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Abstract— In the current study, Friction stir processing 

(FSP) was used to stir and mix Cu and graphite particles (Gr) 

into the surface of a pure aluminum plate to form a composite 

layer up to 3 mm thick. Wear test and friction coefficient of 

hybrid composite layer are investigated experimentally using a 

pin-on-disc apparatus at different normal load conditions 5, 10, 

15, 20 and 25 N with different sliding speeds 0.5, 1, 1.5, 2 and 2.5 

m/s. Also, tensile and micro-hardness properties were evaluated 

in detail. Microstructure of the surface hybrid composite 

revealed that Cu and Gr are uniformly dispersed in the stir zone 

(SZ). The results showed the Gr particles were refined and 

uniformly distributed in the matrices as a result of stir 

processing. This significantly improves mechanical properties. 
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The results revealed that the friction coefficient increases when 

sliding velocity is increased.  

 

I. INTRODUCTION 

n recent times, self-lubricating composites of aluminum 

alloy-graphite (Al/Cu/Gr) particulate are being traveled 

for wide applications. This is due to their low friction 

coefficient, reduced temperature rise at the wearing 

contact surface, low thermal expansion and high damping 

capacity. Thus, it benefits in lowering friction and wear 

resistance of the composite. Self-lubricant composites such as 

aluminum–graphite, and copper–graphite, not only reduce 

friction coefficient but also decrease the wear of counterparts 

   . Copper–graphite composites possess the properties of 

copper, i. e. excellent thermal and electrical conductivities, 

and properties of graphite, i.e. solid lubricating and low 

thermal expansion coefficient [  . Aluminum alloys are 

widely utilized in aircraft, defense, automobiles and marine 

areas due to its good strength, lightweight and better corrosion 
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( ىخقييب وخيظ حبيباث ٍِ  FSPً عَييت اىخقييب بالاحخناك ) ااسخخذ حٌ في هذا اىبحث-:اىَيخض اىعزبي 

حٌ دراست مَا  ،ٌٍ . ٍعَييا 3اىْحاص واىجزافيج عيي سطح شزيحت اىىٍْيىً ّقي ىخنىيِ طبقت ٍؤحيفت بسَل 

، 05، 01، 5( عْذ ظزوف أحَاه ٍخخيفت )  Pin-on-discاخخبار اىبزي وٍعاٍو الاحخناك باسخخذاً جهاس ) 

خىاص اىشذ حٌ حقييٌ  ( ٍخز ىنو ثاّيت. أيضا 0.5، 0، 0.5، 0، 1.5( ّيىحِ ٍع سزعاث ٍخخيفت )  05، 01

اىبْيت اىَجهزيت ىسطح اىهجيِ اىَؤحيف حىسيع ٍْخظٌ ىيْحاص  مٌ وضحجواىظلادة اىذقيقت باىخفظيو.

أظهزث اىْخائج اُ حبيباث اىجزافيج ّخيجت عَييت اىخقييب اطبحج مَا (.  SZيب ) واىجزافيج في ٍْطقت اىخقي

دقيقت وٍىسعت باّخظاً ٍادة الاساص. هذا اىخأثيز حسِ اىخظائض اىَيناّينيت. أظهزث اىْخائج اُ ٍعاٍو 

 الاحخناك يشداد عْذ سيادة سزعت الاّشلاق
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properties. But, it exhibits inferior tribological properties in 

