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instead of conventional processing technologies. 
Friction Stir Processing (FSP) on thermoplastic polymer in the form of high density polyethylene (HDPE) 
reinforcing by graphite particles with particle size of 25
substrate. Friction stir process was carried out, using tool with scrolled shoulder 
composite. The effect of processing parameters including rotational and transverse speeds on the 
mechanical properties of composite layer was studied. Wear test 
improvement in wear resistance of HDPE surface through reinforcement additions of graphite particles, 
where wear rate decreased by 70%, as compared with as received PE. The hardness of composite layer 
increased 18% higher than the as received material. OM revealed that high tool rotational speed resulted 
in homogeneous distribution of graphite particles and vice versa.
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Friction stir processing (FSP) is a novel solid state technique; it is employed for the 

improvement of the mechanical properties of a material and the production of surface layer composites 
instead of conventional processing technologies. This research aims to study the ability of applying 
Friction Stir Processing (FSP) on thermoplastic polymer in the form of high density polyethylene (HDPE) 

graphite particles with particle size of 25µm, filled in a groove of 1.5 mm depth on PE 
ction stir process was carried out, using tool with scrolled shoulder to produce surface layer 

The effect of processing parameters including rotational and transverse speeds on the 
mechanical properties of composite layer was studied. Wear test results showed a pronounced 
improvement in wear resistance of HDPE surface through reinforcement additions of graphite particles, 
where wear rate decreased by 70%, as compared with as received PE. The hardness of composite layer 

he as received material. OM revealed that high tool rotational speed resulted 
in homogeneous distribution of graphite particles and vice versa. 

Friction, Friction stir process, Composite Materials, Wear Resistance. 
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1. Introduction  
 

     FSP is a solid-state processing technique depended on friction stir welding basics, 
which was contained a special design of rotating tool with moves down the surfaces of 
material plates. This is achieved by generating a highly plastically deformed region by 
the associated stirring action. The resultant structure of stirred zone (SZ) contains 
equiaxed and fine grains, which formed as a result of dynamic recrystallization [1]. 
     FSP can be modified and changes the local properties of the samples, without 
influencing the properties in the residual part of the samples. However, it varies in that 
FSW treaties with joining of two similar or dissimilar materials, whereas FSP was used 
to strengthen (not necessarily join) some regions of a material [2]. There are many 
parameters affect the overall process, such as traverse speed, rotational speed and pass 
number. Any varying in these parameters results in a significant influence on the 
mechanical properties, for example, the hardness and strength of the final product [1,2]. 
     Newly, there have been numerous investigations on the using of the FSP to fabricate 
a composite layer directly on the surface of a sheet in situ by making a channel or 
groove on the sheet surface which is packed with reinforcement particles. However, it 
remains a challenge, during the FSP, how to prevent the reinforcement particles from 
being ejected out of the channel or groove, as well as the particles have typically non 
homogeneous distribution unless multiple FSP passes are applied to produce 
homogeneous microstructure. The resultant composite layer generally exhibits better 
properties and microstructure due to clean particle-matrix interface, improved wet 
ability of particles which form strong bonds between the reinforcement and the material 
matrix [2]. 
     Thermo plastics, such as Polypropylene (PP) and Polyethylene (PE) have been 
treated by friction stir processing [3,4]. It is noted that FSP of polymers and polymeric 
composites (PMCs) are still much less studied than FSP metals and metallic composites. 
There are some concerns related to applying of friction stir process on polymers due to 
the rotation tool pin and the severe plastic flow in the nugget zone could break 
macromolecular chains and change the properties of the materials [3]. 
     Y. Morisada et al. (2006) studied the uniformly dispersed of SiC particles into an 
AZ31 matrix using FSP. The micro hardness of the processed zone that reinforced with 
SiC particles was increased, due to the distribution of the SiC particles and to the grain 
refinement [5]. P. Asadi et al. (2010) employed FSP to form a composite layer on the 
surface of magnesium alloy (as-cast AZ91) using SiC powder. The grain size of 
magnesium matrix (AZ91) decreases severely as well as micro hardness increased, by 
incorporation of SiCnano particles. Second pass of FSP decreases the grain size and 
increases the micro hardness of the samples FSPed with SiC particles and enhances SiC 
particles distribution [1]. Adem Kurt et al. (2011) incorporated of SiC particles into the 
commercially pure aluminum to form particulate surface layers by using Friction Stir 
Processing (FSP).  Specimens were subjected to several transverse and rotational speeds 
with and without SiC particles. Results showed that increasing the tool rotational speed 
causes a more homogeneous of SiC particles distribution. Bending strength of the 
resultant surfaces composite was significantly higher than processed specimen and 
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untreated base Al. The hardness of the resultant surface composite was improved by 
three times as compared to that of base metal [6]. Thangrasu et al. (2012) studied the 
fabrication of aluminum matrix surface composite (AMC) reinforced with TiC powders 
using FSP. (SEM) showed a homogeneous distribution of TiC particles which formed a 
strong bond with the matrix alloy. Hardness of the Al/TiC surface composite was 
increased about 45% higher than that of the base metal [7].R. Sathiskumar et al. (2013) 
utilized Friction stir process technique (FSP) to fabricate copper surface composites 
reinforced by boron carbide (B4C) particles. Increasing tool rotational speed with 
decreasing transverse speed produced higher area of surface composite with uniform 
distribution of B4C particles due to high frictional heat generated which increased 
stirring and transportation of material. The microstructure evaluation showed that the 
grains of copper matrix were refined due to the pinning effect of B4C particles 
[8].E.T.akinlabi et al. (2014) studied the effect of process parameters on the wear 
resistance behavior of Al/TiC surface composites fabricated by friction stir process. The 
wear rate property was found to decrease as a result of the TiC powder addition. The 
right combination of the process parameters was optimized to improve the wear 
resistance property of the resultant surface composites produced. The micro hardness 
profiling of the FSP samples showed an increase in hardness value when compared to 
the base metal, which can be attributed to the dispersed TiC particles via FSP [2]. 
    From the above, it can be seen that all of the FSPs were done on metallic material, 
such as (Al, Cu, Mg…etc.) and there are very rare researches deal with FSP on polymer. 
In this study, FSP was applied in fabricating Polymer Matrix Composite (PMC) by the 
reinforcing of high density polyethylene (HDPE) with graphite particles. The effect of 
FSP parameters (rotational and transverse speeds) on the mechanical properties (wear 
resistance and hardness) and microstructure was studied as compared with as received 
one. 

