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Abstract: Dissimilar friction stir welding (FSW) of copper and aluminum was investigated by nine different tool designs, while the 

rest of the process parameters were kept constant. Mechanical and metallurgical tests such as macrostructure, microstructure, tensile 

test, hardness, scanning electron microscope and electron X-ray spectrographs were performed to assess the properties of dissimilar 

joints. The results exhibited that, the maximum joint strength was achieved by the tool of cylindrical pin profile having 8 mm pin 

diameter. Besides, the fragmental defects increased as the number of polygonal edges decreased, hence the polygonal pin profiles 

were unsuitable for dissimilar FSW butt joints. Furthermore, the tensile strength increased as the number of polygonal edges 

increased. Stir zone of polygonal pin profiles was hard and brittle relative to cylindrical tool pin profiles for same shoulder surface. 

Maximum hardness of HV 283 was obtained at weld made by the polygonal square pin profile. The hard and brittle intermetallic 

compounds (IMCs) were prominently presented in the stir zone. Phases of IMCs such as CuAl, CuAl2, Cu3Al and Cu9Al4 were 

presented in the stir zone of dissimilar Cu−Al joints. 
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1 Introduction 
 

Joining of dissimilar materials such as copper (Cu) 

and aluminum (Al) is economically advantageous, and in 

addition yields exceptional mechanical, thermal and 

electrical properties [1]. Welding of these materials is 

challenging because of difference in its melting 

temperature, chemical compositions, physical properties 

and flow stress that in turn lead to the defects such as 

residual stresses, cracking and formation of large amount 

of brittle intermetallic compounds (IMCs) [1,2]. 

Although, solid state processes are potential techniques 

to join Cu−Al materials [2]. Friction stir welding (FSW) 

is an advance technology that falls under the category of 

solid state processes, and is reliable in dissimilar joints. 

As the name implies, friction as well as stirring action 

form the weld through non-consumable rotating tool 

having specially designed shoulder and pin, leading to 

sound joint [3]. The important elements of FSW tool are 

material of pin and shoulder, shoulder to pin diameter 

ratio, pin geometries, pin length, shoulder features and 

individual diameters of pin and shoulder. Variations in 

these elements consequently influence the heating, 

plastic deformation, axial load, torque and material flow 

of welding [1−5]. 

In the available literatures, most of the research 

works have been carried out to elucidate the effects of 

process parameters such as rotational speed [1,6,7], 

welding speed [1,8,9], tool pin offset [1,7,10], workpiece 

material positioning [1,7] and tilt angle [11] on the 

properties of dissimilar Cu−Al FSW. Apart from these 

parameters, the tool design significantly affects the joint 

properties of dissimilar FSW [2,12,13]. However, the 

studies on tool design for Cu−Al FSW system are  

limited. AKINLABI et al [12] showed that the shoulder 

diameter influences the heat generation and material flow 

of dissimilar C11000-AA5754 FSW system that 

subsequently affects properties as well as the formation 

of IMCs. Additionally, they obtained acceptable joint 

properties by shoulder diameters of 15 and 18 mm 

relative to 25 mm. GALVÃO et al [13] concluded that 

the shoulder geometry strongly influences the material 

flow and the formation of IMCs in dissimilar Cu−Al 

materials. They recommended concave shoulder profile 

for dissimilar Cu−Al FSW system. MEHTA et al [2] 
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recommended cylindrical tool pin profile instead of 

tapered profile for dissimilar Cu−Al FSW system. 

Moreover, they reported that an increase in shoulder 

diameter leads to higher plunge load with sufficient heat 

which helps to eliminate internal joint defects. 

Besides, the tool pin design significantly influences 

the properties of different friction stir welding and 

processing (FSW/P) regions (see Table 1). Furthermore, 

the polygonal pin profiles have an important role to 

change the properties of FSW/P region. The square tool 

pin profile produces better properties due to its pulsating 

effect for the similar FSW systems. To the best of the 

author’s knowledge, investigations on tool pin design for 

dissimilar Cu−Al system are limited hitherto. Therefore, 

it is worthwhile to study the influence of pin designs on 

the properties of dissimilar Cu−Al FSW system. The 

influence of different pin profiles, including triangular, 

square, hexagonal and cylindrical along with different 

pin diameters on the properties of dissimilar FSW was 

elucidated. 

 

Table 1 Summary of tool pin profiles for different FSW/FSP systems 

Process System and work piece material Pin design/ profiles Remarks/ Recommended pin design Ref. 

