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Abstract
The current work has been undertaken to see the effect of Gr/Sn as a solid lubricant for the development
of hybrid aluminum metal matrix composite (HAMCs). HAMCs were fabricated by reinforcing 10 wt. %
(sillimanite + ilmenite) minerals with or without 1 wt. % Sn/Gr/both solid via stir casting technique.
Optical microscopy revealed a homogenous distribution of reinforced particles with the re�nement of
silicon. Vicker hardness of the HAMCs showed a good interfacial bonding of particles with the matrix.
The wear rate and coe�cient of friction of the HAMCs are reduced with a maximum of composite with tin
and graphite as lubrication agents. The composite contained tin and graphite wear rate as lubrication
agents were in tune with the cast-iron brake drum used in the automobile industries. Abrasive wear was
dominant at low loads and adhesive wear at high load, as con�rmed from SEM analysis.

1. Introduction
In the past few decades, many scientists are searching for a substitute for ferrous metals to increase fuel
e�ciency for different automobile parts. Aluminum alloy can be considered as the perfect substitute for
ferrous material if its strength and hardness are improved. Al-alloys having relatively lower density made
revolutionary changes in many sectors of automobile, aeronautical and marine industries for developing
lightweight spare parts [1]. Also, Al has speci�c characteristics like ductility, recyclability, strength to
weight ratio [2]. Apart from these properties, its applicability is being compromised in terms of its low
hardness, which has been modi�ed by incorporating different ingredients and forming a composite. This
exhibits the enhanced properties based on the degree of interfacial bonding of the ingredients mixed
homogenously.

Al-Si alloy containing nearly 13 wt. % is the most practiced alloy due to its good castability, low density,
and high corrosion resistance [2], [3]. Aluminum matrix composites (AMCs) exhibit a wide range of
applications [4]–[6]. Most of the research groups have investigated the properties of AMCs by
incorporating (i) synthetic and (ii) natural reinforcement. Synthetic ceramic compounds such as SiO2 [7],
ZrO2 [8], SiC [9], B4C [10], Al2O3 [11], etc., as reinforcement have shown an excellent wear resistance of Al-
alloy matrix composites [12]–[14]. At the same time, natural minerals like rutile [15], garnet [16], zircon
[17] etc. can reduce the human efforts by lowering the cost of manufacturing to achieve similar or even
better tribological properties along with high corrosion resistance [18]–[22]. Therefore, most research
groups use natural minerals to enhance the hardness, wear, and corrosion resistance of Al or its alloys
[23]. Sillimanite reinforced in an aluminum matrix such as LM6 [24], LM30 [20] enhances tribological
properties. However, these authors have studied the effect of particle size on wear rate on LM6 and LM30
alloy. Moreover, sillimanite has high mechanical (hardness, modulus) and thermal properties. Also,
sillimanite is an ore of aluminum. It will improve the wettability between the aluminum matrix and
sillimanite. At the same time, ilmenite also has high mechanical properties. Considering these aspects,
reinforcement of more than one mineral in the AMCs will be a more effective and cheapest route to
enhance AMCs properties. Such hybrid composites (HAMCs) have not been studied extensively.
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Gupta et al. [25] concluded that the addition of dual reinforcement (sillimanite + rutile) provided
enhancement in wear resistance compared to the composites reinforced with only sillimanite or rutile.
Kaushik and Rao [26] observed the formation of intermetallic phase during heat treatment (T6) which
helped to reduce wear rate by 27% of dual reinforced (Al-SiC-Gr) composite sample and single reinforced
(Al-SiC) composite sample, i.e., 22.9% as compared to Al-6082 alloy.

Moreover, to reduce the seizure wear and friction in pistons and cylinder, solid lubricants like graphite (Gr),
tin (Sn), lead (Pb) and MoS2, etc. are added during the manufacturing of composite, which can also
provide inherent reduced wear loss [17–19]. Some of the research groups have also studied the effect of
solid lubricant in AMCs on their wear behavior. Tyagi [29] and Das et al. [30] suggested the enhancement
in interfacial interaction between matrix and individual reinforcements (TiC and graphite, respectively),
resulting the enhanced adhesive and seizure wear resistance, respectively. Moreover, tin (Sn) can also be
used as a lubricating agent due to its low melting point, which helps �ll the surface pores during sliding
over the counter surface [2].

