speed increased,
wear loss increased in the base Cu-Sn alloy and its composites.
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