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Characterization, mechanical 
properties, and wear behavior 
of functionally graded aluminum 
hybrid composite
N. Radhika 1*, R. Jojith 1, S. Vignesh 1, H. S. Raghavenderen 1, S. Abinav 2 & 
Adeolu Adesoji Adediran 3,4*

The present work demonstrates the development of SiC/TiS2/AlSi12Cu hybrid functionally graded 
composite using centrifugal casting and examines its microstructural, mechanical, and tribological 
properties. A gradient distribution of reinforcement particles was observed with the outer region being 
particle-rich. EBSD analysis confirms microstructural refinement owing to titanium’s grain refining 
properties and the formation of θ-Al2Cu intermetallic phase. The outer layer of the composite attained 
a maximum hardness and tensile strength of 93 HB and 202 MPa respectively, which was increased 
by 7.5% and 8.2%, 20.4% and 13.8%, 22.5% and 44.5% in middle, inner, and as-received alloy 
respectively. Tribological properties were assessed via dry sliding pin-on-disk tribometer with various 
process parameters such as load (10–40 N), velocity (1–4 m/s) and distance (500–2000 m), optimized 
using response surface methodology. The higher wear resistance was attained by the optimized 
process parameters of 16 N load, 1.6 m/s velocity, and 804 m distance. Results indicated increased 
material loss with higher load, sliding distance, and velocity, but with enhanced wear resistance in 
the outer zone. Worn surface analysis revealed deeper grooves, delamination, particle pull-out, and 
wear tracks under severe conditions. The study emphasizes the composite’s potential for high wear 
applications, linking its microstructural features to its superior wear behavior.

Keywords  Centrifugal casting, Wear, Hybrid composite, Functionally graded materials, Response surface 
methodology

Aluminum composites are extensively employed in automotive, aerospace, and other engineering sectors due to 
their high strength-to-weight ratio, low density, and wear resistance1. These characteristics are enhanced by intro-
ducing reinforcement particles such as silicon carbide (SiC), boron carbide (B4C), aluminum oxide (Al2O3), and 
titanium disulfide (TiS2)2,3. However, conventional composites often fall short of meeting the industrial require-
ments, which has led to the development of advanced composites that synergistically combine the properties of 
multiple materials4. These advanced materials, known as hybrid composites, achieve superior properties, includ-
ing outstanding mechanical strength, improved wear behavior, and optimized thermal expansion coefficients, by 
incorporating two or more reinforcements into the alloy5,6. Studies have shown that hybrid aluminum composites 
reinforced with materials such as fly ash, niobium carbide (NbC), and other nanoceramic particles achieve 
significant enhancements in mechanical properties, including microhardness, yield strength, tensile strength, 
and reduced wear and coefficient of friction owing to grain refinement and intermetallic phase formation5,7.

Despite their promising characteristics, conventional composites and hybrid composites can exhibit a signifi-
cant drawback: a sudden change in properties at the interface of different materials, leading to component failure. 
To address these issues, Functionally Graded Materials (FGM) have been introduced3. Unlike conventional 
composite materials, FGMs exhibit progressive compositional and microstructural modifications throughout 
the material. This gradual transition helps to improve material responses to deformation, dynamic loading, 
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corrosion, and wear, making them suitable for applications with unique property requirements across various 
industries8. Studies on centrifugally cast SiC/Al FGMs and silicon nitride-reinforced aluminum FGMs have 
shown that increasing rotational speed and reinforcing particle concentration enhances mechanical properties, 
with significant particle concentration and tensile strength improvements in the outer layers, although excessive 
reinforcement can lead to specimen failure due to low bonding and high brittleness9–12. Brinell hardness studies 
on aluminum alloy reinforced with varying concentrations of SiC (10%, 15%, and 20%) indicated that the outer 
layers exhibited the highest hardness due to the high concentration of SiC particles, while comparative property 
analyses between SiC/Al homogeneous and FGM composites revealed that the latter experienced reduced wear 
owing to protruding SiC particles forming strong intermetallic bonds, thereby resisting deformation and con-
tact forces13. Additionally, the wear rate of SiC/Al6061 under dry sliding conditions initially decreased as SiC 
composition increased to 35 wt.%, but subsequently increased due to clustering and settling of SiC particles, 
highlighting the importance of particle distribution in wear behavior14. Furthermore, the inclusion of TiS2 as a 
reinforcement particle improved the wear resistance and hardness, with microstructural studies indicating high 
TiS2 concentration in the outer layers owing to its density, and wear studies confirming reduced material loss 
with high TiS2 concentration15.

Several tools, such as Design of Experiments (DOE), Response Surface Methodology (RSM), and Taguchi’s 
method, are employed to describe wear results. Taguchi’s method, while highly accurate, is limited in multi-
response optimization, unlike RSM, which can optimize multiple responses16,17. Compared to conventional 
methods, RSM develops a correlation of input process parameters and output, reducing the experimental runs 
needed for superior results18. RSM analysis highlights the load applied as the primary factor affecting the wear 
rate, with other parameters being considered secondary19. For instance, RSM analysis on SiC/AA6082-T6 demon-
strates that increased load values correlate with higher wear rates in the composites20. Additionally, investigating 
the dry sliding performance of SiC/Al composites under elevated temperatures and varying loads and distances 
reveals significant material loss at temperatures exceeding 300 °C, with temperature demonstrating the highest 
significance on wear rate compared to sliding distance and load, as per RSM analysis21.

