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Abstract: Friction stir processing (FSP) is an emerging solid-state technique for preparing surface 

composites using various reinforcements. Ceramics and metallic particles are easily reinforced in a matrix 

by this technique. Surface composites made from an LM24 alloy reinforced with graphite and tin, with 

good wettability and material flow owing to the low melting point of tin, were fabricated by FSP at two 

rotational speeds of 1,400 and 1,000 rpm. Despite its low hardness, the graphite/LM24 surface composite 

fabricated at a higher rotational speed of 1,400 rpm exhibited better wear resistance. However, its 

frictional behavior was not significantly affected by the reinforcement. The fabricated surface composites 

with graphite and tin reinforcement as well as graphite-only reinforcement exhibited contradicting 

behaviors under sliding wear conditions. The post wear analysis indicated that abrasion, adhesion, layer 

formation, and delamination occurred on the composite surfaces. 
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1  Introduction 

Al–Si alloys are often used in several engineering 

applications owing to their high strength-to-weight 

ratio, low coefficient of thermal expansion, and better 

wear resistance as compared to other aluminum 

alloys [1–4]. However, the porosity and needle or 

acicular morphology of the Si are detrimental to its 

mechanical properties [5, 6]. Al–Si alloys can be 

tailored by alloying, microstructural modification, 

or reinforcing with suitable reinforcements to improve 

their performance in engineering applications [7]. 

Friction stir processing (FSP) is an emerging 

technique for microstructural refinement and surface 

composite fabrication [8–10]. Conventional techniques 

for fabricating metal matrix composites, such as 

liquid melt stirring and powder metallurgy, have 

various pertinent issues. The metal matrix composites 

fabricated using the liquid melt stirring technique 

are limited by the agglomeration of the reinforcement 

particles, poor wettability, and interfacial reaction 

product phases [4, 9]. Meanwhile, the residual porosity 

and non-uniform distribution of the reinforcement 

particles are significant issues in composites fabricated 

by the powder metallurgy technique. Moreover, the 

powder metallurgy route is expensive and high 

energy-consuming [11]. In addition, the composites 

fabricated by these conventional techniques exhibit 

poor mechanical properties and often fail to serve 

their intended purpose in engineering applications. 

On the other hand, FSP results in microstructural 

refinement and uniform distribution of the second 

phase constituents. As FSP is a solid-state technique, 

there is a low possibility of interfacial reactions 

between the reinforcement and matrix [9, 10]. FSP 

effectively breaks the acicular Si to near-spherical 
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Si and homogenizes the dendrite network, thereby 

improving the mechanical properties of the cast 

alloys and Al–Si alloys [9]. In a comparison study, 

Yuvaraj et al. [12] used tungsten inert gas arc (TIG) 

and FSP to fabricate a B4C/AA5083 composite. 

They found that the high temperature used in the 

TIG route caused grain coarsening and interfacial 

reactions between the matrix and reinforcement. 

During FSP, the average grain size was reduced 

from 49.5 μm in the base alloy to 3 μm in the 

composite owing to dynamic recrystallization. The 

grain refinement and uniform distribution of the 

reinforcement particles resulted in the improved 

wear resistance of a composite produced by FSP. 

Previous studies on the Al–Si alloys produced 

by FSP demonstrated that the size of the acicular 

Si particles could be decreased to submicron size 

[13, 14]. During the composite fabrication of the 

Al–Si alloys, FSP results in the breaking up of the 

acicular Si, reduction in the grain size, and uniform 

distribution of the reinforced particles [14]. Several 

reinforcements such as Al2O3, SiC, B4C, TiC, MoS2, 

and graphite have been used to prepare surface 

composites via the FSP route [9, 15]. Meanwhile, 

solid lubricants are widely used to improve the 

tribological behavior of metal matrix composites. 

Graphite is a typical solid lubricant used in the 

fabrication of composites as it reduces the frictional 

forces and enhances the tribological properties [16, 

17]. Zhu et al. [18] observed that solid lubricant 

particles WS2 in spark-plasma-sintered SiC–WS2– 

Mg composites spread on the surface, forming a 

tribolayer during the reciprocating sliding. This 

tribolayer prevents the transition of the wear 

mechanism from abrasion to delamination. The 

layered structure of the WS2 particles easily sheared 

from the micro-scale to the nano-scale, resulting in 

a reduction in the coefficient of friction (COF) and 

wear of the composite. Wang et al. [19] studied the 

effect of adding silver on the tribological characteristics 

of Cu–Ni–graphite composites. They found that 

adding silver enhances the lubrication effect. The 

COF and wear loss of silver-modified Cu–Ni–graphite 

composite were lower than those of the Cu–Ni– 

graphite composite. In addition, the wear resistance 

of the silver-modified composite was approximately 

91% higher than that of the unmodified Cu–Ni– 

graphite composite. The improvement in the tribological 

characteristics was attributed to the soft silver 

metal, which deformed easily and contributed to 

the lubricating film formation on the surface.  