 
2. Experimental work  
 

     Clamping assembly consisting of aluminum flat plate (backing plate) with 
dimensions of 80x30x2 cm was used in this study. Vertical drilling of adequate number 
of screw holes was used; those holes were distributed on the fixture to facilitate the 
installation of samples sheet and to work out on more than variable through the section 
to save time and effort. The high number of screws was used to clamp the work piece 
tightly to avoid any movement, and to ensure that the blocks are positioned horizontally 
all the time. HDPE pieces of 600x200x5 mm were cut and used to fabricate polymer 
matrix surface composite by FSP, Fig. 1. 
     The FSP procedure is schematically shown in Fig. 2. A groove or channel was made 
in the middle of the plate along the line of FSP; with 1.5x2 mm dimensions. The groove 
was fully filled with the graphite particles, Average particle size and purity of graphite 
particles were< 25 µm and 99%, respectively.Then, FSP tool rotating clockwise is 
inserted into the prepared sample to carry out FSP and mixing the reinforcement 
particles with matrix plate to produce surface composite, as shown in Fig 3. 
 



Journal of Engineering and Sustainable Development,

 

Figure 1. Polyethylene substrate set on fixture

     DIN 100 MnCrW 4 tool steel, with an average of 56 HRC hardness, was used in this 
processing. This tool consists of scrolls on shoulder involved of a flat end surface with a 
spiral channel cut from the edge towards the center. The channels serve to mak
material flow from the edge of the shoulder to the center, thus eliminating the need to 
tilt the tool [9].  

 

Figure 2. FSP procedure to fabricate surface composite: (a) making a groove, (b) compacting the groove 

with particles, (c) processing using

Figure 3.FSPed zones resulted by using Scrolled shoulder

     This shoulder has 24 mm diameter, 0.5 mm scrolls thickness, with 1mm width [10], 
the schematic and photographic profiles of this tool are 
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Figure 2. FSP procedure to fabricate surface composite: (a) making a groove, (b) compacting the groove 

with particles, (c) processing using a pinless tool and (d) processing using a FSP tool
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This shoulder has 24 mm diameter, 0.5 mm scrolls thickness, with 1mm width [10], 

the schematic and photographic profiles of this tool are presented in Fig. 4
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processing. This tool consists of scrolls on shoulder involved of a flat end surface with a 
spiral channel cut from the edge towards the center. The channels serve to make the 
material flow from the edge of the shoulder to the center, thus eliminating the need to 