FSW AA5083 Square and cylindrical 

Square profile produces finer grain structure 

and higher tensile strength due to eccentricity, 

 larger stir zone and higher temperature 

[14] 

FSW Pure copper 
Triangular, square, pentagonal and 

hexagonal 

Square pin profile gives better mechanical 

properties due to more pulsating 

effect with 1.56 dynamic to static ratio 

[15] 

FSW 
Al−10%TiB2 metal matrix 

composite 

Square, hexagonal, octagonal, 

tapered square and tapered octagonal 

Straight square pin profile provides better 

mechanical properties 
[16] 

FSW 
Dissimilar AA5083-H111 

and AA6351-T6 
Square, hexagonal and octagonal Square pin gives highest tensile strength [17] 

FSW 
Dissimilar AA5052-H32 

and HSLA steel 
Conical and cylindrical 

Lesser taper angle 10° produces 

maximum tensile strength 
[18] 

FSW AZ31B Mg 
Cylindrical, taper, threaded cylindrical, 

square, triangular 

Threaded cylindrical pin provides 

highest tensile strength 
[19] 

FSW Dissimilar AZ31Mg and steel Pin length variations 
Shorter pin length gives 

better tensile properties 
[20] 

FSW Dissimilar AA6082−AA7075 
Square conical and conical with two 

groves 

Square frustum conical pin 

profiles uniform material mixing 
[21] 

FSW AZ31B-H24 Mg 
Cylindrical pin (left hand thread 

and right hand thread orientation) 

Left hand thread orientation 

produces superior properties 
[22] 

FSW AA7020-T6 
Cylindrical and chamfered 

shouldered frustum shaped pin 

Chamfered shoulder having a 

frustum shaped rounded end pin 

produces a better quality weld 

[23] 

FSW AA7075-T6 Conical and square 
Conical pin results are better than 

square in terms of properties 
[24] 

FSW 
Dissimilar AA6061-T651 and 

electrolytic tough pitch copper 
Cylindrical and tapered pin 

Cylindrical pin provides 

better dissimilar joint 
[2] 

FSP AA2219 
Cylindrical, threaded cylindrical, 

square and triangular 

Square pin profile produces 

better properties 
[25] 

FSP AA6061 
Cylindrical, threaded cylindrical, 

square and triangular 

Square pin profile produces 

superior properties 
[26] 

FSP AA6061 

Cylindrical, threaded cylindrical, 

square, tapered cylindrical and 

triangular 

Square pin generates good 

quality FSP region 
[27] 

FSP AA2219 

Cylindrical, threaded cylindrical, 

tapered cylindrical, square and 

triangular 

Square pin generates 

excellent properties 
[28] 

FSP AA6061 

Cylindrical, threaded cylindrical, 

tapered cylindrical, square and 

triangular 

Square pin generates 

excellent properties 
[29] 
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2 Experimental 
 

The experiments were carried out on 6.3 mm-thick 

dissimilar materials such as electrolytic touch pitch  

(ETP) Cu and AA6061-T651 (see Table 2). Experimental 

work was carried out in three sets of experiments 

wherein nine different tool designs were used, while the 

rest of the FSW parameters were kept constant (see  

Table 3). The tool material and shoulder diameter ds were 

kept constant at tool steel M2 grade and 26.64 mm, 

respectively. The process parameters and tool designs 

were chosen based on previous Refs. [1,2,7,11,30]. Three 

different pin dp such as 6 mm, 8 mm and 10 mm were 

used in the first set of experiment. Accordingly, the tool 

pin offset was varied in such a way that the contact of the 

pin with the Cu base material remained constant at 2 mm 

(see Fig. 1). Therefore, the offsets were kept at 1 mm,   

2 mm and 3 mm towards Al base material for tool having 

pin diameters of 6 mm, 8 mm and 10 mm, respectively. 

After the welding, the samples were subjected to 

mechanical and metallurgical characterizations such as 

visual checking, metallographic analysis, microstructural 

examination, tensile testing, microhardness, scanning 

electron microscopy (SEM) and energy dispersive X-ray 

spectrographic (EDX) testing for assessing its quality 

after each set of experiment. Based on results of the first 

set of experiment, the next sets of experiments were 

conducted. Polygonal tool pin profiles such as triangular, 

square and hexagonal designs were chosen to perform 

the second and third sets of experiments based on its 

static and dynamic cross sectional areas respectively (see 

Table 3). In the second set of experiment, the different 

shoulder surfaces of tools were in frictional action due to 

the constant static area of the pin, which was decided 

based on a simple equation of circular section as Eq. (1). 

On the other hand, the same shoulder surfaces of tools 

were in frictional action in case of dynamic area of pin 

for the third set of experiment based on the same 

equation. 
 
A=π(r1−r2)

2                                                
(1) 

 
where A is the area of tool in frictional action, r1 is the 

radius of shoulder, r2 is the dynamic radius of pin. 
 

Table 2 Chemical compositions of base materials (mass fraction, %) 

Material Si Fe Cu Mn Mg Cr Zn Ti Impurities Al 

AA6061-T651 0.56 0.30 0.17 0.12 1.03 0.11 0.08 0.03 0.04 Bal. 

