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Abstract: The 6005A-T5 aluminum alloy welded joints were prepared by friction stir welding (FSW) at different welding speeds. 

The microstructure and mechanical properties of these joints were investigated. The relationship between evolution of precipitates in 

different regions and mechanical properties of welded joints was established. The results show that β″ phases completely dissolve 

back into the aluminum matrix due to sufficient welding heat input in nugget zone (NZ) during the welding processing. GP zones 

form during the subsequent natural aging, which results in the hardness recovery of NZ. Incomplete recrystallization occurs in the 

thermo-mechanically affected zone (TMAZ), and the grains are elongated with high dislocation density. The heat affected zone 

(HAZ) contains Q' and β″ phases. With the decrease of welding speed, β″ phase gradually disappears and Q' phase forms, which 

leads to a decrease in the strength of welded joints. The average value of longitudinal residual stress is higher than that of transverse 

residual stress. With the increase of welding speed, the peak longitudinal residual tensile stress increases, but the effect on the 

transverse residual tensile stress is negligible. 
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Recently, the transportation industry has put forward higher 

requirements on lightweight materials. Al-Mg-Si alloys have 

received extensive attention due to their advantageous pro- 

perties, such as low density, high strength-to-weight ratio, and 

excellent formability

[1-3]

. Al-Mg-Si alloys are usually used in 

high-speed train as sidewalls and roofs of train bodies to 

reduce the weight and associated fuel consumption

[1,4,5]

. 

Therefore, the application of welding technology is necessary. 

Traditional fusion welding technology is always accompanied 

by some defects, such as pores, solid impurities and hot 

cracks

[6-10]

. These defects seriously damage the mechanical 

properties and service life of welded joints. This issue can be 

effectively solved by friction stir welding (FSW), which is a 

solid state welding method

[11]

. Since the welding metal of 

FSW does not undergo fusion and solidification, a series of 

metallurgical problems associated with it can be avoided

[12]

. 

Precipitation hardening is the major strengthening 

mechanism in the Al-Mg-Si alloys

[13,14]

. The precipitation 

sequence of Al-Mg-Si alloys is usually as follows

[2,15]

: SSSS 

→solute clusters→GP zones→β″→β'→β, where SSSS is the 

supersaturated solid solution. In Cu-contained alloys, the 

precipitation process is much more complicated. The 

precipitation sequence is generally reported as

[16,17]

: SSSS→ 

solute clusters→GP zones→β″→β', Q'→Q. Solute clusters are 

aggregates of highly concentrated solute atoms

[18]

. GP zones 

are formed by ordered arrangements of a larger number of 

solute on Al lattice positions

[17]

. The solute clusters and GP 

zones are spherical, which can provide nucleation position for 

β″ phases during further aging. The β″ phase is generally 

considered as the main hardening phase. The β' and Q' phases 
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are formed under overaging, where Q′ is considered as the 

precursor of Q and has orderly hexagonal crystal 

structure

[19-21]

. All precipitates have different effects on the 

strength of materials. The evolution of precipitated phases 

occurs in FSW joints due to thermal cycling during welding. 

However, the degree of welding heat input depends on 

welding parameters. Different welding parameters change the 

precipitation behavior of welded joints. Accordingly, the 

mechanical properties of welded joints also change. Sato et 

al

[22]

 researched the precipitation-hardenable behavior of 

6063-T5 alloy FSW joint. They found that no precipitates 

exist in the nugget zone, so the nugget zone shows the lowest 

Vickers hardness compared with other regions. Dong et al

[23]

 

showed that β' and Q' phases appear in the HAZ of 6005A-T6 

FSW joint instead of β″ phases. They also found that the 

length of precipitated phase increases and the number density 

decreases with the increase of welding speed.  

It is generally acknowledged that friction stir welded joints 

have good mechanical properties. However, residual stress 

usually affects the application of welded joints and deterio- 

rates the performance of welded joints in service. Many 

researchers have studied the residual stress in welded joints. 

