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Abstract: The AA6061 aluminum alloy matrix composite reinforced by copper particles was applied to the AA1050 
aluminum substrate using a friction surfacing process. The effect of reinforcement content and pre-coating heat 
treatment condition of the consumable rod on the microstructure and mechanical properties was investigated. The 
results showed that coating with T6 treated consumable rod and increasing the mass fraction of copper powder resulted 
in higher temperature during friction surfacing. With increasing the mass fraction of copper powder, the average grain 
size of the coatings created with T6 and solid solutionized rods decreased. The average grain size of the coating in the 
samples created with the solid solutionized rod was 16% finer than that in the samples created with T6 rods. By 
increasing the mass fraction of copper to 20%, the wear resistance in coatings created with T6 and solid solutionized 
rods is increased by 28% and 24%, respectively, compared to that of the AA1050 substrate. Furthermore, by using a T6 
rod and 20 wt.% copper, the shear strength, hardness, and wear resistance of the coating were 4%, 8%, and 5%, 
respectively, higher than those of the coating created with the solution-treated rod. 
Key words: AA6061 matrix composite; friction surfacing; microstructure; pre-coating heat treatment 
                                                                                                             

 
 
1 Introduction 
 

Over the past decades, the metal-matrix 
composites (MMCs) have received more attention 
due to their various applications in industry, which 
are primarily due to the increased mechanical 
properties of the base metal after composite 
fabrication [1−4]. The application of high-strength 
composite coatings is one of the demands of the 
industry, which has been specially assessed by 
metallurgists for the past decades. Metal-matrix 
composite coatings are special surface coatings that 
can change some surface properties to a certain 
depth. Aluminum-matrix composites (AMCs) are 
among these composites, which are widely used in 
various industries. AA6061 aluminum alloy is an 
example of AMCs, which can increase the strength 

and surface properties due to its precipitation 
hardening ability. The presence of alloying 
elements such as magnesium and silicon in this 
group of aluminum alloys leads to the formation of 
intermetallic compounds, increasing the strength of 
the alloy [5,6]. 

In surface engineering, the production of 
composite coatings is divided into two main 
methods, solid and liquid states. In the liquid-state 
methods, the matrix melts; however, composite 
production is performed without melting the matrix 
in solid-state methods [7]. Laser cladding, vapor 
deposition, and centrifugal casting are examples of 
liquid-state methods with limitations, including hot 
cracking, porosity formation, and reinforcement 
agglomeration. Due to their unique characteristics, 
the solid-state methods are being replaced by 
conventional coating methods [8−10]. The method 

                       
Corresponding author: Hamed JAMSHIDI AVAL, Tel: +98-11-35501808, Fax: +98-11-35501800, E-mail: h.jamshidi@nit.ac.ir 
DOI: 10.1016/S1003-6326(23)66284-3 
1003-6326/© 2023 The Nonferrous Metals Society of China. Published by Elsevier Ltd & Science Press 



Hamed JAMSHIDI AVAL/Trans. Nonferrous Met. Soc. China 33(2023) 2599−2612 2600  
of friction surfacing (FS) is among the solid-   
state methods with various advantages such as 
eliminating casting defects, controlling micro- 
structure, and improving strength. 

