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ABSTRACT 

An innovative technique, friction stir processing (FSP) was employed to modify the surface layer of Al5083 alloy. The 
FSP passes of 1 to 4 were applied on alloy samples. The processed samples were subjected to microstructural analysis 
and dry sliding wear test. FSP resulted in microstructural refinement and improvement in wear resistance of Al5083. 
Moreover, the results indicated that the more number of FSP passes were found to be more effective in improvement of 
wear resistance, due to more microstructural refinement. It was also found that the load bearing capacity of samples 
significantly improved with increasing the number of FSP passes. 
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1. Introduction 

Surface properties such as wear resistance can determine 
the service life of components in many industrial appli-
cations. Components which are produced by aluminum 
and its alloys, exhibit poor tribological properties leading 
even to seizure under detrimental conditions. Hence, 
There is a strong drive to develop new Al-based materi-
als with greater resistance to wear and better tribological 
properties [1,2]. Recently, much attention has been paid 
to FSP that is known as a surface modification technique 
[3,4]. FSP which was developed based on the principle of 
friction stir welding (FSW), is remarkably simple. A ro-
tating tool with a pin and shoulder is inserted into a sin-
gle piece of material and results in significant micro-
structural changes in the processed zone, due to intense 
plastic deformation. FSP has been proved to be an effec-
tive way to refine the microstructure of aluminum alloys, 
and thereby improve the mechanical properties [5,6]. 
Previous investigations [7,8] have indicated that a fine 
grain structure affects the tribological properties of sur-
face layer. Prasada et al. [9,10] reported that the grain 
refinement leads to the improvement of wear resistance 
and load bearing capacity of Al-7Si alloy. Chandrashek-
haraiah and Kori [11] also reported similar results for 
different Al-based alloys. One of the major problems 
associated with Al5083 like other aluminum alloys, is 
their relatively poor wear resistance which limits their 
tribological performance [12]. 

The aim of this study is to investigate the effects of 
multiple FSP passes on microstrutural and tribological 
properties of Al5083 alloy. Besides, the effects of the 
applied normal force during sliding have been studied in 
order to find out the wear mechanisms in details. 

2. Experimental Procedure 

The base metal was commercially Al5083 rolled plates 
of 3 mm thickness with a nominal composition of 4.3Mg 
–0.68Mn–0.15Si–bal. Al (in wt pct). FSP was applied on 
the surface of the alloy by a tool made of steel H-13 with 
a shoulder of 20 mm diameter and a pin of 6 mm diago-
nal length and 2.8 mm height.  

Samples were subjected to 1 to 4 FSP passes along the 
same direction with rotation rate of 1250 rpm and travel 
speed of 50 mm/min in room temperature. 

Microstructural observations were performed on spe- 
cimens by transmission electron microscopy (TEM). The 
hardness of the surface composite layers was measured 
using 31.25 KgF. Wear behavior of the specimens was 
evaluated by using a pin-on-disk tester at room tempera- 
ture. Pin specimens with 5 mm diameter were cut from 
the processed zone of each sample and ground on emery 
paper up to grade 320. Counterparts were Discs made of 
AISI D3 steel with hardness of 58 HRc. The tests were 
carried out at normal loads of 1 to 5 KN and the rotation 
speed of 60 rpm. The friction force was recorded auto- 
matically against sliding distance by the tester software. 
The wear weight loss was measured with an accuracy of 
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± 0.01 mg. The worn surfaces of samples were studied 
using scanning electron microscopy (SEM). 

3. Results and Discussions 

Figure 1 shows typical TEM microstructure of processed 
zone for the 1-pass and 4-pass samples. Figure 2 also 
shows the variations of grain size of base metal and sam-
ples processed at 1 to 4 FSP passes. The results indicated 
that FSP has led to the grain refinement. Moreover, in-
creasing the number of FSP passes has resulted in de-
creasing grain size of processed zone. Previous investi-
gations [13,14] have indicated that in FSP/W, a continu-
ous dynamic recrystallization phenomenon occurs due to 
the tool pin disruptive mechanical action and the fric-
tional heat produced. This phenomenon can lead to in-
tensive microstructural refinement. Increasing the num-
ber of FSP passes probably has led to occurrence of more 
dynamic recrystallization.  