Steuwer et al

[24]

 studied the residual stress of AA5083- 

AA6082 dissimilar FSW welded joints. They reported that the 

distribution curve of residual stress is close to the welded zone, 

presenting “M” shape, and the peak residual stress appears near 

the tool shoulder position. Lombard et al

[25]

 have examined the 

residual stress of AA5083-H321 FSW joint by synchronous 

X-ray radiation. They showed that there is a linear relationship 

between the peak residual stress and heat input. Moreover, the 

heat input is dominated by the welding speed and peak residual 

stress increases with the increase of welding speed. 

In this paper, ~6 mm 6005A-T5 aluminum alloy was 

welded by friction stir welding at different welding speeds. 

The effect of welding speed on microstructure and mechanical 

properties of welded joint was discussed. In addition, the 

residual stress of welded joints was tested. It is expected to 

provide a basis for the study of how to regulate residual stress 

by welding parameters. 

1  Experiment 

1.1  Material and welding parameters 

The 6005A-T5 aluminum alloy was used as the base 

material (BM) for the present investigation, and the chemical 

composition is presented in Table 1. The dimension of 

6005A-T5 sheets is 350 mm×150 mm×6.5 mm.  

Before welding, all plates were cleaned by picking and 

degreasing to remove the oxidation layer and oil stains. FSW 

was performed using a tool with a shoulder diameter of 18 

mm and a pin diameter of 6.2 mm. The detailed welding 

parameters are listed in Table 2. All welding plates were 

placed at room temperature for more than four weeks before 

subsequent tests. 

Table 1  Chemical composition of 6005A-T5 alloy base 

material (wt%) 

Mg Si Cu Fe Mn Cr Zn Al 

0.58 0.68 0.13 0.16 0.24 0.11 0.01 Bal. 

 

Table 2  Welding parameters of FSW 

Rotational speed/r·min

-1

 Welding speed/mm·min

-1

 

1500 100 

1500 500 

1500 900 

 

1.2  Residual stress and performance test 

The residual stresses were measured on a Pulstec µ-X360s 

X-ray residual stress analyzer. This technique uses a single tilt 

angle and measures distortion in the complete Debye ring 

formed from diffraction by the {311} planes

[26]

. The trans- 

mission depth of the diffractometer was about 10 µm and the 

irradiated area was approximately a disc with 2 mm in 

diameter. The standard Cr target was selected as target 

material. The test points were 3 mm apart, and the longitudinal 

stress and transverse stress were measured at each point. 

Vickers hardness of the joints was measured by a 430SVD 

Vickers hardness tester, according to the standard ASTM: 

E384, with a loading of 3 kg for 10 s dwell time. The hardness 

test was performed in the transverse cross-section at 1 mm 

intervals. To ensure that the weld zone was at the center of the 

tensile samples, the specimen was prepared according to 

ASTM standard E517-00 with the tensile direction 

perpendicular to the welding direction. Tensile tests were 

performed by a WD3100 test machine at room temperature 

with a constant rate of 1 mm/min. 

1.3  Microstructure characterization 

The different microstructure characteristics of the samples 

were analyzed by optical metallography (OM), electron 

back-scattering diffraction (EBSD) and transmission electron 

microscope (TEM). All specimens were cut by an electrical 

discharge cutting machine.  

The metallographic samples were burnished and polished, 

and then treated with Keller’s reagent for approximately 60 s. 

The samples for EBSD test were burnished and polished, 

followed by electropolishing test in a solution (10 mL HClO

4

+ 

90 mL C

2

H

5

OH) for 6~8 s at a voltage of 25 V and a current 

of 0.5~1 A. The precipitates were characterized by TEM 

examinations (TecnaiG2 F20 microscope). Different regions 

of samples were mechanically ground to a thickness of 50~60 

µm, and then these slices were prepared by double-jet 

electropolishing in a solution (25% nitric acid and 75% 

methanol) at about −30 °C and 15~25 V. 

2  Results and Discussion 

2.1  Macrostructure observation 

Fig.1 shows the surface appearance of friction stir welded 

joint group at welding speeds of 100, 500 and 900 mm/min and 
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Fig.1  Surface appearance of FSW joint group with the welding 

speeds of 100 mm/min (a), 500 mm/min (b) and 900 mm/min (c) 

at a constant rotation speed of 1500 r/min 

 

a constant rotation speed of 1500 r/min. Smooth and defect- 

free welded joints can be obtained by these three sets of 

welding speeds. It can be seen that a series of arc crest and arc 

trough form. The spacing of arc crest increases with the 

increase of welding speed. 