AlSi12Cu alloys, commonly used in engine pistons and industrial applications requiring good wear resistance 
properties and machinability, have been extensively studied in the literature. While research on SiC-reinforced 
aluminum composites and other mono-reinforced FGMs has shown enhancement in mechanical and tribologi-
cal studies, there is lack of sufficient information into multiple reinforcing particle/hybrid FGMs, particularly 
utilizing a combination of SiC and TiS2 particles fabricated through centrifugal casting. This combination is 
anticipated to offer higher tensile strength, wear resistance, and hardness compared to other materials, meeting 
tribological requirements. Hence, our current work focuses on developing a hybrid FGM reinforced with SiC 
and TiS2 particles to enhance both mechanical and tribological characteristics. The metallurgical characterization 
such as microstructure, grain size, and phases was analyzed using optical microscopy, Field Emission Scanning 
Electron Microscopy (FE-SEM), Electron Backscatter Diffraction (EBSD), and X-ray diffraction (XRD). Mechani-
cal properties (Brinell hardness and tensile strength) were studied, and dry sliding wear characteristics were 
evaluated using a pin-on-disk tribometer. The results were optimized through RSM to determine the optimum 
conditions for minimizing wear rate.

Material selection and fabrication process
LM13 (AlSi12Cu) alloy was selected as the base matrix due to its good machinability, castability, strength-to-
weight ratio, and corrosion-resistant characteristics. These alloys are employed for pistons and gasoline and 
diesel engine parts where a low coefficient of thermal expansion contributes to higher thermal stresses. The 
spectroscopy analysis is used to evaluate the presence of elemental composition in the as-received alloy, as 
tabulated in Table 1.

SiC was chosen as one of the reinforcing particles because it provides high-temperature strength, hardness and 
good wear resistance to the developed composite. To ensure adequate dispersion of gradient particles and avoid 
clustering, a reinforcement concentration of 6 wt.% was preferred22. TiS2 was selected as the second reinforc-
ing particle at a concentration of 4 wt.% due to its high strength and hardness. The densities of the reinforcing 
particles, SiC and TiS2, are 3.21 g/cm3 and 3.22 g/cm3, respectively. SEM images of the as-procured reinforc-
ing particles are depicted in Fig. 1. The mean particle size of 45 µm was observed for SiC, whereas TiS2 had an 
average size of 23 µm. Both particles were irregularly shaped, with SiC particles comparatively larger than TiS2.

Figure 2 demonstrates the fabrication process for synthesizing the as-cast Al FGM composite reinforced with 
SiC and TiS2 particles. Initially, the ingot was divided into smaller sections and loaded into a graphite crucible, 
which was then placed inside an electric resistance furnace (Fig. 3a) to melt under an argon gas atmosphere. This 
atmosphere facilitated degassing in the melting chamber, resulting in fewer casting flaws. Preheated (350 °C) 
reinforcing particles (SiC, TiS2) were added through a hopper after the matrix alloy melted. Using an inbuilt 
mechanical stirrer, a vortex was created to mix the particles with the molten metal thoroughly, ensuring even 
dispersion. The molten mixture containing reinforcing particles was then poured into a preheated (350 °C) die 
of Øout 100 mm × 100 mm of the centrifugal casting setup (Fig. 3b), which rotated continuously at 1200 rpm 

Table 1.   Spectroscopic composition of the as-received alloy (wt.%).

Element Si Fe Mn Cu Mg Al

Standard 10.5–13.5 0.8 0.05–0.55 1 0.35 Bal

As-received 11.76 0.897 0.422 1.021 0.172 Bal
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with a DC motor until solidification, after which the cast part was removed. A dimension of Øout 100 × Øin 
56 × 100 mm hollow sectional cylindrical sample was attained (Fig. 4). For centrifugally cast particle-reinforced 
FGMs, the particle distribution is influenced by the base alloy and second phase particles’ density. The particles 
with low density move towards the inner layers, whereas those with high density move towards the outer layers, 
as governed by Stoke’s law Eq. (1)23,24.

where, dp, ω, η, ρ, and r are the diameter of the particle, angular velocity, viscosity of the molten metal, density, 
and centrifugal radius respectively. Besides, l and p indicated the liquid and particle.

Experimental procedures
Light microscopy studies:
Three samples from as-cast composite layers (outer, middle, and inner) were chosen for microstructure analysis. 
The specimens were prepared by initially flattening the surface using a surface grinding machine, followed by 
polishing with emery sheets ranging from 800 to 1500 grade. Subsequently, to ensure a scratch-free surface, the 
specimens underwent further polishing on a disc polishing machine using alumina solution. Keller’s reagent 

(1)v =

d2pω
2
(

ρp − ρl
)

r

18η

Figure 1.   FE-SEM images of as-procured reinforcing particles (a) SiC, (b) TiS2.

Figure 2.   Schematic flow chart showing the fabrication route.