Despite many advantages of the friction 
surfacing process in applying composite coatings, 
limited studies have been conducted in this    
field. GANDRA et al [11] investigated the wear 
properties of Al−SiC gradient composite coatings 
created by the friction surfacing process on AA2024 
aluminum alloy substrates. The SiC particles with 
average sizes of 118.8, 37.4, and 12.3 μm were 
applied inside the AA6082 aluminum alloy 
consumable rod through drilling holes on it. It was 
reported that in different samples, when the number 
of holes is equal, finer SiC particles lead to a more 
uniform distribution of the reinforcing phase in the 
coating. It was observed that, unlike the coated 
sample without reinforcement, the presence of SiC 
particles in the coating prevents delamination and 
improves its wear resistance. NAKAMA et al [12] 
investigated the friction surfacing of the AA6061 
aluminum alloy consumable rod on the AA6061 
aluminum alloy substrate. They reported that 
coating at a pressure of 20 MPa was more efficient 
than coating at 25 MPa. Moreover, as the number of 
holes increases, the coating efficiency decreases. 
REDDY et al [13] investigated the formation of a 
metal-matrix composite coating on A356 aluminum 
alloy using the FS process. They reported that the 
coating showed excellent wear resistance, which 
was attributed to forming a metallurgical bond with 
the substrate. In addition, the coating presented a 
lower coefficient of friction and improved hardness 
compared to the A356 substrate. OLIVEIRA     
et al [14] investigated the FS of AA6351-T6 
aluminum alloy reinforced by alumina particles on 
AA5052-H32 aluminum alloy substrate. The results 
showed that alumina particles increase the hardness 
of the coating. It was also observed that the grain 
size of the coating was 48% smaller than that of the 
base metal. SHARMA et al [15] investigated the 
surface modification of AA6061 aluminum alloy 
with FS of graphene and graphite containing 
consumable rods. The powder metallurgy has been 
used to prepare the consumable rod. It was 
observed that a significant improvement in the 
surface properties of aluminum alloy is achieved by 
applying graphene nanosheets to the coating. They 
showed that the friction coefficient of the applied 

coating using graphite particles with a size of 
44 μm was reduced by 26.76% compared to the 
substrate. 

The addition of copper in the aluminum matrix 
creates special properties such as increasing 
Young’s modulus, toughness, and strength [16]. The 
commercially pure (CP) aluminum (such as 
AA1050 aluminum alloy) is widely used as a 
common metal in several applications, mainly due 
to its favorable corrosion resistance, formability, 
and high thermal conductivity. Nevertheless, the 
low strength and hardness of CP aluminum 
challenge its potential for industrial applications. 
The local treatment of CP aluminum can be 
alternatively used so that the strength and hardness 
of the alloy can be enhanced without sacrificing the 
favorable formability and corrosion resistance of 
the material. FS potentially seems to be a promising 
coating method as it encompasses a wide range of 
coatings with various properties. Accordingly, the 
present study aimed to improve the surface 
properties of AA1050 aluminum, including strength 
and hardness, by creating an AA6061 aluminum 
matrix composite coating. The aluminum matrix 
composite was obtained by drilling holes with 
different diameters on the cross-section of the 
consumable rod and filling them with copper 
powder. In this study, the effect of copper 
reinforcement mass fraction and pre-coating heat 
treatment of a consumable rod on the 
microstructure and mechanical properties of the 
AA6061-Cu(p) composite coating was investigated. 
 
2 Experimental 
 

In this study, the AA1050 aluminum sheet with 
a thickness of 4 mm was used as the substrate. Also, 
the AA6061 aluminum alloy rod with a diameter of 
20 mm was used as the consumable rod. The 
AA1050 chemical composition was 0.07% Si,  
0.28% Fe, 0.05% Cu, 0.02% Mn, 0.01% Mg, and 
balanced Al, and the AA6061 chemical composition 
is 0.62% Si, 0.57% Fe, 0.32% Cu, 0.11% Mn, 
1.15% Mg, and balanced Al (all presented in mass 
fraction). The copper powder with a purity of 99% 
and a size of less than 100 μm was utilized as a 
reinforcing agent. 

As shown in Fig. 1, two holes were drilled to 
apply copper powder to the cross-section of the 
consumable rod. Moreover, holes with a diameter of  
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Fig. 1 Schematic illustration of consumable rod preparation and friction surfacing process 
 
3 and 4.5 mm and a length of 60 mm were drilled to 
apply 10 and 20 wt.% of copper powder in the 
consumable rod. After drilling, the copper powder 
was applied to the holes. The coated samples were 
named according to Table 1. Friction surfacing was 
performed using a traverse speed of 125 mm/min, 
an axial feeding rate of 200 mm/min, and a 
rotational speed of 800 r/min. 
 