 
Figure 2. FSP procedure to fabricate surface composite: (a) making a groove, (b) compacting the groove 

a pinless tool and (d) processing using a FSP tool 

This shoulder has 24 mm diameter, 0.5 mm scrolls thickness, with 1mm width [10], 
Fig. 4(a) and 4(b). 
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The advantages of using scrolls shoulder to produce PMCs are: (a) Very high degree of 
homogenous distribution of reinforcement particles in HDPE matrix, (b) the scroll 
shoulder design prevents material displacement away fro
of the greater flexibility in the contact area between the substrate and shoulder [11].

   (a) 
Figure (4): (a) Scrolled shoulder, (b) Sketch of the scrolled tool

 
     In order to determine an optimum range for the processing parameters, many tests 
were performed to find the appropriate range for these variables. 
parameters used in fabricating a composite layer on HDPE surface.

 
Table (1) FSP pa

 

 
 
 
 
 
 
 
 
 
 
     Wear test specimens were fabricated according to ASTM G 99 
where they were of (10 mm) diameter, inserted in a cylindrical collet of 10mm diameter 
and 3mm length, under varying of applied load (2.5, 5, 7.5 and 10) N, constant spee
250 rpm, and the duration of test was 15 minutes.
samples which had dimensions of (20x20x5) mm according to ASTM D2240 using the 
Durometer tester. Macro and micro surface structures were carried out by using of 
optical microscope to study the homogeneity of the mixture.

 

Rotational speed
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The advantages of using scrolls shoulder to produce PMCs are: (a) Very high degree of 
homogenous distribution of reinforcement particles in HDPE matrix, (b) the scroll 
shoulder design prevents material displacement away from center and takes advantage 
of the greater flexibility in the contact area between the substrate and shoulder [11].

  (b)    
Figure (4): (a) Scrolled shoulder, (b) Sketch of the scrolled tool 

In order to determine an optimum range for the processing parameters, many tests 
were performed to find the appropriate range for these variables. Table 1 contains FSP 
parameters used in fabricating a composite layer on HDPE surface. 

Table (1) FSP parameters for fabricating of HDPE surface composite

Wear test specimens were fabricated according to ASTM G 99 – 04 standardization, 
where they were of (10 mm) diameter, inserted in a cylindrical collet of 10mm diameter 
and 3mm length, under varying of applied load (2.5, 5, 7.5 and 10) N, constant spee
250 rpm, and the duration of test was 15 minutes. Hardness test was performed on 
samples which had dimensions of (20x20x5) mm according to ASTM D2240 using the 
Durometer tester. Macro and micro surface structures were carried out by using of 

icroscope to study the homogeneity of the mixture. 

Rotational speed 
(rpm) 

Transverse speed 
(mm/min) 

1600 74 

820 74 

650 74 

1600 98 

820 98 

650 98 

1600 132 

820 132 

650 132 
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3. Results and Discussions 
 

3.1. Wear Resistance test results 
 

     The wear resistance test was evaluated on both the as-received HDPE and processed 
samples. The weight loss of each specimen after wear testing was determined in order to 
calculate the wear rate (gm/cm) of the HDPE surface composite. The formula used to 
convert the weight loss into wear rate (gm/cm) is [12]: 
 

Wr = (∆W / S)                                (1) 
 

Wr= Wear rate (gm/cm) 
∆W=W1-W2= Weight difference of sample before and after each test (gm). 
S = Total sliding distance (cm) 
 

S= V × t × 100                                                      (2) 
 

V = Linear velocity (m/min) 
t = Time of running (min) 

 

V =2π × �× n      (3) 
   

� = Distance from the center of pin to the center of disc, (m). 
n= Disc rotational speed (rpm). 
 
     HDPE was reinforced with graphite particles under different processing parameters 
(Table1); these parameters affected clearly the wear resistance of HDPE/surface 
composite. Fig.5 shows that the wear resistance of samples increases (decrease of wear 
rate) by reinforcing with graphite particles under all processing parameters.  
     Too high rotational speed for a polymeric material such as pure HDPE tends to 
produce high quantities of frictional heat that caused high mixing between polymeric 
materials with the powder. Dilution requires to be minimized so as to enhance the wear 
resistance of the work piece surface, melting does not occur during the process; this is 
one of the main advantage of using FSP [2].  