According to the structure characteristics, the FSW joints 

consist of four parts: the nugget zone (NZ), the 

thermo-mechanically affected zone (TMAZ), the heat affected 

zone (HAZ) and the base material (BM). Fig.2 displays the 

cross-sections morphology of the joints at rotation speed of 

1500 r/min and welding speeds of 100 mm/min. The shape of 

the nugget zone can be seen clearly. The boundary of NZ on 

advancing side (AS) is more explicit than on retreating side 

(RS). Meanwhile, the onion rings can be observed in the 

center of NZ. 

 

 

 

 

 

 

 

 

 

 

Fig.2  Cross-section macrograph of FSW joint at rotation speed of 

1500 r/min and welding speeds of 100 mm/min 

 

2.2  Microstructure characteristics 

2.2.1  Grain morphology analysis 

Fig.3 shows the grain morphology of NZ and HAZ in 

welded joints at different welding speeds. The grain size of 

NZ is smaller than that of BM due to dynamic recry- 

stallization. It can be clearly seen from Fig.3a~3c that the 

grain size of NZ varies greatly with welding speeds. Whereas, 

the difference of grain size in HAZ is not significant 

(Fig.3d~3f). As shown in Fig.4, the average grain size of NZ 

is decreased from 19.9 µm to 13.4 µm as the welding speed 

increases from 100 mm/min to 900 mm/min. This is due to the 

increase of cooling rate with the increase of welding speed. 

However, the maximum grain size of HAZ is 31.2 µm and the 

minimum is 29.5 µm at different welding speeds. It should be 

noted that the peak temperature of HAZ is much lower than 

that of NZ, which results in a small change gap of grain size. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  EBSD map of 6005A-T5 aluminum alloy FSW joints at different welding speeds 
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Fig.4  Average grain size of welded joints at different 

welding speeds 

 

2.2.2  TEM observation of precipitates 

Fig.5 shows TEM bright field images of base material (BM). 

The needle-shaped precipitates lie in the �001�

Al

 direction and 

are uniformly distributed in the Al matrix, which can be 

clearly observed in the bright field image (Fig.5a). The preci- 

pitates are 20~50 nm in length and ~10 nm in radius. A 

cross-shaped diffraction streak is displayed in the corres- 

ponding selected area electron diffraction (SAED) pattern, as 

shown in Fig.5b. Besides, the HRTEM image and 

corresponding fast Fourier transform (FFT) pattern confirm 

that these phase particles are β" phase

[16, 27]

. As shown in 

Fig.5c, the embedded β" phase has a monoclinic structure, its 

long axis is parallel to �320�

Al

 and the short axis is aligned to 

�130�

Al

. It is worth mentioning that the needle-like β" phases 

are the major hardening precipitates of BM. 

Fig.6 shows TEM bright field images and corresponding 

SAED patterns of different regions at different welding speeds. 

In the nugget zones (NZs), there is no sign of β" phase except 

for some fine phases. Moreover, the corresponding SAED 

patterns reveal only the diffraction spots of Al matrix. 

Previous studies

[28]

 have reported that the dissolution 

temperatures of β" phases are ranged from 200 °C to 250 °C. 

Nevertheless, the peak temperature of NZ in FSW joints 

usually exceeds 500 °C

[23]

. The results indicate that all the 

original β" phases dissolve irrespective of welding speed. 

Fig.7 shows the HRTEM image and corresponding FFT 

pattern of the fine phases. The phases, which are spherical 

with 1~3 nm in size, are completely coherent with Al matrix. 

Meanwhile, there is no additional information in the 

corresponding FFT pattern. Thus, these fine phases are 

identified as GP zones

[29]

. Supersaturated solid solution (SSSS) 

is formed when NZ is subjected to high heat input and fast 

cooling rate. This leads to the formation of solute clusters 

during nature aging. With the increase of nature aging time, 

the GP zones gradually evolve from solute clusters. Since the 

size of solute clusters is too small, only GP zones can be 

observed in bright field images. 

