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Advances in friction materials are imposed on developing multiceramic reinforced hybrid nanocomposites with superior
tribomechanical properties. The silver-based matrix metals are gained significance in various applications like bearing, ratchet,
and electrical contacts due to their high frictional resistance and good thermal and chemical stability compared to traditional
metals. The present research is to develop silver-based hybrid nanocomposites containing alumina (Al2O3) and silicon carbide
(SiC) nanoparticles of 50 nm mixing with the ratio of 0wt% Al2O3/0 wt% SiC, 5wt% Al2O3/0 wt% SiC, and 5wt% Al2O3/5 wt%
SiC via the semisolid vacuum stir-cast technique. The vacuum technology minimizes casting defects and increases composite
properties. The casted composite samples are subjected to study the effect of reinforcement on thermal adsorption,
conductivity, diffusivity, and frictional resistance. The composite containing 5wt% Al2O3np/5wt% SiCnp is to find optimum
thermal and frictional behaviour. The thermal adsorption and frictional resistance are increased by 30% and 27% compared to
unreinforced cast silver. The Ag/5 wt% Al2O3np/5 wt% SiCnp hybrid nanocomposite is recommended for automotive friction-
bearing applications.

1. Introduction

In modern research, the world is forced to search the new
advanced material to meet the industrial requirement and
fulfill the following qualities: high strength, good thermal
stability, enhanced corrosion resistance, ability to withstand
high frictional force with reduced wear loss, and increased
coefficient of friction. Many researchers have experimentally
studied the aluminium alloy-based matrix composite [1–4]
due to their lower density, high ductility, good strength,

and stiffness compared to conventional materials [5–8].
However, the characteristics of composite with their hybrid
systems may be varied due to the particle shape and size,
mixing ratio, casting process parameters, and method of
processing of composite [9–11]. The particulate-reinforced
composite can perform high strength and friction resistance
[12]. Specifically, silicon carbide, aluminium oxide, tungsten
carbide, boron carbide, and zirconium dioxide-based
ceramics to metal matrix result in high hardness, resistance
to high frictional force, and high thermal stability [13]. The
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zinc/lead and nickel-based matrix composite is adopted in
aviation and space applications due to its high frictional
resistance, anticorrosion, and thermal proof [14, 15]. In the
future, silver-based metal matrix composites (SMMCs) will
perform extraordinary (solid) lubrication effect and with-
stand the high thermal stress during high frictional force
applied in aerospace motor applications, high friction bear-
ing, and electrical contact applications [16–20]. However,
few studies are available on silver matrix composite for auto-
motive friction material applications [21]. Pure silver is
characterized by low wear resistance and superior thermoe-
lectrical conductivity. Due to these properties, it was accom-
plished by several industries alloying with Zn, Cu, Mn, Ni,
and aluminium alloy to obtain a specific performance [22].
In the past decades, the frictional properties for different
constitutions of aluminium/mica and copper/coated ground
mica have been studied for bearing applications. The facilita-
tion of mica influences higher frictional strength [23]. The
CSM tribotester estimated the silver-copper-based compos-
ite’s dry sliding wear characteristics. The result reveals that
the composite’s worn surface is directly impacted by the fric-
tion coefficient and rate of wear [24]. Most matrix materials
are bonded with suitable reinforcements via solid-state
processing (powder metallurgy), liquid-state processing
(gravity, centrifugal, stir, and vacuum stir casting), and
vapour-state processing (vapour and spray deposition pro-
cess) techniques [25, 26]. Among various fabrication tech-
niques listed above, the liquid-state processing distinctively
improves physical-chemical properties between matrix and
reinforcements resulting in increased product quality and
suitability for mass production. Most researchers reported
that the liquid-state stir processing is apposite for complex
shape production at massive and economical production
[27–31]. Based on the above literature, various matrix alloy-
ing materials, reinforcements, and their processing methods
are discussed with their enhanced properties. The present
research is to develop a silver matrix hybrid nanocomposite
containing Al2O3/SiC nanoparticles via the vacuum sir cast
technology. The fabricated samples were studied for their
thermal and friction characteristics. The influences of both
ceramics on the silver matrix found enhanced thermal
adsorption with reduced mass loss, better conductivity, dif-
fusivity, and rate of wear. The ASTM G99-05 standard eval-
uates the wear rate of advanced composites. Finally, all the
test results were compared, and the best constitution having
enhanced properties to fulfil the automotive friction material
applications was recommended.

2. Experimental Details

2.1. Selection of Primary Matrix Material. The present study
chose the silver-based alloy as the primary matrix material.
The properties of silver are mentioned in Table 1.

