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Abstract
Al1050/(Fe–Cu) hybrid surface composite was produced using friction stir processing (FSP). The effects of the weight 
fraction ratio of Fe and Cu powders in the composite and the process pass number (3 and 5 passes) were investigated on 
the wear performance and microstructural features of the composite. The results showed that Al–Fe and Al–Cu binary and 
Al–Fe–Cu ternary intermetallic compounds were in-situ formed at the interface of the Fe–Cu powders and Al matrix. Non-
uniform distribution of the micron-sized and sub-micron particles in the stir zone had a main role in the formation of the 
bi-modal grain structure in the composite. The average friction coefficient of the composites decreased (up to ~ 40%) and 
the wear resistance of the composites improved (up to ~ 85%) compared to the specimen processed without the reinforcing 
particles. The composites with the equal weight fraction of Fe and Cu particles and the composites processed at 5 FSP passes 
showed superior wear performance. The wear mechanism was changed from the adhesive wear in the 75Cu–25Fe-3 passes 
and 75Fe–25Cu-3 passes composites to the delamination wear in the 50Fe–50Cu-5 passes composite. The mentioned results 
were discussed in the light of the metallurgical aspects of the produced composites, i.e. uniformity of the aluminum matrix 
grain structure and distribution of the reinforcing particles as well as the amount of the intermetallic compounds formed in 
the composites.

Keywords  Friction stir processing · Aluminum hybrid composite · Microstructure · Intermetallic compound · Hardness · 
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1  Introduction

Aluminum alloys have attracted much attention in aero-
space, marine equipment, and automobile industries due to 
their high specific strength, high thermal conductivity and 
good corrosion resistance. However, the low wear resistance 
of the aluminum and its alloys limits their application. In 
order to overcome this issue, aluminum matrix composites 
(AMCs) with excellent mechanical and tribological proper-
ties have been used in various industries [1]. The employed 
methods to produce AMCs can be categorized into solid and 
liquid states processes. Generally, unfavorable physical and 
mechanical properties may be observed in the liquid state 
processes because of the poor wettability and interfacial 

bonding between the reinforcements and aluminum matrix 
along with the solidification cracks. Reduction of the pro-
cess temperature below the melting point of the matrix in 
the solid state processes can lessen the mentioned problems 
associated with the liquid state processes [2, 3]. Xie et al. [4] 
presented a new solid state method for achieving an excellent 
balance between high strength and ductility namely as defor-
mation-driven metallurgy (DDM) to overcome several dis-
advantages of liquid state processes. Friction stir processing 
(FSP) is one of the solid state processes used for production 
of the metal matrix composites that was first devised based 
on the concept of the friction stir welding (FSW) [5]. In FSP, 
a non-consumable rotating tool including a shoulder and pin 
is plunged in the base metals and traverses a specified path 
on the workpiece for the microstructural modification as 
well as the dispersion of the reinforcing particles in the stir 
zone (SZ). Heat generated by friction between the FSP tool 
and the surrounding material along with the severe plastic 
deformation in the SZ softens the material around the tool 
and facilitates the material flow [5]. Simultaneous presence 
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of the severe plastic deformation and high temperature in the 
SZ results in the occurrence of the dynamic recrystallization 
(DRX) leading to the grain refinement [6, 7].

Ceramic and metallic powders are usually employed to 
produce AMCs. Ceramic particles are generally used to 
enhance the hardness of the composites directly [5, 8, 9]. On 
the other hand, metallic powders are used as the reinforce-
ment to react with the matrix and form intermetallic com-
pounds (IMCs) during the process. This kind of composite 
called in-situ composite benefits from various advantages 
such as more homogeneous microstructure as well as the 
stronger interfacial bonding between the reinforcing parti-
cles and the matrix improving the hardness and wear perfor-
mance of the composites [10]. Meng et al. [11] fabricated a 
gradient coating on the AA6082-T6 substrate via in-situ arc 
surface nitriding with subsequent friction stir processing. 
They reported that the wear resistance remarkably improved. 
Huang et al. [12] examined the microstructural and mechani-
cal properties of the Al matrix composite in which pure cop-
per powder was used as the reinforcement. They observed 
that increasing the FSP pass number can enhance the in-situ 
reaction of Al matrix/Cu particle and formation of Al2Cu 
intermetallics. They also reported that, by compositing, 
the wear resistance of the samples improved up to ~ 35%, 
compared to the as-received Al matrix. Abhishek et al. [13] 
fabricated the aluminum matrix composites reinforced with 
Ti6Al4V particles and found out that Ti–Al intermetallics 
were formed during the FSP. Moreover, they observed that 
the subsurface cracks formed during the wear test, were 
away from the reinforcements (Ti6Al4V and TiAl). Due to 
the presence of both Ti6Al4V and TiAl particles, the wear 
resistance of the composite improved ~ 46% compared to the 
unreinforced specimen.