High rotational speed results in the increasing of the process temperature due to the 
frictional heat generation, therefore, HDPE sheet begins to burn, melt and degradation. 
Furthermore, excessive turbulence of mix will occur, that’s lead to voids content [13]. 
     At (1600 rpm), the wear rate was found to decrease with the increase in the 
transverse speed, it became (5.26272*10-8 gm/cm) at 10 N load (decreased 
approximately 63%) at 132 mm/min, as shown in Fig.6. This can be attributed to proper 
melting of the material; hence dilution of graphite powder can occur at high feed rate 
which would increase the wear action [2] (i.e., at high rpm, adequate softening of matrix 
can be achieved when the feed rate increased). 

As the transverse speed increases, the shoulder also moves faster, which would not 
provide enough time to polymer sheet to be melted. On the other hand at low transverse 
speeds, excessive heat input per unit area and material processing will result in void 
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effect. The increasing in the process time and consequently decrease in the process 
efficiency is why that small amount of travel speed was avoided [13, 14]. 

 

 
Figure 5. Wear rate of HDPE reinforced with graphite by different rotational and transverse speeds 

 

 
Figure 6. Wear rate of HDPE reinforced with graphite by 1600 rpm and (74, 98, 132) mm/min 

 

 
Figure 7. Wear rate of HDPE reinforced with graphite by 820 rpm and (74, 98, 132) mm/min 
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Figure8. Wear rate of HDPE reinforced with graphite by 650 rpm and (74, 98, 132) mm/min 

 
     At (820 rpm), the wear rate was also found to be decreased as the transverse speed 
increased from 74 mm/min to 132 mm/min to reach (4.300*10-8 gm/cm) at 10 N load, 
as shown in Fig.7. A good wetting and proper melting can occur at 132mm/min, and 
wear rate decreased approximately 70% at this condition due to the suitable amount of 
heat generation that caused the substrate to be softened which enhanced mixing quality. 
     At lower rotational speed of (650 rpm) and transverse speed of98 mm/min, the 
minimum loss of mass was observed, wear rate reached to (2.5464*10-8 gm/cm) at 10 N 
load as shown in Fig.8, which was decreased approximately by 82%.This represents the 
optimum conditions of wear resistance of HDPE reinforced with graphite particles, due 
to the proper amount of heat generated at these conditions providing high quality of 
mixing between matrix and filler at the surface as well as good environment which form 
strong bond between matrix and filler. Also, slippage and wettability of particles 
increase, leading to decreasing wear rate at this condition [2,15,16]. 

 
3.2. Durometer surface Hardness Test Results 
 

     Results of Shore-D Hardness tests showed that all HDPE/surface composites have 
higher hardness than that of the as received one. The increase in this property is due to 
the high hardness property of the graphite particles in addition to the strengthening 
resulted from carrying of the load by these particles. Fig.9refers to the average of five 
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(CZ), advanced (AZ)).From this figure, it can be seen that the hardness increases as the 
rotational speed (rpm) increases from 650 rpm to 820 rpm. When tool rotational speed 
was increased to 1600 rpm, hardness of composite layer decreased. The hardness was 
found to be less than that of the as received HDPE, especially in the retreating zone at 
low transverse speed (74 mm/min).  
     The explanation for that behavior is the presence and amount of agglomerations 
which cause higher difference in hardness across the composite layer. The possibility of 
indenter resting directly on the particles increased, due to agglomerations when the 
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measurement of hardness was carried out at even spacin
at 650 rpm and 820 rpm [8].

 

Figure 9. Hardness profile along stir zone of HDPE reinforced with graphite after FSP applied with all 