2.2. Selection of Secondary Phase Reinforcements. The com-
plex ceramic aluminium oxide and silicon carbide particle
(50 nm) with an average size of 50nm is chosen as secondary
phase reinforcement to obtain better composite performance

[28, 30, 31]. The properties of both ceramic phases are rep-
resented in Table 2.

2.3. The Mixing Ratio of Composite. Table 3 illustrates the
phase constitution of a silver matrix concerning weight per-
centages of reinforcement used by the production of silver
matrix hybrid nanocomposite.

2.4. Method and Processing of Composites. Figures 1(a) and
1(b) represent the silver matrix composite fabrication full
setup with vacuum pump assembly. The different-sized sil-
ver round bar was preheated at 400°C for 30min and melted
via an electrical furnace with an applied temperature range
of 1000°C to 1200°C under an inert atmosphere (supply of
argon gas at a constant level of 3 l/h) to avoid the thermal
oxidation. The higher temperature may increase the oxida-
tion resulting in an increased porosity [27, 28]. According
to the phase constitutions (mixing ratio) reported in
Table 3, the preheated reinforcements (Al2O3/SiC) are added
into a silver molten pool stirred with 500 rpm stir speed.
Here, the graphite mechanical stirrer is used to improve
the fluidity for surface preparation. A similar concept was
reported by silver composite [20]. Thoroughly stirred mol-
ten state mixed silver matrix hybrid nanocomposite is
developed with an applied vacuum pressure of 1 × 105 bar,
resulting in minimized casting defects with increased com-
posite performance. Table 4 represents the processing
parameters of silver matrix composites.

2.5. Evaluation of Thermal Characteristics. The thermal
characteristics of silver matrix MMCs are evaluated by
STA Jupiter make 449/F3 model differential thermal analysis
equipment configured with -150°C to 2400°C under argon
atmosphere. The laser flash technique is accomplished to
find the thermal conductivity (ʎ) and its diffusivity as
referred follows [20].

ʎ Tð Þ = ρ Tð Þxα Tð ÞxCp Tð Þ: ð1Þ

Here ʎ is the thermal conductivity, T the temperature, ρ
the density of material, α the thermal diffusivity, and Cp the
specific heat coefficient.

The NETZSCH-made DIL 402C and LFA 427 models
are considered for evaluating linear thermal expansion and
its diffusivity of ɸ8mm and 25mm length sample under
the ambient temperature of 27°C to 1000°C with 7°C/min
heat flow.

2.6. Evaluation of Frictional Characteristics. The dry sliding
frictional characteristics of cast silver, nanocomposite, and
hybrid nanocomposite were evaluated by rotating pin on
disc tribotester configured with a hardened steel disc with
an applied load of 10N, 20N, and 30N under the constant
sliding velocity of 0.75m/sec. The above conditions esti-
mated the effect of reinforcement on frictional resistance of
the silver matrix. The top view of the wear tester is shown
in Figure 1(c).
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3. Result and Discussions

3.1. Differential Thermal Effect on Mass Loss of Silver Matrix
Composites. Figures 2(a)–2(c) illustrate the differential ther-
mal effect on mass loss of cast silver correlated with Al2O3-
and SiC-reinforced silver nano- and hybrid nanocomposites
evaluated under the thermal region of 27°C to 1000°C. The
temperature-to-mass loss of each test sample is explained
in detail. When the temperature increases from ambient
temperature to high temperature, it shows solid to semisolid
phase and liquid phase at the higher temperature (phase
transformations—solid/liquid and liquid/solid) of heating
and cooling phase during the evaluation of thermal studies.
It is revealed from Figure 2(a) that the mass loss of cast silver
(Ag) alloy is gradually decreased from 0.02μV/mg to
0.0098μV/mg with an increase in temperature of 27° to
825°C under an inert atmosphere. At the same time, increas-
ing the temperature of cast silver by more than 825°C results
to the formation of the plastic region with improved mass
loss of 0.0302μV/mg. It was due to the reaction of interme-
tallic coarse fine grain structure and dissolution of the Ag
phase. Similar conditions have been reported by Jakub
et al. [20] during the evaluation of silver matrix MMCs.
The wettability of the composite was limited by the volume
fraction SiC [22].

Figure 2(b) represents the variations in weight loss of
cast Ag alloy nanocomposite consisting 5wt% alumina
nanoparticles during differential thermal analysis. The red
and blue curve represents the heat and cooling phase of Ag
matrix composite processing as per the condition mentioned
in Table 2. The heating curve in Figure 2(b) shows a gradu-
ally sloping from 0.0213μV/mg to 0.0086μV/mg for a semi-
solid phase temperature of 760°C. In-reversal effect of the
heating curve shows that the maximum temperature of
840°C reduces the mass loss on the phase of bonded

matrix—reinforcement by an applied stir speed of 500 rpm
results in the formation of a homogenous uniform structure.
The constant stir speed may reduce the composite’s casting
defect (weight loss). The selection of stir-cast processing
parameters was necessary for the quality of the composite.
The discontinued stir action increases the cavity of the com-
posite, resulting in increased porosity [27].