The present work is based on the development of HAMCs with both sillimanite (Al2SiO5) and ilmenite
(FeTiO3) minerals incorporated in LM30 alloy through the stir-casting route which have not been studied
so far. Further, a small amount (1 wt. %) of solid lubricants (Gr and Sn) were also incorporated in the
prepared composite to study their impact on the wear behavior of hybrid composites. Moreover, from an
application point of view, the wear properties of the best HAMCs is also compared with the brake drum
material used in the automobile sector.

2. Materials And Method
2.1 Materials

In order to prepare HAMCs, Al-alloy LM30 was obtained from Emmes Metal Pvt. Ltd., Mumbai (India).
Natural minerals sillimanite (Al2SiO5) and ilmenite (FeTiO3) were procured from Indian Rare Earths
Limited, Mumbai (India). The chemical composition of Al-Si alloy and respective reinforcement are
enlisted in Table 1.

Sn and Gr were procured from Loba Chemie and was added to melt to reduce friction and wear between
two relative sliding surfaces.

Table1: Detail of chemical composition of procured Al-Si alloy (LM30) and reinforcement.
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Elements Concentration (wt.
%)

Elements Concentration (wt.
%)

Elements Concentration
(wt. %)

LM30 alloy

Si 17.7400 Mg 0.5200 Ti 0.0820

Cu 4.1000 Zn 0.2600 Ca 0.0180

Fe 0.5300 Cr 0.0034 Pb 0.0830

Mn 0.1600 Ni 0.0023 Sn 0.0310

Sr 0.0006 Al Balance  

Sillimanite (wt. %)

Al2O3 58.60 ZrO3 2.20 Fe2O3 0.40

SiO3 38.54 TiO2 0.26    

Ilmenite (wt. %)

TiO2 55.3 Al2O3 0.8 Cr2O5 0.1

FeO 20.5 SiO2 1.6 MgO 1.0

Fe2O3 19.9 V2O5 0.2    

Cast iron

Si 1.66 Cr 0.11 S 0.12

Fe 93.77 C 3.52    

Mg 0.72 P 0.10    

2.2 Method

HAMCs samples were produced by stir casting techniques using a graphite stirrer, as shown in Figure
1 [31]. Al-Si alloy (LM30) was melted in a graphite crucible at 750˚C in an electric resistance furnace. In
the �rst step, the molten alloy was stirred at 620 rpm for 4 min. After that, preheated micro-size minerals
(1-120 µm) (5 wt. % sillimanite + 5 wt. % ilmenite) were added to the molten alloy after reducing the
stirring speed at 265 rpm. These particles were added slowly while stirring. The stirring was continued for
11 min at 620 rpm speed to get uniform distribution of particles in the Al-matrix. Finally, the molten mass
was transformed in a 12×12×4 cm3 rectangular permanent cast-iron mold and left to solidify at room
temperature. Another set of composites was also developed with the exact content of minerals but with
solid lubricating agents Gr/Sn/both in the molten mass. Table 2 presents the designation of different
HAMCs fabricated in the present study. 
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Table 2: Details of the formulated sample.

2.3 Optical microscopy examination

Further, samples were polished for optical microscopy examination by following the ASTM standard E3-
11 (2011). Optical microscope (Eclipse-MA100, Nikon instrument, Tokoyo (Japan) was used to examine
the distribution of particles.

2.4 Density and hardness

The Archimedes principle is used to calculate the experimental density (ρex) of all prepared samples. Also,
theoretical density (ρth) was calculated through the rule of mixture (Eq.1).