Table 1 Information of coated samples  

Sample  Copper 
content/wt.% 

Consumable rod heat 
treatment condition 

SS-0 0 Solid solutionized 

SS-10 10 Solid solutionized 

SS-20 20 Solid solutionized 

T6-0 0 T6-treated 

T6-10 10 T6-treated 

T6-20 20 T6-treated 

 
After coating, according to Fig. 2, different 

samples were extracted to evaluate the micro- 
structure, mechanical properties, and wear 
properties of the applied coatings. Poulton’s reagent  

 
Fig. 2 Extraction position of microstructural, mechanical 
and tribological examination samples 
 
(2 mL HF + 3 mL HCl + 20 mL HNO3, 175 mL 
H2O) was used to detect the microstructure. Optic 
microscopy and scanning electron microscopy were 
used to study the grain structure of the samples. 
Furthermore, a quantitative analysis of micro- 
structural characteristics was performed using 
Clemex software. Grain size measurement was 
accomplished based on the linear intercept method 
and the ASTM E112 standard. X-ray diffraction 
patterns can be used for micro-strain (density of 
dislocations) stored in structures under severe 
plastic deformation. 

The famous Scherer and Williamson−Hall 
methods are widely used for this purpose. Despite 
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the differences, both methods have been developed 
based on the relationship between grain size and 
micro-strain at full width at half maximum 
(FWHM). In this study, the Williamson−Hall 
method was used to estimate the density of stored 
dislocations, which is in the form of Eq. (1) [17]:  

cos 4 sinKB
D
λθ ε θ= +                    (1) 

 
where B is the peak width at half-height, θ is 
diffraction angle, K is a constant of about 1, λ is 
X-ray wavelength, D is the average crystallite size, 
and ε is the average micro-strain of the lattice. 
Based on micro-strain and crystallite size, a  
method was introduced to estimate the density    
of dislocations in severely deformed structures 
(Eqs. (2)−(4)) [18]:  
ρ=(ρDρS)0.5                                                (2)  

2
D 3/Dρ =                               (3)  

2 2
S 6π /bρ ε=                             (4) 

 
where ρ is the dislocation density, ρD is the 
contribution of the dislocation density of the 
crystallite size, ρS is the contribution of the 
displacement density of the micro-strain, and b is 
the amplitude of Burgers vector. A hardness test  
and a shear-punch test were used to evaluate the 
mechanical properties of the coating. The hardness 
test was performed based on the ASTM E92 
standard with a load of 0.98 N and a dwell duration 
of 10 s. The shear-punch test was performed based 
on the method presented in Ref. [19] and using the 
SANTAM STM−250 instrument with a speed of 
0.1 mm/min. The pin-on-disk (POD) test was used 
to assess the samples’ wear qualities regarding 
ASTM G99 — 05. The POD experiment was 
performed on a counterface disc made of SAE-AISI 
52100 steel with a hardness of 60 HRC at a linear 
speed of 50 cm/s. 
 
3 Results and discussion 
 
3.1 Macrostructure  

The thickness and width of the coatings were 
measured after applying the coating. The results are 
shown in Fig. 3. As is evident, with increasing the 
mass fraction of copper powder, the coatings 
created with T6 and solid solutionized rods showed 
various thicknesses and widths. As shown in Fig. 4, 
the temperature at the tip of consumable rod in 

different samples was measured. As is observed, in 
both types of consumable rods, the temperature 
decreased during coating by increasing the mass 
fraction of copper powder. Moreover, the solid 
solutionized rod showed a lower tip temperature 
compared to the T6 rod. The temperature reduction 
could occur during the process by adding Cu 
powder to the consumable rod, as reported by  
other researchers [19], decreasing the effective 
cross-section of the consumable rod, changing the 
friction conditions, and absorbing part of the heat 
input by additives. The temperature difference 
between the solid solutionized and T6 rods is 
discussed as follows: the consumable rod tip 
temperatures were far higher than the temperature 
range required for the aging phenomenon in 
AA6061 alloy [20]. Therefore, during the FS 
process, the solid solutionized rod experienced  
the aging phenomenon, and its strength increased.  
 

 
Fig. 3 Effect of copper content on thickness and width of 
coating 
 

 
Fig. 4 Effect of copper content on temperature at tip of 
consumable rod  
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In addition, by increasing the strength of 
consumable rod, the plastic deformation of the rod 
decreased, resulting in decreasing the contact 
surface of the rod tip with the substrate. Under 
these conditions, the contribution of heat generated 
due to friction and plastic deformation was 
decreased, and the temperature during the process 
was reduced. However, in the T6 rod, the strength 
decreased due to the increase in temperature; 
therefore, the heat input increased due to plastic 
deformation and friction, resulting in more 
temperature during the process. As the temperature 
increased, the volume of the deposited material 
increased during the process; therefore, the 
geometric parameters of the coating (thickness and 
width) changed. 