Figure 3.   Setup of (a) electric resistance furnace (b) centrifugal casting setup.
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(42.5 ml distilled water, 1.25 ml nitric acid, 0.75 ml hydrochloric acid, and 0.5 ml hydrofluoric acid) was used as 
an etchant for 10–20 s before analysis to reveal grain boundaries and intermetallic phases. The specimens were 
then examined under an Inverted Metallurgical Microscope and further analyzed through FE-SEM, and EBSD. 
FE-SEM (FEI Quanta-3D) equipped with EDS (Oxford/Inca) was employed to observe particle distribution and 
intermetallic phases within various FGM zones. A TSLOIM EBSD system was used to investigate grain structure 
morphology. Flat samples measuring 10 mm × 10 mm × 10 mm were mechanically diamond-polished using a 
0.05 m colloidal silica slurry before electropolishing. Orientation maps were generated using a 20 kV accelerating 
voltage and 0.3 μm scan step size without using any etchant on the sample.

Hardness studies
Brinell hardness investigations were conducted for three layers (outer—2 mm, middle—12 mm, inner—21 mm) 
against a 10 mm diameter steel ball, serving as the indenter in the test, using Eq. (2). Three indentations were 
generated on the polished faces of the samples using a 500gf load for 30 s. This procedure was repeated four 
times on different specimens, and the hardness values were recorded. The final hardness value was determined 
by averaging the reported hardness values obtained from all four indentations. These tests were performed in 
accordance with ASTM E10 standards.

where BHN, d, P, and D are Brinell Hardness Number (HB), indentation’s diameter (mm), load applied in (kgf) 
and indenter’s diameter (mm) respectively.

Tensile studies
Tensile test samples were prepared from the as-cast composite in accordance with ASTM E8 standards, as illus-
trated in Fig. 4. These specimens were extracted from the cast’s outer (1 to 11 mm), middle (5 to 15 mm) and 
inner (11 to 22 mm) zones. The test was conducted using a universal testing machine, wherein the composite 
samples were clamped between the machine’s jaws and subjected to axial load. Tensile strength was determined 
at a crosshead speed of 1 mm/min. Subsequently, fracture analysis was performed on specimens that failed dur-
ing the tensile test, with the fractured edges subjected to FE-SEM analysis.

Dry sliding wear studies
Pin specimens extracted from the outer layers of the as-cast composite were employed in dry sliding wear tests 
using a pin-on-disk tribometer at ambient temperature. These cylindrical specimens had a diameter of Ø8 mm 
and were prepared in accordance with ASTM G99-05 standard. They were paired with a counter disk made of 
hardened EN31 steel, measuring a diameter of 170 mm and thickness of 10 mm, and possessing a 65 HRC hard-
ness with a surface roughness of 2.5 Ra. Throughout the tests, a pin holder kept the specimens stationary, while a 
pulley system connected to a weigh balance ensured consistent contact between the pin and disk, maintaining a 
set track diameter of 100 mm. Prior to testing, the counter disk surface was smoothed using emery sheets. Before 
each experimental session, the specimens were weighed on a precision balance to record their initial masses. 
Following the experiment, the final mass of the specimens was measured to quantify wear-induced mass loss. 
The flowing Eq. (3) is used to calculate the wear rate25,26.

Here, SWR, ρ, D and M are the specific wear rate, density of the material, sliding distance, and mass loss 
respectively.

(2)Brinell hardness value (BHN) =
2P

πD(D−

√

D2
− d2)

(HB)

(3)SWR =
M

ρ× D
mm3/Nm

Figure 4.   Schematic illustration of the synthesized Al cast component.
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Response surface methodology
The mathematical and statistical technique known as RSM can be employed to model and identify correlations 
between parameters and responses with minimal experiments. In dry-lubricated sliding wear studies, the primary 
parameters of load applied, velocity, and distance were varied to analyze their correlation with the response (dry 
sliding wear characteristics). A second-order polynomial regression model, represented by Eq. (4), was utilized 
for prediction:

Here, b, bi, bii, and bij are coefficients, and Yu represents the response. The second term signifies the linear 
effect, the third term illustrates higher-order effects by the third, and the fourth defines interaction effect.

Minitab statistical software (version 19.1.1.0, accessed at https://​www.​minit​ab.​com/​en-​us/) facilitated experi-
mental generation and output analysis. Wear properties of the developed composite under dry sliding were 
determined using RSM’s central composite design, where the number of input processing parameters determined 
the number of trial experiments. The three main input parameters were the load applied (L), distance (D), and 
velocity (V). Twenty experimental runs with five levels were generated for the three parameters chosen, as 
illustrated in Table 2.

