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Abstract: Friction stir welding was used to join two aluminum 6061-T6 plates with an insert of a pure copper plate (Al/Cu/Al), and 

then the influence of the copper insert on the joint performance was studied. The dissimilar welding results were also compared with 

AA 6061 friction stir welds produced without copper insert (Al/Al). Optical and scanning electron microscopes were used for the 

microstructural observations of the welded samples. X-ray diffraction analysis was used to analyze phase component of the Al/Cu/Al 

specimen. A defect-free joint was observed for the Al/Cu/Al joint at a rotational speed of 950 r/min and a welding speed of       

50 mm/min. Microstructural observation of the weld nugget zone (WNZ) demonstrates the formation of composite-like structure 

which promotes metallurgical bonding of aluminum and copper. XRD results show the formation of intermetallic compounds (IMCs), 

such as Al4Cu9 and Al2Cu. Furthermore, it was observed that the hardness of the weld with the Cu insert plate is higher than that of 

other samples due to more dislocation density and a distinct rise in hardness values was observed due to the presence of IMCs. The 

ultimate tensile strength of the joint with copper insert plate is higher than that of the other sample due to the strong metallurgical 

bonding between Al and Cu. 
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1 Introduction 
 

Aluminum and copper have been extensively 

utilized as industrial structure materials due to their 

distinctive properties, such as formability and ductility, 

corrosion resistance, heat transfer and electrical 

conductivity [1,2]. Aerospace, automotive and electronic 

industries have used numerous mixture components 

specifically for the aluminum/copper (Al/Cu) metallic 

combination which proves the significant mechanical 

properties [3,4]. However, a dissimilar joining of 

aluminum and copper is commonly problematic due to 

excessive dissimilarity in their physical and chemical 

properties [5−7]. Fusion welding technique has been 

used to create dissimilar joint between Al and Cu, but 

some problems happened such as solidification cracking, 

oxidation and formation of the undesirable amount of 

brittle Intermetallic compounds (IMCs) due to the high 

chemical affinity between Al and Cu, which resulted in 

poor mechanical properties [8−12]. Thus, some welding 

techniques such as explosive welding [13,14], diffusion 

bonding [15,16] and friction stir welding (FSW) have 

been established as unconventional welding methods for 

creating a joint between Al and Cu. FSW is a solid-state 

welding process developed by the welding institute  

(TWI) [17], which has been employed for welding of 

similar and dissimilar materials [18−25]. Generated 

temperature in this welding process is lower than the 

metal melting point which makes this method as a good 

candidate for welding dissimilar materials. Formation of 

the joint without any melting reduces the problems that 

occurs in the fusion welding. Therefore, many recent 

investigations have been done on the application of FSW 

in dissimilar joining between Al and Cu. 

AKINLABI [26] studied the effect of welding 

parameters on the mechanical properties of joints 

between 5754 aluminum alloy (AA) and C11000 copper 

(Cu) generated with the friction stir welding process. He 

investigated the tensile strength using different welding 

parameters such as tool size, rotational speed and 

traverse speed. The results indicated that the joint created 

had joint efficiency of 86% when the rotation rate is  

950 r/min and feed rate is 50 mm/min with the 18 mm 
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shoulder diameter tool, which can be satisfactory for 