In the coating created with the solid 
solutionized rod, the width of the coating decreased 
by increasing the mass fraction of the copper 
powder. As mentioned earlier, as the mass fraction 
of copper powder increased, the tip temperature  
of the consumable rod decreased, resulting in 
decreasing the strength enhancement rate due to the 
aging phenomenon. As a result, the joint length 
between the deposited material and the substrate 
was reduced. On the other hand, reducing the 
strength of the consumable rod by increasing the 
mass fraction of the copper powder indicated    
the easier flow of the material at the rod tip, 
increasing the volume of the deposited material, 
thus increasing the thickness of the coating. 
Nevertheless, for the coating created with a T6 rod, 
increasing the mass fraction of copper powder 
resulted in decreasing the thickness of the coating 
and increasing the width of the coating. Therefore, 
less reduction in strength occurred in the 
consumable rod by increasing the mass fraction of 
copper powder. Under these conditions, the 
deformation capability of the consumable rod and 
the volume of the deposited material were reduced, 
leading to a reduction in the thickness of the coating. 
However, by reducing the tip temperature of the 
consumable rod, the difference between the flow 
stress of the consumable rod and the substrate 
increased, and more significant shear stress was 
created at the interface. The interaction of the 
substrate material and the deposited material 
occurred on a larger scale, and more strain was 
created at the interface, which provided a fresh 
substrate and created a wider effective joint. 

3.2 Microstructure 
Figure 5 shows the microstructure of different 

zones of coated samples with 10 wt.% copper with 
both solid solutionized and T6 consumable rods. In 
terms of grain size, the microstructure on various 
coating sections was not considerably different. 
Independent of the consumable rod’s heat treatment 
circumstances, the distribution of reinforcing 
particles on both the advancing and retreating sides 
of all samples was more uniform than that       
of the center of the coating. Figure 6 shows the 
microstructure of the center zone of the coating in 
different samples. Also, the average grain size of 
different coatings is shown in Fig. 7. In all coatings, 
the microstructure included equiaxed, fine grains 
due to dynamic recrystallization during the coating 
process. As is evident, the average grain size of the 
coating in both coatings created with T6 and solid 
solutionized rods decreased by increasing the mass 
fraction of the copper powder. It should also be 
noted that the average grain size of the coating in 
the samples created with the solid solutionized rod 
was smaller than that of the samples created with 
T6 rod. In general, two factors of temperature   
and plastic strain were effective in forming 
recrystallized grains [21,22]. These two factors 
inversely affected the grain size; therefore, the 
recrystallized grain size decreased by decreasing 
temperature and increasing plastic strain. Due to the 
higher temperature and lower strength of the T6 
rods during the coating process, the plastic strain 
increased during the coating. In this case, it can be 
said that the effect of temperature was predominant 
and increased the grain size of the coating. However, 
the two factors of temperature and plastic strain 
decreased the grain size of the recrystallized grain 
during coating with the solid solutionized rod. Due 
to lower plastic strain and temperature in the 
coating created with the solid solutionized rod, the 
effect of temperature was predominant, leading to 
smaller grain size. On the other hand, reducing the 
grain size of the coating by increasing the amount 
of copper indicated the decrease in temperature 
during the coating process and the presence of 
copper-rich particles that can act as nucleation  
sites of recrystallized grains through the particle 
stimulated nucleation (PSN) mechanism could be 
effective in reducing the grain size of the coating. 