Hybrid AMCs are fabricated by two or more kinds of the 
reinforcing particles in order to profit the combined advan-
tages of the reinforcements along with the reduction in the 
agglomeration of the reinforcing particles [14, 15]. Accord-
ing to the best knowledge of the authors, no investigation 
has been made so far on the aluminum matrix composite 
reinforced with the hybrid reinforcements of the Fe and Cu 
particles. Using of the Fe and Cu particles as the reinforce-
ments in FSP can increase the mechanical properties of the 
composites by the particles themselves and the formation 
of intermetallics during the FSP [16–18]. The simultane-
ous presence of the Fe and Cu powders in the matrix can 
diminish the possibility of the intimate contact between the 
similar powders and consequently, the agglomeration of 

the particles can be decreased. Therefore, the aim of this 
research was the producing of Al/(Fe–Cu)p hybrid compos-
ite by FSP and studying the effects of the powder weight 
ratio of Fe–Cu reinforcements and FSP pass number on the 
metallurgical features and mechanical properties of the com-
posites. The focus is on the wear behavior.

2 � Experimental Procedure

A l - 1 0 5 0  s h e e t s  w i t h  t h e  d i m e n s i o n s  o f 
150 mm × 70 mm × 4 mm were used as the base metal. 
The chemical composition and mechanical properties of 
the Al-1050 base metal are reported in Table 1. Fe and Cu 
powders with purity of 99.5% and the average sizes of ~ 10 
and 14–25 µm, respectively, were used as the reinforcing 
particles.

Since using different weight ratios of the Cu and the Fe 
powders can affect formation of the diverse IMCs and the 
agglomeration degree of the particles, three weight ratios 
of 75Fe–25Cu, 50Fe–50Cu and 75Cu–25Fe were used for 
making the composites. A tubular mixing machine was used 
to mix the hybrid powders for 30 min. In order to insert the 
reinforcing powders inside the aluminum matrix, a groove 
with the cross-section dimensions of 2 mm width and 3 mm 
depth was cut at the center and along the rolling direction 
of the sheets. After inserting the powders inside the groove, 
a rotating pin free tool was used to close the groove and 
prevent the powders to spread out during the FSP. Then, 
the FSP tool made from H13 tool steel with the hardness of 
52–54 RC including the pin and shoulder was used for 3 and 
5 passes of the FSP. The schematic and the dimensions of 
the FSP tool are shown in Fig. 1a.

Rotational speed, traveling speed and tilt angle of the FSP 
tool were constant at 1400, 10 cm/min and 3°, respectively. 
Compared to the retreating side, the advancing side of the 
SZ experiences more temperature and stirring action [15, 
16]. Therefore, in order to acquire more homogeneous prop-
erties in the composite, the rotation orientation of the FSP 
tool was reversed in each pass. In other words, the advancing 
side of each pass was the retreating side of the previous pass. 
Moreover, three samples, as the reference, were FSPed at 
the same conditions without using particles and using just 
one kind of particle, i.e. Fe or Cu, in five passes to evalu-
ate the effect of the added particles and hybrid particles on 
the mechanical properties, compared to the non-composite 
samples. Given the dimension and geometry of the stir zone 

Table 1   Chemical composition 
(wt%) and mechanical 
properties of the as-received 
Al-1050 base sheet

Chemical composition (wt%) Mechanical properties

Al Si Fe Zn UTS (MPa) Hardness (Hv) Strain to fracture (%)

Bal 0.06 0.4 0.02 76 31 53
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as well as the weight of the reinforcing particles inserted 
inside the groove, composites with ~ 3 wt% of the reinforc-
ing particles were produced.

For microstructural studies, the cross-sections of the 
FSPed samples were prepared by the standard metallo-
graphic procedures and then were electro-etched in the solu-
tion with composition of 100 ml HBF4 (2.5%) + 10 ml HF 
in the voltage of 20 V for 300 s. Optical microscope (OM) 
equipped with the polarized light was used to observe the 
grain structure of the composite. Field emission scanning 
electron microscopy (FESEM) and energy dispersive X-ray 
spectroscopy (EDS) were employed for examination of the 
powder distribution and the worn-out surfaces of the com-
posites. Also, X-ray diffraction (XRD) analysis (with Cu-Kα 
ray) was used to identify the formed phases. Moreover, the 
IMCs formed at the interface of the Al matrix/Fe particle 
and Al matrix/Cu particle after the FSP were characterized 
by FESEM equipped with EDS. In order to investigate the 
mechanical properties of the FSPed composites, Vickers 
microhardness test along with the wear test were performed. 
The microhardness test was carried out on the cross-section 
of the specimens at the centerline of the SZ by a load of 
200 g applied for 15 s.