 
     When tool rotational speed was increased to 1600 rpm, the hardness decreased which 
can be attributed to the breaking up of particles agglomerations and then their uniform 
distribution. Since the area (dimensions) of surface composite layer simultaneou
increases, it resulted in a general drop in particles volume fraction, where the same 
amount of particles packed in the groove was distributed into larger area of softened 
HDPE. Therefore, the hardness of the surface composite becomes lower at 1600 rpm
the three types of reinforcements [8].
     The effect of transverse speed on the hardness of HDPE/surface composite is also 
shown in Fig.9. At 1600 rpm, the hardness increased when transverse speed was 
increased. While, it decreased at 74 mm
particles volume fraction, despite having homogeneous distribution. The presence of 
agglomerations resulted in higher hardness values when transverse speed was increased. 
On the other hand, at 650 and 820 rpm, the 
transverse speed. That is attributed to the increase in the volume fraction of graphite in 
the processed zone, as a result of the reduction in the amount of the reinforcement 
particles mixed with the softened matrix,
generated at these conditions. 
     Polymeric composite material (especially which was reinforced by particulate using 
FSP technique) does not depend only on the process parameters or the properties of 
components, but also depends on the nature of the interface between the components, 
the weight fraction, and sometimes on the geometry of the particulates [17].
     It is obviously clear that the graphite
values compared to that as received one, where they were, 49.3 and 41.5 HD, 
respectively. This is mainly due to the interfacial bond as well as good inherent 
hardness of the graphite particles.
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 3.3 Microstructure Evaluation
 

     Optical microscope was used to reveal t
(graphite) in the HDPE matrix. 
(650, 820 and 1600 rpm) respectively on the particles distribution at constant transverse 
speed (74 mm/min). 
     At 650 rpm the distribution was not uniform due to the presence of agglomeration of 
graphite particles at several places. The agglomerations were gradually disappeared 
when tool rotational speed was increased. Excellent distribution was shown when 
rotational speed increased to 1600 rpm, where the average spacing between graphite 
particles increased. Tool rotational speed has two more functions in addition to heat 
generating due to friction, stirring the softened materials as well as influencing matrix 
sample flow behavior across the processed zone [8]. 

The presence of particles agglomerations at low rotational speed (650 rpm) can be 
attributed to inadequate stirring and insufficient material flow from the advancing side 
to retreating side. The graphite
the softened HDPE substrate appropriately, therefore, particles agglomeration were 
formed. When rotational speed increased, the quantity of stirring and material flow 
increased too. The friction st
to high plastic strain. This plastic strain enhanced the stirring shatter of the 
agglomerations into fine dispersion in the HDPE matrix.

 
 

Figure 10. Optical photomicrograph (800 X) of HDPE
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Microstructure Evaluation 

Optical microscope was used to reveal the distributions of reinforcement particles 
(graphite) in the HDPE matrix. Fig.10, 11 and 12 shows the effect of rotational speeds 
(650, 820 and 1600 rpm) respectively on the particles distribution at constant transverse 

At 650 rpm the distribution was not uniform due to the presence of agglomeration of 
graphite particles at several places. The agglomerations were gradually disappeared 
when tool rotational speed was increased. Excellent distribution was shown when 

ational speed increased to 1600 rpm, where the average spacing between graphite 
particles increased. Tool rotational speed has two more functions in addition to heat 
generating due to friction, stirring the softened materials as well as influencing matrix 
sample flow behavior across the processed zone [8].  

The presence of particles agglomerations at low rotational speed (650 rpm) can be 
attributed to inadequate stirring and insufficient material flow from the advancing side 
to retreating side. The graphite particles, which were filled the groove, did not mix with 
the softened HDPE substrate appropriately, therefore, particles agglomeration were 
formed. When rotational speed increased, the quantity of stirring and material flow 
increased too. The friction stir processing zone (surface composite layer) was submitted 
to high plastic strain. This plastic strain enhanced the stirring shatter of the 
agglomerations into fine dispersion in the HDPE matrix. 

Figure 10. Optical photomicrograph (800 X) of HDPE/graphite surface composite at 650 rpm

Figure 11. Optical photomicrograph (800 X) of HDPE/graphite surface composite at 820 rpm
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Figure 12. Optical photomicrograph (800 X) of HDPE

5. Conclusions  
 

     The conclusions derived from this experimental work can be summarized as follows:
1- HDPE/graphite surface composite with homogenous particles distribution can be 

achieved by the scrolls shoulder, in which the frictional heat generated and flow 
of softened HDPE were adequate to yield defect free surface composites.

2- Right combination of processing parameters (rotational and transverse speed) 
was necessary to really improve the wear resistance and hardness of the 
composite layer produced.

3- There was insufficient melting of matrix at low rotational speed. As well as, too 
high heat generated at too high rotational speed that caused high dilution of the 
filler which reduces the wear resistance and hardness.

4-  A moderately rotational speed of (650, 820) rpm 
layer with the optimum wear resistance and hardness properties depending on 
FSP parameters optimize in this work and can be considered as the best 
parameter. 

5- High tool rotational speed resulted in good distribution of particle
versa. 
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