Figure 3 shows the mean hardness of base metal and 
processed zone of 1 to 4-pass samples. As can be seen in 
this figure, FSP has led to the increase in the hardness of 

 

 

 

Figure 1. TEM micrographs of the surface of (a) 1-pass and 
(b) 4-pass samples. 

 

Figure 2. Variations of grain size of base metal and samples 
processed under 1 to 4 FSP passes. 
 

 

Figure 3. Variations of mean Vickers hardness (HV) of 
processed zone of base metal and samples produced by dif-
ferent number of FSP passes. 
 
material in comparison to as-received sample. Further-
more, increasing the number of FSP passes has resulted 
in more increase in hardness of samples. These results 
are in good agreement with microstructural observations 
and may be attributed to the increase in yield strength of 
material owing to microstructural refinement in accor-
dance with Hall-Petch relation [5,6].  

Figure 4 shows wear weight loss of base metal and 1 
to 4-pass FSP samples. The results indicate that FSP has 
led to the decrease in wear weight loss compared with 
as-received metal and hence improving wear resistance. 
This can be attributed to the increase in hardness due to 
microstructural refinement. Besides, as can be seen in 
this figure, wear weight loss of samples decreases with 
the increase in the number of FSP passes. This observa-
tion is in good agreement with the trend observed for the 
hardness of the samples (Figure 3). Increasing the hard-
ness of metal can lead to occurrence of less plastic de-
formation during sliding [9,10]. The results indicate that 
FSP can lead to the improvement of wear resistance as 
well as hardness especially for higher number of FSP 
passes due to the improvement of microstructural char-
acteristics.  

Figure 5 shows the variations of friction coefficient  
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Figure 4. Variations of weight loss of base metal and sam-
ples produced by different number of FSP passes. 

 

 

Figure 5. Variations of mean friction coefficient of proc-
essed zone of base metal and samples produced by different 
number of FSP passes. 
 
for different samples. As can be seen in this figure, FSP 
has led to the decrease in friction coefficient of samples 
in comparison to base metal. Moreover, increasing the 
number of FSP passes has led to the decrease in the 
amount of mean friction coefficient. These results can be 
attributed to the differences in the extent of localized 
plastic deformation at real contact areas of samples and 
counterface. Harder surfaces of FSP samples have led to 
less plastic deformation and lower friction coefficient. It 
seems that higher number of passes results in decreasing 
plastic deformation on the surface which may be attrib-
uted to the microstructural refinement due to FSP [9].  

Figure 6(a) shows the variations of weight loss of 
4-pass samples worn under different applied forces. As 
can be seen in this figure, wear weight loss decreases 
with decreasing the applied force. Figure 6(b) also 
shows that with the decrease in the applied force, friction 
coefficient decreases. These observations are in good 
agreement with the wear laws and may be related to the 
decrease in contact area between counter surfaces which 
results in decreasing in the weight loss and friction coef-
ficient [15,16]. 

Figure 7 illustrates the surface of base metal. The signs 

 
(a) 

 
(b) 

Figure 6. Variations of (a) weight loss and (b) friction coef-
ficients of 4-pass samples worn under different applied 
forces (KgF). 

 

 

Figure 7. SEM micrograph of surface of base metal sample 
worn under 5 KN applied force. 

 
of adhesion mechanism can be seen in different parts of 
the surface of as-received metal sample. The lower har- 
dness of as-received metal has led to the adhesion mec- 
hanism. The high friction coefficient of as-received sam-
ple may be due to the increase in the friction force 
needed to overcome the highly adhesive contact between 
tested surface and counterpart. The high wear weight loss 
of as-received sample can be the result of the adhesion 
mechanism operating on the surface during dry sliding. 
The results indicated that as-received sample has higher 
level of surface damages among test samples. These may 
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be attributed to lower hardness and higher mean grain 
size of this sample.  

