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Friction stir processing (FSP) is a manufacturing technique that can be employed to produce aluminum 6082 surface 

composites (ASCs). These ASCs display considerable increases in hardness and tensile strength, which makes them ideal for  

a wide variety of automotive applications. One example is piston skirts that are used in the cylinder chamber. The primary 

emphasis of this research is to investigate the accumulative impact that several passes have on Al 6082 surface composites that 

were filled with graphite nanopowder. The mechanical properties and microstructure of the fabricated composites were stud-

ied in order to accomplish this goal. The microstructural investigation showed that the graphite nanopowder particles were 

evenly distributed throughout the Al-6082 alloy. In addition, better dispersion of the graphite nanopowder was seen through-

out the matrix material as the number of passes made during friction stir processing was increased. This may be explained by 

the reduction in grain size that occurs inside the aluminum metal matrix composites (AMMCs) that are produced as a conse-

quence. According to the results of the research, the microhardness of the material grew to 105.3 HV after the third pass of 

the tool, and its maximum tensile strength rose to 215±3 MPa. In the ASCs that fabricated after three passes of friction stir 

processing, the smallest grain size that was measured was 24 micrometers. 
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INTRODUCTION 

Surface composites made of aluminum are used  
extensively in a diverse selection of applications.  
The manufacture of composites often makes use of pro-
cedures such as stir casting and infiltration, both of 
which belong to the category of liquid-state processing 
techniques. The FSP method that was used produced 
the desired outcome of enhancing mechanical properties 
without introducing unwanted intermetallic phases [1]. 
However, in order to overcome these drawbacks such as 
the formation of undesirable intermetallic phases, solid-
state processing was used known as friction stir pro-
cessing (FSP). When compared to the base material, the 
ASCs created with FSP exhibit improved mechanical 
qualities as a result of the intermetallic phases being 
altered by FSP [2]. 

Friction is generated between the FSP tool and the 
workpiece during this processing method, which softens 
the starting material (in this case, Al 6082). In addition, 
the plasticity brought about by the tool rotation and the 
transverse speed facilitates movement of the material 
from the advancing side to the retreating side [3]. There 
are three zones, as shown in Figure 1, resulting from the 
aforementioned factors: the stir zone (SZ), the thermo-
mechanically affected zone (TMAZ), and the heat  
affected zone (HAZ) [4]. Because the microstructure is 
improved as a consequence of using ceramic reinforce-

ments in ASCs, the mechanical properties of the surface 
composite material, including its strength, hardness, and 
elasticity, are all improved as well. The body of research 
that is now available indicates how different reinforce-
ments, such as B4C, TiC, Al2O3, SiC, TiB2, ZrB2, and 
TiO2, may be added to the matrix material (aluminum 
alloy) in order to attain the required properties of the 
composites that are created [5]. The research carried out 
by Bourkhani et al. investigated the usage of Al2O3 parti-
cles as a reinforcing material in an AA1050 aluminum 
alloy matrix via the friction stir processing method [6].  

The authors observed at the interaction between the 
FSP tool pin and the Al2O3 particles. The researcher not-
ed clustering of the reinforcing particles during the first 
pass; nevertheless, further observations revealed en-
hancement in the mechanical properties and wear behav-
ior during the second pass. During the second pass in 
FSP, the consistency of the microstructure provides fur-
ther evidence to support even dispersion of the rein-
forcement and matrix material. Hardness and tensile 
strength are important parameters that play a role in de-
termining the degree to which the properties increase in 
the surface composites fabricated by FSP [6]. In their 
work, Rathee et al. [7] compared the efficacy of the groov-
ing method employed in FSP compared to the approach of 
filling a pre-prepared groove with reinforcement. 
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Fig. 1. Different zones in FSP 