The wear behavior of the specimens was evaluated by the 
pin-on-disk test carried out based on ASTM G99-04 stand-
ard. For this test, the composites were cut in the shape of 
a pin and a SPK steel disk (Cr = 12 wt%, C = 1.2080 wt%, 

Fe = bulk) with the hardness of 700 HV was used as the 
counterpart. The diameter and height of the SPK disk were 
50 mm and 9 mm, respectively. The pins were cut in the 
cylindrical shape from the stir zone with the diameter of 
3 mm and height of 30 mm (Fig. 1b). After polishing and 
cleaning by acetone, pins were weighed with the accuracy 
of 0.0001 g. The wear test was performed in the sliding 
distance of 1000 m with 250 m intervals under the normal 
atmosphere in the ambient temperature and without using 
any lubricant. The nominal load and sliding velocity of the 
pin were 30 N and 0.23 ms−1, respectively. At each interval, 
the samples were weighed again and the weight loss was 
recorded. The coefficient of the friction was automatically 
determined by a tribometer.

3 � Results and Discussion

3.1 � Microstructure of Composite

3.1.1 � Distribution of Reinforcing Particles

Figure 2 shows the FESEM images from distribution of the 
reinforcing particles in the SZ. As can be seen, the added 
particles in 100Cu and 100Fe composites (Fig. 2a, b, respec-
tively) were highly agglomerated even after 5 passes. This 
observation was expected since when just one kind of the 

Fig. 1   The schematic and 
dimensions of a the FSP tool 
with pin and b the FSPed 
specimen showing the process 
accomplishment and sample 
preparation for microstructure 
and wear properties examina-
tions (dimensions are in mm)
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Fig. 2   FESEM images from the stir zone of the composites
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particle is added to the aluminum matrix, the possibility of 
the intimate contact between the similar particles increases 
and thus, agglomeration of the particles is facilitated.

Another observation is that the distribution of the parti-
cles became more homogeneous and the size of the clustered 
particles was reduced by increasing the FSP pass number 
from 3 to 5. In other words, the more was the FSP pass 
number, the more uniform was the distribution of the Fe 
and Cu particles in the Al matrix for all combinations of the 
Fe and Cu powders. This is an expected result because of 
more rotating action of the tool and material flow as well as 
the deformation in the SZ at the higher FSP number during 
the process.

Fe/Cu powder weight ratio significantly affected the dis-
tribution of the reinforcing particles in the SZ. In a constant 
FSP pass number, the best distribution of the reinforcements 
was related to the composites with the powder weight ratio 
of 50Fe–50Cu (Fig. 2). Moreover, in the composites with 
the powder weight ratio of 75Cu–25Fe, agglomeration of 
the particles was so intensive even after 5 passes of FSP 
(Fig. 2c and d). The reason can be attributed to the bigger 
size of the Cu particles compared to the Fe particles used 
in this work that prevented the particles to flow easily in the 
stir zone during the FSP.

Fig. 3   Phase diagrams of a Al–Cu, b Al–Fe binary systems [19] and c 600 °C isothermal section of the Al–Fe–Cu ternary system [20]
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Fig. 4   FESEM images from a the stirred zone and b and c the IMCs at the interface of Cu and Fe particles, respectively, with the Al matrix in 
the 50Fe–50Cu-3 passes composite

Table 2   EDS analysis results of 
the locations shown in Fig. 4

Location in 
Fig. 4

Measured composition 
(at%)

Nominal composition of IMCs Identified substance

Cu Fe Al

A 2 0 98 – Al matrix
B 33 0 67 Al2Cu: 67–68 at% Al, 32–33 at% Cu Al2Cu
C 52 0 48 AlCu: 49–50.5 at% Al, 49.5–51 at% Cu AlCu
D 99 0 1 – Cu particle
E 0 4 96 – Al matrix
F 0 23 77 Al3Fe: 74.5–76.5 at% Al, 23.5–25.5 at% Fe Al3Fe
G 0 25 75 Al5Fe2: 70–73 at% Al, 27–30 at% Fe Al5Fe2

H 0 100 0 – Fe particle
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3.1.2 � Intermetallic Compounds

Given the high temperature experienced in the SZ during 
the FSP, in-situ intermetallic compounds can be formed at 
the interface of the metallic reinforcing particles and the 
Al matrix. Binary IMCs of Al2Cu, AlCu, Al9Cu11, AlCu2, 
Al4Cu9, AlCu4 and binary IMCs of Al3Fe, Al5Fe2, Al2Fe, 
AlFe, AlFe3 are observed in the Al–Cu (Fig. 3a) and Al–Fe 
(Fig. 3b) phase diagrams, respectively. Moreover, ternary 
IMCs of Al6Cu2Fe and Al7Cu2Fe can be formed according 
to the Al–Fe–Cu (Fig. 3c) phase diagram at 600 °C isother-
mal section.