extensive usage [3, 4]. Hybrid metal matrix composites 

(HMMCs) have enhanced mechanical, tribological and 

thermal properties in comparison with unhybridized 

composites [5]. A suitable technique can be employed to 

refine the microstructure and homogeneous dispersion of 

reinforcements on metallic surface since wear is a surface 

deprivation property [6]. Dispersion of reinforcement particles 

on metal surface and the control of its dispersal are more 

difficult to attain by conventional surface modification 

techniques [7]. Guptha et al. [8] and Mabhali et al. [9] stated 

that the thermal spraying and laser beam techniques were 

utilized to make surface composites. These techniques are 

operated at higher temperatures and difficult to avoid the 

reaction between the reinforcements and the matrix. So, 

friction stir processing (FSP) is best suited for preparation of 

surface composites. Friction stir processing (FSP) is defined as 

a severe plastic deformation technique used in order to modify 

microstructural and mechanical properties [10]. In FSP a 

rotating tool with shoulder and pin is plunged into the surface 

of material which generates frictional heat and dynamic 

mixing of material area under Neath the tool [11], it leads to 

incorporation and/or dispersion of the reinforcement particles 

in the matrix material such as Aluminum alloys. Pin profile 

plays a vital role in material flow [12]. Hybrid composites are 

prepared by reinforcing with a mixture of two or more 

different types of particles which combines the individual 

properties of each type of particle. Tool rotational speed is the 

most important process parameter in FSP which has greater 

influence in uniform distribution of reinforcement particles, 

grain refinement and heat input during the process. It is 

accepted that the stirring action during FSP causes a break up 

of clustered reinforcement and homogenous distribution in the 

stir zone due to the mixing of material and severe plastic 

deformation [13-15]. The surface of the tool has dual actions 

for heat generation and mechanical sweeping of softened 

metal. The heat input through the frictional action between the 

tool and workpiece leads to softening of the area around the 

pin. Meanwhile, the softened materials are swept in the form 

of severe plastic deformation from the advancing side (AS) to 

the retreating side (RS) to form a solid state joint [16]. The 

objective of the present investigation is to study the influence 

of (Gr + Cu) particles on wear and mechanical properties of 

aluminum based surface hybrid composites fabricated via 

FSP.  Immediate stirring of materials during manufacture 

process which is one of the features of this process, can solve 

the agglomeration of graphite particles. Thus, FSP was 

engaged to produce these composites.  

 
II. EXPERIMENTAL PROCEDURE 

Commercially pure Al sheets with the dimensions of 100 

mm *70 mm * 4 mm from General Company for Metals, 

Tebbin, Helwan, Egypt were used as base metal 0.1 gm. of 18 

μm in average size of Cu and 0.1 gm. of Gr particles of   μm 

in average size were used as addition elements. The process 

experiments were performed using a vertical milling machine 

with a tool having a threaded pin. The FSP tool had a shoulder 

of 16 mm in diameter and a threaded pin of 4.5 mm in 

diameter and 2.7 mm in length. The tool was made of H13 and 

tilted 2
o
 from the plate normal direction. A square groove was 

made with dimensions of 0.7 mm width and 2 mm depth, 

which is tangential to the pin in the advancing side and 2 mm 

far away from the Centre line of the tool rotation on the 

aluminum plate. The groove opening was initially closed by 

means of the tool which has shoulder without pin to avoid the 

escapement of mixture particles from groove while 

processing. Samples were subjected to   FSP passes from one 

to two .The constant rotational and travel speeds were 1040 

rpm and 52 mm/min, respectively. 

 

2.1. Microstructures 
Microstructural observations were carried out at the cross 

section of the nugget zone (NZ) of surface hybrid composites 

normal to the FSP direction, mechanically polished and etched 

with Keller’s reagent (  ml HF,   ml HCl,  0 ml HNO and 

175 ml H O) by employing optical microscope (OM).The 

SEM was also utilized for observing the mixture particles 

distribution pattern of surface hybrid composites. 

2.2. Microhardness tests  
Microhardness tests were carried out at the cross section of 

SZ of surface hybrid composites normal to the FSP direction. 

Samples were tested with a load of 50 g using a Vickers 

digital microhardness tester.  

2.3. Tensile tests 

The tensile specimens were taken from the surface hybrid 

composites normal to the FSP direction and made as per 

ASTM: E8/E8M-11 standard by using Wire cut Electrical 

Discharge Machining to the required dimensions. The tensile 

test is carried out on a computer controlled universal testing 

machine (Zwick/Roell Z-100) at a cross head speed of 0.5 

mm/min.  

2.4. Friction coefficient and wear test: 

The abrasive wear test is carried out with a pin-on-disc 

tester. Rectangular specimens having dimensions 6 mm * 20 

mm are used for the dry sliding wear measurements. The 

sliding speeds employed are 0.5, 1.0, 1.5, 2 and 2.5 m/s. The 

applied normal loads used are 5, 10, 15, 20 and 25 N. The 

sliding time is kept constant at 1200 sec for each sample. The 

wear rates of the composite are calculated by dividing the 

difference in weight of the specimens measured before and 

after the tests (measured with an analytical balance of 0.0001 

g precision) by the sliding distance. The counterpart disc with 

180 mm in outside diameter and 10 mm in thickness is 

fabricated using hardened alloy steel with hardness HRC 60 

and surface roughness Ra of about 0.54 µm. The test pins are 

loaded against the disc with a dead weight. All the tests were 

carried out at the temperature of 20±2
 O

C and ambient 

humidity (~50%). Friction coefficient was determined by 

tribometer automatically.  