A study conducted by Qiu et al. [20] revealed 

that the sliding conditions determine the wear behavior 

of FeAl during sliding instead of its mechanical 

properties. The hardness of the composites decreased 

with increase in the graphite content. However, 

the wear resistance increased regardless of the 

reduction in the hardness owing to the favorable 

role of graphite in the tribolayer formation [21–23]. 

Marcinauskas et al. [24] found that the COF was 

reduced when the graphite–Al2O3 coating on the 

steel had a limited graphite content. A higher 

graphite content tends to reduce the hardness of 

the composite coating, which in turn increases the 

possibility of Al2O3 pull-out. However, an inverse 

correlation of the wear to the hardness of the 

composite layer has been observed in the FeNi– 

graphite composite layer [25]. The hardness of the 

FeNi–graphite composite layer decreased when the 

softer graphite content was increased. However, 

the composite layer exhibited better wear resistance 

at an optimum graphite content [25]. 

In engineering applications, tin is commonly 

added to improve the frictional behavior of a contact 

surface. Tin is a softer metal owing to its low shear 

strength; therefore, it readily forms a film under a 

deforming load, which protects the underlying 

surface from wearing out easily. As a result, tin is 

frequently used to prevent seizure in bearings when 

the system runs out of lubrication. Tin is also known 

for its anti-welding characteristics with iron, thus 

reduces the possibility of adhesive wear [26, 27]. 

During FSP, the homogeneous distribution of the 

reinforced particles and formation of a defect-free 

composite surface depends on the material flow [9, 

10]. The liquid phase, which is made up of tin with 

a low melting point, enhances the fluidity and 

improves the material flow. On the other hand, the 

enhanced wettability provided by the liquid phase 

improves the bonding of the reinforcement particles 

with the matrix. Therefore, the addition of tin is 
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recommended to improve the wettability and material 

flow in the processed zone of the graphite/aluminum 

alloy composites. 

However, to the knowledge of the authors, tribological 

characteristics of surface composites with graphite 

and tin reinforcement are hardly reported. In 

the present study, graphite and tin were used as 

reinforcements in the Al–Si alloy (LM24) composite 

prepared using the FSP route. The effects of adding 

graphite and tin on the sliding wear properties in 

correlation with the rotational speed during the 

FSP, and applied load during the sliding wear test 

are discussed.  

2  Experimental methods 

In this study, 120 mm × 60 mm × 6 mm Al–Si alloy 

LM24 (Si-8, Cu-3.6, Zn-2.6, Fe-0.9, Mn-0.5, Pb-0.35, 

Mg-0.3, Sn-0.2 wt%, with the balance being Al) 

plates were used for preparing the composites via 

the FSP route. Figure 1 shows a schematic illustration 

of the composite fabrication process via the FSP 

route. Graphite flakes and tin particles (~50 μm), 

used as reinforcements, were mixed using a double- 

axis rotary mill for 2 h. A vertical milling machine 

(Hindustan Machine Tools, India) was then used 

for performing the FSP. An H13 steel (55 HRC) tool, 

with a concave shoulder of 21 mm in diameter, and 

a conical-shaped probe with the diameter reducing 

from 5 mm at the top to 3 mm at the bottom were 

used during the FSP. A four-pass FSP, at rotational 

speeds of 1,000 and 1,400 rpm at a constant traverse 

speed of 63 mm/min, was performed by clockwise 

rotation of the tool. The details of the surface 

composite fabrication and process parameters are 

listed in Table 1. For metallographic examination, 

the specimens were prepared using a standard 

grinding and polishing technique. Then, the polished 

surfaces were etched using a modified Poulton’s 

reagent. The microstructure of the material after 

FSP was studied using a LEICA DMI 5000M 

microscope and Zeiss scanning electron microscope 

(SEM). A Vickers microhardness tester was used to 

indent the polished surfaces using a 200 gf load for 

15 s to determine their microhardness. 