The microstructure of the interface and the 
upper zone of the coating in different samples is 
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Fig. 5 Microstructure in different zones of coated samples with 10 wt.% copper: (a) Advancing side; (b) Retreating side; 
(c) Center zone 
 
shown in Figs. 8 and 9, respectively. According to 
the EDS results (Fig. 10 and Table 2) and compared 
with previously reported results for AA6061 
aluminum alloy [23−26], Mg2Si, Si-rich, and 
Fe-rich precipitates and secondary phase particles 
were formed in the microstructure of all coatings. 
Cu-rich compounds were also formed in samples 
containing copper powder, as shown in Figs. 8  
and 9. According to different sources [27,28],   
the average temperatures of formation and 
dissolution of the Mg2Si precipitates are 332 and 
435 °C, respectively. According to the temperature 
measurement during the coating process, the 

maximum temperature of coatings was higher than 
the dissolution temperature of Mg2Si precipitates. 
Therefore, in all coatings, the complete and   
partial dissolution of Mg2Si precipitates occurred in 
proportion to the strain conditions and temperature 
during the process. 

According to SEM images of the samples 
coated with T6 rod, the size of Mg2Si precipitates 
increased by reducing the heat input. In the coated 
sample without copper, the initial Mg2Si 
precipitates in the coated sample were dissolved 
under the influence of temperature during coating, 
and the re-precipitation occurred during cooling. 
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Fig. 6 Microstructure in center zones of coating: (a) Sample without reinforcement; (b) Sample with 20 wt.% copper 
 

 

Fig. 7 Effect of copper content on coating grain size 
 
However, in the copper-containing sample, due to 
the lower temperature during the coating, there was 
not enough opportunity for the complete dissolution 
of the initial precipitates, predominating the growth 
of precipitates. In samples coated with solutionized 
rods, the size of Mg2Si precipitates increased by 
decreasing the heat input. Moreover, the size of 
Mg2Si precipitates was more significant in the 
sample coated with solid solutionized rods. As the 
copper mass fraction increased, the size of Mg2Si 

precipitates in the sample coated with the solid 
solutionized rod changed from 0.4 to 0.9 μm; 
however, the size of the precipitates changed from 
0.3 to 0.7 μm in the sample coated with the T6 rod. 
Due to the presence of precipitation conditions in 
the solid solutionized rod, precipitation occurred, 
followed by growth of precipitates. In this case, 
there was less opportunity for re-precipitation. 
However, more opportunities were provided for the 
re-precipitation of new precipitates in the sample 
coated with the T6 rod due to the existence of 
Mg2Si precipitates in the rod and the occurrence of 
dissolution and the growth of precipitates during the 
process. A comparison of copper particles in coated 
samples showed that regardless of the heat 
treatment conditions of the consumable rods, the 
thickness of the reaction layer and the number of 
copper particles were reduced at the interface with 
increasing the copper mass fraction. On the other 
hand, in the samples coated with T6 rod, the 
number of particles that reacted entirely with the 
aluminum matrix increased due to more uniform 
distribution and smaller size of Cu-rich particles. 
According to the EDS analysis and as shown Figs. 8 
and 9, the reaction layers were CuAl2 and CuAl. 
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Fig. 8 SEM images of precipitates and second-phase particles at interface of coating with different contents of copper: 
(a) 0 wt.%; (b) 10 wt.%; (c) 20 wt.% 
 
3.3 Mechanical properties 

The hardness variations in the direction 
perpendicular to the interface of the coating/ 
substrate are shown in Fig. 11. For all samples, the 
hardness of the coating created with the T6 rod was 
higher than that of the coating created with the  
solid solutionized rod. The hardness perturbation 
was observed in all coatings due to the collision  
of hardness indenter to the zone of accumulated 
copper particles. However, the hardness perturbation 

in other zones of the coating was negligible. It 
should be noted that these perturbations increased 
by increasing the amount of Cu-rich particles due to 
their non-uniform distribution. Hardness changes 
also indicated a higher hardness in the coating 
fabricated by the T6 rod. The average hardness, 
shear strength, and wear resistance test results of 
the coatings are shown in Fig. 12. As is observed, 
the hardness and shear strength increased with 
increasing the mass fraction of the copper powder.  
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Fig. 9 SEM images of precipitates and second-phase particles in upper zone of coating with different contents of copper: 
(a) 0 wt.%; (b) 10 wt.%; (c) 20 wt.% 
 