Figure 4 shows the FESEM images from the SZ of the 
50Fe–50Cu-3 passes composite. As it is clear in Fig. 4a, 
although the shattered Fe and Cu particles and IMCs were 
dispersed in the SZ, some agglomerated Fe and Cu particles 
were also evident. It is obvious that a reaction layer has been 
in-situ formed at the interfaces of the Fe and Cu powders and 
Al matrix. According to Fig. 4b and c, at both interfaces, two 
intermetallic layers with different contrasts are formed. In 
order to determine the chemical composition of the IMCs, 
EDS analysis was conducted at the locations shown in 
Fig. 4b and c and the results are reported in Table 2.

The result of the EDS analysis at the specified areas in 
Fig. 4b confirmed that Al2Cu and AlCu were formed adja-
cent to the Al matrix and Cu particle, respectively. On 
the other hand, according to Fig. 4c and the EDS analysis 
results, Al3Fe and Al5Fe2 were formed at the interface of 
the Al matrix and Fe particle. Some previous studies were 
investigated the formation of the IMCs at the Al–Fe and 
Al–Cu interfaces and reported that Al3Fe (next to the Al) 
and Al5Fe2 (next to the the Fe) were formed at the Al–Fe 
interface [16, 21]. Moreover, AlCu (adjacent to the Cu) and 
Al2Cu (adjacent to the Al) were stated to be formed at the 
Al–Cu interface [17, 18].

For more investigations, the XRD analysis was performed 
on the SZ of the 50Fe–50Cu-5 passes composite. As can be 
seen in Fig. 5, some peaks of Al5Fe2, Al2Cu, and Al7Cu2Fe 
IMCs are evident in the XRD pattern confirming that these 
phases were formed at the SZ. The absence of the peaks of 
the other IMCs in the XRD pattern can be due to their low 
quantity in the SZ.

The EDS point analysis and the thickness of the 
IMCs formed at the interface of the Cu particles in 
the 75Cu–25Fe-3 passes, 75Cu–25Fe-5 passes, and 
50Fe–50Cu-5 passes composites are shown in Fig. 6a–d. 
Additionally, the EDS line analysis was conducted along the 
yellow line shown in Fig. 6c. As can be seen, intermetallic 
compounds and the type of reinforcing particles in the com-
posites can be distinguished using EDS point and line analy-
ses. It can be concluded that the FSP pass number and the 
weight ratio of the powders do not have any tangible effect 
on the thickness of the IMCs. It can be due to the continu-
ously forming and shattering of the IMCs during the FSP.

3.1.3 � Grain Structure

Figure 7a shows the grain structure of the base metal. As can 
be seen, the as-received base metal had an elongated grain 
structure. In addition, the SZ of the sample processed by 5 
passes of FSP without reinforcing powders shown in Fig. 7b 
included equiaxed grains with the average grain size of 
~ 21 µm due to the recrystallization and grain growth which 
occurs during FSP as a result of the severe plastic deforma-
tion accompanied by the high temperature in the SZ [6, 7].

The grain structures of the composites are also indi-
cated in Fig. 7. It should be noted that the dark areas in the 
microstructures are agglomerates of the reinforcing particles 
corroded severely during the etching process. It is obvious 
that the grain structures of the 100Cu-5 passes and 100Fe-5 
passes composites were noticeably non-homogeneous as a 

Fig. 5   XRD pattern from the 
stir zone of the 50Fe–50Cu-5 
passes composite
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result of the non-uniform distribution of the reinforcing par-
ticles as described in Sect. 3.1.1 (Fig. 7c, d). Increase in the 
FSP pass number led to the more homogeneous grain struc-
ture due to more homogeneous particle distribution inside 
the SZ. Moreover, at a certain pass number, the composite 
containing the powder weight ratio of 75Cu–25Fe (with the 
most agglomerated particles) had the most non-homogene-
ous grain structure compared to the other composites.