 

III. RESULTS AND DISCUSSIONS 

     Microstructure: 

The optical micrographs of Al/Cu/Gr at 1040 rpm, surface 

hybrid composites and as received aluminum are shown in 

(Fig. 1.) The particles of Cu, and Gr were observed to be 

dispersed uniformly in the SZ for the conditions of composites 

one and two paths made by FSP.  
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3.2. Microhardness: 

It is well known that in stir zone ( SZ ) occur refining of 

grain size and strain hardening .Thus the strength is 

increasing. Moreover, the mechanical properties of self-

lubricating composites and the formation of self-lubricating 

layer at the contact surface are strongly influenced by the size 

and distribution of the solid lubricants [5]. Microhardness of 

Al/Cu/Gr at 1040 rpm, surface hybrid composites are shown 

in (Fig. 2). It was shown that, the microhardness decreases due 

to the heat input through the frictional action between the tool 

and workpiece leads to softening of the area around the pin 

   -   . Generally, the microhardness value depends on the 

presence and uniform distribution of Cu and Gr particles. This 

was due to fact that at 1040 rpm, the tool shoulder supplied 

enough heat input and shear force to make the reinforcement 

particles more easily wrapped by the softening metal and 

rotated with FSP tool, which results in well separation and 

distribution in the stir zone. The Gr particles acted as solid 

lubricant during wear that produces a tinny layer between the 

deformed surfaces. And also due to presence of graphite as a 

solid lubricant and decrease in number of metal to metal 

contact points leading to decrease in coefficient of friction and 

enhances the wear resistance [20].  

3.3. Wear characterization   

The effect of normal load on the friction coefficient is 

shown in Figure 3 and these results show a comparison of 

friction coefficient of hybrid composite layer and pure 

aluminum. Results show that as the normal load increases 

from 10 to 20 N, coefficient of friction decreases from 0.35 to 

0.20 and 0.55 to 0.37 for hybrid composite layer and pure 

aluminum respectively.  Moreover, it is apparent that for 

identical conditions, hybrid composite layer shows much 

lower friction than pure aluminum [21]. From the obtained 

results it can be noticed that time duration is different to reach 

steady friction depending on the sliding velocity. The 

influence of sliding velocity on the friction coefficient is 

presented in Figure 4. It was found that as the sliding velocity 

increases from 1 to 2 m/s, friction coefficient of hybrid 

composite layer increases from 0.25 to 0.36. On the other 

hand, friction coefficient of pure aluminum increases from 

0.46 to 0.60 as the sliding velocity increases from 1 to 2 m/s. 

This is due to the interaction of the asperities of two contact 

surfaces, frictional heat generation occurs and hence 

temperature increases at the contact surfaces. Also due to 

more adhesion of pin material on the disc with the increase in 

sliding velocity, friction increases [22]. The effect of normal 

load on the wear rate of hybrid composite layer and pure 

aluminum is shown in Figure 5. It is observed that for the 

increase in normal load from 10 to 20 N, wear rate of copper 

increases from 0.85 to 1.45 mg/min. On the other hand, pure 

aluminum shows the increased wear rate from 2.5 to 3.15 

mg/min as the load increases from 10 to 20 N. The influence 

of sliding velocity on the wear rate of hybrid composite layer 

and pure aluminum is shown in Figure 6. It is observed that 

for the increase in sliding velocity from 1 to 2 m/s, wear rate 

of hybrid composite layer increases from 1.15 to 2.25 mg/min. 