The researchers came to the conclusion that in com-
parison to the other methods such as stir-casting, infil-
tration etc., the grooving method produced much better 
outcomes. The use of a tool offset from the center to-
wards the workpiece’s retreating side allowed the fabri-
cation of a surface composite that was devoid of any 
defects. An offset of 1.5 mm, which is equal to half the 
radius of the cylindrical tool pin, was found to be ideal 
in order to obtain the desired results [7]. Evidence of 
the phenomenon known as grain strengthening was pre-
sented by Khodabaksh et al. in their work on the fabri-
cation of AA5052/graphite composites [8]. In their re-
search, Patil et al.  developed an FSP surface composite 
fabricated from Al 7075 with TiC and graphite serving 
as the reinforcing components. The EDS examination 
confirmed the presence of graphite and titanium carbide 
(TiC) particles inside the surface composite. Homoge-
neous distribution of the reinforcement in the produced 
composites was further supported by investigations 
conducted using field emission scanning electron mi-
croscopy (FESEM) [9]. Abushanab and Moustafa  
conducted a study in which they used the FSP approach 
to fabricate a surface composite of Al 6082/Al2O3.  
The researchers found that dynamic recrystallization 
and frictional heat may be generated in substantial 
amounts, especially after the third pass. In addition to 
that, the result of this technique was the creation of 
equiaxial grains with fine shapes [10]. Kandasamy et al. 
conducted a study in which they used the FSP technique 
to produce a surface composite of Al 7075 with SiC 
particle reinforcement. The FSP surface composite  
exhibited a notable increase of 18% in hardness and 
24% in tensile strength, respectively. The SEM study of 
the FSP surface composites revealed the presence  
of uniformly distributed reinforcing particles and a sig-
nificant reduction in grain size, indicating essential 
grain refinement [11]. 

Kavery et al. used the FSP approach to fabricate 
a composite material consisting of an AA-6082 matrix 
reinforced with TiC particles. Their findings indicate 
that the incorporation of the TiC reinforcement signifi-
cantly enhances the hardness properties of the compo-
site material. The hardness value of an aluminum  
composite reinforced with Mg2Si is enhanced by con-
secutive FSP passes, leading to a reduction in porosity 

and improved molecular continuity [12]. Meanwhile, 
increasing the number of FSP  passes results in a more 
uniform dispersion of the matrix and reinforcing parti-
cles, which in turn improves the mechanical properties 
of composites [13]. According to the research by Khan 
et al., the hardness of the AA-5083 alloy was improved 
by incorporating TiB2 particles into the surface layer by 
the FSP method [14]. Hardness and wear resistance 
testing was conducted on the A380-SiC surface compo-
site produced by means of the FSP technique. Maryam 
and Subhi [15] determined that the optimal values of 
hardness (177 HV) were seen at the tool rotation speed 
of 1460 rpm during surface composite production by 
FSP. Additionally, they reported that the wear rate was 
4x10–8 gm/cm under a load of 15 N.  

To the best of the authors’ knowledge, there is little 
research on the fabrication of Al 6082/graphite nano-
powder surface composites utilizing the FSP approach. 
The Al 6082 alloy is considered to possess excellent 
specific strength and reduced weight characteristics  
[16-19]. This work aims to investigate the production of 
Al 6082/graphite nanopowder surface composites (SCs) 
by comparing several properties in relation to the num-
ber of performed FSP passes, specifically for the piston 
skirt material in engine cylinders for automotive appli-
cations. The purpose of the current research is to manu-
facture aluminum surface composites (ASCs) that are 
reinforced with graphite nanoplatelets in order to im-
prove the mechanical properties of the composites [20]. 
Piston skirts are an essential component in the automo-
tive industry, and one of the goals of this project was to 
develop a surface composite made of Al 6082 that 
could serve as a suitable replacement for the material 
that had previously been used in production [21]. It is 
essential that the manufactured composites that are de-
void of any flaws in order to attain high tensile strength 
and a high level of hardness [22].  