Figure 8 shows the worn surfaces of FSP samples. As 
can be seen in this figure, delamination and abrasion are 
active wear mechanisms for the samples produced by 1 
to 4 FSP passes and worn under 5 KN applied force. 
When the number of FSP passes increases, the hardness 
of samples increases and the amount of grooves and 
cracks which are associated with delamination mecha-
nism, also decrease and hence 4-pass sample shows the 
lowest level of surface damages (Figure 8(d)). The de-
crease in the signs of delamination mechanism with in-
creasing FSP passes may be attributed to the improve-
ment of metal resistance to cracks nucleation and growth. 
This may be due to the increase in toughness of material 

resulted by grain refinement [7,8]. 
As mentioned earlier, friction coefficient of samples 

decreases with increasing the number of passes. This can 
lead to the decrease in the level of shear stresses applied 
to subsurface layers of material during sliding. This 
phenomenon results in decreasing the probability of nu-
cleation and growth of subsurface cracks during sliding 
and leads to diminishing the signs of delamination 
mechanism. Therefore, the wear weight loss decreases 
with increasing FSP passes due to the higher resistance 
of material to cracks propagation.  

The surfaces of 4-pass samples worn under different 
applied forces have been illustrated in Figure 9. Decre- 
asing the applied force during sliding, has led to the de-
crease in the existence of subsurface cracks and width  

 

 

Figure 8. SEM micrographs of surfaces worn under 5 KN applied force for the specimens made from: (a) 1-pass; (b) 2-pass; 
(c) 3-pass and (d) 4-pass samples. 

 

 

Figure 9. SEM micrographs of the surface of 4-pass samples worn under different applied forces: (a) 1 KN; (b) 2 KN; (c) 3.5 
KN and (d) 5 KN samples. 



Improvement in Tribological Properties of Surface Layer of an Al Alloy by Friction Stir Processing 99 

 
and depth of worn tracks. Besides, for the samples worn 
under 1 KN applied force, the signs of delamination 
mechanism disappeared and abrasion was the only active 
wear mechanism. 

As the shear stresses applied to subsurface layers of 
material during sliding depend directly on the normal 
load and friction coefficient [16], decreasing the normal 
load results in decreasing shear stresses and leads to the 
decrease in the probability of cracks propagation. Similar 
trends were also observed for 1 to 3-pass samples and 
can explain diminishing the signs of delamination 
mechanism with decreasing the applied force. 

On the other hand, increasing the number of FSP 
passes leads to the decrease in friction coefficient which 
results in decreasing the subsurface shear stresses and 
signs of delamination mechanism. Therefore, observa-
tions indicate that the effects of decreasing the applied 
force on the worn surface of samples are similar with 
those related to higher FSP passes. It seems that for the 
samples with higher number of FSP passes, surface layer 
can tolerate higher applied forces during sliding. Hence, 
increasing the number of passes can promote wear resis-
tance and improve the load bearing capacity of samples.  

4. Conclusions 

In the present investigation, an attempt has been made to 
study the effects of FSP and the number of passes on 
hardness and wear resistance of Al5083 alloy. The ob-
tained results can be summarized as follows: 

1) FSP resulted in grain refinement of the alloy. 
Moreover, increasing the number of FSP passes led to 
the more decrease in the size of grains. These observa-
tions could be due to the recrystallization phenomenon.  

2) FSP has led to the increase in the hardness of the 
alloy. Increasing the number of FSP passes also led to the 
improvement of hardness. These can be attributed to the 
microstructural refinement. 

3) FSP resulted in the improvement of wear resistance 
of the alloy. Moreover, increasing the number of FSP 
passes led to the improvement of wear resistance. This 
can be due to the increase in hardness and microstruc-
tural refinement. 

4) Wear weight loss and friction coefficient decreased 
with decreasing the force applied during sliding. More-
over, decreasing the applied force led to diminishing 
surface grooves and scratches and the signs of delamina-
tion mechanism.  

5) Increasing the number of FSP passes led to the de-
crease in weight loss and friction coefficient and also 
surface damages. This trend has been observed for the 
samples worn under lower applied forces and indicates 
that more FSP passes can result in the improvement of 
load bearing capacity of the alloy during sliding. 
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