On the other hand, wear rate of pure aluminum increases from 

2.85 to 4 mg/min as the sliding velocity increases from 1 to 2 

m/s. This is due to the fact that a higher speed, a higher sliding 

distance for the same rubbing time. Thus, the temperature is 

high the softening of the aluminum metal matrix in the 

composites and the overall wear rate will increase.        It's 

important to notice that for the normal contact loads and for 

using different sliding speeds, the value of the wear rate is 

higher in the case of pure aluminum .This is may be due to the 

self-lubricating characteristic of the graphite. The main reason 

for the reduction in wear rates of Al/Cu/Gr composites than 

that of pure aluminum could be due to the presence of a 

smeared graphite layer at the sliding surface of the wear 

sample. 

 

 

Fig.1. Optical micrographs with EDX of Al/Cu/Gr at 1040 rpm, surface 

hybrid composites and as received aluminum 
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Fig.  . Comparison of friction coefficient as a function of sliding velocity 

(normal load: 15 N, relative humidity: 50%). 
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Fig.  . Comparison of wear rate as a function of normal load (sliding velocity: 

1 m/s, relative humidity: 50%). 
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Fig.  . Comparison of wear rate as a function of sliding velocity (normal load: 

15 N, relative humidity: 50%). 
 

3.4. Microstructure investigations  
The microstructure of the stirring area has been examined 

on the cross section of the workpieces. The optical micrograph 

of one path stirring workpieces is illustrated next. As shown 

there are remarkable layers of copper (figure 7) as the reason 

of weak mixing between the matrix and the reinforcement. On 

the other hand, enriching graphite layers are also outstanding 

with different sizes of grains, coarse grains (figure 8-a) and 

fine grains (figure 8-b). Figure 9 represents the microstructure 

of two paths stirring workpieces through the stirring zone and 

the enrichment graphite layers (figure 10). There was a 

significant change in the microstructure rather than one path 

stirring in copper. The effect of increasing the number of 

stirring reflected on the solubility of copper in the matrix 

material.  

 
Fig.  .Enriching copper layer in 1-path stirring workpiece  

 

 
 

 

 
 

 

 

  
Fig.  . Enriching grap hite layer in 1-path stirring workpiece A) Coarse grains, 

B) Fine grains 

    

 

 

 

 

 

 
Fig.9. Stirring zone in 2-path stirring workpiece 

 

 

 

 

 
 

 

 

 

 

 

 

Fig.10. Enrichment graphite layer in one-path stirring workpiece  

 

The scanning electron micrographs for one-path workpiece 

are analyzed. Figure 11 represents the stirring zone with 

enriching copper layer. EDX showed that around 30 wt% of 

copper with 40 wt% of Aluminium with other elements (figure 

     

 
 

 

 

 

 

 

 

 

 

Fig.11. SEM of enrichment copper layer in 1-path stirring workpiece   
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Fig.12. EDX analysis of enrichment copper layer in 1-path stirring workpiece 

 

For enrichment graphite layer; EDX analysis of Aluminum 

and carbon wt% for two paths stirring has changed from the 

coarse grains (figure 13-a) and the fine grains (figure 13-b). 

As carbon is 12 wt% and 74 wt% for coarse (figure 14-a) and 

fine grains (figure 14-b), respectively. 

 

 

  
Fig.13.EDX analysis of enriching graphite layer in one path stirring work 

piece A ) Coarse grains, B) Fine grains 

 

Corresponding analysis has been carried out in case of 2-

paths stirring (figure 14). There is no difference for the stirring 

zone when using different paths. However, the copper 

particles reduce with increasing the number of paths due to the 

effect of good mixing.   

 
Fig.14.EDX analysis of stirring zone in two paths stirring workpiece   

In comparison to one path, the enrichment graphite layer has 

the same behavior with about 75 wt% Carbon. EDX analysis 

clears at figure 15. 

 
Fig.15. EDX analysis of enrichment graphite layer in 2-paths stirring 

workpiece   

 