METHODS AND MATERIALS  

In the current study, friction stir processing was  
used to create an aluminum surface composite. Plates  
made of the Al 6082 alloy, with the dimensions 120 mm x 
50 mm x 6 mm, were used as the base to produce the ASCs.  

In order to obtain the desired level of strength, 
graphite nanoplatelet powder was used, purchased from 
Mech-Tech Automation Systems, New Delhi. A scan-
ning electron microscopy micrograph and EDS analysis 
results of the base alloy (Fig. 2a and c) as well as an 
SEM micrograph and XRD analysis results of the 
graphite nanopowder (Fig. 2b and d) are shown.  
The graphite nanopowder average particle size of  
10 µm was a deliberate choice when determining these 
parameters such as materials properties and processing 
conditions. In order to eliminate any moisture that may 
have been present in the reinforcement, an additional 
process of preheating the graphite nanopowder at the 
temperature of 300 °C was carried out.  
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Fig. 2. SEM micrographs of: a) Al 6082 alloy and b) graphite nanopowder; c) EDS analysis of Al 6082 alloy and d) XRD analysis of graphite na-

nopowder 

A square-shaped groove measuring 3 mm on each 
side and exactly aligned with the direction of FSP tool 
movement was cut in the plate made of the Al 6082  
alloy. An orbital vertical milling machine with a load-
ing capacity of 10 tones was used for this process. 

The HSS (H13) tool used to produce the ASCs was 
cylindrical in shape and had the following dimensions: 
shoulder diameter of 30 mm, height of 5.8 mm, and  
a shoulder pin diameter of 4 mm. The reinforcing mate-
rial was introduced into the groove, and then the groove 
was sealed using a tool without a pin. This was done 
with the purpose of preventing the graphite powder 
from escaping from the groove and being dispersed.  
In order to successfully create the ASCs specimens, the 
process parameters had to be meticulously selected 
based on a pilot run. These specifications include  
a rotational speed of 1500 rpm, transverse speed of  
45 mm/min, penetration depth of 1.5 mm, and a tilt an-
gle of 0.5 degrees. The selection of these particular  
values was done with the intention of ensuring that the 
produced surfaces would be completely free of any im-
perfections. A schematical diagram of the sequential 
steps involved in the fabrication of the ASCs can be 
seen in Figure 3. 

The number of passes was between one and three. 
Nevertheless, after the third run, it was found that no 
considerable defects were produced, leading to an  
enhancement in the mechanical qualities of the ASCs. 
This improvement resulted from the third pass of FSP. 
The ASCs that were subjected to one, two, or three 
passes of the tool were given the corresponding desig-
nations: single pass (SP FSPed) ASCs, double pass  
(DP FSPed) ASCs, and triple pass (TP FSPed) ASCs, 
respectively. For the purpose of making a comparison, 

the FSPed (Al 6082) specimen does not have any rein-
forcing particles. The experimental setup for the pro-
duction of the FSPed SCs is shown in Figure 3.  

 

 
Fig. 3. Schematical diagram of steps in FSP 

A groove 4 mm wide was produced as a result of the 
machining operation. As can be seen in Figure 3, this 
groove was made parallel to the direction that the FSP 
path travels. After the groove was made in the speci-
men, it went through a cleaning procedure that included 
acetone being applied to it. The groove was then pol-
ished using varied grit levels in order to remove any 
imperfections. In order to achieve a shiny finish which 
necessitates a high level of surface smoothness, a pow-
erful reagent was applied to it.  