design objectives. The X-ray diffraction analysis 

revealed the presence of Al4Cu9 and Al2Cu intermetallics 

at the stir zone. AKINLABI [26] also reported that a 

good material flow was obtained in welds generated at 

lower feed rate owing to high heat generated whereas the 

welds created at high feed rates led to worm hole defect 

formation. LIU et al [27] investigated the microstructural 

and mechanical properties in the friction stir welded 

5A06 aluminum alloy to copper (T2). They found that 

the maximum ultimate tensile strength (UTS) obtained in 

FS welds of aluminum and copper was approximately 

296 MPa when the tool rotational speed is 950 r/min, and 

the feed rate is 150 mm/min. XUE et al [28] studied the 

microstructural and mechanical properties of friction stir 

welded aluminum/ copper joints. It is observed that FSW 

Al/Cu joints failed in the HAZ of the Al side with a 13% 

of elongation. The yield strength and the ultimate tensile 

strength (UTS) were ~80% and ~90% of the Al base 

material respectively. However, in some specimens the 

fracture was located in particle-rich zone (PRZ), and the 

UTS was nearby 210 MPa which was much higher than 

Al base metal. LI et al [29] investigated the 

microstructural and mechanical properties in the friction 

stir welded 1350 aluminum alloy to pure copper. They 

reported that the hardness increased obviously in the stir 

zone due to the strengthening effect of the Al/Cu 

intermetallic compounds. Furthermore, they observed 

that the hardness at the lower region of the nugget zone 

is mostly higher than other regions owing to the intense 

stirring action of the tool pin which led to recrystallized 

grains. The UTS of the dissimilar joint was 152 MPa 

with 6.3% elongation, and the joint fractured in a 

ductile−brittle mixed fracture mode. AKINLABI      

et al [30] studied the influence of heat input on the 

mechanical properties of joints between aluminum and 

copper generated with the friction stir welding process. 

The joints were fabricated using different welding 

parameters in order to vary the heat input to the welds. 

The microstructural observation revealed that good 

metallurgical bonding was achieved at the joint 

interfaces of the welds produced. Higher Vickers 

microhardness values were observed at the joint 

interfaces resulting from strain hardening and the 

existence of intermetallics. 

The purpose of the study is to introduce a new 

approach to the welding processes by incorporating 

characteristic features of composite structures with the 

similar weld joints. In order to fulfill this aim, the new 

approach of using Al/Cu/Al dissimilar weld joint has 

been utilized. Throughout this work, most of the 

references were made based on the dissimilar joining of 

Al and Cu. It has been thoroughly outlined that the 

mechanical properties of such welds are superior in 

terms of its tensile strength. However, the usage of this 

particular kind of welds is uncommon within the 

industries. On the other hand, Al/Al FSWed joint has 

been used for industrial application, especially in the 

circle of automotive and aerospace engineering. From 

our study, the similar Al/Al FSWed joint can be replaced 

with Al/Cu/Al joint for more optimum performance; 

since dissimilar joints have been proven to possess 

enhanced properties compared with similar joints and 

thus, will be able to withstand the loading conditions that 

these components will be subjected to on the field. 

Consequently, the essence of this study is to merge   

the desirable features of dissimilar welding with  

similar welding, which has more applications in the 

industries. 

This work deals with the FSW process of AA6061 

plates with and without the presence of copper inserts 

between the adjoining plates. Microstructure and 

mechanical analyses were performed to assess the 

influence of the copper insert on the joint performance. 

Many researchers have employed the FSW technique to 

weld similar and dissimilar materials, but this study 

presents a combination of the welding of two similar 

material plates (AL6061-T6) with a different material 

plate (copper) between them, by which a similar 

technique was conducted before using FSW as a weld 

marker technique for flow visualization in FSW, but 

there is a no attempt to investigate the mechanical 

properties. The hybrid welded sheet can be used in 

processes where higher tensile strength is required. 

The properties of a joint, generated by FSW are 

directly related to the material flow around the tool. 

Several flow visualization studies in FSW have been 

conducted using a weld marker technique. This technique 

is based on the use of marker materials for tracing the 

material flow during welding. SCHMIDT et al [31] 

studied flow visualization in butt friction stir welds in 

AA2024-T3 via introducing a thin copper strip between 

the workpieces as a marker material as shown in Fig. 1. 