Results and discussion
XRD studies on as‑cast composite
In Fig. 5, the XRD spectrum of the as-cast FGM reveals broad and less assertive peaks. Primary peaks corre-
sponding to aluminum (Al) characteristics are observed at 2θ = 38.39°, 44.62°, 65.06° and 78.07° (JCPDS card 
no.01–089-4037), while silicon (Si) peaks are confirmed at 2θ = 28.3° and 47.24° (JCPDS card no. 29–1129). The 
presence of SiC particles is indicated by the diffraction peak observed at 76.06° (JCPDS card no. 73-1665), while 
peaks corresponding to TiS2 are identified at 2θ = 43.21°, 56.01°and 69.02° (JCPDS No. 15-0853). Additionally, 
peaks of the θ-Al2Cu intermetallic phase contribute to the alloy’s mechanical strength and hardness improvement. 
However, the peak height of the θ-Al2Cu intermetallic phase is notably lower than that of other aluminum peaks, 
influenced by the weight ratio of the matrix’s elemental phases. The absence of other Al-Cu peaks indicates the 
stability of the Al2Cu particle during the reaction and its non-decomposition into other compounds27,28. Further, 
the depletion of copper concentration in the alloy matrix during the reaction and holding period results in the 

(4)Yu = b+
∑

bixiu +
∑

biix
2
iu
+

∑

bijxiuxju

Table 2.   RSM generated levels and experimental parameters.

S. no L (N) V (m/s) D (m)

1 10 1 500

2 16 1.6 804

3 25 2.5 1250

4 34 3.4 1696

5 40 4 2000

Figure 5.   Diffraction peaks obtained for the as-cast composite.

https://www.minitab.com/en-us/
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absence of other intermetallic Al-Cu peaks such as AlCu, Al3Cu4, and Al4Cu9. The brittle intermetallic phase, 
Al4C3, reported as a by-product of the reaction between SiC particles and the aluminum melt, did not form 
during the fabrication process, due to the synthesis temperature of 760 °C and the silicon concentration of only 
12%. Consequently, the properties primarily depend on the Al2Cu phases and the incorporated reinforcement 
particles in the composite.

Optical microscopy studies:
Light microscopy studies (Fig. 6) revealed a gradient distribution and clustering of reinforcing particles in the 
aluminum matrix. The inner layers, identified as the particle-exhausted region (Fig. 6a), predominantly exhibited 
pores formed due to low-density air bubbles that developed during the fabrication process. Under the centrifugal 
force of rotation, these bubbles migrated towards the inner layers, carrying a minimal concentration of reinforc-
ing particles with them11,29. Serving as transitional layers, the middle layers contained more particles than the 
inner layers (Fig. 6b) and displayed reinforcement particle clusters along with the primary and eutectic silicon 
phases of the aluminum matrix. Conversely, the outer layers (Fig. 6c) contained a higher density of reinforcing 
particles, attributed to the centrifugal force pushing these particles outward. This observation is consistent with 
findings from previous studies on particle-reinforced composites processed by centrifugal casting3,11. Addition-
ally, factors such as viscosity, pouring temperature, particle properties (shape and size), and cooling rate also 
significantly influenced the distribution of reinforcing particles30. In Fig. 6c, SiC particles appeared as black 
points, consistent with observations from prior studies11,30. To validate these observations, further characteriza-
tion studies, including FE-SEM, EDX, and elemental mapping, were conducted. However, TiS2 particles were not 
identified through optical microscopy; therefore, the same specimen underwent further examination via FE-SEM.

FE-SEM images (Fig. 7) captured from various layers revealed randomly distributed SiC and TiS2 particles 
alongside reinforcing particle clusters within the aluminum matrix. These clusters resulted from the collision of 
reinforcing particles during casting and the low wettability of SiC particles31. Prior literature has demonstrated 
that the formation of particle clusters enhances strengthening mechanisms when well bonded with the matrix32. 
Notably, FE-SEM images depicted the absence of volumetric defects in the composite layers, attributed to the 
entrapment of gas bubbles at particle interfaces during solidification31. The observed gradient distribution of 
reinforcement particles from inner to outer layers confirmed their dispersion influenced by the centrifugal force. 
Furthermore, the presence of the θ-Al2Cu intermetallic phase was identified in the composite layers (Fig. 7a), 
undetectable under optical microscope. The inner layers (Fig. 7a) displayed a low concentration of reinforced 
particles and multiple porosities, whereas the middle (Fig. 7b) and outer layers (Fig. 7c) showed a higher con-
centration of particles alongside particle clusters.

The outer layers (Fig. 7c) underwent mapping and EDS studies, as illustrated in Fig. 8, which presents the EDS 
plot for SiC and TiS2-reinforced aluminum composite. Detected peaks of Si, C, Ti and S in the EDS plot validated 
the presence of SiC and TiS2 particles in the matrix. The color-mapped plots depicted the weight percentages of 
individual compositional elements, with aluminum represented in red and the dark areas indicating the absence 
of primary aluminum, overlapped by silicon. The presence of SiC was confirmed by the shared dark regions in the 
maps of Si and C, while the confirmation of TiS2 was evidenced by common dark areas in the maps of Ti and S.

Figure 6.   Light micrographs of (a) inner, (b) middle and (c) outer layers of the as-cast composite.

