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Abstract 

   During the friction stir processing (FSP), the influence of the pre-implanted 

reinforced particles on the temperature field and the flow field of the processed zone 

directly determines the microstructure and properties of the aluminum matrix 

composites fabricated by FSP. However, the differences in the characteristics of 

processed materials, especially the effect of pre-implanted reinforced particles on the 

flow of plastic materials, have rarely been reported. In this study, the temperature field 

of the processed zone was obtained by experimental measurement and numerical 

simulation. The model of the effect of the SiC particles as reinforced particles on the 

temperature field and the flow field of the processed zone was established. The 

influence of the SiC particles on the flow of plastic materials during the FSP was 

further investigated. The refinement, particle size and distribution of the SiC particles 

in the processed zone of the FSPed multi-pass composites were also discussed in 

detail. The results showed that the temperature field at the contact interface between 

the SiC particles and the matrix in the processed zone was not continuously 

distributed. Due to the collision and hindrance of the reinforced SiC particles, the 

flow direction of plastic materials in the processed zone had been changed many 

times during the flow process. The particle size of the SiC particles has a significant 

effect on the flow path of the processed plastic material. 
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1. Introduction 

   Research reports show that some of the properties of composites fabricated by 

friction stir processing (FSP) are better than those of composites fabricated by 

conventional methods. The reinforced particles are not only uniformly distributed but 

also refined during the FSP. FSP has become an effective technology for surface 

modification of materials and fabrication of surface composites [1]. The 

microstructure and mechanical properties of the composites are directly affected by 

the process parameters of the FSP. Most of the previous efforts have focused on the 

development of process parameters to obtain sound composites. Salehi et al. [2]and 

Luo et al. [3] believed that the uniform distribution of reinforced particles could be 

achieved by optimizing the FSP parameters. The homogeneous and grain refinement 

imparted by FSP to the composites improves the strength and ductility of the 

composites[4]. A single-pass FSP is usually not enough to promote the uniform 

distribution of the reinforced particles. However, after multiple passes of FSP, the 

uniformity of the distribution of the pre-implanted reinforced particles generally 

improves as the number of FSP passes increases[5]. Mehdi et al. successfully 

fabricated aluminum matrix composite (AMC) using multi-pass friction stir 

processing (MPFSP) with nanoparticles SiC and investigated the microstructure and 

mechanical properties of multi-pass FSP/SiC of AA6082-T6[6]. Sivanesh et al. 

reported that multi-pass FSP improved the microstructure and phase composition of 

the processed zone so that the hardness, surface roughness, tensile strength and wear 

resistance of the processed material were improved[7]. Srivastava et al. also put 



forward similar views[8]. Javad et al. used the response surface method to evaluate 

the effects of processing parameters such as rotational speed, traverse speed, 

shoulder-to-pin diameter ratio, and number of friction stir processing passes on the 

microstructure and mechanical properties of composites[9]. 

    The thermal history and material flow during the FSP process are essentially 

determined by the process parameters of the FSP. Therefore, studying the effects of 

FSP process parameters is helpful to further understand and regulate the FSP process. 

A three-dimensional finite element based transient thermal model was used to predict 

the thermal history during friction stir processing of AA5052 by Chinalu et al. [10]. 

Nazanin et al. used DEFORM 3D finite element commercial package V.11 to simulate 

the effect of pin shape on temperature distribution, which provided a basis for tool 

structure optimization. [11]. To further enhance the understanding of the FSP process, 

Kayode et al. applied molecular dynamics (MD) to simulate FSP of aluminium alloy 

6061-T6 and explain the microscopic details of the thermodynamics that occur during 

the FSP process[12]. Compared with the finite element model, the friction model 

modified by Bahman et al. successfully simulated the partial sliding/sticking 

condition and made the stress patterns consistent. In addition, they successfully 

predicted the material flow, heat flux, equivalent plastic strain and temperature 

distribution of the material[13]. In order to better understand the effect of process 

parameters on temperature gradients, Shamanian et al. established a 3D 

thermo-mechanical model based on the finite element method to study the evolution 

of the microstructure and mechanical properties of the processed materials due to 



changes in process parameters[14]. 