The material flow is visualized via the distribution of the 

Cu particles in the stir zone. SEIDEL et al [32] observed 

the visualization of the material flow in AA 2195 friction 

stir welds using a marker insert technique. AA5454-H32 

thin strips were inserted into the faying surface of the 

two plates to be welded. Result shows the full 

three-dimensional plots of the distorted markers 

description which affords a good qualitative description 

of material flow in this welding. Moreover, 

DICKERSON et al [33] used a weld marker technique 

for flow visualization. Copper strips of 0.1 mm in 

thickness were inserted as a marker material in various 

series of aluminum alloys. 
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2 Experimental 
 

The materials studied were 6061-T6 aluminum 

alloy and pure copper (T2), both with thickness of 5 mm. 

The chemical compositions of the Al and Cu are listed in 

Tables 1 and 2. The dimensions of Al plates were    

150 mm × 75 mm, and the Cu plate was cut into     

150 mm × 1 mm. Additionally, pure copper was annealed 

at approximately 700 °C and maintained for 1 h and then 

cooled in air. The oxide film on the surfaces of the sheets 

was removed using grit paper and then cleaned via 

acetone. A cylindrical tool pin with thread was produced 

from H13 steel with a shoulder diameter of 16 mm, a pin 

diameter of 5 mm, and a pin length of 4.8 mm [34,35]. 

Vertical milling machine was used to generate samples. 

The joints were fabricated at a rotational speed of    

950 r/min and feed rate of 50 mm/min, and tilt angle of 

the tool was 3°. FSW parameters and tool specification 

used in this study are listed in Table 3. The specimens 

were cut perpendicular to the direction of welding. For 

microstructural observation, the specimens were ground 

down using 12 series abrasive papers from 150 to 2000 

grit and then were etched in the etching solution which 

included 25 mL EtOH + 35 mL HNO3 +25 HCl +3 mL 

HF. Optical microscopy (OM) and field emission 

scanning electron microscopy (FE-SEM) were used to 

carry out microstructural characterization. The phase 

component was characterized by X-ray diffraction (XRD) 

using Cu Kα radiation at 40 kV and 30 mA. The Vickers 

microhardness test was applied at upper, middle and 

lower regions of the cross section with a load of 50 g for 

15 s. The tensile test was performed using the universal 

testing machine (AG−5000A). In addition, as 

demonstrated in Fig. 2, the pure copper plate was placed 

between 6061-T6 aluminum plates and the tool pin was 

located in the middle of the multilayer plates, and Fig. 3 

shows the shape and dimension of the used tool. 

 

3 Result and discussion 
 

3.1 Macrostructure of joints 

The surface appearance of the joint is shown in  

Fig. 4(a) which illustrates a defect-free surface without 

any crack or hole and groove. Also, the machined surface 

of the joint illustrates same features as shown in Fig. 4(b). 

However, defect-free joint can be obtained by controlling 

welding parameters such as rotational rate of the tool, 

welding speed and dwell time of the tool. For achieving 

perfect joint, the high rotational speed of the tool and low 

welding speed are generally needed. Consequently, the 

surface defects were observed at rotational speeds less 

than 800 r/min and a feed rate more than 80 mm/min, 

which cannot generate enough heat input to achieve good 

 

 

Fig. 1 3D CT model of sample with different transparencies (Gray is aluminium and yellow is copper): (a) Half transparency; (b) Full 

transparency; (c) Top view [31] 

 

Table 1 Chemical composition of 6061-T6 aluminum alloy (mass fraction, %) 

Mn Fe Mg Si Cu Zn Ti Cr Al 

0−0.15 0−0.70 0.80−1.20 0.40−0.80 0.15−0.40 0−0.25 0−0.15 0.04−0.35 Bal. 