ETP Cu − − >99.9 − − − − − Bal. − 

 

Table 3 Tool designs and process parameters 

Set of experiment Tool No. Tool design Static and dynamic area of pin Process parameter 

First set of 

experiment 

1 

SD: 26.64 mm, 

PD: 6 mm, 

PSp: Cylindrical threaded 

(1 mm pitch), 

SPR: 4.44:1, 

PL: 6.1 mm 

SAP: 28.27 mm2 

SSP:  

DAP: 28.27 mm2 

DSP:  

DSR: 1 

RS: 1500 r/min, 

WS: 50 mm/min, 

TTA: 2°, 

TPO: 1 mm, 

WMP: Cu on AD, 

and Al on RD 

2 

SD: 26.64 mm, 

PD: 8 mm, 

PSp: Cylindrical threaded 

(1 mm pitch), 

SPR: 3.33:1, 

PL: 6.1 mm 

SAP: 50.26 mm2 

SSP:  

DAP: 50.26 mm2 

DSP:  

DSR: 1 

RS: 1500 r/min, 

WS: 50 mm/min, 

TTA: 2°, 

TPO: 2 mm, 

WMP: Cu on AD and Al on RD 

3 

SD: 26.64 mm, 

PD: 10 mm, 

PSp: Cylindrical threaded 

(1 mm pitch), 

SPR: 2.66:1, 

PL: 6.1 mm 

SAP: 78.53 mm2 

SSP:  

DAP: 78.53 mm2 

DSP:  

DSR: 1 

RS: 1500 r/min, 

WS: 50 mm/min, 

TTA: 2°, 

TPO: 3 mm, 

WMP: Cu on AD and Al on RD 

to be continued 
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continued 

Set of experiment Tool No. Tool design Static and dynamic area of pin Process parameter 

Second set of  

experiment 

4 

SD: 26.64 mm 

PSp: Triangular 

ES: 10.77 mm 

PL: 6.1 mm 

SAP: 50.22 mm2 

SSP:  

DAP: 121.15 mm2 

DSP:  

DSR: 2.41 

RS: 1500 r/min 

WS: 50 mm/min 

TTA: 2° 

TPO: 2 mm 

WMP: Cu on AD 

and Al on RD 

5 

SD: 26.64 mm 

PSp: Square 

ES: 7.09 mm 

PL: 6.1 mm 

SAP: 50.26 mm2 

SSP:  

DAP: 78.85 mm2 

DSP:  

DSR: 1.56 

6 

SD: 26.64 mm 

PSp: Hexagonal 

ES: 4.4 

PL: 6.1 mm 

SAP: 50.29 mm2 

SSP:  

DAP: 60.82 mm2 

DSP:  

DSR: 1.20 

 

Third set of  

experiment 

7 

SD: 26.64 mm 

PSp: Triangular 

ES: 6.93 mm 

PL: 6.1 mm 

SAP: 20.78 mm2 

SSP:  

DAP: 50.27 mm2 

DSP:  

DSR: 2.41 

RS: 1500 r/min 

WS: 50 mm/min 

TTA: 2° 

TPO: 2 mm 

WMP: Cu on AD 

and Al on RD 

8 

SD: 26.64 mm 

PSp: Square 

ES: 5.66 mm 

PL: 6.1 mm 

SAP: 32 

SSP:  

DAP: 50.27 mm2 

DSP:  

DSR: 1.57 

9 

SD: 26.64 mm 

PSp: Hexagonal 

ES: 4 mm 

PL: 6.1 mm 

SAP: 41.57 mm2 

SSP:  

DAP: 50.27 mm2 

DSP:  

DSR: 0.82 

 *SD: shoulder diameter; PD: pin diameter; PSp: pin surface profile; SPR: shoulder to pin diameter ratio; PL: pin length; ES: edge size; SAP: static cross 

sectional area of pin; SSP: static cross sectional surface of pin; DAP: dynamic cross sectional area of pin; DSP: dynamic cross sectional surface of pin; DSR: 

dynamic area to static area ratio; RS: rotational speed; WS: welding speed; TTA: tool tilt angle; TPO: tool pin offset; WMP: workpiece material position; AD: 

advancing side; RD: retreating side 
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Fig. 1 Different tool pin offsets according to tool pin diameter 

 

Metallographic analysis and microstructural 

examinations were performed on welded samples after 

mechanical grinding and polishing on 120, 320, 800, 

1000, 5000 grit silicon carbide followed by etching 

solution FeCl + HCl + H2O (Cu side) and Keller’s 

reagent 5 mL HNO3 + 3 mL HCl + 2 mL HF  (Al side). 

The tensile testing was executed on transverse specimens 

as per ASTM E8 standards (see Fig. 2). Minimum three 

tensile specimens were prepared from the welds and their 

average values are presented. Vickers hardness (VHN) 

variations were measured from the middle of the 

specimen along the transverse cross section after every  

1 mm indentation at 500 g load with dwell time of 20 s. 