In all coatings, the hardness, shear strength, and 
wear resistance of the coating created with the solid 
solutionized rod was less than that created with the 
T6 rod. According to Ref. [29], wear rate and 
hardness were inversely proportional. According to 
the results of the microstructural part, the grain  
size of the coating decreased with increasing the 
reinforcing particles. The grain size reduction    
of the coating could act as an influential factor in 

increasing the strength and hardness of the coating. 
On the other hand, reducing the temperature during 
the process by increasing the mass fraction of 
copper powder could help increase the hardness and 
strength due to the formation of finer precipitates. 
The modulus strengthening mechanism was also 
effective in strengthening due to the presence of 
reinforcing particles. Although the distribution of 
particles was non-uniform by increasing the mass 
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Fig. 10 EDS analysis results of precipitates and secondary 
phase particles: (a) Fe-rich; (b) Si-rich; (c) Cu-rich;    
(d) Mg2Si; (e) CuAl2; (f) CuAl 
 
Table 2 EDS analysis results of Fe-rich (Spot I), Si-rich 
(Spot II), Cu-rich (Spot III), Mg2Si (Spot IV), CuAl2 
(Spot V), and CuAl (Spot VI) (at.%) 
Spot No. Al Mg Si Cu Fe Mn 

I 85.54 0.05 1.01 0.08 10.11 3.21 

II 84.28 1.2 14.11 0.05 0.11 0.25 

III 2.11 0.58 0.09 95.93 0.51 0.78 

IV 51.68 30.89 16.45 0.32 0.21 0.45 

V 68.54 0.89 0.36 28.45 0.85 0.91 

VI 54.95 0.75 0.62 42.11 0.71 0.86 

 
fraction of copper powder, this non-uniform 
distribution affected the hardness distribution and 
standard deviation of shear strength. Nevertheless, 
eventually, the strength and hardness increased by 
increasing the mass fraction of copper powder. As 

 

 

Fig. 11 Hardness profile perpendicular to coating/ 
substrate interface of coated samples 
 
can be seen, all coatings exhibit a lower wear rate 
and friction coefficient than consumable rods and 
substrate. Additionally, when coatings created with 
the solid solutionized consumable rod were 
compared to the substrate, wear resistance was 
increased by 16%, 20%, and 24% at copper contents 
of 0, 10, and 20 wt.%, respectively. According to 
Fig. 12(b), the wear resistance of coatings created 
with the T6 consumable rod was increased by 19%, 
22%, and 28% relative to the substrate at copper 
contents of 0, 10, and 20 wt.%, respectively. As can 
be seen, the wear resistance and hardness of 
coatings are inversely proportional, i.e., increasing 
the hardness of the coating increases the wear 
resistance. Other studies have reported similar 
findings regarding the relationship between 
hardness and wear resistance [16,29]. In Table 3, 
the hardness and wear rate results in current study 
are compared to similar studies that have applied 
aluminum matrix composite coatings to aluminum 
substrates. The results indicate that when the copper 

 

 
Fig. 12 Hardness and shear strength of coated samples (a) and wear test results of different samples (b) 
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powder is used as the reinforcement, the hardness 
and wear resistance significantly increase compared 
to the substrate. 

The density of dislocations calculated by the 
X-ray diffraction pattern of different samples is 
presented in Table 4. As is evident, the density of 
dislocations after FS was significantly increased. 
Therefore, for the coating fabricated by the T6 rod, 
the density of dislocations for the reinforcement- 
free coating reached 11.43×1014 m−2, indicating an 
increase of about 13% compared to the consumable 
rod. The increase in the density of dislocations was 
due to the entrapment of existing dislocations   
and the production of new dislocations [21]. Due to 
severe plastic deformation, various sources of 
dislocation production, such as Frank-Reid, were 
activated [30]. During deformation, the dislocations 
(with amplitude of Burger vector b) traveled the 
mean distance L, and the density of the dislocations 
was related to the real strain (ε) by Eq. (5) [21]: 
 
ε=ρbL                                 (5) 
 