  
Fig. 1  Schematic illustration of surface composite fabrication 

by FSP. 
 

Table 1  Details of reinforcements and tool speeds of LM24 
surface composites. 

Reinforcements 
Rotational 

speed (rpm) 
Traverse speed 

(mm/min) 

Graphite 1,400 63 

50 wt% graphite  
+ 50 wt% tin 

1,400 63 

50 wt% graphite  
+ 50 wt% tin 

1,000 63 

Graphite 1,000 63 
 

The wear tests were conducted using a ball-on- 

disk wear tester (TR-201E, DUCOM) under ambient 

conditions (25 ± 5 °C and 35% ± 5% relative humidity 

(RH)). A schematic illustration of the ball-on-disk 

test configuration is presented in Fig. 2. A 6 mm 

diameter AISI52100 steel ball (60 HRC) was used 

as the counterbody. The steel ball was placed in a 

ball holder resulting in a radius of 1.5 mm on the 

disc. As the width of the composite zone formed 

by the FSP was 5 mm, the wear track diameter was 

limited to 3 mm. The sliding tests were carried 

using loads of 5 and 20 N at a constant speed of 

0.0785 m/s for 25 min (total sliding distance of 

117.75 m). The frictional force was recorded online 

and the COF was consequently calculated. After 

the wear test, the scar width and depth were 

measured to estimate the wear volume, hence the 

wear rate.  

3  Results and discussion 

3.1  Microstructure 

The base alloy LM24 micrographs and fabricated 
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surface composites are shown in Figs. 3(a)–3(e). 

The base alloy had an acicular eutectic Si of 20 to 

60 μm in size along with intermetallic phases, as 

shown in Fig. 3(a). Figure 3(b) shows the graphite/ 

LM24 surface composite stir zone (SZ) fabricated 

at 1,400 rpm. Figure 3(b) also shows that there is a 

significant refinement of the acicular Si size. Meanwhile, 

the SZ of the surface composite (graphite + tin)/LM24 

fabricated at 1,400 rpm had a homogeneous distribution 

of particles (Fig. 3(c)). The reinforcement particles 

were uniformly distributed because of the stirring 

action of the rotating tool. The (graphite + tin)/ 

LM24 composite fabricated at 1,000 rpm had bands 

of reinforcement on the retreating side of the SZ 

owing to the low melting point tin reinforcement 

(Fig. 3(d)). However, uniformly distributed particles 

were observed in the SZ. Figure 3(e) shows the 

uniformly distributed and clustered graphite particles 

in the SZ of the graphite/LM24 surface composite 

fabricated at 1,000 rpm. At a low rotational speed, 

less heat was generated in the processed zone, 

which resulted in poor material flow. 

3.2  Microhardness values of the surface composites 

The microhardness values of the LM24 alloy and  

surface composites are presented in Fig. 4. The 

average microhardness of the LM24 alloy was 120 HV, 

while the surface composites had a microhardness 

values in the range of 106–118 HV. The graphite/ 

LM24 surface composites fabricated at 1,000 and 

1,400 rpm had the lowest microhardness values 

of 107 and 110 HV, respectively. Meanwhile, the 

microhardness values of the (graphite + tin)/LM24 

surface composite fabricated at 1,000 and 1,400 rpm 

were 114 and 118 HV, respectively. The microhardness 

values of the surface composites were less than that  
 

 
 

Fig. 2  Schematic illustrations of ball-on disc wear testing 
setup. 

 

   

  
 

Fig. 3  Optical micrographs of (a) base alloy, (b) stir zone of surface composite graphite/LM24 fabricated at 1,400 rpm, (c) stir 
zone of surface composite (graphite + tin)/LM24 fabricated at 1,400 rpm, (d) bands of reinforcements in surface composite 
(graphite + tin)/LM24 fabricated at 1,000 rpm, and (e) stir zone of surface composite graphite/LM24 fabricated at 1,000 rpm. 
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Fig. 4  Microhardness of base alloy and surface composites. 

 

of the base alloy due to the softer reinforcements. 

The poor material flow owing to the low rotational 

speed of 1,000 rpm resulted in a reduction in the 

microhardness. The higher hardness of the (graphite + 

tin)/LM24 composite was attributed to the lower 

graphite content and higher rotational speed. Devaraju 

et al. [28] reported that the hardness decreased as 

the graphite content increased in (SiC + graphite)/  

AA6061 hybrid surface composites fabricated by 

FSP. Meanwhile, the reduction in the dislocation 

density was ascribed to the reduction in the hardness 

of the Al–Si alloys after FSP [21]. 