Figure 7.   FE-SEM micrographs (a) inner, (b) middle, and (c) outer layers.
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Advanced characterization studies
Advanced microstructural analyses of the Al-Si eutectic grain structure were performed (Fig. 9a), revealing that 
the orientation of aluminum in the eutectic aligned with the dendrites. Low magnification orientation maps 
indicated significant misorientation of eutectic aluminum to neighboring dendrites. Figure 9b illustrates the 
orientation maps of eutectic Si particles’ grain boundaries and Inverted Pole Figure (IPF) within the aluminum 
matrix, with aluminum grains depicted in white and grey, and eutectic Si grains in light grey. The presence of 
SiC reinforcing particles, challenging to index, appeared as black patches in the EBSD plot. Furthermore, the 
ceramic reinforcing particles improved the grain structure by increasing nucleation sites during solidification 
and limiting aluminum grain expansion33. This aligns with findings from similar studies on welded joints of SiC 
reinforced aluminum metal matrix composites34. Regions exhibiting significant disparities in thermal expansion 
coefficients between the matrix and reinforcing particles were characterized by high residual stresses, disloca-
tion densities, high misorientations, and strong dislocation fields, manifesting as dark, non-indexed points35. 
Additionally, titanium acted as a grain refining agent in the aluminum matrix, contributing to the development 
of fine, equiaxed grains36. The addition of TiS2 reinforcing particles resulted in noticeable refinement of coarse 
aluminum matrix grains, attributed to dynamic recrystallization induced by severe grain restructuring37.

Figure 8.   Elemental mapping results of the outer layers.

Figure 9.   EBSD plots of the as-cast composite outer layer (a) surface analysed and (b) EBSD grain 
boundary + IPF maps.
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TEM investigations on the composite confirmed the presence of evenly dispersed Si particulates within 
the α-Al matrix, as denoted by solid yellow arrows in the corresponding micrographs (Fig. 10a). For a more 
detailed analysis of the elemental composition localized within the Al matrix, Selected Area Electron Diffrac-
tion (SAED) patterns were plotted as shown in the Fig. 10b. In addition, to ascertain the crystalline phases pre-
sent, XRD analyses were also conducted, and results are shown in Fig. 5. The XRD spectra showcased distinct 
peaks correlating to unaltered Al, Si, and SiC phases. Further SAED exhibited the crystalline nature of Si, with 
discernible lattice planes indexed as (331), (220), and (111). These observations are consistent with the lattice 
fringes observed through TEM. It also confirms the Si particles were uniformly distributed throughout the Al 
matrix devoid of any notable agglomeration. The lattice parameters deduced from the SAED patterns align well 
with the diffraction peaks identified in the XRD analysis. Figure 10c depicts the microstructural features at the 
grain boundaries, highlighting dislocation tangles and their intersection. These complex dislocation networks 
contribute significantly to the increase in mechanical properties of FGM. Upon exposure to a defined thermal 
environment, the dislocations induced by the integration of reinforcing particulates become entrapped by the 
secondary phase particles. These particles act as pinning centres that inhibit the mobility of dislocations, thereby 
enhancing the material’s mechanical resistance38.

Mechanical properties
Hardness and tensile strength analyses were conducted on the as-cast composite, with hardness measured in 
the outer, middle, and inner layers, and tensile strength evaluated in the outer (1–11 mm), middle (5–15 mm), 
and inner (11–22 mm) zones. Figure 11a depicts the Brinell microhardness values for the different layers, while 
Fig. 11b presents the tensile strength results for the three zones. The fabricated hybrid composite demonstrated 
an average microhardness improvement of 31% compared to the base alloy and an impressive 69% improvement 
in tensile strength.

The enhanced mechanical properties, particularly in the outer layers, are attributed to the high density of 
reinforcing particles (SiC and TiS2). The gradient dispersion of these particles, influenced by centrifugal force, 
resulted in a gradient reinforcement throughout the radial thickness of the composite, contributing to parti-
cle strengthening, dispersion strengthening, and grain boundary strengthening mechanisms39,40. The Orowan 

Figure 10.   TEM images revealing (a) Si particles, and θ-Al2Cu intermetallic phase, (b) SAED pattern, (c) grain 
boundaries and dislocation tangles.

Figure 11.   (a) Brinell hardness, (b) tensile strength values reported for as-received alloy and different layers of 
hybrid composite.
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strengthening effect is crucial, as the uniform distribution of hard reinforcement phases within the Al alloy 
obstructs dislocation movement, creating dislocation loops around the reinforcement particles and raising the 
stress needed for further deformation5. Improved wettability between the reinforced particles and the matrix 
during casting resulted in better bonding, delaying deformation and specimen fracture. Similar findings were 
reported for Al2O3 reinforced Al composites41. In contrast, the inner layers, devoid of reinforcement particles, 
displayed the lowest mechanical characteristics owing to low-density gas bubble porosities and minimal reinforc-
ing particle concentration. These inner layers behaved similar to soft alloys under stress, deforming and fracturing 
much earlier than the outer layers. The pores in the inner zone acted as nucleation sites for crack development, 
causing low tensile strength and hardness27. The outer layers exhibited the highest hardness and tensile strength 
due to the reinforced particles’ segregation and gradient dispersion, which resisted dislocation motion and 
deformation. The overall increase in the hybrid composites’ microhardness can be attributed to the homogeneous 
distribution of reinforcement in the matrix, decreased grain sizes with increased reinforcement content, and the 
presence of hard ceramic particles42. The improved mechanical properties of the fabricated composite primarily 
depended on these factors, with the outer layers showing superior resistance to axial loads and deformation.