The distance L was generally considered the 
grain size or the distance between the reinforcing 
particles. According to Table 4, the presence of 
reinforcing particles in the composite sample 
increased the density of dislocations compared   
to the reinforcement-free sample. Therefore, the 
density of dislocations was increased from 
12.11×1014 to 15.62×1014 m−2 by adding 20 wt.% of 
reinforcement to the solid solutionized rod. In 
general, increasing the density of dislocations 
during deformation and their interaction with each 
other is the main cause of strain hardening behavior 
in metals. After severe plastic deformation, the 
density of dislocations increased significantly. 
These dislocations were accumulated at the grain 
boundaries, forming non-equilibrium boundaries. 
These unbalanced grain boundaries could absorb 

dislocations within the grains, which reduced their 
accumulation and interaction within the grains. 
Therefore, the occurrence of recovery due to the 
absorption of dislocations by non-equilibrium 
boundaries reduced the strain hardenability      
of the samples. Also, in conditions where many 
dislocations were absorbed by these non- 
equilibrium boundaries, the slip conditions of grain 
boundaries were provided, which was another 
reason for reducing the strain hardening 
phenomenon in severely deformed samples. 
The strengthening mechanisms in the coated 
samples were investigated to study the mechanical 
properties in detail. The effective reinforcement 
mechanisms for non-reinforcing aluminum coatings 
included fine forming of grain and precipitates and 
strain hardening due to severe plastic deformation. 
For the composite coatings, the direct effects of 
reinforcing particles on the strength and increasing 
the density of dislocations due to the difference 
between the thermal expansion coefficients of the 
matrix and the reinforcement were also investigated. 
The effect of the grain size on the strength 
enhancement was explained by the famous 
Hall−Patch relationship. The contribution of the 
strengthening mechanism due to the production of 
dislocations during the severe plastic deformation 
(SPD) in increasing the strength (σDis) of the 
composite was given by Eq. (6) [31]:  
ΔσDis=MαGbρ0.5                                        (6) 
 
where M is the Taylor coefficient (3.06 for 
aluminum [32]), α is a constant equal to 0.24 [33], 
G is the shear modulus (26 GPa), and b is equal to 
0.286 nm. Also, the following equation showed the 
effect of the strengthening mechanism due to the 
production of dislocations caused by the difference 
between the thermal expansion coefficient of the 
particles and the matrix (ΔσCTE) [34]: 

 
Table 3 Comparison of hardness and wear rate of present study with similar studies 

Substrate 
Coating  Property change comparing to substrate/% 

Source 
Consumable rod Reinforcement  Hardness improvement Wear rate reduction 

A356 AA2024 SiC  282 97 [13] 

AA6061 AA6061 Al2O3  86 23 [12] 

AA2024 AA6082 SiC  30 −80 [11] 

AA6061 Pure aluminum Graphene  100 − [15] 

AA1050 AA6061 Cu  903 21 Present work 
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Table 4 Calculated dislocation density for different 
samples 

Sample No. Dislocation density/1014 m−2 
SS-0 12.11 

SS-10 13.45 
SS-20 15.62 
T6-0 11.43 

T6-10 12.98 
T6-20 14.32 
SS rod 7.14 
T6 rod 10.12 

 

( )

0.5

P
CTE

P P

12
 1

T CVαGb
b V d

σ
 ∆ ∆

∆ =   − 
              (7) 

 
where ΔT is the temperature difference between the 
process and the test, ΔC is the difference between 
the thermal expansion coefficients, VP is the volume 
fraction of reinforcing particles, and dP is the size of 
precipitates/secondary phase particles. The effect of 
the direct strengthening mechanism due to the 
presence of reinforcing particles on increasing 
strength (ΔσLoad) was investigated by Eq. (8) [35]  
ΔσLoad=0.5VPσm                                         (8)  
where σm is the yield strength of the matrix. The 
amount of strength enhancement caused by 
different mechanisms for the coatings without 
reinforcement and composite samples is presented 
in Table 5. On the other hand, the proportion of 
each reinforcement mechanism in increasing the 
strength of different samples is shown in Fig. 13.  
As is evident, the direct strengthening due to 
reinforcing particles, which did not play a role in 
strengthening the coating without reinforcement, 
was the most effective mechanism in the 
strengthening. Also, the strengthening by grain 
boundary was the second, and the strengthening 
mechanism due to the increase in the density of 
dislocations was the least effective mechanism in 
increasing the strength of the coatings. 

The strengthening mechanisms in composites 
were divided into two categories: direct and  
indirect [36]. Direct strengthening occurred as a 
result of the load transfer mechanism from the 
matrix to the reinforcing particles. However, 
indirect strengthening arose from microstructural 
changes due to the presence of reinforcing particles 
in the composite matrix. The strengthening during 

Table 5 Strength enhancement caused by different 
mechanisms for coatings without reinforcement and 
composite samples 

Sample 
No. 