    The thermal cycle associated with the FSP determines the generation of different 

microstructures, which results in different mechanical properties of the composites. To 

better develop post-processing cooling control, the development of complex mixed 

microstructures of processed materials under controlled conditions was studied by 

Avila et al.[15]. Stubblefield et al. adopted a fully coupled thermo-mechanical 

meshless approach to simulate and analyze a solid-state layer-by-layer additive 

manufacturing process and revealed temperature and strain rate gradients across the 

entire deposition process[16]. Arora et al. developed a heat flow model to simulate the 

temperature history during FSP of magnesium alloys, and the temperature history was 

further utilized for the estimation of grain growth rate and final average grain size of 

the FSPed specimen[17]. The published literature reports mainly focus on the thermal 

history of the matrix, but there are few reports on the effect of reinforced particles on 

the temperature field when FSP is used to prepare particle-reinforced composites[18]. 

    The formation of the microstructure of the processed material is not only affected 

by the thermal history but also directly related to the flow of the material during the 

FSP. Therefore, material flow during the FSP is one of the research focuses currently. 

Tutunchilar et al. used DEFORM-3D software to develop a 3-D Lagrangian 

incremental finite element method (FEM) simulation of FSP. They extracted 

three-dimensional results of material flow patterns in the center, advancing side(AS) 

and retreating side(RS) using the point tracking method, and predicted the stir zone 

shape, defect types, powder agglomeration, and temperature rise [19]. Mishra et al. 



performed a simulation analysis using finite element methods focusing on superplastic 

forming in the FSP process and calculated the pressure schedule, the overall forming 

time and the final thickness distribution in the formed component[20]. A procedure 

combining computational fluid dynamics modeling/Monte Carlo simulation was 

implemented to predict grain refinement during FSP of an Al–Mg alloy by 

Khodabakhshi et al.[21]. Hamilton et al. established a coupled numerical model for 

the FSP of AlSi9Mg aluminum alloys using a tool without a pin. They investigated the 

flow patterns and temperature distribution of the processed material and further 

elaborated the relationship between the thermal history and material flow during the 

FSP [22]. There are obvious differences in mechanical and thermal properties between 

reinforced particles and matrix, but the differences between reinforced particles and 

matrix are often ignored in previous studies. Therefore, further study is needed taking 

into account the different characteristics of the processed materials, especially the 

influence of pre-implanted reinforced particles on the flow of plastic materials. 

   Based on literature, it is clear that the process variables of FSP vary with the 

changes of the processed material and that the perfect combination of FSP process 

variables controls the refinement and uniform distribution of the pre-implanted 

reinforced particles. In the early studies, the influence of process variables on the 

microstructure and properties of FSPed composites has been extensively studied. 

However, due to the characteristics of the processed material, especially 

pre-implanted reinforced particles, the effects on the flow of plastic materials are 

rarely reported. Thus, this study established a model of the influence of SiC particles 



as reinforced particles on the temperature field and flow field of the processed zone 

and investigated the influence of SiC particles on the flow of plastic materials during 

the FSP. This study also discussed the particle refinement in detail, as well as the size 

and distribution of SiC particles in the processed zone of the FSPed multi-pass 

composites. 

2. Experimental 

    The commercial AA6061 aluminium alloy sheets with the size of 200 × 200 × 8 

mm3 were selected as the matrix in the FSP experiment, and the chemical composition 

of AA6061 aluminium alloy is listed in Table 1. Some small holes with a diameter of 

3mm and a depth of 5mm were drilled on the surface of the AA6061 aluminium alloy 

sheets along the FSP direction, and the interval between holes was 5 mm, as shown in 

Fig. 1. The β-SiC particles were filled in the holes and compacted before the surface 

composites fabricated via FSP. The average particle size of the β-SiC particles used in 

this experiment is 40μm, and the purity is more than 99%. The volume fraction of the 

SiC particles in the particle-reinforced composites was calculated using the following 

expressions[23]: 

  
  100

       

Volume of holes
Actual volume fraction

Projected area of tool pin Length of aluminum plate

 
          (1) 

The volume fraction of the SiC particles is 17.41 %. A portion of mechanical and 

physical properties of the AA6061 aluminium alloy and β-SiC particle are shown in 

Table 2[24,25] . 