The structure of TMAZ is not only affected by heat input, 

but also by plastic deformation. As shown in Fig.8, a large 

number of dislocations with a network structure are observed  
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Fig.5  TEM images of 6005A-T5 aluminum alloy: (a) bright-field image, (b) SAED pattern, (c) HRTEM image of β" phase, 

and (d) corresponding FFT pattern 
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Fig.6  TEM images and <001>

Al

 SAED patterns of NZ at the welding speeds of 100 mm/min (a), 500 mm/min (b), and 900 mm/min (c) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7  HRTEM image (a) and corresponding FFT pattern (b) of GP zone 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.8  TEM images and <001>

Al

 SAED patterns of TMAZ at the welding speeds of 100 mm/min (a), 500 mm/min (b), and 900 mm/min (c) 

 

in TMAZ. The peak temperature of TMAZ is second only to 

that of NZ, so there are no visible precipitates in this region. 

The result is also reflected in corresponding SAED patterns. 

This phenomenon is similar to NZ.  

Fig.9 shows TEM bright field images and corresponding 

SAED patterns of HAZ at various welding speeds. Welding 

speed has a significant effect on the type, size and distribution 

of precipitate phases, which can be clearly observed from 

Fig.9. Fig.9a shows the morphology and distribution of 

precipitate phases at a low welding speed (100 mm/min). 

There is only one type of lath-like precipitate phases. Fig.10 

shows the HRTEM image and corresponding FFT pattern of 

the lath-like precipitate. It has orderly hexagonal crystal 

structure with a cross-section elongated along <510>

Al

. 

Therefore, the lath-like precipitates are identified as Q' 

phases

[17]

. It is generally believed that Q' phase is transformed 

from β" phase

[30]

. At a relatively high speed (500 mm/min), 

the dimension of Q' phase decreases significantly and its 

number density increases markedly. Interestingly, a small 

amount of needle-like β" phases can be observed in Fig.9b. 
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This indicates that the welding heat input of HAZ at this speed 

is insufficient for all the β" phases to transform into Q' phases. 

At a high welding speed (900 mm/min), most β" phases and a 

few Q' phases are observed in Fig.9c. Compared with the β" 

phases in Fig.9b, the β" phases in Fig.9c have a smaller size 

and a larger quantity density due to the lower peak 

temperature in HAZ. 

2.3  Joint properties 

Vickers hardness was measured along mid-thickness line of 

transverse cross-section of the samples to obtain the distribu- 

tion curves of hardness at various welding speeds. Fig.11 

shows the effect of welding speeds on the hardness distri- 

bution. It can be observed that all the hardness curves of FSW 

joints exhibit a typical “W” shape. The hardness curves are 

almost symmetric with respect to the weld line. The slight 

difference is related to the non-uniformity of material flow on 

the both sides of welded joints. There is a distinct softening 

zone in all welded joints. The average hardness of NZ, TMAZ 

and HAZ is much lower than that of BM (1000 MPa). The 

minimum hardness appears in the HAZ due to dissolution of 

β" phases and coarsening of Q' phases, which are shown in 

Fig.9. Furthermore, the width of softening zone decreases and 

the minimum hardness of softening zone increases with the 

increase of welding speed. The increase of welding speed 

means the decrease of heat input during the welding process. 

Hence, β" phases do not have enough driving force to dissolve 

or transform into Q' phases. The average hardness of NZ is 

higher than that of HAZ. It is related to the formation of solute 

clusters or GP zones in NZ during natural aging, which can be 

clearly observed in TEM images (Fig.6). In addition, the 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.9  TEM images and <001>

Al

 SAED patterns of HAZ at the welding speeds of 100 mm/min (a), 500 mm/min (b), and 900 mm/min (c) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.10  HRTEM image (a) and corresponding FFT pattern (b) of Q' 

phase 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.11  Hardness profiles of FSW joints at different welding speeds 

 

grains of NZ are refined during welding processing, so the 

effect of refined crystalline strengthening cannot be neglected. 