 

Table 2 Chemical composition of copper (T2) (mass fraction, %) 

Cu + Ag Fe Bi Sb As Pb S 

99.90 0.005 0.001 0.002 0.002 0.005 0.005 

 

Table 3 FSW parameters and tool specification used in this study 

Tool rotational 

speed/(r∙min−1) 
Welding speed/ 

(mm∙min−1) 
Tool tilt 

angle/(°) 
Tool shoulder 

diameter/mm 
Tool 

material 
Tool hardness 

(HRC) 
Pin length/ 

mm 
Pin 

diameter/mm 
Pin 

profile 

950 50 3 16 H13 55 4.8 5 
Cylindrical 

with threads 
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Fig. 2 Schematic diagram of Al/Cu/Al dissimilar FSW 
 

 

Fig. 3 Dimension and shape of FSW tool pin (unit: mm) 
 

 

Fig. 4 Macrograph of weld (Al/Cu/Al) surface: (a) Weld appearance; (b) Machined surface of weld 
 

material flow for generating defect-free joint [26,27,36]. 

Moreover, dwell time of the tool is an essential factor to 

achieve a sufficient heat input. However, very high 

rotational rate leads to an extreme heat input level, which 

causes the grains to grow on the structure of the joint and 

increases the amount of intermetallic compound at the 

Al−Cu interface which results in undesirable mechanical 

properties [36]. Furthermore, the tool shaking was 

another problem during welding process which could be 

unconcerned via the annealing softening of the copper 

plate before FSW [37]. 

Figures 5(a) and (b) show the macrostructures of the 

nugget zone of the FSW joints with and without the 

copper insert plate, respectively. According to Fig. 5(a), 

there are no defects, such as cavities and cracks in the 

cross-sectional macrograph showing perfect mixing 

between Al and Cu. Mostly, Cu particles were found on 

the advancing side of the joint as shown in Fig. 5(a). The 

mixed structure of the Al−Cu was observed in the  

nugget zone which was called intercalation swirls. The 

 
Fig. 5 Macrostructures of cross section of joints: (a) Al/Cu/Al; 

(b) Al/Al at WNZ 

 

usual cross section of the weld indicates obviously 

differently affected zones in both samples, such as stirred 

zone (SZ), heat affected zone (HAZ) and thermo- 

mechanically affected zone (TMAZ). Additionally, the 
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typical onion ring pattern was shown in the nugget zone 

due to good material flow, which illustrates enough heat 

input [38]. 

 

3.2 Microstructure of Al/Cu/Al joint 

Figure 6 shows the optical micrographs of the 

nugget region of the weld (Al/Cu/Al). Figures 6(a, b) 

indicate big pieces of Cu in the upper section of the weld 

and the apparent boundary between aluminum (Al) and 

copper (Cu) layers is displayed. Figures 6(c, d, e, f) 

indicate the distribution of Cu layers and fragments in 

the middle and lower sections of the weld respectively, 

which shows smaller Cu fragments and layers compared 

with the upper section. In addition, the plastic mixture of 

Al−Cu is shown in nugget zone, which illustrates 

lamellar alternating structure [27,29]. The Cu particles 

and layers with irregular shapes and different sizes were 

distributed in nugget zone. The stir act and heat input of 

the tool and different heat conductivities of Al and Cu 

resulted in the formation of different structures of both 

materials (Al−Cu) in stir zones such as Cu bulks, Cu 

layers and Cu particles and a mixed structure which were 

indicated by arrows in Fig. 6. The size of each layer is 

not more than a few micrometers, which shows that the 

characteristics of the mixed structure including certain 

mechanical mixing and metallurgical bonding had 

occurred between both materials [28,30]. 

Figure 7 indicates the microstructures of dissimilar 

joint. The micrographs were carried out at secondary 

electrons (SE) and backscattered electrons (BSE) modes.  

 

 
Fig. 6 Microstructures of Al/Cu/Al joint at WNZ: (a, b) Upper region; (c, d) Middle region; (e, f) Lower region of transverse 

cross-section 
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Fig. 7 SEM images of Al/Cu/Al joint at WNZ: (a, b) Upper region; (c, d) Middle region; (e, f, g, h) Lower region of transverse 

cross-section 
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Figures 7(a, b) show coarse Cu bulks in the upper section 

of the joint. The interface of Al−Cu was clearly observed 

and also some Al particles were identified in the Cu bulk. 