The Vickers-hardness was measured on the Vicker scale with 100 Kgf load with diamond indenter using
the Mitutoyo Vickers hardness instrument model MVKHO. The micro-hardness was taken at three
different places (particle, interface, and matrix) as per the ASTM E-92. In addition, the Rockwell hardness
of prepared samples was also measured using the Rockwell hardness tester (model no. TRSND, �ne
manufacturing Industries (India)) at 100 kg load on B-scale for 5 sec dwell time and 1/16'ϕ ball indenter.
Both hardness results presented are an average of 5 readings at a given composition. 

2.5 Wear and Coe�cient of friction measurement

For the wear test, a pin-on-disc setup was used in which a cylindrical pin was mounted on a rotating steel
disc. The test was conducted as per ASTM G99 05 (2010) norms. All the tests were performed at 8 mm
cylindrical diameter specimens.  The test was carried out by varying load at 9.81, 29.43, 49.05, and 68.67
N at a constant velocity of 1.6 m/sec on wear and friction monitor (TR-2L), Ducom Instruments,
Bangalore (India). A steel disk of EN32 steel (832 HV hardness) was used as a counter body. In this
instrument, the LVDT sensor was used to measure the decrement in height (in µm) of the sample, and
wear rate was calculated by using Eq. 2. Before the wear test, samples were ground on 1000 µm grit size
paper and cleaned with acetone. This test was performed three times to determine the average wear rate.
The friction force was continuously measured during the experiment, and the coe�cient of friction (COF)
was calculated using Eq. 3.
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Noti�cation:

HL– Height loss (LVDT sensor display on screen).

AC – Contact area d specimen diameter (mm)

WR – Wear rate (mm3/m)

DS – Sliding distance (=1.6 × time) (m).

2.6 SEM analysis

Scanning electron microscope JOEL, JSM-6510LV, Tokoyo (Japan) evaluated the wear mechanism and
compared the structural-tribological relationship at different load conditions.

3. Results And Discussion
3.1 Microscopic examination

3.1.1 Base Material

The optical microstructure of the B1 sample is given in Figure 2 at low and higher magni�cation. It is
observed that the B1 sample contains the coarse primary-Si phase along with the eutectic Al-Si mixture.
During the solidi�cation, heterogeneous nucleation occurs inside the molten Al-Si mixture. Thus, primary
Si was nucleated as a faceted structure in the α-Al phase. This faceted morphology is like a cube, star,
and polygon. At a later stage, solidi�cation of the eutectic mixture occurs where the �ne size of Si is
shown in �gure 2a.

3.1.2 Fabricated composites

It has been observed that the addition of natural minerals (sillimanite + ilmenite) exhibited the
outstanding homogeneity of reinforced particles (Figure 3a &b). This was due to the effect of mechanical
mixing. During rotation, executed a dynamic shear force between molten alloy and reinforcement
particles [3]. The exerted shear force hindered the settling of dense ceramics particles inside the molten
alloy, as shown in Figure 3a. Also, there are considerable differences in the thermal conductivity between
the matrix and reinforced particles [32]. Thus, the reinforced ceramic particles provided the surface for the
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nucleation of the Si phase. Because of many particles inside the molten mass, needle-shaped �ner silicon
nucleates, as shown in Figure 3a. Moreover, the primary silicon size was also got reduced.

Some research groups have observed the enhancement in mechanical properties of Al-Si alloy as an
effect of silicon re�nement due to its high hardness [33], [34]. Further, it is a well-known fact that the heat
treatment cycle of any alloy/composite manifests the morphological features of prepared samples.
Therefore, all the samples were prepared under similar conditions. The EDS line pro�le of the SEM image
indicates the presence of Al, Si, Fe, Ti, and O, showing the presence of sillimanite and ilmenite particles
(Figure 3c & d).