SEM and EDX were performed to observe the 

distribution of Cu particles and IMCs in Al matrix. 

 

 

Fig. 2 Tensile specimen: (a) As per ASTM E8 standards;     

(b) Prepared through transverse section (unit: mm) 

 

3 Results and discussion 
 

Visual examination of the weld surfaces under the 

first set of experiment is shown in Fig. 3. Defect-free 

surface was observed for joint made by Tool 2 while 

defects such as excess flash and lack of surface fill were 

observed at joints of Tool 1 and Tool 3, respectively. The 

 

 

Fig. 3 Welds made by Tool 1 (a), Tool 2 (b) and Tool 3 (c, d) 

(first set of experiment) 



Kush P. MEHTA, et al/Trans. Nonferrous Met. Soc. China 27(2017) 36−54 

 

41 

excess flash effect was attributed to the hot conditions 

while the reason behind the formation of a lack of 

surface fill was cold conditions [1,4,7,11,30,31]. The 

shoulder surface was reported as a primary contributing 

parameter for heat input that in turn generated the hot or 

cold conditions from rotating tool [2,12,30−32]. As the 

Tool 1 had a smaller pin diameter of 6 mm, the shoulder 

surface was covering more area of 2116.05 mm2, which 

led it to higher heat input and subsequently resulted in 

the excess flash formation. Besides, less heat was 

generated in the case of Tool 3 due to the larger pin 

diameter of 10 mm and smaller shoulder surface of 

1915.035 mm2 in action. This less heat may have 

produced improper material flow that may have resulted 

in lack of surface fill. Adequate heat input was supplied 

by Tool 2 with an appropriate pin diameter of 8 mm 

along with shoulder surface of 2028.111 mm2, which 

have produced a defect-free weld surface. 

Macrostructure results for the first set of experiment 

are shown in Fig. 4. Defected stir zone was noticed for 

weld made by Tool 1 while defect-free stir zone was 

observed for weld of Tool 2. One of the reasons for the 

defect on the bottom part of the stir zone was reported as 
 

 

Fig. 4 Macrostructure of welds made by Tool 1 (a) and    

Tool 2 (b) 

an improper vertical flow of material [2,11,30,31]. It was 

reported that, the Cu particles got scratched from Cu 

base material and their size and shape affected the 

mixing with Al matrix [1,2,7,11]. Here, it can be seen 

from Fig. 4(a) that, the large Cu particles were scratched 

from Cu base material and caused difficulty to flow in Al 

matrix. Furthermore, the smaller pin diameter led to 

forming small stir zone that in turn resulted in difficulties 

to roam these Cu particles in Al matrix, and caused an 

improper material flow. Furthermore, at higher heat input, 

Cu experienced higher deformation and that consequent- 

ly reasoned in scratching of large Cu particles [7]. There 

were small Cu particles scratched from the Cu base 

material in the case of weld made by Tool 2. These small 

particles were distributed horizontally and vertically in a 

random manner that in turn caused an appropriate 

material flow and resulted in defect-free weld (see    

Fig. 4(b)). Apart from this, weld of Tool 3 was not 

examined by macrostructure due to the presence of major 

surface defect (see Figs. 3 (c) and (d)). 

Microstructural examinations for the first set of 

experiment are presented in Fig. 5. Stir zone consisted of 

the composite structure of Cu and Al materials. Different 

sizes of Cu particles were found in Al matrix seemed like 

islands. Usually, mixing of these Cu particles in Al 

matrix was difficult and formed IMCs because of 

incompatibilities in chemical compositions, melting 

points, physical properties and holding time [1]. Figures 

5(a−f) and (g−l) show different microstructures of welds 

made by Tool 1 and Tool 2, respectively. Improper tool 

design concerning larger shoulder surface and small pin 

diameter of Tool 1 attributed scratching of large Cu 

particles due to higher heat input. The higher heat may 

have caused greater softening of Cu material that may 

result in scratching of large Cu particles. Additionally, 

the small pin diameter was responsible for smaller width 

of stir zone. Therefore, large scratched Cu particles were 

unable to mix with Al matrix due to a smaller area of stir 

zone that eventually resulted in defected stir zone at the 

bottom area (see Fig. 5(d)), while other parts of stir zone 

were defect-free. Figure 5(c) shows proper mixing of Cu 

and Al material at the middle portion of stir zone. On the 

other hand, small Cu particles were scratched in the case 

of a joint made by Tool 2, which were mixed with the Al 

matrix properly and resulted in defect-free stir zone  

(Figs. 5(f−g)). Furthermore, Cu particles in Al matrix 

may form large and brittle IMCs such as CuAl, CuAl2, 

Cu9Al4 due to an unusual plastic and physical 

combination [2,7,10,12].  Here, the presence of IMCs 

has been confirmed by SEM and EDX through analysing 

chemical compositions at different locations. An obvious 

interface between Cu base material and stir zone was 

found, as shown in Figs. 6(a) and (b) for Tool 1 and Tool 

2, respectively. The IMCs phases such as CuAl, CuAl2,  
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Fig. 5 Microstructures at different stir zone areas for Tool 1 (a−f) and Tool 2 (g−l) (first set of experiment) 
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Fig. 6 SEM images at stir zone/Cu interface of weld made by Tool 1 (a, c), stir zone/Cu interface of weld made by Tool 2 (b), stir 