For more evaluation of the non-homogeneity in the grain 
structure, the optical microscope images from the same 
region in the SZ of the 75Fe–25Cu-3 passes composite, 

before and after etching, are shown in Fig. 8a and b, respec-
tively. While the image before etching clearly shows the 
distribution of the reinforcing particles, the etched micro-
structure displays the grain structure of the composite. Fig-
ure 8b presents two distinct grain structure regimes: fine 
grain structure and coarse grain structure. Given the optical 
microscope images before and after etching, the regions with 
fine grains are rich of the reinforcing particles. However, the 
regions poor of the reinforcing particles consist of the coarse 
grains. The average grain size of the coarse and the fine 
grain regions are ~ 17 and ~ 1 µm, respectively. Figure 8c 

Fig. 6   FESEM images show-
ing the thickness of the IMCs 
formed at the Cu particle/Al 
matrix interface in the a 75Cu–
25Fe-3 passes, b 75Cu–25Fe-5 
passes and c 50Fe–50Cu-5 
passes composites. d Measured 
thickness of the IMCs and e the 
EDS line analysis conducted 
along the yellow line shown in c 
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displays the boundary between the coarse and fine grains 
at higher magnification. The second phase particles inside 
the SZ, depending on their size, may decrease the grain size 
during the dynamic recrystallization process via two differ-
ent mechanisms:

•	 Particle stimulated nucleation (PSN) The micron-sized 
particles i.e. Fe and Cu particles, due to different strain 
behavior compared to the aluminum matrix, the presence 
of the stress concentration and accumulation of disloca-
tions around them are preferred sites for the nucleation of 
new grains. This mechanism is known as the PSN [22].

•	 Pinning effect of the grain boundaries The FESEM image 
from the fine grain regions is presented in Fig. 8d. As can 
be seen, there were sub-micron particles in the aluminum 
matrix. These particles are fragmented Fe and Cu rein-
forcements as well as the IMCs formed in-situ during 
FSP and shattered due to brittle nature and stirring action 
of the FSP tool. Sub-micron particles can act as a barrier 
to the movement of the grain boundaries of the newly 
recrystallized grains during the dynamic recrystallization 
and prevent the grains to grow (i.e. pinning effect of the 
sub-micron particles) [23, 24].

Therefore, the non-homogeneous distribution of the 
micron-sized and sub-micron particles in the SZ played a 
main role in the formation of the bi-modal grain structure 
in the composite.

3.2 � Mechanical Properties

3.2.1 � Microhardness

Microhardness profile and the average microhardness of the 
SZ and base metal in the samples are presented in Fig. 9a 
and b, respectively. As can be seen, the microhardness of the 
stir zone for all composites increased compared to the base 
metal and the sample processed without powder. The main 
causes can be summarized as follows [16, 25, 26]:

•	 grain refinement of the Al matrix due to occurrence of 
the dynamic recrystallization and presence of the second 
phase particles as discussed in Sect. 3.1.3,

•	 higher microhardness of the Fe and Cu powders com-
pared to aluminum matrix,

•	 in-situ formation of the IMCs with high microhardness 
between the Fe/Cu particles and the Al matrix and the 
subsequent dispersion of the shattered IMCs inside the 
Al matrix due to the stirring action of the FSP tool,

•	 pinning of the dislocations because of the presence of the 
sub-micron particles (Orowan mechanism),

•	 high density of the dislocations around the reinforcing 
particles caused by the different coefficients of the ther-
mal expansion (CTE) of the reinforcing particles and the 
Al matrix.

Referring to Fig. 9a, the microhardness profile of the 
SZ in the 100Cu-5 passes and 100Fe-5 passes composites 
and the composites produced at 3 passes showed further 
fluctuation compared to the hybrid composites processed at 
5 passes. As explained in Sect. 3.1.1, the mentioned com-
posites had a non-uniform distribution of the reinforcing 
particles in comparison to the hybrid composites processed 
at 5 passes. Therefore, during the hardness test, the indenter 
intermittently touched the regions rich and poor of the rein-
forcing particles.

According to Fig. 9b, with enhancement of the FSP pass 
number from 3 to 5 passes and by using the hybrid reinforce-
ments, the average hardness of the composites increased. 
This was due to the more uniform distribution of the rein-
forcing particles at the hybrid composites and after 5 passes 
compared to 3 passes. In fact, the more uniform is the dis-
tribution of the Fe and Cu powders, the more is the surface 
contact between these powders and the aluminum matrix. 
Additionally, more FSP pass number provides more time for 
inter-diffusion of Al and Fe/Cu atoms between the reinforc-
ing particles and the matrix. Both of the mentioned phenom-
ena lead to the formation of more IMCs in the composites. In 
the composites made by just one kind of particle, the lower 
contact surface between the agglomerated particles and the 
aluminum matrix due to unfavorable dispersion of the rein-
forcements led to an inferior inter-diffusion of the atoms. 
From this point of view, the 50Fe–50Cu-5 passes composite 
had the maximum hardness (~ 3 times higher compared to 
the sample processed at 5 passes without powder) due to 
the most uniform distribution of the reinforcing powders as 
mentioned in Sect. 3.1.1.