Figure 2(c) represents the phase transformation during
the heat and cooling phase of silver matrix hybrid nanocom-
posite with a varied temperature range of 27°C to 1200°C.
The intermediate transition zone (820°C) for both the heat
and cooling phases shows a minimum mass loss of less than
0.009μV/mg. Here, the thermal effect of silver matrix
composite varied due to the chemical constitutions and
bonding strength between matrix and alumina/silicon car-
bide nanoparticles.

A similar scenario was reported by Mata and Alcala [9]
during the performance friction material. However, both
reinforcements are thermally stable at higher temperature
(1000°C) for melting silver. The intermediate phase for sil-
ver, silver nanocomposite, and silver hybrid nanocomposite
was found by differential thermal effect analysis, and the
values are tabulated in Table 5.

3.2. Effect of Reinforcement on Thermal Adsorption and
Thermal Diffusivity of Silver Matrix Composites. Figure 3
graph describes the detailed heat wave circulation (linear
expansion and adsorption) of unreinforced Ag alloy and
Al2O3/SiC-reinforced composites. The unreinforced Ag
alloy is found 18 × 10−6 per K (1.70%). The inclusion of
alumina nanoparticle (5wt%) into Ag alloy shows a
4:8 × 10−6 per K. It was due to the rigid ceramic particles
leading to increase hardness and withstand the higher
temperature [18]. The circulation of the thermal wave to

Table 1: Properties of silver matrix.

Properties Density Elastic modulus Tensile strength Melting temperature Thermal conductivity Emissivity Specific heat capacity

Ag 10.49 g/cc 76GPa 140MPa 962°C 419W/mK 0.055 0.234 J/g °C

Table 2: Properties of reinforcements.

Reinforcements
Density Hardness Modulus of elasticity Melting point Thermal conductivity
g/cc VHN GPa °C W/mK

Al2O3 3.96 1366 375 2055 30.12

SiC 3.1 14450 412 2799 77.54

Table 3: Phase constitutions of silver matrix composite.

Sample Descriptions
Phase constitutions in wt%

Ag Al2O3 SiC

1 Alloy 100 0 0

2 Nanocomposite 95 5 0

3 Hybrid nanocomposite 90 5 5
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Ag nanocomposite is decreased to 12% compared to unrein-
forced Ag alloy. The composite contained 5wt% alumina and
silicon carbide nanoparticle is found at 1.42%. Generally,
both reinforcements are complex, and high melting temper-
ature reduces linear expansion. The various phase transfor-
mation during the evaluation is noted in Figure 3, and its
intermediate zone for optimum thermal effect temperature

tangent lines is drawn. However, the physical presence of
both Al2O3 and SiC nanoparticles leads to decreased thermal
coefficient and increased composite adsorption. The higher
temperature withstand capacity was increased by over 30%
compared to Ag alloy at 1000°C.

The experimental results for thermal diffusivity of (a)
Ag/0wt% Al2O3np/0wt% SiCnp, (b) Ag/5wt% Al2O3np/

Graphite Stirrer
Feeder

Electrical fumace

Vacuum die casting

Temperature
sensors

(a)

Silver (Ag) ingots
preheated at 400ºC

(30 mins)

Silver matrix composite
Processing system

Mixing of Matrix-
Reinforcements

(500 rpm - 10 mins)

Applied vacuum
pressure

(1 × 105 bar)

Casting of silver
matrix hybrid

nanocomposite

Solid phase Semi-Solid phase

Additions of
preheated

reinforcements

Al2O3 SiC

Liquid phase

Silver (Ag) round
bar placed in

electrical fumace

(b)

(c)

Figure 1: Actual fabrication setup for silver matrix composite. (a) Actual setup. (b) Processing chain with different thermal phase. (c) Pin on
disc wear apparatus.

Table 4: Process parameter for silver matrix composites.