zone of weld made by Tool 2 (d), EDX spectra at S1 (e), S2 (f), S3 (g) and S4 (h) 
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Fig. 7 Tensile strength and fracture to elongation for first set of 

experiment 

 

Cu3Al and Cu9Al4 were presented at S1, S2, S3 and S4 

locations as shown in Figs. 6(e−h), respectively, based on 

mole fraction. It was reported that, the solubility of Cu in 

Al was limited in an order of magnitude less than that of 

Al in Cu, and solid solution of CuAl was expected to 

saturate fast that consequently resulted in the formation 

of CuAl2. The CuAl2 needed more than twice the amount 

of Al required for the generation of CuAl and more than 

4 times the Al needed for Cu9Al4 for the same amount of 

consumed Cu. This depends on heat input conditions 

[37]. Therefore, in this study, there are different phases 

of IMCs with respect to different tool pin diameters 

because of different heat input caused through individual 

shoulder surfaces in contact. Here, the intense plastic 

deformation has caused these IMCs instead of 

solidification and liquation due to solid state diffusion 

mechanism. Moreover, the formation of these IMCs 

generally was found around the Cu particles or at the 

interface in a layer form for weld made by Tool 2. On the 

other hand, IMCs were mixed in the stir zone without 

any layer form for weld of Tool 1. 

The tensile test and fracture to elongation for the 

first set of experiment are shown in Fig. 7. Tensile 

strength of welds under Tool 1 and Tool 2 were reported 

as 49 MPa and 89 MPa, respectively. The tensile strength 

of weld made by Tool 1 was low due to major defect 

observed in the stir zone (see Fig. 4(a) and Fig. 5(d)). 

The fracture was initiated through this defect which 

ultimately led to the low tensile value. On the other hand, 

weld made by Tool 2 was defect-free which resulted in 

the maximum tensile strength of 89 MPa. The presence 

of IMCs may lower down the strength of the joint due to 

its hard and brittle nature [1,7,10,11]. Here, the fracture 

was initiated from Cu−stir zone interface, which may be 

because of the presence of IMCs at interface according to 

XUE et al [7] and GALVÃO et al [10]. The fracture to 

the elongation was low, such as 4.86% and 4.4% for 

welds of Tool 1 and Tool 2, respectively. The defects of 

the stir zone were responsible for the low fracture to 

elongation [1,7,10,11]. In addition, the presence of large 

and brittle IMCs was equally responsible for low fracture 

to the elongation [1,7,11]. Brittle features of fractured 

surfaces were noticed as shown in Table 4 for Tool 1 and 

Tool 2. In addition, the fracture initiation was reported 

through defects in the case of specimens with defects 

(Table 4, Tool 1). The presence of IMCs was also 

responsible for peak in hardness of stir zone (see Fig. 8). 

Here, the hardness value was higher in the stir zone for 

both the cases. The maximum hardness values were  

HV 251.5 and HV 144.2 for Tool 1 and Tool 2, 

respectively. Higher hardness was noticed in weld made 

by Tool 1 relative to weld made by Tool 2. Similar 

results were reported by AKINLABI et al [12] and 

MEHTA et al [2] under the high heat input conditions. 

Variations of hardness in a stir zone show that IMCs 

were present in a non-continuous form and also in 

different phases. 

The second set of experiment was conducted by 

Tools 4−6, based on the results of the first set of 

experiment. These tools were designed by keeping the 

static area of pin constant with Tool 2 while the rest of 

the FSW parameters were kept constant as listed in Table 

3. This means that the static polygonal area was kept at 

50.22 mm2 for each tool of the second set of experiment. 

Visual examinations of weld surfaces under the second 

set of experiment are shown in Fig. 9. The surface 

defects (such as voids and cracks) were noticed on weld 

made by Tool 4, while no defects were observed on the 

welds of Tool 5 and Tool 6. These defects were attributed 

to cold conditions, due to covering of a lesser shoulder 

surface area [4,31,32]. Further, the Tool 4 consisting of 

the triangular shape of a pin had a bigger edge size, 

which in turn, caused a larger dynamic area of the pin. 

Because of this larger pin area, the smaller shoulder 

surface of 1848.60 mm2 was covered and that generated 

the cold conditions [4]. On the other hand, the rest of the 

tools such as Tool 5 and Tool 6 had relatively large 

shoulder surfaces of 1981.4671 mm2 and 2038.0994 mm2, 

respectively, which in turn resulted as no defects. 