   An integrated tool made of H13 steel was selected as the FSP tool for the 

experiment in this study. The design diagram for the tool is shown in Fig. 2. In order 
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to study the influence of FSP parameters on the heat input in the FSP process, the 

K-type thermocouple was used to measure the instantaneous temperature of the 

work-piece in this paper. The thermocouples used in the experiment were compared 

and calibrated by using the double probe technique and standard thermocouples. A 

number of temperature detection points were set in the interior of the work-piece to be 

processed, and a small hole with a diameter of 1.5 mm and a depth of 2.7 mm was 

drilled at each detection point. Before the FSP experiment, the K-type thermocouple 

was put into the small hole, and then the thermocouple in the small hole was fixed 

with high-temperature solid adhesive to prevent the thermocouple from falling off due 

to vibration during the FSP. The schematic diagram of the thermocouple placed on the 

cross section of the work-piece was shown in Fig. 3. The AA6061 aluminum alloy 

added with SiC particles was subjected to 4 passes of FSP with different parameters. 

The FSP parameters are listed in Table 3. 

3. Numerical modeling 

During the FSP, the temperature of the material in the processed zone on the 

work-piece is changing all the time. Assuming that the processed material has 

isotropic properties, then the governing equation describing the transient temperature 

field T（x, y, z, t） of the processed zone can be expressed as[26]: 

        

2 2 2

2 2 2
( ) 0x y z

T T T T
c k k k Q

t x y z
    

    
   

                    （2）

where ρ indicates the density of the material（kg/m3）; c represents the specific heat 

capacity of the material（J/(kg·K)）；T is thermodynamic temperature（K）；t is time

（s）；kx, ky and kz are the heat conductivity coefficient（W/(m2·K)）of the processed 



material along the direction of x，y and z respectively. Q =Q（x, y, z, T）indicates the 

heat source density（W/m3）inside the processed work-piece. In addition, ρ、c、kx、

ky and kz are all functions of temperature.  

Both the processed work-piece and the FSP equipment are at room temperature 

before the FSP is carried out. In the FSP process, the time when the tool just touches 

the work-piece is defined as the initial time of analysis and calculation, and the 

temperature distribution at the initial time is regarded as the initial condition of 

analysis and calculation[27], namely: 

             0 0( , , , ) ( , , )tT x y z t T x y z                                 （3）

where T0（x, y, z） is the temperature distribution of the work-piece in the initial state 

(t = 0), that is, the ambient temperature. 

The heat flux boundary conditions at the contact surface of the shoulder and pin of 

the tool with the processed work-piece are shown as follows:  

           ( , , , )w

T
k q x y z t

n 





                                    （4） 

where k represents the thermal conductivity of the processed material; qw（x, y, z, t） 

indicates the heat flux function of the contact surface Γ; n is the cosine of the outer 

normal direction at any point on the surface Γ. 

The boundary conditions for the thermal convection between the work-piece and 

the air (or other surrounding fluids) and between the work-piece and the backing plate 

are expressed as: 

                 ( )w f

T
k T T
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                                     （5） 

where γ represents the thermal convection coefficient; Tw indicates the temperature of 

the surface of the processed work-piece; Tf is the temperature of the backing plate and 

the air (or other surrounding fluids). 



   During the FSP, the continuous flow of plastic materials follows the mass 

conservation equation, which is expressed in differential form as: 

        0
u v w

x y z

  
  

  
                                        （6） 

where u, v and w are the velocity components of the plastic material flow in the x, y 

and z directions, respectively. 

   According to Newton’s second law, the momentum equations (Navier-Stokes 

equations) of plastic materials along the x, y, and z directions can be deduced as 

follows: 
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where V represents the flow velocity of the plastic material, V0 represents the velocity 

of the tool, ▽means gradient operator, G indicates gravity,  indicates the strain rate 

of plastic material, η is the viscosity coefficient of the non-Newtonian fluid. 