The intense stirring action was shown in the lower 

section of the joint in Figs. 7(c, d), which produced 

intercalation and swirl-like pattern structure in the WNZ. 

Smaller Cu particles and fragments were dispersed 

uniformly in the nugget zone, especially in lower and 

middle sections of the joint due to good material flow as 

shown in Figs. 7(c, d). The presence of Cu particles and 

fragments with different sizes and irregular morphology 

into the Al matrix resulted in the formation of 

composite-like structure. Likewise, a similar occurrence 

was reported by XUE et al [28]. Dispersion of Cu 

particles into the Al matrix acts as a strengthening 

mechanism based on precipitation hardening. 

Furthermore, Fig. 7(g) illustrates that a large amount of 

nano-scaled Cu particles were dispersed into lower and 

middle sections of the nugget zone, and some Cu 

fragments were observed in this region, but their size and 

amount were less than the upper region of the joint. 

During FSW, the rotation of the pin tool generates a 

pressure (P) which is applied in the direction 

perpendicular to the thread surface of the tool, and also 

the friction generated between plasticized material and 

thread surface of the tool produces a traction force (T), 

which is parallel to the thread surface [39]. These forces 

are applied to the plasticized material around the tool pin 

as shown in Fig. 8. The presence of the action of the 

pressure and traction forces combined with the use of a 

right hand threaded pin tool in a clockwise rotation leads 

to transportation of the plasticized material upward from 

the bottom of the joint. Therefore, the direction of the 

material flow is directed upwards from the bottom of the 

weld. Therefore, the intense stirring action was 

experienced by the lower section of the weld as shown in 

Fig. 5(a). Thus, Cu bulks are fragmentized into smaller 

particles in this section of the joint. 

 

 

Fig. 8 Schematic diagram of Al/Cu/Al dissimilar FSW 

The phase fraction of the joint with Cu plate is 

shown in Fig. 9. The blue area indicates aluminum and 

red area is copper. The upper, middle and lower regions 

of the joint were analyzed. Results indicate the uniform 

distribution of smaller Cu particles in the lower section 

of the weld compared with other regions. Moreover, 

particle size analysis was performed for Cu particles in 

stir zone. Nano-scaled Cu particles in the lower section 

of the joint showed more Cu grain refinement than the 

other regions, as shown in Fig. 7(g). 

 

 
Fig. 9 Phase fraction of Al/Cu/Al joint in different regions:   

(a) Upper; (b) Middle; (c) Lower  
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The phase distribution in the nugget zone is 

displayed in Fig. 10. Results show a good mixing of Al 

and Cu in nugget zone of the weld. According to the 

element distribution of Al and Cu, the apparent red 

clustered particles in Fig. 10(c) mostly contained Cu 

bulks marked by arrows in Figs. 10(a, b). The refined Cu 

particles and fragments were dispersed into the Al  

matrix which resulted in the formation of composite-like 

 

 

Fig. 10 EDS mappings of Al/Cu/Al joint at WNZ 

structure based on the microstructural observation in  

Fig. 7(e). Also, the minor variation of color difference in 

Figs. 10(a) and (b) demonstrate interfacial diffusion and 

reaction between both materials, which resulted in the 

formation of the Al/Cu IMCs in this zone. 

 

3.3 XRD analysis 

Figure 11(a) indicates the X-ray diffraction patterns 

of the joint with Cu insert plate. The generated phases 

are shown by diffraction patterns. The result shows the 

presence of Al and Cu elements and formation of the 

IMCs or reaction layers such as Al4Cu9 and Al2Cu in 

nugget zone of the joint [26,28,40]. Figures 11(b, c) 

show the SEM images of the nugget zone of the Al/Cu/Al 

joint. The results show the formation of the reaction  

 

 