Macrostructure results for the second set of 

experiment are presented in Fig. 10. Defected stir zones 

were observed in all the welds of the second set of 

experiment. Major fragmental defects such as voids were 

noticed in the stir zone of Tool 4 (see Fig. 10(a)) while 

minor voids and cracks were reported in the stir zone of 

Tool 5 (Fig. 10(b)) and Tool 6 (Fig. 10(c)). The 

prominent reason behind these defects was cold or hot 

conditions, which was due to improper tool design 

[1,2,30]. The cold conditions under Tool 4 were caused 

by a lesser area of shoulder surface. Additionally, the 

sharp edges of the tool pin were responsible for 

scratching of large Cu particles from Cu-base material. 
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Table 4 Fracture features of tensile specimens under different tool designs 

Tool No. Sample ID Fractured morphology Fractured site Remark 

1 

T11 

 

Stir zone 

Brittle features and 

fracture initiated 

from defect 

T12 

 

Stir Zone 
Brittle features and 

fracture initiated from defect 

2 

T21 

 

TMAZ of Al 
Ductile and moderately 

brittle fracture 

T22 

 

TMAZ of Cu Brittle fracture 

4 

T41 

 

Stir zone Fracture through major defect 

T42 

 

Stir zone Fracture through major defect 

5 

T51 

 

Stir Zone Brittle fracture 

T52 

 

Stir zone Fracture through major defect 

to be continued 
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continued 

Tool No. Sample ID Fractured morphology Fractured site Remark 

6 

T61 

 

TMAZ of Cu Brittle and moderately ductile 

T62 

 

TMAZ of Cu 
Brittle Fracture and initiated from 

defect 

7 

T71 

 

TMAZ of Cu Fracture through defect 

T72 

 

Stir Zone Fracture through defect 

8 

T81 

 

TMAZ of Cu Brittle and moderate ductile fracture 

T82 

 

TMAZ of Cu Brittle fracture and minute defect 

9 

T91 

 

TMAZ of Cu Brittle fracture and minute defect 

T92 

 

TMAZ of Al Brittle and moderately ductile 

*TMAZ—Thermo mechanically affected zone 
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Fig. 8 Hardness profile for first set of experiment 

 

These large Cu particles were difficult to mix with the Al 

matrix in cold conditions. Therefore, these difficulties 

may have caused the defects such as voids and cracks. 

On the other hand, less defects were reported in the case 

of welds made by Tool 5 and Tool 6. The square and 

hexagonal pins having a larger shoulder surface were 

observed to be the better tool designs than the tool 

having triangular pin. This larger shoulder surface has 

given relatively high heat input. At the same time, 

increase in the number of edges of polygonal pin resulted 

in scratching of small Cu particles, which consequently 

resulted in better joints. However, minor defects were 

generated in the stir zone, which may be because of 

uneven scratching of Cu particles. These particles were 

difficult to mix with Al matrix because of its uneven 

shape [1,7]. The polygonal sharp edges were responsible 

for uneven scratching of Cu particles from Cu-base 

material. 

Microstructural examinations for the second set of 

experiment are presented in Fig. 11. It shows that, the Cu 

particles were distributed unevenly in Al matrix in all the 

welds of the second set of experiment. It was also found 

that the fragmental defects increase as the number of 

edges of polygonal pin decreases due to scratching of  

 

 

Fig. 9 Welds made by Tool 4 (a), Tool 5 (b) and Tool 6 (c) (second set of experiment) 

 

 
Fig. 10 Macrostructures of welds made by Tool 4 (a), Tool 5 (b) and Tool 6 (c) 
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Fig. 11 Microstructural examination at different stir zone areas for Tool 4 (a−d), Tool 5 (e−i) and Tool 6 (j−n) (second set of 

experiment) 
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Fig. 12 Tensile strength and fracture to elongation for second 

set of experiment 

 

 

Fig. 13 Hardness profile of second set of experiment 

 

large and uneven Cu particles. Most of the defects were 

found around the Cu particles (see Figs. 11(b, c, e, f, j)). 

The improper material flow occurred when large Cu 

particles were scratched [1,2,7,11]. These defects were 

responsible for poor tensile properties (see Fig. 12). 

Maximum tensile strength of 58.83 MPa was reported for 

weld made by Tool 6, while tensile strength of     

27.56 MPa was the lowest for weld made by Tool 4 

under the second set of experiment. Similarly, low 

fracture to elongation was found in the range of 

4.33%−5.86%. Major defects and the likely presence of 

IMCs were attributed to this low fracture to the 

elongation. Evidence of these brittle fractures through 

major defects was presented in Tables 4−6. Here, the 

fracture through defects were dominant in all cases. 

However, some part of the stir zone was defect-free. 