   According to Fourier's law of heat conduction and the principle of conservation  

of energy, and then introducing shear stress, the energy conservation equation with 

temperature T as the variable can be deduced as follows: 

cTu cTv cTw T T T
k u k v k w

x y z x x y y z z

                                        
   （9） 

In this paper, it is stipulated that the processed material follows the Von. Mises 

yield criterion and related flow laws. The results of  research show that the viscosity 

coefficient of plastic materials is related to temperature and strain rate and it can be 



calculated by the following equation[24,28]:  
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                （10） 

Where A，β and  are constants related to materials; E is activation energy; R means 

universal gas constant. The constants and properties of the material were determined 

according to the literature and related experimental results, as shown in Table 4[24, 

29]. 

   At present, there is no published report about the accurate study of the temperature 

field and flow field when the reinforced particles were implanted in the aluminum 

alloy by slotting or perforating. If the material in the processed zone in the FSP 

process was treated as a composite material, it would not be much different from the 

FSP of a single material, and it was difficult to accurately determine the physical 

parameters of the material in this zone. However, for the micro local processed zone, 

the FSP process of the reinforced particle and the matrix is actually the FSP process of 

dissimilar materials. Therefore, this paper borrowed the physical model of friction stir 

processing of dissimilar materials to study the temperature field and flow field of the 

reinforced particles and matrix in the FSP process. The average particle size of the 

β-SiC particles used in this experiment is 40 μm, but such small particles can not be 

established in the simulation model. In addition, the influence of the reinforced 

particles with too small particle sizes on the temperature distribution may not be 

significantly displayed due to their sizes too small. In order to clearly show the 



influence of β-SiC particles on the temperature field in the FSP process, the particle 

size of β-SiC particles was enlarged properly in the simulation. Assume that the initial 

particle size of SiC particle is 1mm (particle A), and its particle size is refined to 

0.5mm (particle B) after FSP, as shown in Fig. 4. 

4. Results and discussion 

4.1. The temperature field of the aluminum matrix surface composites fabricated by 

FSP 

   Fig. 5 described the temperature distribution on the surface and cross section of 

the work-piece when the SiC particle reinforced aluminum matrix surface composites 

were fabricated by FSP. On the upper surface of the work-piece, the temperature 

distribution is asymmetry, that is, the temperature on the AS is slightly higher than the 

temperature on the RS, as shown in Fig. 5 (a). The reason for the asymmetry of the 

temperature distribution on the surface of the work-piece is that the surface of the tool 

between the tool and the processed material moves at a higher relative speed and a 

higher shear rate on the AS than that on the RS. This leads to an increase of heat 

generated between friction surfaces, so the temperature on the AS of the tool is higher 

than that on the RS. Fig. 5 (b) shows the distribution of temperature on the cross 

section of the processed zone perpendicular to the direction of travel of the tool, 

which further illustrates that the distribution of the internal temperature of the 

work-piece is also asymmetrical consistent with that on the surface of the work-piece. 

The specific heat capacity of the AA6061 aluminum alloy and SiC is significantly 

different, and the thermal conductivity of the two materials is also significantly 



different, as shown in Table 2. This difference results in a significant difference in the 

temperature rise and heat conduction between AA6061 aluminum alloy and SiC 

during FSP, so that the distribution of temperature around the SiC particles in the FSP 

processed zone is significantly different from that of the AA6061 aluminum alloy, as 

shown in Fig. 5 (c). The local abrupt change of temperature distribution is similar to 

the discontinuous change of temperature at the interface of dissimilar metals during  

the friction stir welding (FSW) . 

    Fig. 6 shows the comparison between the real-time temperature and the 

temperature of simulated calculated at the detection point on the work-piece during 

the FSP. The difference between the two results was small and both reflected the same 

change law of the temperature at the detection point, which confirmed that the 

established FSP model was reasonable, and the results of simulation could illustrate 

the actual distribution of the temperature in the FSP process. It is worth noting that the 

simulated temperature is slightly higher than the measured temperature. This is 

mainly because in the simulation calculation, it is assumed that the reinforced 

particles and the matrix are compacted and pore-free, while in the actual FSP process, 

there are pores between the SiC particles as well as between the SiC particles and the 

matrix. The existence of pores reduces the initial density of the processed zone, which 

leads to the weakening of the friction stirring effect between the processed material 

and the tool. Therefore, the heat generated by friction stirring is naturally reduced, so 

the measured temperature is slightly lower than the simulated temperature. 