Figure 4 (a, b) represents the optical micrographs of the prepared sample (HT) with 1 wt. % Sn as a solid
lubricant and 10 wt. % natural minerals as reinforcements. Abis et al. [35] have discussed the re�nement
of Si due to Sn addition because of the lower solubility of Sn in Al and the considerable difference in
respective melting points so that it can get quickly �lled inside the surface pores during sliding over the
counter surface. Also, Sn atoms have more binding energy with vacancy due to their sizeable atomic size.
These vacancies enhance the diffusion of eutectic-Si all over the matrix [36]. This helps in re�ning the Si,
which can see in Figure 4a. An optical micrograph supports the above statement with smaller primary
silicon (Figure 4b). Since reinforced particles and Sn can not be distinguished in the optical micrograph, a
respective EDS line pro�le of the SEM image has also been taken, as shown in Figure 4c and d. The bright
phase represents the presence of Sn. The lower melting point of Sn compared to Al covers the
reinforcement in a liquid state, as shown in �gure 4c. Further, Sn has re�ned the silicon (�gure 4a) to an
appreciable extent compared to unlubricated samples (�gure 3a).

Figure 5(a, b) exhibits the microstructure of sample HG, which shows 1 wt. % self-lubricating Gr particles,
which helps re�ne the primary silicon morphology. Graphite particles act as the nucleus to provide a
solidi�cation site for the remaining mass. Graphite particles were poured into the vortex formed in liquid
during the mechanical stirring. By the string action, graphite particles overcome the surface energy
barriers due to poor wettability of graphite with LM30 (Al-Si) alloy and the local shear force exerted on the
bulk Gr agglomerates breaks the bulk cohesive graphite powder leading theirs to a uniform distribution in
the matrix [37], [38]. Graphite particles form the glaze �lm on the pin surface during the sliding motion
and reduce the apparent contact area. Figure 5c and d show the EDS line pro�le of the SEM image of the
HG sample to investigate the presence of Gr particles.

Figure 6(a, b) represents the microstructure of the HTG sample, which is the mixture of (0.5 wt. % Gr + 0.5
wt. % Sn) with 10 wt. % (sillimanite + ilmenite). The microstructure reveals the presence of primary
faceted Si and needle type eutectic Si having re�ned structure as compared to other composites. Since
the reinforcement particles (sillimanite + ilmenite) and graphite particles have a high melting point so it
provides more number of nucleation sites. Higher nucleation sites lead to the hindrance for the growth of
primary silicon. Sillimanite, ilmenite, and graphite all restricted the growth of silicon primary phase and
help to generate re�ned structure, which further helps in improved mechanical properties of
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composites  [39]. The EDS line pro�le of the SEM image of HTG sample is shown in Figure 6c and d. The
presence of both tin and graphite as a solid lubricant can be seen.

3.2 Density

Figure 7a represents the comparative study of theoretical densities (ρth) and experimental density (ρex),
respectively. The graph shows the marginal difference between the ρth and ρex of the synthesized
composite. Moreover, ρth and ρex densities of the composite are more than the B1 sample. It was due to
incorporating a higher density of ilmenite + sillimanite particles than the base alloy. The study of Figure
7b reveals that the overall ρth of the formulated composites is less than commercial cast iron (C)
material. It was demonstrated that the ρth of formulated composite HTG was ~60 % less than automobile
grade cast iron density.

3.3 Hardness

3.3.1 Micro-hardness

Figure 8a shows the variation in the Vickers hardness of the prepared composites at matrix (M),
reinforcement particles (P), and interface (I) between the matrix and reinforcement. It is revealed from
Figure 8a that the micro-hardness of the B1 sample increased with the incorporation of reinforcement
(SIllimanite & ilmenite) particles. There are three distinct hardness zones for the composite, where low
hardness was observed in the matrix zone. Next, the zone with the maximum hardness was the reinforced
particles, and the zone where the hardness value lay between the particle and the matrix was named the
interfacial zone. The high hardness values at the particle-matrix interface represent the excellent bonding
of particles with the matrix. 

The Vickers hardness of the HT and HTG composite was ~ 4% and ~15%, more than the H1 sample,
respectively. The cause of this is the re�nement in microstructure with strong interfacial bonding between
particles and matrix [39]. Thus, the processing route followed for the fabrication of the composites was
adequate to achieve sound composites.  However, the micro-hardness of HG sample showed a minimal
increment ~ 3% than the other prepared composite, which was due to the addition of soft Gr particles. Gr
particles have eased the movement of grains besides the slip planes and could lead to large deformation
of material [40].