3.5. Microhardness measurements  
Microhardness has been measured for stirring workpiece 

with thickness 3.0 mm with one path and two paths 

techniques. Firstly, it is well accepted that the highest hardness 

value occurs in the center of the SZ followed by a gradual 

decrease across the TMAZ and HAZ until reaching the 

hardness value of the BM [24-26]. This is attributed to more 

grain refinement in the SZ due to dynamic recrystallization 

and more uniform distribution of finer reinforcement particles 

in the stir zone due to FSP action. Microhardness of the base 

material is almost 47 HV0.5. For stirring workpiece, 

microhardness has been measured on the middle of the 

workpiece horizontally, starting from the base material 

passing by the stirring zone until the base material on the other 

side. It is observed from the following results that (figure 2) 

represents the microhardness values of the friction stirring 

process with one and two paths. Near the middle of the stirring 

zone of one path, the microhardness values were around 53 

HV0.5 due to the graphite particles consolidate at specific 

zone and do not spread freely through the surface. In contrast, 

the sticky zone to the stirring zone (thermo mechanical zone) 

has 35 HV0.5 as this zone has a plastic deformation effect 

which lead to be a brittle zone. On the other hand, for the 

stirring process with two paths, the microhardness values have 

the same behavior but in the middle of stirring process there is 

a small amount of graphite particles due to the effect of 

stirring paths. 

3.6. Effect of stir paths on tensile strength 

Microscopic examination of one path samples was 

observed heterogeneity in the distribution of graphite and it is 

in the form dense clusters, as is evident in Figure 8, has led to 

a decline in tensile strength as shown in the Figure (16A ). 

Microscopic examination set out in Figures 7,10 and11 shows 

the presence of copper, which is not surrounded by graphite. 

This is due to low solubility of carbon in copper (it does not 

exceed 0.02 at%), there is no chemical and metallurgical 

bonding between copper and graphite atoms and the bond 

between them is only very weak mechanical bonding, 

therefore, separating of graphite particles from copper matrix 

and movement of them to sliding surface do not need 

considerable force .It can be summarize to say Figure ( 16 A ) 

of the tensile results in the case of  one path stirring 

workpieces  showed  reduction of the  tensile strength 

A 

B 
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compared to Figure ( 16 C ) of the substrate and this is due to 

the following reasons:- 

 - The presence of graphite layer formed on the surface leads 

to an increase slipping incident between levels, which 

leads to an increase in the plastic deformation and thus a 

decrease in resistance alloy.  

 - Figure 8 illustrates the lack of homogeneity in the 

distribution of graphite and he is in the form dense clusters 

are considered weak areas serves as a defect causes a 

decrease in resistance.  

 - Figure 9 shows the aluminum oxide in the form of 

impurity represent defect within the alloy give rise to a 

lack of resistance.  

 - It is noted  figures 7,11,and12, showing that copper in the 

alloy is not surrounded by graphite and this is due to lack 

of chemical bonding between them, causing weakness in 

the tensile strength of the alloy. 

On the other side, Figure ( 16 B ) of the tensile results in 

the case of two paths stirring work pieces showed an increase 

of the tensile strength compared to Figure ( 16 C ) of the 

substrate and this is due to the following reasons:-  

 - Fact that with the increase stirring granules become a 

smaller meaning more fining leading to increased tensile 

strength  

 - Regular distribution of graphite as shown in Figure 9, 

which leads to an increase in tensile strength 

 - The presence of copper is surrounded by graphite 

conjoined together as shown in Figure  , which leads to an 

increase in tensile strength  

 

 
 

 

 

 

 

 

 

 

 

 

 
Fig.16. Tensile test of specimens A) Tensile test of base substrate B), 

Tensile test of one path and C) Tensile test of two paths 

 

IV. CONCLUSION: 

In the present research, microstructural, mechanical and 

tribological properties of the surface hybrid composite of 

Al/Gr/Cu fabricated by FSP process was investigated. Based 

on results of the present work, following conclusions can be 

made:  

 -  Fabrication of copper/graphite composites via friction stir 

processing (FSP) is possible. By this technique leads to 

more homogenous distribution of particles in surface of 

composite  

 - The results showed that the increasing in the stirring 

number of paths leads to good mixing between the matrix 

and the particles (graphite and copper) with freely spread 

through the surface. Moreover, the increase in the stirring 

number of paths generates rise in the mechanical 

properties. 

 - The formed graphite layer is reducing alleviating the 

plastic deformation of the subsurface of the self-lubricating 

composites.  

 - The addition of Gr particles, decreases wear rate of the 

composites due to severe deterioration in mechanical 

properties.  

 - The wear rate of hybrid composite layer (graphite and 

copper) is much lower than that of pure aluminum for the 

range of sliding velocity.  
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