3.3  Friction characteristics of the surface composites 

The COF (μ) plots for the base alloy and surface 

composites at 5 and 20 N sliding loads are presented 

in Figs. 5(a) and 5(b), respectively. The average 

COFs of the base alloy and surface composites at 

different loads are shown in Fig. 6. The COFs at 5 

N load (Fig. 5(a)) and 20 N (Fig. 5(b)) reached 

steady state after a period of ~100 s and ~200 s, 

respectively. The COF plot at 20 N load has more 

fluctuations than that at 5 N load due to the easy 

removal of the material. As shown in Fig. 6, the 

average COFs of the base alloy were 0.22 and 0.27 

at 5 and 20 N load, respectively. Meanwhile, the 

COF of the surface composites at a lower load of 5 

N varied from 0.20 to 0.24, whereas it varied from 

0.23 to 0.26 at a higher load of 20 N. Among the 

surface composites, the graphite/LM24 surface 

composite fabricated at 1,400 rpm had low average  
 

 
 

Fig. 5  Typical coefficient of friction (µ) vs. time plots for base alloy and surface composites slid against steel ball at (a) 5 N 
load and (b) 20 N load. 
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COFs of 0.20 and 0.24 at 5 and 20 N load, 

respectively. This can be ascribed to the solid 

lubricating effect of the graphite only reinforcement. 

However, the surface composite with graphite only 

reinforcement fabricated at 1,000 rpm had a higher 

COF due to the clustering of the graphite. 

At 5 and 20 N loads, the graphite/LM24 

fabricated at 1,400 rpm had a lower COF than the 

graphite/LM24 fabricated at 1,000 rpm (as shown 

in Fig. 6). This indicates that the rotational speed is 

an essential parameter during the fabrication of 

the composites by FSP. The reduction in the COF 

of the composite fabricated at higher rotational 

speed can be attributed to the improved efficacy of 

graphite owing to the uniform distribution. At higher 

rotational speed, clusters of reinforcement particles 

were broken, resulting in a uniform distribution of the 

particles. The uniformly distributed graphite then 

formed a stable lubricating layer on the surface. 

The high rotational speed during the FSP results in 

high strain energy, high heat generation, size reduction 

and uniform distribution of particles, and better 

material flow [9, 28]. The variation in the COF of 

the (graphite + tin)/LM24 composites fabricated at 

1,000 and 1,400 rpm was not significant, which 

suggests that tin was not effective in reducing the 

COF compared to graphite. This was because of 

the difficulty in smearing the metallic tin particles 

during sliding. 

 

  
Fig. 6  Average COF of the base alloy and surface composites 
at different loads. 

3.4  Wear rate of the surface composites 

There was a significant variation in the wear rate 

of the composites fabricated at 1,000 and 1,400 

rpm, as shown in Fig. 7. The wear resistance of the 

composites fabricated at 1,400 rpm was superior to 

that of composites fabricated at 1,000 rpm. However, 

the difference in the wear resistances was notable 

at a higher load. At a load of 5 N, the wear rates of 

the graphite/LM24 composite fabricated at 1,400 

and 1,000 rpm were 1.8 × 10‒3 and 2.5 × 10‒3 mm3/m, 

respectively. When the load was increased to 20 N, 

the wear rates increased to 5.0 × 10‒3 and 14.6 × 10‒3 

mm3/m, respectively. This indicates that at a higher 

load, the wear resistance of the graphite/LM24 

composite fabricated at 1,400 rpm was approximately 

three times superior to that of the composite 

fabricated at 1,000 rpm.  

At a lower load of 5 N, the (graphite + tin)/LM24 

composites fabricated at 1,400 and 1,000 rpm had 

wear rates of 1.9 × 10‒3 and 2.3 × 10‒3 mm3/m, 

respectively. When the load was increased to 20 N, 

the wear rates increased to 6.6 × 10‒3 and 13.5 × 10‒3 

mm3/m, respectively. Thus, at a higher load, the 

wear resistance of the (graphite + tin)/LM24 composite 

fabricated at 1,400 rpm was twice as superior as 

that of the composite fabricated at 1,000 rpm. 