3.3.2 Bulk hardness

Figure 9b represents the bulk hardness of B1, composite, and commercial cast iron samples at the scale
of B. It can be observed from the graphical data that the Rockwell hardness of prepared composite is
increase by the addition of reinforcement (sillimanite & ilmenite) particles. It is also observed that the
hardness of HG sample declines due to the incorporation of Gr soft particles. The HTG sample exhibited
a ~44% increment in the Rockwell hardness than the B1 sample. Moreover, the Rockwell hardness of the
HTG sample is ~7 % less as comparisons to cast iron (CI). The addition of the sillimanite and ilmenite
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minerals increases the dislocation density of the composites. The increase in the dislocation density of
the composites increases the hardness of the composites.

3.4 Wear analysis

3.4.1 Effect of sliding distance and applied load on the wear losses

 Figure 9 (a-e) exhibits the variation in wear rate of different samples with sliding distance. For the base
alloy and the composites, a similar trend in the wear results was observed. Figure 9 exhibits the two
distinct zones viz. run-in wear (up to 1500m) and steady-state wear (1500-3000m). Initially, the wear rate
of fabricated samples is higher up to the 250 m sliding distance. The initial increase in the wear rate of
the samples is attributed to the asperity-to-asperity contact. Applying shear forces during sliding the
cutting and plowing action of the sharp asperities of matrix in contact with the counter surface generates
debris till 250m sliding distance [34,35], re�ecting the abrasive wear nature during the relative motion.

Beyond the sliding distance of 250 m wear rate decreases, the continuous sliding increases the contact
temperature and leads to the formation of oxides on the pin surface. The oxides decrease the relative
area of contact between the pin and disc. Hence, a decrease in the wear rate is observed.

Next, in steady-state wear zone, the smaller debris was embedded between the counter surface and pin
surface valleys. Now, the wear mechanism is converted from a two-body wear mechanism into a three-
body wear mechanism. During continuous sliding, the contact temperature increases in the initial stage
and after that wear is little increased. In this period, the pin's surface gets oxidized and forms a thermal
barrier between pin and counter surface, preventing the contact pin subsurface from leading to reduced
wear loss [37, 39].

Figure 10 (a, b) represents the comparative study of maximum wear rate and average wear rate of all
samples, respectively, at different applied loads (9.81-68.67N). The average wear rate of LM30 (Al-Si)
alloy and synthesized composites increases with the applied load. Higher applied load increases the
frictional heating between the pin and the counter surface. This increases the contact temperature and
causes softening of the pin surface and removing the oxidized area of the pin. This exposes new areas to
wear. In addition, the counter surfaces get welded to the disc surface, tearing the pin surface and
increasing wear rate. Also, higher load exhibited higher content of plastic deformation, resulting in higher
wear loss. The material removal induced the delamination (severe fracture of the interface), forming
micro-cracks and micro-plowing due to the application of shear force on the sub-surface during sliding
motion [33, 36–39].

3.4.2 Effect of the reinforcement and lubricating material

Figure 10(a, b) represents the effect of reinforcement particles (sillimanite + ilmenite) on the average
steady-state wear of the B1 sample and HAMCs (H1). As a result of the incorporation of the natural
mineral(s) inside the metallic LM30 matrix, the wear loss has been reduced by ~37 % and ~ 29 % at lower
load (9.81N) and higher load (68.67N). Generally, the observed wear behavior is associated with the
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presence of ceramics phase's in the matrix. Moreover, some of the research groups have also suggested
the in�uence of the re-distribution of Si inside the Al matrix that causes less wear losses as Si is hard
phase (Figure 3a) [49]. 