Microstructure at these parts showed excellent bonding 

between Cu particles and Al matrix (see Figs. 11(a, g, h, i, 

k, m, n)). These composite structures may have formed 

IMCs in the stir zone. Figure 11(h) shows layers of IMCs 

around the Cu particle while another part of the stir zone 

was observed with excellent bonding of Cu−Al materials. 

Similar layers of IMCs were found around the Cu 

particles [7,33,34]. The hardness profiles were similar to 

the previous set of experiment. Maximum peak was 

reported in the stir zone for all the welds of the second 

set of experiment (Fig. 13), which again shows the 

presence of hard and brittle IMCs. Here, the larger Cu 

particles were scratched that have formed IMCs in a 

large amount. Uneven trend of hardness for weld made 

by Tool 4 was due to the presence of defects and large 

Cu particles in the stir zone. If the indentation for 

hardness was on Cu particle or on defect, it has reduced 

the hardness drastically, even in the stir zone. Maximum 

peak hardness of HV 283.5 was reported in the weld of 

Tool 5 that may be because of higher heat input of square 

pin profile [14−29]. Furthermore, higher heat input 

caused large amount of hard and brittle IMCs which 

increased hardness of stir zone [31−35]. 

Here, the dynamic area of the tool pin was different 

for all the cases, because the tools were designed based 

on static area (Table 3). Therefore, the area covered by 

shoulder was changed accordingly and resulted in 

different heat input conditions. It was recommended to 

analyze polygonal pin profiles by keeping dynamic area 

of pin constant. 

The third set of experiment was conducted by Tools 

7−9 based on the results of the first and second sets of 

experiments. These tools were designed by keeping 

dynamic area of pin constant with Tool 2 while the rest 

of the FSW parameters were kept constant (Table 3). 

This means that the dynamic polygonal area was kept at 

50.27 mm2 for each tool of the third set of experiment. 

Visual examinations of weld surfaces are shown in   

Fig. 14 under the third set of experiment. Defect-free 

surfaces were noticed for all the welds. It was noted that, 

the area of shoulder surface remained same for all tool 

designs as the dynamic area of the pin was same. 

Therefore, almost similar heat input was provided 

through all the tools and consequently resulted in 

defect-free weld surface similarly like weld of Tool 2 

(see Fig. 3(b)) as heat input was governed by the 

shoulder surface remarkably [36]. 

Macrostructure results for the third set of 

experiment are presented in Fig. 15. Major defects were 

found in the weld made by Tool 7 (Fig. 15(a)) and Tool 8 

(Fig. 15(b)), mostly at the bottom area. As discussed 

earlier in the second set of experiment, the less number 

of edges of polygonal pin were responsible for scratching 

of large Cu particles. These particles were difficult to 

mix in Al matrix that in turn forms major fragmental 

defects such as big voids and cracks. It can be stated that, 

decrease in fragmental defects was reported as the 

number of polygonal edges increased (see Fig. 15). The 

reason behind this was scratching of large sized Cu 

particles which were not able to mix with Al matrix in a 

proper manner (see Figs. 15 (a) and (b)). The improper 
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Fig. 14 Welds made by Tool 7 (a), Tool 8 (b) and Tool 9 (c) (third set of experiment) 

 

 

Fig. 15 Macrostructures of welds made by Tool 7 (a), Tool 8 (b) and Tool 9 (c) 

 

mixing has attributed to fragmental defects [1]. 