Descriptions
Preheating
temperature

Rotational speed
(stir)

Impeller
type

Stir
time

Feed
rate

Die preheat
temperature

Vacuum
pressure

Matrix Reinforcements

Units 400°C 500 rpm Graphite 10min 0.9 g/sec 350°C 1 × 105 bar
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0wt% SiCnp, and (c) Ag/5wt% Al2O3np/5wt% SiCnp
composites are shown in Figure 4. The variations in thermal
diffusivity of pure Ag is shown in gradual increase with the
increase in the temperature from ambient degree (27° C to
1200°C). The highest thermal diffusivity of 24mm2/sec is

found on pure Ag. However, the thermal diffusivity of
hybrid nanocomposite shows the most negligible value
compared to all others. It was due to the effect of phase
transformation during high temperatures. It was decided as
silver and reinforcement atomic structure [21]. It is distinct
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Figure 2: Differential thermal effect on mass loss of silver matrix hybrid nanocomposite. (a) Ag/0wt% Al2O3np/0 wt% SiCnp, (b) Ag/5wt%
Al2O3np/0 wt% SiCnp, and (c) Ag/5wt% Al2O3np/5 wt% SiCnp.
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to 820°C of the intermediate phase and gets an effective ther-
mal diffusivity of 15mm2/sec. While the temperature
increases, it has increased in thermal diffusion to 1000°C. It
may be varied due to the bonding of the matrix and rein-
forcements [20, 21].

3.3. Effect of Reinforcements on Frictional Characteristics of
Silver Matrix Composites. The frictional wear loss of unrein-

forced silver and its composites are shown in Figure 5. The
wear loss of silver and its composites are increased linearly
with an increase in an applied average load of 10-30N,
respectively. The wear loss of unreinforced silver composite
is 10.2mg on 40N load under a constant sliding velocity of
0.75m/sec. At the same time, adding Al2O3 nanoparticles
in silver shows a minimum wear loss of 7.1mg on high load
and high sliding speed. The reduced wear loss of the

Table 5: Intermediate transition zone for unreinforced and reinforced silver matrix composite by differential thermal analysis.

Sample Descriptions
Intermediate zone temperature Mass loss

°C μV/mg

1 Alloy 850 0.0098

2 Nanocomposite 840 0.0086

3 Hybrid nanocomposite 820 0.0009
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Figure 3: Thermal wave circulation (linear expansion and adsorption) phase transformation of silver matrix hybrid nanocomposite.
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Figure 4: Thermal diffusivity of silver matrix hybrid nanocomposite.
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composite is mainly attributed to alumina nanoparticles that
resist the indentation against the frictional force during high
sliding velocity. The alumina and silicon carbide particle
combination in the silver matrix has low wear loss compared
to all others [30, 31]. The composite contained 5wt% Al2O3/
5wt% SiC 5.8mg on a 40N applied load with the frictional
force of 23.4N under 0.75m/sec. The wear resistance against
frictional composite was increased by 56.86% compared to
unreinforced silver.

The friction coefficient for silver composites is repre-
sented in Figure 6 with different load conditions of 10-
30N at 0.75m/sec sliding velocity. Sample 1 shows that the
COF increases linearly with an increase in load under high
sliding velocity. Sample 2 varied from 0.41 to 0.46 with
increased content of reinforcements. However, all the test
samples were shown increased COF value on the high fric-
tional force. Sample 3 has a maximum COF of 0.58 and
improved by 32% compared to sample 1 at 30N load. It
was due to the rigid ceramic particles being diffused within
the matrix during high frictional force.
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Figure 5: Frictional wear loss of silver hybrid nanocomposite.
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Figure 7 illustrates the friction-forced effect on wear loss
and coefficient friction of unreinforced and reinforced silver
matrix composite. It indicates that composite wear loss
decreases gradually with increased frictional force from
27.98N to 39.98N. Similarly, the COF curve in Figure 7 rep-
resents the improved COF trend on the increased frictional
force. However, sample 3 has tribological performance on
a 30N load under 0.75m/sec sliding speed with 39.98N
frictional force.

4. Conclusions

The silver-based matrix hybrid nanocomposite developed
with 5wt% alumina and 5wt% silicon carbide nanoparticle
via vacuum stir-casting techniques to minimize the casting
defect and increase the thermal adsorption composite of
the following results are concluded.

(i) The silver matrix hybrid nanocomposite (sample 3)
is found to have good thermal characteristics com-
pared to others

(ii) Its intermediate transition zone temperature of
820°C has been adopted for both the heat and cooling
phases with a minimummass loss of 0.009μV/mg. It
saved 16.5% compared to unreinforced cast silver

(iii) The adsorption of hybrid nanocomposite is
increased by 30% and thermally stable at higher
temperatures, 1000° C

(iv) The adequate thermal wave circulation (linear
expansion) of hybrid nanocomposite is 1.42%

(v) The thermal diffusivity of hybrid nanocomposite
may be varied due to the bonding strength between
the matrix and reinforcements

(vi) Sample 3 is identified as having good wear resis-
tance, and COF has improved by 56.86% and 32%
compared to unreinforced silver composite

(vii) It is recommended for automotive friction-
bearing applications based on thermal and fric-
tional characteristics
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