The wear rate of the samples decreased with the incorporation of sillimanite and ilmenite particles. This
was attributed to the fact that at given applied load, sillimanite and ilmenite particles bear a major portion
of the applied load. The strong interfacial bonding keeps the particles stable and bonded to the matrix
and hence, carries a major portion of applied load. Sillimanite and ilmenite particles protrude from the
matrix and hold a signi�cant portion of the applied load. The ceramics particles shield the matrix from
deformation. Due to the continuous deformation, when one particle is fractured, the load is transferred to
the other particles. Thus, further enhancement in the wear resistance is observed. Therefore the outcome
is the reduced wear rate [46, 47].

To investigate the effect of solid lubricant (Sn and Gr) on wear performance of natural mineral reinforced
Al-alloy composite, tin (Sn), graphite (Gr), and both were reinforced in the LM30 matrix with reinforcement
minerals during the casting process. As a result, both components (Sn or Gr) exhibited their presence in
the metallic (LM30) matrix, as shown in Figure 9c & d, respectively. Here, Figure 10b depicts the effect of
solid lubricant (Sn/Gr/both) on the average steady-state wear rate on cast composites. As a result of the
addition of solid lubricant(s), overall steady-state wear resistance has been increased up to ~ 3 % (at
9.81N) and ~ 24 % (at 68.67N) as compared to composites without solid lubricant(s).

In Gr-reinforced (1.0 wt%) composite samples (HG), a decrement of ~12 % has been observed at 9.81N,
while ~14 % has occurred at 68.67N. The observed variation might be associated with the layered
hexagonal structure of graphite and resulted in graphitized tribo- �lm along with Al-oxide �lm during the
relative motion between pin and counter material [45, 46]. Due to the formation of a lubricating �lm which
may behave like a barrier between asperities of pin and counter surface, it reduces the coe�cient of
friction and hence, reduces the shear stress between contact surfaces and enhances the wear
resistance [54]–[57]

Similarly, Sn- reinforced (1.0 wt%) composite samples (HT10) reduced the wear rate ~11 % at 9.81N and
~41% at 68.67N, respectively. The observed decreased wear loss can be asserted to two signi�cant
factors that are (i) formation of Sn-oxide layer on the surface of the pin and (ii) melting of Sn due to
frictional motion between pin and counter disc. Latter resulted in �lling the asperities with molten Sn,
which may further support the formation of the Sn-oxide layer and reduce seizure wear [58]. Moreover,
Figure 10 also revealed the enhanced wear resistance of dual lubricant reinforced composite samples
(HTG) with ~52 % at 9.81N and ~39 % at 68.67N compared to individual lubricant (Gr or Sn) composite
samples. During the relative motion between the pin and counter surface, the combination of Sn and Gr
resulted in the formation of lubricating �lm and oxide �lm, which enhanced the wear resistance [27].

Further, Figure 11 shows the comparative wear behavior study of cast iron (C) and HTG sample. Sample
HTG exhibited ~6% less wear resistance as compared to cast iron. But, a lower density of aluminum
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enables its applicability as brake rotors [59]. Thus, the observed results suggested that the HAMCs
alternate against the cast iron for industrial revolution changes.

3.5 Coe�cient of friction

The study of coe�cient of friction (COF) of the B1 sample and synthesized composite at various loads
(9.81-68.67 N) is shown in Figure 12. The graph trend is similar for all the samples, where it initially
increases up to the applied load of 29.43 N, and after that, a decrease in COF is observed. For low load,
less frictional heating is generated between the contact surfaces; thus, the COF at low applied load is
less. For the low load (9.81 N), the COF of the B1, H1, HT, HG, and HTG samples was observed to be 0.55,
0.42, 0.29, 0.32, and 0.20, respectively. After that, the frictional heating increases with increasing the load.
Therefore, an increment in the COF is also observed (Figure 12). For the applied load of 29.43 N, the COF
of the B1, H1, HT, HG, and HTG samples was observed to be 0.76, 0.62, 0.55, 0.59, and 0.52, respectively.
The COF is increased till the applied load of 29.43 N, beyond which the decrease in the COF is observed.
For the applied load of 49.05 N, the COF of the B1, H1, HT, HG, and HTG samples was observed to be
0.73, 0.60, 0.52, 0.54, and 0.50, respectively. This declination in COF could be due to the more stable
oxides layer on the pin surface. The increased frictional heating leads to forming an oxide layer on the pin
surface and protects the surface from sliding contact, hence lesser the COF of the samples. Also, the
higher applied loads, i.e., up to 49 N, leads to the formation of MML, which inhibits metal to metal contact
and lowers the COF of the composites. For the high applied load of 68.67 N, the COF of the B1, H1, HT,
HG, and HTG sample was observed to be 0.64, 0.52, 0.45, 0.47, and 0.42, respectively The incorporation
of solid lubricating ingredients has a signi�cant effect on the COF of the samples. The COF of the HT
sample was lesser than the HG sample. The lowest COF was observed for the HGT sample (Figure 12). 