Microstructural examinations for the third set of 

experiment are presented in Fig. 16. It shows that Cu 

particles were distributed unevenly similarly like a 

second set of experiment for the weld of Tool 7 and Tool 

8 (Figs. 16(a−j)). Besides, proper mixing between Cu 

and Al matrix was noticed for weld of Tool 9 (Figs. 16 

(k−o)). Here, the shoulder surface was same for all the 

cases. Therefore, there was no influence of heat input in 

scratching of large Cu particles. It was affected by sharp 

polygonal edges. In the previous literature, the polygonal 

pins were found to give better properties due to pulsating 

effect in the case of similar materials [14−29]. On the 

contrary, in dissimilar materials, pulsating effect had 

caused scratches of large Cu particles due to sharp edges 

of polygonal pins. Maximum Cu particles were scratched 

in the case of weld made by Tool 7, while minimum 

particles of Cu were scratched at the weld of Tool 9. So, 

the defects in the stir zone were increased as the number 

of polygonal edges decreased due to scratching of large 

Cu particles. These defects have caused the welds with 

poor tensile strengths such as 22.26 MPa and 30.3 MPa 

by Tool 7 and Tool 8 respectively as shown in Fig. 17, 

while comparatively better tensile strength of 75.2 MPa 

was reported for the weld of Tool 9. Furthermore, it was 

clearly observed that the tensile strength increased as 

polygonal edges increased. Fracture to elongation was in 

the range of 5.43% to 6.06% due to the brittle nature of 

stir zone. Here again, the brittle features of fracture such 

as flat surface, were noticed for welds of Tools 7−9 as 

presented in Table 4. The brittle nature of the stir zone 

was found because of the presence of IMCs, which was 

conformed approximately by SEM and EDX analyses as 

shown in Fig. 18. The presence of IMCs such as CuAl2, 

Cu3Al and Cu9Al4 in the stir zone was generally found 

around Cu particles at S1, S2 and S3 respectively (see 

Figs. 18(c,d,f)). However, the presence of IMCs was 

uneven similar as previous cases and aforementioned 
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Fig. 16 Microstructural examination at different stir zone areas for Tool 7 (a−e), Tool 8 (f−j) and Tool 9 (k−o) (third set of 

experiment) 
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Fig. 17 Tensile strength and fracture to elongation for second 

set of experiment 

 

conditions with different tool designs may have caused 

these phases of IMCs due to change in tool pin profiles.  

Additionally, the hardness profiles were again found 

uneven similar like previous two sets of experiments due 

to the presence of IMCs in non-uniform manner. 

Maximum peaks in hardness were reported in the stir 

zone for all the welds of the third set of experiment (see 

Fig. 19). Furthermore, similar variations of the hardness 

like drastic reduction in hardness at some area were 

observed because of the indentation on large Cu particle 

and a peak at some area was because of the indentation 

on particular phases of IMCs. Moreover, the maximum 

hardness at the stir zone of Tool 8 may be because of 

higher heat input. The reason behind higher heat input of 

square pin was its pulsating effect. It was reported   

that, the square pin profile was the maximum heat input 

among all polygonal pins [14,15,17]. Higher heat input 

was mainly responsible for giving rise to the formation 

of IMCs, which was responsible for brittle and hard 

nature of stir zone [2,12]. 

 

 
 

Fig. 18 SEM images of stir zone made by Tool 7 (a), stir zone made by Tool 8 (b), stir zone made by Tool 9 (c) and EDX at S1 (d),  

S2 (e), and S3 (f) 
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Fig. 19 Hardness profile of third set of experiment 
 

4 Conclusions 
 

1) Dissimilar materials such as electrolytic-tough- 

pitch Cu and AA6061-T651 of 6.3 mm in thickness were 

successfully FS welded at process parameters such as 

tool with cylindrical pin profile of 8 mm pin diameter 

and 26.64 mm shoulder diameter, rotational speed of 

1500 r/min, welding speed of 50 mm/min, tilt angle of 2°, 

tool pin offset of 2 mm and placement of Cu-base 

material at advancing side. 

2) The polygonal tool pin profiles were responsible 

for major defects in the stir zone due to uneven 

scratching of Cu particles from Cu-base material. 

Fragmental defects were increased as the number of 

polygonal edges decreased. Therefore, polygonal pins 

were found to be unsuitable for dissimilar butt joint. 

3) The tensile strength of dissimilar Cu−Al joint 

was increased as the number of polygonal edges 

increased. Maximum tensile strength of 89 MPa was 

observed at joint made by cylindrical tool pin profile of  

8 mm pin diameter. 

4) Stir zone of weld made by polygonal pin profiles 

was hard and brittle relative to cylindrical tool pin 

profiles for same shoulder surface. Maximum hardness 

of HV 283 was reported at weld made by Tool 5 (i. e., 

square pin profile). The presence of IMCs was found to 

be the prominent reason for hard and brittle stir zone. 

Phases of IMCs such as CuAl, CuAl2, Cu3Al and Cu9Al4 

were presented in the stir zone of dissimilar Cu−Al 

joints. 
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搅拌头形状对异质搅拌摩擦焊铜铝接头性能的影响 
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摘  要：其余的工艺参数保持不变的条件下研究了 9 种不同形状搅拌头对异质搅拌摩擦焊铜铝接头性能的影响。

采用宏观组织、显微组织、拉伸试验、硬度、扫描电子显微镜和电子 X 射线光谱仪等力学和冶金方法评估异质接

头的性能。结果表明，采用直径为 8 mm 的圆柱形搅拌头得到的接头强度最大。此外，当多边形搅拌头的边数减

少时，碎屑缺陷增加，因此，多边形接头不适合异质搅拌摩擦焊对接接头。而且，当多边形搅拌接头边数增加时，

抗拉强度也随之增大。对同一焊肩表面，相对于圆柱形的搅拌头，多边形搅拌头的搅拌区较硬脆。采用多边形搅

拌头得到的焊缝的最大硬度为 HV 283。在搅拌区明显存在硬脆金属间化合物。在异质铜铝接头搅拌区存在金属

间化合物，如 CuAl、CuAl2、Cu3Al 和 Cu9Al4。 

关键词：铜铝接头；异质搅拌摩擦焊；搅拌头外形；性能；金属间化合物 
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