DeXel metallography imaging software (Version 
SIGMA, UK) was used in order to examine the grain 
size of the dispersed particles present in the FSPed sur-
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face composites (SCs). The ASTM E03-01 standard 
was used in order to conduct microstructural analysis of 
the Al 6082 alloy and the FSPed surface composites  
A JOEL scanning electron microscope (SEM) was em-
ployed in order to investigate the morphology of the 
base alloy as well as the FSPed surface composites.  
The Vickers hardness tests were carried out by means 
of a Vickers hardness tester that had a precision of  
0.01 mm. The applied load was 200 gf and the dwell 
length was 15 seconds. In order to determine the aver-
age value of the material hardness, three separate meas-
urements were recorded as required by the ASTM E92 
standard. The principles described in the ASTM E8 
standard were used to conduct tensile strength testing  
of the specimens, each of which had the dimensions  
75 mm x 10 mm x 5 mm. Tensile testing was carried 
out on a FASNE Universal Testing Machine. Determi-
nation of the tensile strength of the base alloy and the 
FSPed surface composites was the average of three tests 
on each type of specimen. Figure 4 presents a graphic 
representation of the specimens.  
 

TABLE 1. FSP parameters 

Sample 
Rotation 

speed [rpm] 

Transverse speed 

[mm/min] 

Tilt angle 

(degree) 

SP FSPed ASCs 

1500 45 0.5 DP FSPed ASCs 

TP FSPed ASCs 

 

 
Fig. 4. Specimens for conducted tests 

RESULTS AND DISCUSSION 

Evolution of morphology 

Identification of the graphite nanopowder particles 
inside the matrix was conducted using SEM, as seen in 
Figure 5. Figure 5a presents the results of an SEM in-
vestigation of the Al 6082 alloy after undergoing FSP. 
Figure 5a shows cracks, scratches, and dents that re-
duced the mechanical properties of the FSPed material. 
Figure 5b shows particle clustering on the surface layer 
of the SP FSPed SC. Clustering also lowers the me-
chanical properties of the surface composite. Suresh 

Kumar et al. found similar behavior in a single pass 
FSPed Al6082/Si3N4/Cu alloy. This is due to insuffi-
cient frictional heat and plastic deformation after one 
tool pass [22]. A second pass resulted in a better inter-
face between the base alloy Al 6082 and / the graphite 
nanoplatelets. Figure 5c shows nucleation and de-
creased particle agglomeration from the improved con-
tact. Figure 5d presents the surface composite morphol-
ogy after the third tool pass. This figure shows a flat 
surface with homogeneous reinforcing particle disper-
sion in the matrix material. The observed decrease in 
grain size to 24 µm serves as further evidence support-
ing the presence of a robust link between the graphite 
nanoplatelets and the Al 6082 alloy after the third pass. 

 

 

 

 

 
Fig. 5. Comparison of Al6082 and FSPed SC microstructures at different 

passes (a-d)   

 a) 

 b) 

 c) 

 d)  
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Microhardness measurements 

Figure 6 presents the hardness values of the surface 
composites produced using FSP as well as the base ma-
terial Al 6082. The initial hardness value of the Al 6082 
alloy in its as-received state was measured to be  
68.3 HV. However, with the introduction of graphite 
nanoplatelets, a significant increase in hardness was 
detected. The improvement in hardness ranged from 
25.45% to 62.25% for each consecutive pass of the tool. 
The surface composite subjected to three passes had the 
highest recorded hardness value of 105.3 HV. The im-
provement in hardness seen in the created surface com-
posite following the third pass of the tool may be at-
tributed to the reduction in porosity, less clustering of 
the reinforcement particles, and smaller mean values of 
grain size. The increase in hardness of the surface com-
posites produced by FSP may be attributed to many fac-
tors. Firstly, the incorporation of graphite nanoplatelets 
into the Al 6082 alloy contributes to the ability of  
the resulting surface composite to withstand indentation 
loads. The three pass FSP produced a surface composite 
exhibiting enhanced mechanical characteristics. This 
improvement is attributed to the uniform dispersion of 
particles inside the created surface composite. Table 2 
displays the average values (three repetitions for each 
test) of the mechanical properties.  