Therefore, a reduction in the graphite content of 

the (graphite + tin)/LM24 composite significantly 

affected the wear resistance. The improvement in 
 

  
Fig. 7  Wear rate of the base alloy and surface composites at 
5 and 20 N loads. 
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the wear resistance at 1,400 rpm can be attributed 

to the formation of a uniform thin layer, which 

prevented metal to metal contact. More heat 

generated at 1,400 rpm than at 1,000 rpm resulted 

in better material flow and uniform distribution of 

the reinforcement particles. It is also possible that 

the acicular Si was refined due to the increased 

shattering effect at a high speed of 1,400 rpm. The 

refined Si improves wear resistance since acicular 

Si is prone to crack formation when a load is 

applied.  

Meanwhile, the wear resistance of the composite 

fabricated at 1,000 rpm was inferior to that of the 

base alloy at a load of 20 N. In addition, the wear 

rate of the base alloy at a load of 20 N load was 

9.1×10‒3 mm3/m, which was superior to that of the 

composite fabricated at 1,000 rpm. Therefore, 

fabrication of the composites at a lower rotational 

speed of 1,000 rpm is not beneficial because of the 

low heat generated and poor material flow. The 

poor material flow results in the clustering and 

weak bonding of the reinforcement particles, leading 

to their easy removal during sliding. 

However, the wear resistance of the graphite/ 

LM24 composite fabricated at 1,400 rpm was 

superior despite its lower hardness than that of the 

base alloy and (graphite + tin)/LM24 composites. 

This can be attributed to the role of graphite in 

forming a lubricating layer during the sliding contact. 

The wear behavior of the composite containing solid 

lubricants is governed by the formation of a 

tribolayer; therefore, a detailed explanation of the 

tribolayer formation is provided in a later section. 

3.5  Wear mechanisms at a low load 

The worn surfaces of the base alloy and surface 

composites at 5 N load, that reveal the flow of 

material, are shown in Fig. 8. It was also observed 

that the matrix material adhered to the counterbody 

surface. At the contact point, the asperities flattened, 

and the material flowed due to the plowing of the 

steel ball. The layer formed with plowing marks in 

the sliding direction on the worn surface of the 

base alloy indicates flow wear (Fig. 8(a)). The 

microcracks perpendicular to the sliding direction 

suggest the occurrence of delamination wear on 

the base alloy (Fig. 8(b)). The worn graphite/LM24 

surface composite fabricated at 1,400 rpm had 

shallow plowing marks and layer deformation (Fig. 

8(c)). The graphite formed a lubricating layer that 

prevented metal to metal contact. However, in the 

absence of a continuous layer, mild adhesion is 

likely to occur and material would be transferred 

onto the counterbody. The presence of crater regions 

(Fig. 8(c)) confirms that material was removed by 

the adhesive wear of the graphite/LM24 surface 

composite. Figure 8(d) shows a worn surface of 

the (graphite + tin)/LM24 composite fabricated at 

1,400 rpm on which shallow plowing marks with 

disintegrated oxide particles (bright features) are 

visible. These oxide particles originated from either 

the tribolayer or mechanically mixed layer (MML). 

During continuous sliding of a ductile material, 

the initially transferred fragments of the material 

are mechanically mixed, deformed, fractured, and 

blended, to form an MML on the sliding surfaces. 

The disintegrated wear particles, with both shallow 

and deeper plowing marks, were visible on the 

(graphite + tin)/LM24 composite fabricated at 1,000 

rpm. The disintegrated wear particles act as abrasives 

or consolidate to form an MML. Figure 8(e) shows 

the worn surface of the graphite/LM24 composite 

fabricated at 1,000 rpm. The plowing marks and 

removal of material from the ridges of the plowing 

marks were observed. The ridges protruded and 

made contact with the counterbody steel ball. 

A typical energy dispersive X-ray spectroscopy 

(EDS) analysis of the worn surfaces of the composites 

and counterbody is shown in Fig. 9. The EDS analysis 

(Fig. 9(a)) shows a high oxygen content on the 

worn surface of the graphite/LM24 surface composite 

fabricated at 1,400 rpm. The worn surface of the 

(graphite + tin)/LM24 composite fabricated at 1,000 

rpm had highly oxidized and disintegrated wear 

particles (Fig. 9(b)). The worn surface of the 

counterbody that slid against the graphite/LM24 

surface composite fabricated at 1,000 rpm had the 

transferred matrix material on it (Fig. 9(c)). The 

high oxygen content suggests that the oxidative 

wear mechanism worked together with abrasive 

and adhesive wear. The repeated sliding and removal 

of material accelerated the oxidation process. The 

small quantity of the counterbody material (iron) 
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(< 1 wt%) suggests the absence of an MML at a 

load of 5 N. After analyzing the worn surfaces at a 

low load of 5 N, it can be concluded that abrasive 

wear, oxidative wear, and adhesive wear mechanisms 

are operative in the surface composites, while abrasive 

wear, adhesive wear, and delamination wear are 

dominant in the base alloy.  