3.2.2 � Wear

3.2.2.1  Friction Coefficient  Figure  10 shows the friction 
coefficient of the composites and the specimen processed 
without reinforcing particles obtained from the wear test. 
Because of the unfavorable microstructural and mechani-
cal properties, the wear behavior of the composites made 
by just one kind of particle was not evaluated. Fluctuations 
in the friction coefficient of the specimens were evident. In 
fact, because of the heat generation and high temperature 
during the wear process, surfaces of the pin and disk are 
exposed to the oxidation. Existence of an oxide film on the 
surfaces of the pin and disk decreases the friction coeffi-
cient. In effect of the load applied to the pin during the wear 
test, the oxide film is destroyed. Since the virgin metals have 
more adhesion compared to the oxide film and metal, the 
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friction coefficient increases again [27]. Squeezing out of 
the reinforcing particles between the surfaces of the pin and 
the counterpart during the wear may also be effective on 
these fluctuations [28].

For investigating the influence of the Fe/Cu powder 
weight ratio and the FSP pass number on the wear behavior 
of the composites, the mean friction coefficients of the sam-
ples are reported in Table 3.

The highest friction coefficient was 0.74 for the sam-
ple processed in 5 passes without reinforcing powders. By 
compositing, the mean friction coefficient decreased up 
to ~ 40%. The minimum friction coefficient belonged to 
the 50Fe–50Cu composite processed at 5 passes. Regard-
ing to the 3.1 sections, using the powder weight ratio of 
50Fe–50Cu and enhancement of the FSP pass number from 
3 to 5 resulted in the most uniform grain structure and distri-
bution of the reinforcing particles. Existence of the hard and 
homogeneously dispersed particles in the composite matrix 
led to protection of the Al matrix during the wear test and 
reduction of the friction coefficient [26].

3.2.2.2  Weight Loss  The weight loss of the specimens as 
a function of the sliding distance is shown in Fig. 11. It is 
clear that the wear resistance of the composites improved 
considerably compared to the specimen processed without 
the reinforcing particles. This result was expected due to the 
higher hardness of the composites caused by the finer grain 
structure and presence of the Fe/Cu particles and the in-situ 
formed intermetallic compounds [26, 29–34].

Figure 11 shows that the wear resistance of the compos-
ites produced in 5 passes was considerably more than that in 
3 passes. This was also true for the 50Fe–50Cu composite 
in comparison to the other composites. The origin of this 
observation is the improved distribution of the reinforc-
ing particles inside the Al matrix resulting in the forma-
tion of the fine and homogeneous grain structure as well as 
the higher amount of the IMCs and the related hardness of 
the composites (as discussed before). Furthermore, Fig. 9a 
indicates that hardness profiles for the 50Fe–50Cu compos-
ites and for the composites processed at 5 passes are almost 
consistent with no abrupt changes in different regions of the 
SZ. The consistent distribution of the hardness as a result 
of the homogeneous distribution of the particles in the 
composites may be effective on the higher wear resistance. 
This finding is in agreement with the results of the research 
carried out by Paidar et al. [26] as dispersion of the pow-
ders and hardness were known as the parameters affecting 
the wear resistance of the composites experienced various 
pass numbers of the FSP. In comparison to the other com-
posites, the 75Cu–25Fe-3 passes composite had the mini-
mum wear resistance. Given Fig. 11, the weight loss of the 
50Fe–50Cu-5 passes and 75Cu–25Fe-3 passes composites 
decreased by about 84% and 24%, respectively, compared to 

the specimen processed without reinforcing powders at the 
sliding distance of 1000 m.

3.2.2.3  Wear Mechanisms  Figure 12a and b show the low 
and high magnification FESEM images from the worn-out 
surface of the specimen processed without reinforcing pow-
der. As can be seen, there was a high amount of the plastic 
deformation on the surface that is one of the main features 
of the adhesive wear. During the wear test, the aluminum 
pin and the steel disk are in contact with each other. Since 
there is a load between the pin and disk during the wear test, 
they are joined together and formed a solid state bond in the 
contact areas. Therefore, during the test, these contact areas 
are deformed and make the sliding more difficult leading to 
the increase in the friction coefficient and weight loss. In the 
adjacent of the deformed areas, imperfections like cavities 
and dislocations increase that promotes the formation of the 
micro cracks. These cracks then propagate and join to each 
other resulting in detachment of the surface layer and adhe-
sive type of wear [35, 36].