3.6 Track and debris analysis

Figure 13 (a, b) shows the SEM image of worn tracks of the HTG sample at 9.81 N and 68.67 N load,
respectively. The SEM images exhibit the grooves mark parallel in the direction of relative motion on the
sample surface with some delamination mark. At the low load of 9.81 N, these narrow grooves on the
sample lead to the abrasion wear between the contact surfaces. A few debris was also observed on the
pin surface. Due to continuous sliding, some debris gets embedded into the soft matrix material.

Moreover, wider grooves were observed under the action of the high applied load. The asperities become
wider and deformed in the direction of sliding, while the size of the asperities increases with the increase
of the applied load up to 68.67 N (Figure 13b). Also, during the sliding material starts higher plastic
deformation under the action of shear stress. This leads to the formation of microcracks and material
losses in the form of debris as delamination of the sample surface (Figure 13b) [50], [52]–[55], [59]. This
represents that for 68.67N load, the material removal is the adhesive wear nature. In this order, small
debris is also seen on the wear track due to the continuous motion. Due to the combined action of
applied load and constant sliding speed, the debris gets embedded in the wear tracks of the pin surface
(Figure 13b). The HAMC surface had undergone mild zwear, which can be attributed to the oxidative wear
mechanism. Oxide layers were formed on the surface of the composite as the pin scratches away some
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of the surface material. This oxide layer restricts further removal of material by limiting the formation of
the transfer layer.

Figures 13c and 13d present the SEM images of wear debris of the HTG sample at an applied load of
9.81 N and 68.67 N, respectively. Majorly �ake-like debris was observed. Flake-like debris is formed as a
result of delamination. The continuous sliding leads to the plastic deformation of the pin surface and
leads to microcracks. When microcracks meet with each other, they lead to the removal of material in the
form of �akes, leading to the formation of �ake-like debris [60]. Grooves on debris are also visible. The
debris's grooves indicate micro plowing action during the initial run-in wear zone [32]. The presence of
grooves on debris reveals that initially, abrasive wear was dominant  [33].

Further, a few small-sized wear debris are attached to the wear surface, which signi�es the continuous
removal of debris from their surface [20]. These wear debris reduced the wear rate of the composite by
avoiding the exposure of soft matrix material to the steel counter surface. As sliding distance increases,
crack formation followed by material removal in the form of �akes has occurred by leaving a crater
behind it. The presence of microcracks on the wear debris represents the plastic deformation of the
working surface due to the application of shear force on the subsurface during sliding motion.

Figure 14 represents the EDS analysis of the HTG wear track at a 68.67 N applied load. Spectrum peaks
are observed for various elements like Al, Cu, Fe, Ti, O. The presence of oxygen proves that the formation
of aluminum oxide, iron oxide, and silicon oxide during wear. The source of iron is the counter surface.
Due to the continuous sliding at higher applied load leads to debris formation from the pin surface. This
debris gets trapped between the pin and the counter surface and prevents direct metal-to-metal contact of
pin and disc. The debris of the pin surface and the counter surface gets compacted between the pin and
the disc and begin to �ow/roll in the direction of sliding. The possibility of accumulation of wear debris at
the valleys between protruded corundum particles is higher for the composites than the base alloy. As a
result, higher counter surface material gets transferred and �nally accommodated as MML on the
composite surface and increases the wear resistance of the prepared composites. Figure 14b and 14c
present the EDS analysis of ASGT10 wear debris at a load of 68.67 N. The spectrum of the debris shows
peaks of different elements like Al, Cu, Fe, and O. Further, the presence of Sn and carbon in the wear
debris indicate their role as solid lubricants. These lubricating agents compliment the wear resistance and
provide superior wear resistance to the composites.