Fig. 11 XRD pattern of Al/Cu/Al joint (a) and SEM images   

(b, c) of IMCs formed at Al−Cu interface 
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layers (IMCs) at the Al−Cu interface. It can be obviously 

seen that the width of the reaction layers is less than 1 

µm. These nano-scaled reaction layers have a notable 

effect on mechanical properties of the Al/Cu/Al joint. An 

undesirable amount of IMCs was generated in traditional 

fusion welding due to the high chemical affinity between 

Al and Cu, which resulted in poor mechanical  

properties [41]. During FSW, the generated temperature 

was lower than the melting point of Al and Cu, which 

limited the problems of fusion welding [41, 42]. In other 

words, the formation of reaction layers in FSW could be 

in lower heat input than that desired in fusion welding, 

thus the amount of IMCs can be controlled. But in some 

studies, just composite- like structure was formed in the 

Al/Cu joint, and there are no IMCs layers which could be 

associated with the heat input. High welding speed 

generates low heat input which is not enough to create 

the interfacial reaction between Al and Cu. On the other 

hand, the amount of reaction layers was increased at the 

low welding speed. 

 

3.4 Mechanical properties 

3.4.1 Microhardness distribution 

Figure 12 shows the Vickers microhardness 

allocation on the transverse cross-section of the joint 

with Cu plate along upper, middle, and lower regions of 

the welded plates and the sample without Cu plate. The 

hardness values of Al plates and Cu insert plate were HV 

109 and HV 98, respectively. The results illustrate that 

the hardness in the stir zone of the welded joint is 

obviously higher than other regions and the base Al 

matrix. Different hardness values were discovered in the 

nugget zone of the joint. HAZ region shows lower 

hardness than that of the base metal due to HAZ 

softening [43]. The dynamic recrystallization in nugget 

zone resulted in the formation of very fine recrystallized 

grains in this region which could be a reason for the 

hardness increment. In addition, intense plastic 

deformation in nugget zone increases dislocation density 

and grain boundaries, which resulted in short-circuit 

diffusion. Thus, the formation of IMCs can be 

accelerated, which shows the highest hardness value. The 

results show higher hardness values at lower and middle 

regions of the nugget zone in comparison to the upper 

region, due to the formation of IMCs in these regions and 

the intense stirring action of the tool pin which led to 

recrystallized grains [29]. The highest hardness values 

HV 210 and HV 199 were observed in lower and middle 

regions of the nugget zone respectively, which can be 

attributed to the existence of nano-scaled IMCs. The 

results show that the hardness in the HAZ of 6061-T6 Al 

can be 20% less than the parent metal, with the WNZ 

showing a 15% decrease in hardness. These results show 

that the hardness of the nugget zone was independent of 

the grain size considering the Hall–Petch relation [44]. 

Therefore, the mechanical properties of the nugget zone 

can be related to other factors, such as precipitations and 

dislocation density [45,46]. 

 

 

Fig. 12 Hardness profiles along upper, middle and lower 

regions of cross section of Al/Cu/Al joint and hardness of Al/Al 

joint 

 

3.4.2 Tensile strength and fracture behavior 

Figure 13 indicates the size and position of the 

tensile test specimen. The ultimate tensile strength (UTS) 

of the joint with copper insert plate and the welded joint 

without Cu insert plate is shown in Fig. 14. The average 

ultimate tensile strengths of the base metals Al and Cu 

were 320 and 225 MPa respectively. Additionally, the 

ultimate tensile strength of the joint with copper plate 

reached 285 MPa, indicating the joint efficiency of 

89.1% of the Al base metal. While, for the joint   

welded without Cu plate the tensile strength was     

218 MPa with 73.5% of joint efficiency. Figure 15 shows 

the fracture location of the joints with and without Cu  

 

 

Fig. 13 Schematic diagram of tensile specimen position on 

joints 
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Fig. 14 Ultimate tensile strength of joints and Al base metal 

 

 

Fig. 15 Fracture location of joints: (a) Al/Cu/Al; (b) Al/Al 

 

insert plate. The fracture of the joint without Cu    

insert plate was located in the stir zone close to the 

Al−Al interface following the zigzag pattern and crack 

propagation, which was extended to the weld centerline. 