3.6  Wear mechanisms at a high load 

The worn surfaces of the base alloy and surface 

composites at a high load of 20 N are shown in Fig. 

10. At a higher load of 20 N, microcracks easily 

generate and interlink into many wear particles by 

delamination. During delamination wear, material 

is removed by subsurface crack nucleation followed 

by crack propagation to the surface layer [29, 30]. 

The worn surface of the base alloy had deeper 

plowing marks and microcracks. The deeper plowing 

marks are indicative of the abrasive wear due to 

contact with asperities or trapped wear particles 

during sliding. The worn graphite/LM24 surface 

composite prepared at 1,400 rpm had a delaminated 

surface and smooth surface with microcracks (Fig. 

10(a)). The readily detachable material on the worn 

surface suggests the interlinking of the microcracks. 

The disintegrated fine wear particles found on the 

worn surface indicate the trapping of debris during 

contact. Repeated sliding caused the microcracks 

 

  

  

  
Fig. 8  SEM micrographs of worn surface of base and surface composites slid at 5 N load: (a) base alloy exhibiting flow wear, 
(b) microcrack formation in base alloy, (c) surface composite graphite/LM24 fabricated at 1,400 rpm, (d) (graphite + tin)/LM24 
fabricated at 1,400 rpm, and (e) surface composite graphite/LM24 fabricated at 1,000 rpm. 
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to propagate perpendicularly to the sliding direction 

and interlink on the upper surface layer. The 

smearing of graphite provided a lubricating layer, 

which limited the adhesion of the contacting surfaces. 

However, the graphite was not useful in preventing 

delamination wear. The worn (graphite + tin)/LM24 

surface composite fabricated at 1,400 rpm reveals a 

delaminated surface with deeper plowing marks 

(Fig. 10(b)). Meanwhile, the worn surface of the 

(graphite + tin)/LM24 surface composite fabricated 

at 1,000 rpm exhibits microcracks and delamination 

(Fig. 10(c)). A deformed layer with microcracks was 

also found on the worn surface. The worn graphite/ 

LM24 surface composite fabricated at 1,000 rpm 

had a delaminated surface with disintegrated wear 

particles (Fig. 10(d)). The fine plowing marks observed 

on the worn surface indicate third body abrasion 

by the trapped wear particles.  
 

 

 

  
Fig. 9  EDS analysis of worn surface of composites and counterbody slid at 5N load: (a) dot mapping of surface composite 
graphite/LM24 fabricated at 1,400 rpm, (b) worn surface of surface composite (graphite + tin)/LM24 fabricated at 1,000 rpm, 
and (c) worn surface of counterbody slid against surface composite graphite/LM24 fabricated at 1,000 rpm. 
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Fig. 10  SEM micrograph of worn surface of base alloy and surface composites at 20 N load: (a) surface composite graphite/ 
LM24 fabricated at 1,400 rpm, (b) surface composite (graphite + tin)/LM24 fabricated at 1,400 rpm, (c) surface composite (graphite 
+ tin)/LM24 fabricated at 1,000 rpm, and (d) surface composite graphite/LM24 fabricated at 1,000 rpm. 

 
The wear debris particles from the sliding on the 

base alloy were large and randomly cracked, as 

shown in Fig. 11(a). The morphology of the wear 

debris indicates that the material was removed 

from the base alloy through adhesive wear. The 

graphite/LM24 surface composite fabricated at 1,400 

rpm had fine and large wear debris, as shown in 

Fig. 11(b). The fine debris originated from the 

break-up of the tribolayer or from the crushing of 

the large trapped wear debris. The graphite in the 

matrix provided the lubricating effect and prevented 

the direct metal to metal contact, which limited the 

adhesive wear severity. The material transferred 

onto the counterbody when sliding against the 

graphite/LM24 surface composite fabricated at 

1,000 rpm is shown in Fig. 11(c). The transferred 

material was removed from the unstable tribolayer 

by adhesive wear. The EDS analysis indicated the 

presence of high oxygen and aluminum content 

and limited iron content in the transferred material.  