4. Conclusions
The in�uence of solid lubricant on the wear properties of synthesized composites has been studied.
Some signi�cant studies are given below:

Optical micrographs show the presence of uniformly distributed reinforced particles throughout the
matrix. Other solid lubricants viz. Sn and Gr were homogeneously distributed throughout the matrix.
Also, the addition of ceramic particles re�ned the primary and eutectic silicon morphology. 
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Vickers hardness study revealed high hardness values at the particle-matrix interface, indicating
strong interfacial bonding of particles with the matrix. Further, Rockwell hardness showed that the
hardness of the composites improved with the addition of reinforcement and the best hardness was
observed with both Sn and Gr.

The addition of solid lubricants decreased the wear rate and coe�cient of friction of the composites.
Best wear results were observed for the composites with both Sn and Gr. 

SEM analysis shows that at a low load of 9.81 N, the abrasive wear mechanism was dominant. The
high load of 68.67 N adhesive wear mechanism was dominant for material removal. Further, EDS
analysis indicates the formation of various oxides on the pin surface and wear debris, indicating an
oxide layer and mechanically mixed layer on the pin surface.  

The wear rate of the composites was comparable to the cast iron. Moreover, the composites have a
lower density than the cast iron. Thus, for industrial applications like brake rotors, composites
provide a signi�cant weight reduction over the conventional cast-iron material. 
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Figures

Figure 1

Represents the steps adopted for synthesizing and testing the HAMCs in the present work.
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Figure 2

Represents the microstructure of as-cast base alloy (LM 30) at (a) 100 X and (b) 500X magni�cation.
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Figure 3

Represent the micrograph of 1 wt. % (sillimanite & ilmenite) reinforced composite at (a) 100 X, (b) 500X
magni�cation, and (c & d) EDS line pro�le of SEM image of H1 sample.
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Figure 4

Represent the micrograph of 1 wt. % (sillimanite & ilmenite) reinforced composite with 1 wt. % Sn at (a)
100 X, (b) 500X magni�cation, and (c & d) EDS line pro�le of SEM image of HT sample.
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Figure 5

Represent the micrograph of 1 wt. % (sillimanite & ilmenite) reinforced composite with 1 wt. % Gr at (a)
100 X, (b) 500X magni�cation, and (c & d) EDS line pro�le of SEM image of H1 sample.
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Figure 6

Represent the micrograph of 1 wt. % (sillimanite & ilmenite) reinforced composite with 1 wt. % (Sn + Gr) at
(a) 100 X, (b) 500X magni�cation and (c & d) EDS line pro�le of SEM image of HTG sample.
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Figure 7

(a) Comparison study of ρth and ρex of synthesized composites, (b) ρth of synthesized composites and
cast iron.

Figure 8

(a) Represent the Vickers-hardness of formulated samples, (b) Rockwell hardness values of prepared
samples and cast iron.
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Figure 9

Representative wear behavior of (a) Base alloy and (b-e) Formulated composite showing run in and
steady-state wear at different load (9.81-68.67 N).
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Figure 10

Represents the study of dry sliding wear behavior of B1 and various formulated samples (a) Maximum
wear rate and (b) Average steady-state wear at 9.81-68.67N applied loads.
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Figure 11

Comparative wear performance of HTG and Cast iron (C).
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Figure 12

Representing the Coe�cient of friction of prepared samples.
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Figure 13

Representing the SEM images of HTG sample (a, b) wear track at 9.81 N and 68.67 N load (c, d) wear
debris at 9.81 N and 68.67 N load.
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Figure 14

EDS spectrum analysis of HTG sample (a) wear track (b) wear debris at 68.67 loads.