The fracture location of the joint with Cu insert plate was 

in the thermo-mechanically affected zone (TMAZ) close 

to Al plate and the crack transition was extended into 

TMAZ close to Al plate in middle and lower sections. 

The existence of IMCs and composite-like structure act 

as a resistance to crack propagation in these zones. 

Figure 16 shows the SEM images of fracture 

surface of the joints generated with and without Cu insert 

plate. It can be seen from Figs. 16(a, b) that no dimples 

and some smooth surface with a few deformations were 

formed as a feature on the fracture surface for the sample 

without Cu plate. However, in Figs. 16(c, d) the fracture 

morphology of the joint with Cu insert plate illustrates 

dimples or micro voids in different sizes and little 

featureless surfaces such as flat and smooth surfaces 

were observed. The presence of fine Cu inclusions in 

nugget zone of the joint led to the formation of dimples 

in this region and these particles act as a strengthening 

particle for avoiding crack propagation. Cu layers and 

precipitations were indicated by the arrow in Fig. 16(d). 

 

4 Conclusions 
 

1) 6061-T6 aluminum plates with copper insert 

plate was successfully joined using FSW process at 

rotation rate of 1000 r/min and welding speed of      

25 mm/min. High rotation speed and low welding speed 

were needed to generate defect-free joint. 

 

 

Fig. 16 SEM images of fracture surface of joints: (a, b) Al/Al; (c, d) Al/Cu/Al 
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2) Intercalation swirl and lamellar alternating 

structure were observed in WNZ. Cu balks and layers 

were fragmentized into fine particles. The distribution of 

the Cu particles and fragments in Al matrix resulted in 

the formation of composite-like structure. The intense 

stirring act was observed in the lower region of the joint, 

which produced intercalation structure. High plastic 

deformation in WNZ enables short-circuit diffusion, 

which accelerates the formation of IMCs. 

3) The XRD results show Al and Cu elements and 

formation of IMCs or reaction layers such as Al4Cu9 and 

Al2Cu in WNZ. The presence of these reaction layers is 

the main reason for the distinct rise in hardness value. 

4) The formation of very fine recrystallized grains 

and high dislocation density is a main reason for the 

hardness enhancement in WNZ. The presence of IMCs 

and composite-like structure causes a strong 

metallurgical bond between Al and Cu and improves the 

mechanical strength. The ultimate tensile strength of the 

joint with Cu insert plate is 285 MPa, indicating the joint 

efficiency of 89.1% of the Al base metal which is higher 

than the joint produced without Cu plate. 
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搅拌摩擦焊含铜嵌入板的 6061-T6 铝合金 

(Al/Cu/Al)的显微组织和力学性能 
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摘  要：将两块 6061-T6 板中间嵌入一块纯铜板(Al/Cu/Al)，利用搅拌摩擦焊(FSW)技术焊合，研究铜板插入对

焊接接头性能的影响，并与无铜板的搅拌摩擦焊 AA 6061 (Al/Al)的研究结果进行比较。用光学显微镜和扫描电镜

观察焊接样品的显微组织，用 X 射线衍射分析 Al/Cu/Al 样品的相组成。在转速为 1000 r/min 和焊接速度为       

25 mm/min 条件下观察到 Al/Cu/Al 焊接接头无缺陷。焊核区的显微组织观察结果显示类似复合物结构的形成促进

了铝和铜的冶金结合。XRD 结果显示形成了金属间化合物 (IMCs)，如 Al4Cu9和 Al2Cu。由于其更高的位错密度，

有 Cu 板的焊接样品的硬度较高，且 IMCs 存在的区域其硬度值明显更高。由于铝和铜之间更强的冶金结合，有

铜板的焊接接头的极限抗拉强度比无铜板的接头更高。 

关键词：搅拌摩擦焊接；Al/Cu/Al；金属间化合物；显微组织；力学性能 
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