 

 
Fig. 6. Mechanical properties of FSPed aluminum surface composites 

TABLE 2. Average values of mechanical properties 

Specimen 
Mean grain 

size [µm] 

Microhardness 

[HV] 

Tensile strength 

[MPa] 

Al-6082 alloy 96 68.3 134 ± 3 

SP FSPed 65 83.4 187 ± 2 

DP FSPed 35 97.8 204 ± 5 

TP FSPed 24 105.3 215 ± 3 

Measurement of tensile strength 

In order to ascertain the tensile strength of the sur-
face composite manufactured using FSP, the specimens 
were tested under ambient conditions. The tensile 
strength was evaluated by maintaining the strain rate at 
5 mm/s, which is significant because the testing condi-
tions are designed to simulate or represent real-world 
scenarios where materials experience a specific rate of 
force or strain. The tensile test is used in different 
commercial applications such as automotive, aerospace, 
and marine industries. 

Table 2 presents the tensile strength results of the 
specimens, which were subjected to varying numbers of 
passes during processing and included reinforcing par-
ticles. The specimens subjected to FSP exhibit a higher 
level of tensile strength in comparison to the base mate-
rial. Furthermore, it can be observed that the tensile 
strength is influenced by the number of passes. Based 
on the graphical representation, it can be inferred that 
there is a positive correlation between the tensile 
strength and the number of passes. The surface compo-
site specimens subjected to three passes exhibited the 
highest tensile strength of 215 ± 3. The following fac-
tors may contribute to the observed increase in tensile 
strength: (i) the uniformity of graphite particles in the 
surface composites produced by friction stir-processing; 
(ii) the use of graphite particles also augments the mate-
rial toughness; (iii) the decrease in the size of the grains 
and the formation of a robust interfacial connection  
between the matrix and reinforcement particles.  
The aforementioned favorable features contribute to the 
improvement in the mechanical properties of the sur-
face composite produced using FSP technology.  

Fracture analysis of tensile test specimens 

As can be seen from the fractured tensile specimens, 
the Al 6082 specimen (Fig. 7a) underwent ductile frac-
ture, which ultimately resulted in ductile failure. The SP 
FSPed ASCs (Fig. 7b) are characterized by a large 
number of dimples, which serve as an indicator of the 
failure mode. It was also noticed that the specimen has 
a coarse average depression dimension. The fractured 
sample of the DP FSPed ASCs is the result of void nu-
cleation followed by coalescence, as seen in Figure 7c. 
This is the phenomenon that caused the fractures. With-
in the group of ASCs that were subjected to DP FSP, it 
was noticed that the size of the dimples and the domi-
nance of the cleavage face decreased. 

 

 
Fig. 7. Fractured tensile test specimens: a) Al 6082 s, b) SP FSPed ASC, 

c) DP FSPed ASC and d) TP FSP-ed ASC 

Grain refinement and work hardening were the  
factors that led to the combined brittle and ductile frac-
ture of the TP FSP-ed ASCs, as seen in Figure 7d. 
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CONCLUSIONS 

The current study investigated the hardness, tensile 
strength, grain size, and morphology in Al 6082 alloy 
surface composites reinforced with graphite nanoplate-
lets, which were produced utilizing the friction stir pro-
cessing method. The primary conclusions are as  
follows: 
1. Al 6082/graphite nanopowder surface composites 

were successfully fabricated using friction stir pro-
cessing.  

2. The TP FSPed surface composites exhibit the high-
est hardness of 105.3 HV and a tensile strength of 
215±3 MPa. These improvements may be attributed 
to a decrease in the occurrence of dents, scratches, 
and fractures. 

3. After three passes of friction stir processing, the 
grain size decreased by 20%, which results in the 
strong interfacial bonding between the reinforce-
ment and matrix materials. 

4. Graphite nanoplatelets were found throughout the Al 
6082 alloy, as shown by the microstructural investi-
gation. Furthermore, aluminum metal matrix com-
posites (AMMCs) were formed when the number of 
passes performed by the FSP tool is increased.  
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