The low and high magnification FESEM images from the 
worn-out surfaces of the composites are shown in Fig. 13. 
As can be seen in Fig. 13d and e, the 75Cu–25Fe-3 passes 
and 75Fe–25Cu-3 passes composites experienced plastic 
deformation which was again an evidence for the adhesive 
wear mechanism as explained before.

Figure 13f and j show the FESEM image from the worn-
out surfaces of the 50Fe–50Cu-3 passes and 75Cu–25Fe-5 
passes composites, respectively. In both composites, there 
were plate like debris and cracks which are evidences of 
the delamination wear [37–39]. In this mechanism, because 
of the wear process and the shear stress applied on the sur-
face of the composite, the substance detaches from the worn 
surface and make the surface laminated. According to the 
delamination theory, shear stress of the wear action results 
in the plastic deformation and as a result, some cracks nucle-
ate and grow in a bit depth of the surface. Eventually, these 
cracks can coalesce and cause the detachment of the sub-
stance. In fact, because of the severe plastic deformation 
caused by the FSP, dislocation density is relatively high in 
the subsurface regions before the wear test [12, 39, 40]. On 
the other hand, as a result of the plastic deformation, the dis-
location density in the subsurface area increases during the 
wear process. Therefore, these dislocations can accumulate 
and form some pores beneath the area. Joining the pores dur-
ing the wear process leads to the formation of the cracks and 
then, plate like debris are formed by the subsequent growth 
of these cracks [37, 41].

The backscattered electron FESEM images from 
the worn-out surfaces of the 75Fe–25Cu-5 passes and 
50Fe–50Cu-5 passes composites are shown in Fig. 13k 
and l, respectively. As can be seen, there were some 
cracks on the worn-out surfaces indicating that the wear 
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Fig. 7   Grain structure of the 
base metal and the FSPed 
samples
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mechanism of these composites were delamination wear 
as explained above. According to the worn-out surfaces 
presented in Fig. 13, the wear mode was changed from the 
severe wear in the 75Cu–25Fe-3 passes and 75Fe–25Cu-3 
passes composites to the mild wear in the 75Fe–25Cu-5 
passes and 50Fe–50Cu-5 passes composites. This is 
attributed to the uniform distribution of the reinforcing 
particles. Regarding to Fig. 13k and l, some regions on 
the worn-out surfaces of the 75Fe–25Cu-5 passes and 
50Fe–50Cu-5 passes composites contained a layer with 
a white contrast.

For more investigation, EDS analysis was performed on 
the points of A and B in Fig. 13k and l, respectively, and the 

results are shown in Fig. 14. In both specimens, the layers 
contained a high weight percent of Cr and Fe atoms which 
there were in the composition of the disk used in the wear 
test. Consequently, mass transfer from the disk to the pins 
occurred during the wear test. Many previous researches 
[42, 43] confirmed that when mass transfer occurs between 
the sample and the counterpart during the wear test, a solid 
lubricated layer called Mechanically Mixed Layer (MML) 
is formed on the wear surface. In fact, this layer is formed 
by the atom interchanging between the pins and the disk 
during the wear test. Because of the strain hardening and 
the mechanical alloying, this layer has higher hardness com-
pared to the pin that prevents it to be destroyed due to the 

Fig. 8   Aluminum matrix microstructure of the 75Fe–25Cu-3 passes 
composite: a OM image before etching, b OM image after etching, 
c the magnified image from the rectangle in b including the bound-

ary between the coarse and fine grains, and d FESEM image from the 
broken and scattered particles in the fine grain regions
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imposed shear stress during the wear test. Moreover, the 
formation of this layer on the surface upsurges the thickness 
of the material which prevents the other adjacent areas to be 
involved in the wear process. Therefore, the MML improves 
the wear resistance of the composites [42, 43]. In the present 

study, the MML layer was formed on the wear surface of 
the composites with the uniform fine grain structure and 
the homogeneous and consistent distribution of the rein-
forcing particles (i.e., composites with the powder weight 
ratios of 75Fe–25Cu and 50Fe–50Cu that were produced 

Fig. 9   a Microhardness profiles and b the average microhardness of the stir zones
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Fig. 10   Friction coefficient of the specimens versus the sliding distance
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by 5 FSP pass number). Therefore, the low weight loss dur-
ing the wear test in these composites may be attributed to 
the formation of the MML on the wear surface. Thus, it 

can be concluded that the homogeneous distribution of the 
reinforcing particles and the uniform grain structure of the 
composites play the main role in wear resistance [31, 44].