The true stress–strain curve of as received and hybrid composite was depicted in Fig. 12a,b respectively. The 
hybrid composite exhibited brittle behaviour under increasing load up to a specific stress–strain value, after 
which it transitioned to a combination of ductile and brittle fracture modes. The hybrid composite displayed 
brittle behavior under load increase up to a specific stress–strain value, followed by a transition to a combined 
ductile and brittle mode of fracture. This was due to ceramic reinforcement particles, with the dislocation den-
sity and silicon concentration impacting the decrease in ductility43. The reinforcement particles affected grain 
formation, limiting the movement of dislocations. This increased the strength of the composite relative to the 
base alloy. These grains were also responsible for transmitting the applied load, providing the composite with 
higher strength. This resulted from the reinforcement particles ability to forge a solid bond with the base alloy, 
thereby raising its tensile strength44.

Fracture studies
The fractured edges of the failed tensile specimens underwent FE-SEM analysis, revealing various fracture modes, 
including both ductile and brittle fracture, across different zones of the hybrid composite. Evidence of plastic 
deformation and cleavage fracture was observed, indicated by the presence of less shiny features. Distinctive 
ductile and brittle fracture features, voids and nucleation zones were illustrated in FE-SEM images from inner, 
middle, and outer zone specimens (Fig. 13), highlighting mechanisms such as cracking and debonding of rein-
forcing particles that contributed to overall reduction in load-bearing capacity. The inner layers predominantly 
exhibited characteristics of brittle failure, with evident tear ridges and cleavage facets, alongside minimal ductile 

Figure 12.   Stress vs. strain curve generated for (a) as-received alloy and (b) hybrid composite.

Figure 13.   FE-SEM images of the (a) inner, (b) middle, and (c) outer zone of hybrid composite.
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features such as shear dimples45,46. Tear ridges, defined by sharp, jagged edges perpendicular to the applied load, 
were prominently observed on the fracture surface of the inner layers (Fig. 13a), aligning with the brittle nature 
of the failure and indicating limited energy absorption prior to structural failure47,48. Fracture morphologies of 
middle (Fig. 13b) and outer (Fig. 13c) layers illustrated crystallographic orientations occurring locally along 
crystallographic planes within a single grain11,46. As middle to outer layers were mostly embedded with particles, 
fracture had occurred via breakage of the reinforcement particles, or via interfacial delamination between the 
matrix and particulate phases49. The debonding of particles was evident in the fracture FE-SEM images. The 
significance of stress concentration at sharp tips of SiC particles leading to rapid brittle failure. Brittle fracture 
surfaces typically exhibit flat, smooth surfaces without significant deformation features like dimples, indicating 
sudden and catastrophic failure with little to no plastic deformation prior to fracture50. Thus, the observed failure 
mode for the functionally graded hybrid composite was a combination of ductile and brittle characteristics.

Wear studies under dry lubrication conditions
Mechanical studies such as hardness and tensile behaviour of the the outer layers of the composite exhibited dis-
tinct characteristics and are more representative of the material’s performance in practical applications. Therefore, 
our experimental design aimed to evaluate the wear behavior of these outer layers under dry sliding conditions 
using a pin-on-disk tribometer. Table 3 illustrates the various experimental parametric combinations produced 
using the RSM model—L20 alongside the corresponding wear rate values obtained during experimental studies. 
These wear experiments were conducted without lubrication to simulate the most extreme sliding conditions, 
where friction is not mitigated by any lubricating substance. Consequently, the wear experienced by the com-
posite is expected to be high, necessitating an evaluation of its wear response under these non-lubricated condi-
tions. Figure 14 depicts RSM surface plots depicting the wear rate across all possible combinations of process 

Table 3.   Experimental parametric amalgamations produced through the RSM model, and their wear results.

L (N) V (m/s) D (m) SWR (mm3/Nm)

10 2.5 1250 0.0000855811 ± 2.57 × 10–6

16 3.4 1696 0.000119 ± 3.57 × 10–6

16 1.6 1696 0.000102746 ± 3.08 × 10–6

16 3.4 804 0.00012207 ± 3.6621 × 10–6

16 1.6 804 0.0000722456 ± 2.17 × 10–6

25 2.5 1250 0.000146653 ± 4.40 × 10–6

25 2.5 1250 0.000166836 ± 5.01 × 10–6

25 1 1250 0.000142238 ± 4.27 × 10–6

25 2.5 1250 0.000181015 ± 5.43 × 10–6

25 2.5 2000 0.000197691 ± 5.93 × 10–6

25 4 1250 0.000181775 ± 5.45 × 10–6

25 2.5 1250 0.000169735 ± 5.09 × 10–6

25 2.5 1250 0.000172497 ± 5.17 × 10–6

25 2.5 500 0.000155115 ± 4.65 × 10–6

25 2.5 1250 0.000168709 ± 5.06 × 10–6

34 1.6 1696 0.00023 ± 6.90 × 10–6

34 3.4 1696 0.000236702 ± 7.10 × 10–6

34 3.4 804 0.000215448 ± 6.46 × 10–6

34 1.6 804 0.000205581 ± 6.17 × 10–6

40 2.5 1250 0.000258393 ± 7.75 × 10–6

Figure 14.   RSM plot of (a) wear rate vs velocity, load, (b) wear rate vs distance, load and (c) wear rate vs 
distance, velocity.
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parameters. The following paragraphs detail the impact of each process parameters such as load, velocity, and 
sliding distance on the wear response of as-cast hybrid composite.