In summary, the sliding of steel counterbody on 

the graphite-containing LM24 composite surface 

formed through the FSP resulted in the deformation 

and abrasion of the aluminum alloy matrix followed 

by pull-out of the graphite particles. Continued 

sliding resulted in the crushing and oxidation of 

the wear debris to form a compact layer during 

contact. The pulled-out graphite particles lubricated 

the tribolayer. Based on the experimental results 

obtained in the present study, the nature of the 

tribolayer was affected by the (i) graphite particle 

distribution and (ii) sliding load. In case of uniform 

distribution, the pulled-out particles were easily 

interconnected and smeared to form a layer during 

contact. However, the layer cracked and became 

unstable at high loads during sliding. A plausible 

mechanism of the tribolayer formation on the 

graphite/LM24 composite surface formed by the 

FSP during sliding against a steel counterbody is 

shown in Fig. 12. The lubricating tribolayer was 

continuous and prevented direct metal to metal contact 

at a low sliding load (5 N) for high-speed (1,400 rpm) 

FSP composites containing uniformly distributed 

graphite particles (Fig. 12(a)). In contrast, the clustered 

and weakly bonded graphite particles in composites 

fabricated at low speed of 1,000 rpm formed a 

discontinuous layer, which became unstable at higher 

sliding loads due to possibly increased presence of 

fatigue-induced cracks. Thus, a discontinuous and 

unstable layer was found on the surfaces of the 
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FSP composites produced at low speed (1,000 rpm) 

during sliding at high load (20 N), as shown in 

Fig. 12(b). In the case of composites with (graphite + 

tin) reinforcement, the formation of the lubricating 

layer was limited by the presence of the metallic 

tin particles during contact. 
 

   

  
Fig. 11  SEM micrograph of wear debris generated at 20 N load: (a) base alloy, (b) surface composite graphite/LM24 
fabricated at 1,400 rpm, and (c) worn surface and EDS analysis of counterbody slid against surface composite (graphite + tin)/ 
LM24 fabricated at 1,000 rpm. 

 

 

 
 

Fig. 12  Schematic representation of the formation of (a) continuous and stable lubricating layer on the surface of high-speed 
(1,400 rpm) FSP composite in sliding at low load (5 N) and (b) discontinuous and unstable lubricating layer on the surface of 
low-speed (1,000 rpm) FSP composite in sliding at high load (20 N). Counterbody: steel ball. 
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4  Conclusions 

Surface composites were fabricated by reinforcing 

LM24 alloy with graphite only, and graphite and 

tin via FSP at two rotational speeds of 1,000 and 

1,400 rpm. The tribological performance under 

unlubricated sliding conditions at loads of 5 and 

20 N against a steel ball was discussed in relation 

to the rotational speed and reinforcement. The 

following major conclusions were drawn from the 

present study: 

1) The surface composites had microhardness values 

in the range of 106–118 HV, which were lower than 

that of the base alloy LM24 of 120 HV. The decrease 

in the microhardness was due to the homogeneous 

distribution of the softer particles and breaking up 

of the acicular eutectic Si during the FSP.  

2) The lubrication effect when graphite only was 

used as a reinforcement reduced wear. The graphite/ 

LM24 surface composite fabricated at 1,400 rpm 

had a lower COF and wear compared to the base 

alloy and other surface composites. However, the 

wear increased with increase in the load. 

3) The graphite/LM24 surface composite fabricated 

at 1,000 rpm had higher wear and friction compared 

to the composite fabricated at 1,400 rpm. The higher 

rotational speed increased the shattering effect 

and heat in the SZ, which enhanced the material 

flow and reduced wear. 

4) The worn surface analysis indicated that material 

transfer, abrasion, flow wear, and delamination wear 

were the dominant mechanisms by which material 

was removed from the base alloy. The abrasion, 

adhesion, layer formation, and delamination were 

observed on the worn composite surfaces. High 

speed (1,400 rpm) during the FSP and a low load 

(5 N) during sliding, and low speed (1000 rpm) 

during the FSP and a high load (20 N) during 

sliding resulted in the formation of a continuous 

and stable lubricating layer, and discontinuous and 

unstable lubricating layer in the contact, respectively. 
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