Table 3   Average friction coefficient of the specimens

Sample 5 passes without 
reinforcement

75Cu–25Fe-3 
passes

75Fe–25Cu-3 
passes

50Fe–50Cu-3 
passes

75Cu–25Fe-5 
passes

75Fe–25Cu-5 
passes

50Fe–50Cu-5 
passes

Friction coef-
ficient

0.74 0.61 0.59 0.56 0.52 0.46 0.44

Fig. 11   Weight loss of the 
specimens as a function of the 
wear sliding distance

Fig. 12   a Low and b high mag-
nification FESEM secondary 
electron images from the worn-
out surface of the specimen 
processed at 5 passes without 
reinforcing particles
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The size of wear debris in the 50Fe–50Cu-3 passes and 
75Cu–25Fe-3 passes composites is shown in Fig. 15a and b, 
respectively. While the size of fine debris in the 75Cu–25Fe-3 
passes specimen are in the range of sub-micron to ~ 1 µm, 

some large flakes with the size of ~ 5 µm are evident on the 
worn-out surface of the 50Fe–50Cu-3 passes composite. These 
large flakes are the result of delamination wear which is in 
agreement with the reports of the previous researches [45, 46].

Fig. 13   a–c and g–i Low and 
d–f and j–l high magnification 
FESEM images from the worn-
out surfaces of the composites. 
a–g and j are secondary electron 
and h, i, k and l are backscat-
tered electron images
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EDS analysis was conducted at the regions C, D and E 
shown in Figs. 13 and 15 and the results are given in Fig. 16. 
According to the results, there is a considerable amount of 
oxygen element on the worn-out surfaces. Presence of the 
oxygen on the surfaces can be a sign of oxidation wear [47]. 
Indeed, along with the mentioned dominant wear mecha-
nisms, the oxidation wear also happened in the composites 
during the wear test.

Fig. 14   Chemical composition 
of the points a A and b B shown 
in the Fig. 13k and l, respec-
tively

Fig. 15   Morphology of debris on the worn-out surfaces of a 50Fe–
50Cu-3 passes and b 75Cu–25Fe-3 passes composites

Fig. 16   Results of the EDS 
analysis conducted on the 
locations C, D and E shown in 
Figs. 13 and 15
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4 � Conclusion

Aluminum matrix hybrid composite was produced using 
micron-sized Fe and Cu particles via the friction stir pro-
cessing. The effects of the weight fraction ratio of Fe and 
Cu powders in the composite and the FSP pass number (3 
and 5 passes) were evaluated on the microstructural charac-
teristics and wear behavior of the composite. The results are 
summarized as follows:

1.	 Due to the high temperature and interdiffusion of Al/
Fe–Cu atoms, intermetallic compound layers of Al2Cu, 
AlCu, Al3Fe, and Al5Fe2 were in-situ formed at the 
interface of Al matrix and powders in the composite. 
These layers were subsequently shattered due to the 
stirring action of the FSP tool and dispersed in the Al 
matrix.

2.	 The non-homogeneous distribution of the micron-sized 
and sub-micron reinforcing particles in the composite 
led to the formation of the bi-modal grain structure 
(coarse and fine grain regions) in the aluminum matrix.

3.	 Fe/Cu powder weight ratio significantly affected the dis-
tribution of the reinforcing particles in the composite. 
In a constant FSP pass number, the best distribution of 
the reinforcements was related to the composites with 
the equal weight ratio of Fe and Cu powders due to the 
reduction of the intimate contact and bonding between 
the similar particles. Enhancement of the FSP pass num-
bers from 3 to 5 passes resulted in the consistency of the 
reinforcements distribution and grain structure. Conse-
quently, the 50Fe–50Cu-5 passes composite showed the 
most homogeneous microstructure.

4.	 The microhardness of the composite with the most uni-
form microstructure (50Fe–50Cu-5 passes) increased ~ 3 
times compared to the specimen processed at 5 passes 
without reinforcing powder.

5.	 By compositing, the average friction coefficient 
decreased up to ~ 40%. Additionally, the weight loss of 
the 50Fe–50Cu-5 passes composite decreased consider-
ably (up to 84%) compared to the specimen processed 
without the reinforcing particles.

6.	 The wear mechanism was changed from the adhesive 
wear in the 75Cu–25Fe-3 passes and 75Fe–25Cu-3 
passes composites to the delamination wear in the 50Fe–
50Cu-5 passes composites. Uniform distribution of the 
reinforcing particles in the composite resulted in the 
formation of the mechanically mixed layer (MML).

Data Availability  The data that support the findings of this study are 
available from the corresponding author upon request.
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