Influence of load applied on the wear response
The RSM surface plots (Fig. 14a,b) generated to analyze the wear response of the developed hybrid composite 
under varying load while keeping distance and velocity constant revealed a linear increase in wear rate with 
increasing load, dependent upon the contact area and pressure at the pin specimen interface. At low loads (10N), 
the pin displayed resistance to deformation or surface damage owing to the reinforcing particle’s structural integ-
rity, with minimal wear rate observed. However, as the load applied using the potentiometer increased from 10 to 
20 N, there was a slight rise in material loss from the specimen owing to increased contact pressure, indicating a 
slight elevation in wear rate as fractured reinforcing particles contributed to surface damage through abrasion51. 
This trend continued with a sharp escalation in wear rate between 20 and 30 N, where contact pressure led to 
elevated interface temperature and increased friction at the workpiece-counter disk interface. Finally, at high 
loads (40 N), the composite specimen deteriorated due to intense contact pressure and continuous grinding 
fractured reinforcing particles against the soft matrix material of the pin specimen, resulting in an increase in 
composite wear rate and a decrease in resistance offered by the pin material, ultimately leading to gradual wear 
of the pin specimen52. FE-SEM analysis was performed on the worn specimen surface under loads of 10N and 
40N, revealing distinctive features. At the initial low load of 10N, random grooves attributed to abrasive hard 
reinforcing particles were observed, along with minimal scratches (Fig. 15a). Sliding wear tracks and exposed 
reinforcing particles resulted from tear-off of the surface layer, primarily due to micro-cracking and micro-
ploughing mechanisms. Tear-offs led to the formation of rolled-up wear debris particles on the surface. Increasing 
the load to 40 N caused severe wear, characterized by delamination and micro-fatigue sub-wear regimes53. This 
transition was marked by deeper grooves and increased delamination due to increased contact area and friction 
(Fig. 15b). These features indicate a sudden shift toward severe wear, primarily due to shear stress across the 
composite specimen’s surface. Similar observations were reported for other metal matrix composites54–56. EDS 
analysis at 40 N confirmed the presence of carbide content, contributing to high plastic deformation resistance 
and oxide film formation on the pin surface (Fig. 16)57.

Influence of distance of sliding on the wear response
The RSM model generated for distance (Fig. 14b,c) revealed a wear response similar to that observed under vary-
ing loads, indicating the significant influence of sliding distance as an extrinsic wear parameter on the material 
loss next to load. However, the material loss rate was relatively lower compared to load variation, attributed to 
the resistance offered by hard ceramic reinforcing particles (SiC and TiS2) against surface layer disintegration 
and deformation. Wear rate increased linearly with distance values, with surface interaction pressure and slid-
ing duration defining wear regimes. Lower surface interaction pressure at shorter distances (500 m) resulted in 
minimal surface deformation, while increased contact duration at longer distances led to elevated wear rates due 
to the rising contact stresses and temperature, causing plastic deformation and higher material removal rates. 
However, the marginally lower rate observed under varying distances depended on factors such as particle con-
centration, intermetallic attraction forces and reinforcing particle hardness. Worn morphology analysis at varying 
distances revealed a transition in wear regimes from mild to severe wear regimes. FE-SEM images (Fig. 17a) of 
the specimen at an initial sliding distance of 500 m showed visible hard ceramic particles contributing to material 
loss, with micro-cracking and micro-abrasive wear sub-regimes evident. Subsequent image (Fig. 17b) displayed 
increased wear rates at 2000 m, with numerous delamination and oxide layer sites indicative of adhesion wear 
regime effects, characterized by rolled-up layers and sparse wear debris particles. At longer sliding distances, 
wear rates peaked, accompanied by reinforcement particle pull-out owing to prolonged sliding time, leading to 
shearing of layers delamination sites58,59. EDS spectrum analysis (Fig. 18) at 2000 m confirmed the presence of 
oxide layer sites, with debris particles primarily comprising oxides and carbide particles, along with elements 
such as Fe, Cu, and Mg. Additionally, a fresher layer of exposed reinforcing particles contributing to increased 
wear rates and undergoing oxidation was visible on the specimen surface.

Influence of sliding velocity on the wear response
The RSM surface plot for velocity (Fig. 14a,c) showed a higher wear rate with velocity increments, mirroring 
trends under varying distance and velocity conditions. This increase was due to higher interface temperatures, 