   It is particularly emphasized that in order to show the effect of the pre-implanted 



reinforced particles on the temperature distribution during the FSP more clearly, the 

particle size of the pre-implanted reinforced particles in the simulation model is much 

larger than the particle size of the reinforced particles in the actual FSP process. The 

size of the pre-implanted reinforced particles will affect the temperature at the specific 

detection point, but it has no effect on the revealed temperature distribution and the 

trend of temperature changes. Therefore, the results of simulation can accurately 

clarify the distribution of temperature during the FSP and the influence of 

pre-implanted reinforced particles on the distribution of temperature. 

4.2. Refinement and distribution of the SiC particles in the FSP processed zone 

   As mentioned earlier, there was a difference in the temperature between the SiC 

particles and the matrix, which resulted in a difference between the degree of 

deformation and flow velocity of the SiC particles and the matrix. This difference 

made the particle size and distribution of the SiC particles changed with the change of 

FSP parameters. Fig. 7 shows the microstructure of the processed zone of the surface 

composites fabricated by four-pass FSP. The white phase in the Figs is SiC particle. 

The SiC particles were dispersed throughout the processed zone and the SiC particles 

were fragmented and redistributed. When the rotational speed and traverse speed of 

the tool were relatively slow, the particle size of the SiC particle was larger and 

unevenly distributed (Fig. 7 (a)). The SiC particles were significantly refined and 

uniformly distributed as the rotational speed of the tool increased ((Fig. 7 (b)). 

However, when the rotational speed of the tool was too fast, the size of the SiC 

particles became larger again and the distribution was not uniform (Fig. 7 (c)). In 



addition, increased the travel speed of the tool also resulted in an increase in the size 

of the SiC particles and a decrease in the uniformity of the distribution (Fig .7 (d)). 

Prater et al. reported that the strong effect of stirring of the tool and the severe plastic 

strain of the processed material caused the ceramic particles to refine and lead to 

changes in their size and shape[30].During the FSP, the tool is not only traversing 

relative to the work-piece, but also rotating at high speed. These movements lead to 

serious plastic deformation, crushing, stirring, mixing and refinement of the processed 

material in the processed zone.  

   In addition, the SiC particles became core-shell structured particle due to the 

diffusion phenomenon between the particles and the matrix, where the shell was the 

diffusion layer[31], as shown in Fig. 8 (a). This difference in structure leads to 

obvious differences in the deformation and flow rate of the SiC particles and the 

matrix in the FSP process, and this prevents the SiC particles from flowing 

synchronously with the matrix. In the subsequent flow process, the SiC particles were 

refined due to the influence of various forces, as shown in Fig. 8 (b). Since the SiC 

particles continue to be applied with unbalanced forces after being broken, they were 

further refined and dispersed, as shown in Fig. 8 (c). The refined and dispersed SiC 

particles were enveloped by the plastic matrix material and then flow. The flow 

velocity of the SiC particles was slower than that of the matrix during the entire FSP 

process. As the FSP process continues, a part of the SiC particles that had been refined 

would be refined again according to the process shown in Fig. 8. At the same time, 

due to the discontinuous temperature distribution and the structural difference, the 



flow velocity of the SiC particles during the entire FSP process was lower than that of 

the matrix, which further promoted the uniform distribution of the refined SiC 

particles in the processed zone. With the increase of the pass number of FSP,  the 

degree of refinement and homogenization of SiC particles also increases. At the same 

time, the defects such as micropores and holes in the processed zone are also reduced 

accordingly [32]. 