Strength increment by different 
mechanisms/MPa 

Production of 
dislocations 
during FS 

Grain 
refinement 

Strengthening by 
reinforcement 

SS-0 123.1 56.3 0 

SS-10 151.2 69.4 77.4 

SS-20 171.4 78.3 91.3 

T6-0 111.2 51.2 0 

T6-10 143.5 71.23 70.3 

T6-20 161.7 79.31 80.0 

 

 
Fig. 13 Contribution of strengthening mechanism to 
predicted yield strength of different samples 
 
SPD and grain refinement, both exacerbated by the 
presence of reinforcing particles, were examples  
of indirect strengthening. The strain hardening 
strengthening mechanism was affected by the 
presence of reinforcing particles. Therefore, the role 
of reinforcing particles in increasing the strength of 
the composite should not be limited to direct 
strengthening, and its positive effect on other 
strengthening mechanisms should also be considered. 
 
4 Conclusions 
 

(1) In friction surface-treated AA6061-Cu(p) 

composite coatings fabricated with both types of 
consumable rods (T6 and solid solutionized), the 
temperature decreased during coating by increasing 
the mass fraction of copper powder. Also, the 
temperature during coating with the solid 
solutionized rod was much lower than that 
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fabricated by the T6 rod. 
(2) In the coating created with the solid 

solutionized rod, the width of the coating decreased 
by increasing the mass fraction of copper powder. 
However, in coating created with the T6 rod, with 
increasing the mass fraction of copper powder, the 
thickness and width of the coating decreased and 
increased, respectively. 

(3) The average grain size of the coating in the 
samples created with the solid solutionized rod was 
finer than that of the samples coated with the T6 
rods. The copper-rich particles in both coatings 
acted as nucleation sites of recrystallized grains 
through the PSN mechanism. 

(4) In the samples coated with the T6 rod, the 
number of particles that reacted with the aluminum 
matrix increased due to more uniform distribution 
and smaller size of copper-rich particles. 

(5) In the coatings created with the solid 
solutionized rod, by increasing the copper mass 
fraction from 0 to 20%, the coating’s hardness and 
shear strength increased from HV 105 to HV 138.5 
and 205 to 289 MPa, respectively, compared to the 
AA1050 substrate. Moreover, in the coatings 
created with the T6 rod, by increasing the copper 
mass fraction from 0 to 20%, the coating’s hardness 
and shear strength increased from HV 110 to 
HV 150.1 and 210 to 301 MPa, respectively, 
compared to the substrate. 

(6) The direct strengthening due to reinforcing 
particles played the most effective role in the 
strengthening. The strengthening by grain boundary 
was the second, and the strengthening mechanism 
due to the increase in the density of dislocations 
was the least effective mechanism in increasing the 
strength of the coatings. 
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1050 铝合金基板上 Al−Mg−Si−Cu(p)复合涂层的构建 
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摘  要：利用摩擦堆焊工艺在 AA1050 铝合金基板上制备铜颗粒增强 AA6061 铝合金基复合材料涂层。研究耗

材棒的增强相含量和预涂层热处理条件对涂层显微组织和力学性能的影响。结果表明，使用 T6 处理的耗材棒和

增加铜含量使摩擦堆焊过程的温度升高。随着铜粉含量的增加，使用经 T6 处理和固溶态耗材棒制备的涂层的平

均晶粒尺寸均减小，且与 T6 处理相比，用固溶态耗材棒制备的涂层的平均晶粒尺寸细 16%。当铜的质量分数增

加至 20%时，使用 T6 处理耗材棒和固溶态耗材棒制备的涂层的耐磨性分别比 AA1050 基板提高了 28%和 24%。

此外，使用 T6 处理和添加 20%铜(质量分数)的耗材棒制备的涂层的剪切强度、硬度和耐磨性分别比使用固溶态耗

材棒制备的涂层提高了 4%、8%和 5%。 

关键词：AA6061 基复合材料；摩擦堆焊；显微组织；预涂层热处理 
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