Figure 15.   Worn surface morphology of composites at (a) 10N and (b) 40N.
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which weakened particle–matrix bonds, leading to permanent deformation at contact points and intense surface 
damage with debris formation60,61. The wear rate was minimal at low velocity with a constant load, but the pro-
longed experimental run increased interface temperature, softening the composite surface and oxidizing material 
layers, which formed a coating on the specimen62,63. At 4 m/s, tribolayer formation and oxidation rates rose, but 
the tribolayer had little time to reduce wear rate. Continuous contact forces fractured hard reinforcement parti-
cles, removing the tribolayer from the specimen pin. Studies show that the mechanically mixed layer (MML) is 
stable only at low loads and velocities26,64. Thus, the MML formed was unstable and quickly broke down, failing to 
significantly affect wear rate. The wear rate variation from mild to moderate was observed in the FE-SEM analysis. 
The worn surface displayed peeled-off tribo-layers, dislodged reinforcing particles, and delamination sites. A 
1 m/s sliding velocity (Fig. 19a), features such as peeled-off layers, delamination sites, and exposed reinforcing 
particles indicated minor plastic deformation. Higher interface temperatures from prolonged contact time led 
to increased wear65. At 4 m/s (Fig. 19b), greater contact forces and higher interface temperature caused surface 
layer oxidation. Interaction of oxidized layers, reinforcing particles (SiC and TiS2), and wear debris, resulted in 
MML formation, with C and Fe particles from the stainless-steel counter disk detected due to abrasion by hard 
SiC particles, leading to Fe and C diffusion to the pin. Mapping and EDS studies at 4 m/s (Fig. 20) ensured the 
existence of C and Fe, with hard SiC particles visible on the specimen surface and Fe particles from the counter 
disk and TiS2 reinforcing particles dispersed within. The EDS spectrum’s high “O” concentration demonstrated 
the oxidized layers on the specimen’s surface.

Regression model studies under dry lubrication conditions:
The regression analysis studies were performed to confirm the precision of the statistical model developed 
through the RSM method. A linear regression model was created based on the factors’ impacts on wear rate. It 

Figure 16.   EDS evaluation of composite outer layer at 40 N applied load.

Figure 17.   Worn surface morphology FE-SEM images at varying distances of (a) 500 m and (b) 2000 m.
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correlates the sliding distance, sliding speed and load. The regression equation of specific wear rate was described 
in Eq. (5).

where V, L are sliding velocity (m/s), and applied load (N). The coefficient sign associated with the wear parameter 
indicates the variation in the wear rate. The positive sign indicates an increasing effect on the wear rate by the 
process parameter. In contrast, a negative sign denotes a negative effect on the wear rate.

Optimization studies through the developed regression model:
The primary objective of the developed regression model was to reduce the material loss rate from the pin speci-
men and to identify the optimum process parameter combination at which the minimum wear parameter can 
be generated. Through this, a model that can create a minimum wear rate under real-world conditions can be 
developed. Through the RSM model and optimization studies, 7.22456E−05 mm3/Nm was determined as the 
desired minimum wear rate of the developed gradient composite. An optimum parameter combination of 10 N 
load, 1 m/s velocity and 500 m distance were determined, and the developed composite showed the minimum 
wear at these conditions. Figure 21 depicts the optimum parameter combination generated through RSM.

Dry sliding wear study was performed at the optimum condition generated through RSM, and the FE-SEM 
image worn surface of the pin specimen at an optimal condition of applied load (L) of 10 N, sliding distance (D) 
of 500 m, and sliding velocity (V) of 1 m/s is depicted in Fig. 22. Surface morphology studies revealed significant 
sliding track features such as grooves and microploughing zones. The fracturing of hard ceramic reinforcing 
particles caused surface layer abrasion and deep grooves, thereby exposing the fresher composite layers. The 
ploughed-out layers were evident as wear debris, demonstrating minimum wear.

(5)SWR = 0.000089+ 0.000007 L + 0.000043 V− 0.000001 L ∗ V

Figure 18.   EDS evaluation of hybrid composite at 2000 m sliding distance.

Figure 19.   SEM images of worn surface at different velocities (a) 1 m/s, (b) 4 m/s.
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Figure 20.   EDS evaluation of hybrid composite at 4 m/s of sliding distance.

Figure 21.   Optimum parameters generated through RSM.

Figure 22.   FE-SEM image of the specimen worn surface at the optimum condition of 10 N, 500 m, 1 m/s.
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Conclusions
The hybrid functionally graded AlSi12Cu composite, incorporating 6 wt% SiC and 4 wt% TiS2 reinforcing par-
ticles, has been successfully developed to enhance mechanical and tribological studies.

•	 Microstructural studies showed the highest distribution of reinforcement particles in the outer layers, cor-
roborated by FE-SEM studies confirming a gradient distribution with minor particle clusters due to wetting. 
Additionally, EBSD studies highlighted the contribution of Ti to grain refinement.

•	 Mechanical testing revealed a significant improvement in Brinell hardness and tensile strength, with a 31% 
and 69% increase respectively, in the outer layers compared to the inner layers. Superior mechanical proper-
ties were observed in the particle-rich layers under load application.

•	 Fracture studies showed a mixed mode of failure (brittle and ductile) owing to particle clusters and particle-
devoid zones.

•	 Wear behaviour through pin-on-disk tribometer indicated increased material loss with higher loads, distances 
and velocities.

•	 Worn morphology analysis revealed varying wear sub-regimes and more severe material loss under varying 
loads. The formation of a protective layer leads to minimum wear rate for the varying velocity.

Overall, this developed gradient composite exhibits promising characteristics for application of brake pads 
and clutch facings in automotive, bearings and bushings in aerospace industry, cutting tools, machining parts, 
pistons and cylinder liners where high resistance to wear and tear are critical.

Data availability
The datasets used and analyzed during the current study available from the corresponding author on reasonable 
request.
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