4.3. Effect of the SiC particles on the flow path lines of particles of the processed 

material 

   The particle size and distribution of the SiC particles were the final result of 

deformation and flow of the SiC particles. The result was directly determined by the 

flow status of the SiC particles and the matrix during the FSP. In order to observe the 

flow of the SiC particles and matrix during the FSP, the flow path lines of the particles 

of processed material in the FSP process were observed on the basis of the simulation 

results of the temperature field, as shown in Fig. 9.  Fig. 9 describes the flow 

path lines of the processed material particles during the fabrication of SiC particle 

reinforced aluminum matrix surface composite by FSP. The different colors of the 

flow path lines were used to distinguish different material particles. The value of the 

color bar on the left side of the figure was used to indicate the ID of the material 

particles. Fig. 9 (a) shows the flow path lines of the material particles around the A, B 

particles and the tool, while the flow path lines of the material particles around the A, 

B particles and on the surface of the pin are mainly described in Fig. 9 (b). Figs. 9(a) 

and (b) both show that the flow path line of the processed material particle presents a 
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complex three-dimensional spatial curve during the FSP. This is mainly due to the 

forced movement of the particles caused by the effect of friction and stirring applied 

by the tool and the effect of collision with other material particles during the flow 

process. 

   In particular, the flow path lines of the processed material particles around the SiC 

particles had been changed many times, as shown in Fig. 9 (b). In order to more 

clearly clarify the influence of the pre-implanted SiC particles on the flow path lines 

of the surrounding processed material particles during the FSP, the processed material 

particles around the A and B particles were directly selected as the research object 

based on Fig. 9. In the process of flow, the flow direction of the processed material 

particles was changed many times due to the collision and obstruction of A and B 

particles, tool surface and surrounding particles of processed material. After the 

particles of processed material left the A and B particles, the flow direction of this part 

of material particles was forced to change again during the subsequent flow process 

because of the collision and obstruction of the surrounding particles of processed 

material, as shown in Fig.10. 

   In addition, the particle sizes of A and B particles are much larger than that of 

matrix materials, which leads to the flow velocity of the A and B particles to be 

slower than that of the surrounding plastic material particles during the FSP. In the 

process of being entrapped by the surrounding plastic material to flow, the obstructive 

effect of the A and B particles force the flow direction of the surrounding plastic 

material to change, and the degree of change varies with the change of FSP 
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parameters, which ultimately affects the particle size and distribution of the processed 

material particles , as shown in Fig. 7. Since the flow of plastic materials is affected 

by the collision and obstruction of the reinforced particles, the flow path lines of 

plastic materials with pre-implanted reinforced particles are more complex than that 

of plastic materials without pre-implanted reinforced particles during the FSP. 

   It should be pointed out that in order to clearly show the influence of the 

reinforced particles on the flow path lines of the material particles during the FSP, the 

particle sizes of the A and B particles were magnified many times in the simulation. 

However, in the actual FSP process, the particle size of SiC particles became very 

small after being refined and flowed together with the matrix, that is, the refined 

reinforced particles became a part of the complex flowing material flow shown in 

Figs. 9 and 10. Therefore, the flow path lines in Figs. 9 and 10 not only shown the 

flow trajectory of the matrix but also reflected the flow trajectory of the refined SiC 

particles. 

   The influence of A and B particles on the flow path lines of the surrounding plastic 

material indicated that the difference in the properties of the two materials resulted in 

the difference in flow velocity between the particles of two materials during the FSP 

of the dissimilar materials. In other words, the collision and obstruction of one kind of 

material particles would inevitably change the flow direction of another kind of 

material particles, which made the flow path lines of the material particles in the 

processed zone more complicated, as shown in Figs. 9 and 10. The more complicated 

the flow path lines of the particles of processed material became, the more fully the 
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processed material was stirred and mixed in the processed zone, which was beneficial 

to the more uniform distribution and densification of the particles of different phases 

in the surface composites fabricated by FSP. Therefore, the suitable selection of 

reinforced materials and FSP process parameters is the key factor to regulate the 

quality of FSP processed zone. 

   In order to further investigate the influence of the particle size of the reinforced 

particles on the flow path of the processed plastic material, in the next experiment 

under the condition that the other process parameters unchanged, the particle size of 

the reinforced particle A was reduced from 2mm to 0.4mm and modified its name to C 

particle. At the same time, the particle size of the reinforced particle B was reduced 

from 1mm to 0.2mm and its name is modified to D particle. Fig. 11 depicts the flow 

path lines of the processed material particles around the surface of the pin and the 

reinforced particles. Fig. 12 shows the results of the simulation analysis when only the 

effects of particles C and D are considered. According to Figs. 11 and 12, under the 

same conditions of other process parameters, with the decreases of particle size of 

reinforced particles, the influence of reinforced particles on the flow path of the 

processed plastic material is correspondingly decreased. This is mainly due to the 

difference in flow velocity between the reinforced particles with a smaller particle 

size and the plastic material is reduced, so that the obstacle of the reinforced particles 

to the flow of the plastic material is reduced. In addition, the reduction of in the size 

of the reinforced particles also reduces the frequency of the particles being collided by 

other material particles. It should be emphasized that the influence of the particle size 
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of reinforced particles on the flow path of the processed plastic material depends on a 

variety of factors, such as the rotational speed and traverse speed of the tool, the types 

of the processed materials and the reinforced particles, the structure and size of the 

tool, etc. Therefore, the influence of the reinforced particles on the flow path of the 

processed plastic material is a result of a comprehensive influence of multiple process 

parameters. According to the above-mentioned analysis, after the reinforced particles 

are refined, the process parameters must be optimized in order to make the reinforced 

particles evenly distributed in the matrix. For example, multi-pass FSP schemes with 

different process parameters are used[6]. 

5. Conclusions 

   In this study, the aluminum matrix composites was fabricated using 6061 

aluminum alloy plate as the matrix and SiC particles as the reinforced particles by 

FSP technology. The effects of pre-implanted SiC particles on the temperature field 

and the flow field of the processed zone was studied. The results could be 

summarized as follows: 

(1) The combination of process variables controls the temperature field and the flow 

field in the fabrication of SiC particle reinforced aluminum matrix surface 

composites by FSP, and it determines the refinement and uniform distribution of 

the SiC particles. The optimum process parameters in this experiment are: ω = 

950 rpm, u = 60 mm/min. 

(2) The specific heat capacity and thermal conductivity between the 1060 aluminum 

and the SiC are significantly different, which results in the temperature field at 



the interface between SiC particles and the matrix in the FSP processing zone 

present a discontinuous distribution, and also causes a difference in the flow 

velocity between the SiC particles and the matrix. 

(3) The flow direction of the plastic material changes several times due to the 

collision and hindrance of the reinforced SiC particles. The particle size of the 

SiC particles has a significant effect on the flow path of the processed plastic 

material. Selecting appropriate process parameters is beneficial to the refinement 

and uniform distribution of the processed material particles. 
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Figures

Figure 1

Schematic illustration of the friction stir process.

Figure 2

Design drawing of the FSP tool made of H13 steel (mm).

Figure 3

Schematic diagram of the placement of thermocouples on the cross-section of the work-piece during the
FSP (mm).

Figure 4

Schematic diagram of SiC particles distribution in FSP simulation model.



Figure 5

The distribution of temperature of the work-piece during the FSP: (a) Temperature distribution on the
upper surface of the work-piece; (b) Temperature distribution on the cross-section of the work-piece
perpendicular to the direction of travel of the tool; (c) Temperature distribution on the cross-section of the
work-piece parallel to the direction of travel of the tool.

Figure 6

The change curves of the simulated temperature and the measured temperature at the detection point
during the FSP.



Figure 7

The morphology of the processed zone of the SiC particle-reinforced aluminum matrix surface
composites fabricated with different process parameters.

Figure 8

Schematic diagram of the re�nement process of the SiC particle.



Figure 9

Flow path lines of the processed material particles during the FSP: (a) Flow path lines of the processed
material particles around the surface of the tool and the reinforced particles; (b) Flow path lines of the
processed material particles around the surface of the pin and the reinforced particles.

Figure 10

Flow path lines of the processed material particles around the surfaces of particles A and B.

Figure 11

Flow path lines of the processed material particles around the surface of the pin and the reinforced
particles.



Figure 12

Flow path lines of the processed material particles around the surfaces of particles C and D.