The average hardness of NZ decreases with the increase of 

welding speed. This indicates that more heat input means the 

matrix having more energy for reprecipitation. The average 

hardness of TMAZ is slightly lower than that of NZ. The 

degree of reprecipitation in TMAZ is weaker than in NZ on 

account of the less heat put, although a mass of dislocations 

can be observed in this region (Fig.8), and the dislocations can 
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contribute to hardness. 

Fig.12 shows the effect of welding speed on the tensile 

properties of welded joints. It is obvious that the tensile 

properties of all welded joints decrease compared to those of 

BM. At a constant rotation speed of 1500 r/min, ultimate 

tensile strength (UTS) and yield strength (YS) have an upward 

tendency with the increase of welding speed from 100 

mm/min to 900 mm/min, but elongation (EL) shows an 

opposite case. The welding efficiency (ratio of UTS of the 

joint to UTS of BM) of welded joints increases from 71.5% to 

82.0%. All fractures occur in HAZ near TMAZ on advancing 

side. From the hardness distribution curve in Fig.11, the 

fracture location is consistent with the position of the 

minimum hardness. This indicates that the tensile properties of 

welded joints major depend on the microstructure of HAZ. In 

other words, the tensile properties of welded joints are 

dominated by the evolution of precipitate phases in HAZ. 

2.4  Residual stress 

Fig.13 shows the distribution of longitudinal and transverse 

residual stresses in welded joints at various welding speeds. 

The measurement range of residual stress is 40 mm from the 

center of weld zone. As shown in Fig.13a, it can be seen that 

the profile of residual stress in longitudinal direction is shown 

as an “M” shape. This result is in good agreement with 

previous reports in Ref.[24]. The longitudinal residual stress 

in the region around weld center is mainly the tensile stress 

and the balancing compressive stress in base material. The 

residual stress ranges from −57 MPa to 178 MPa at different 

welding speeds. Peak residual stress measurements are located 

next to the tool shoulder. However, it is worth noting that the 

position of peak residual stress is gradually away from the tool 

shoulder as the welding speed decreases. The peak stresses are 

located at 14, 12 and 10 mm from the weld center at the 

welding speed of 100, 500 and 900 mm/min, respectively. The 

distribution of residual stress on both sides of the weld center 

is not completely symmetrical. The peak residual stress in 

advancing side is slightly higher than in retreating side. This 

result is contrary to the conclusion reported by Zapata et al

[31]

. 

They measured the residual stresses of AA2024-T3 and 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.12  Tensile properties of FSW joints at different welding speeds 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.13  Longitudinal (a) and transverse (b) residual stress distribution 

of FSW joints at different welding speeds 

 

AA6061-T6 alloys and found that all the maximum residual 

stresses of welded joints are located on the retreating side. 

There is a sharp decline of residual stress in NZ compared 

with near the tool shoulder. The minimum residual stress in 

NZ of welded joint is only 29 MPa at the welding speed of 

100 mm/min. The width of tensile stress seems to be 

extremely sensitive to the variation of welding speed. With the 

increase of welding speed, the width of tensile stress 

remarkably decreases. 

The average value of transverse residual stresses is much 

lower than that of longitudinal residual stress, as shown in 

Fig.13b. The maximum tensile stress value is just 62 MPa. 

The distribution curves of transverse residual stress at 

different welding speeds present a good consistency, which 

implies that transverse stress is slightly affected by welding 

speed.  

Fig.14 shows peak longitudinal residual stress and width of 

longitudinal tensile stress at different welding speeds. It 

exhibits that the trend of residual stress varies with welding 

speed. It is clear that the peak stress increases from 128 MPa 

to 182 MPa with the increase of welding speed, but the width 

of tensile region is inversely proportional to welding speed. 

Welding speed determines heat input per unit length. Higher 

heat input can spread farther away from weld center, thereby 

affecting thermal expansion mismatch upon cooling. 
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Fig.14  Peak longitudinal residual stress (a) and width of longitudinal 

tensile stress (b) of FSW joints at different welding speeds 

 

3  Conclusions 

1) The NZ shows a fine grain structure due to dynamic 

recrystallization. The average grain size of NZ and HAZ 

decreases with the increase of welding speed. The HAZ is not 

subjected to mechanical stir of the tool, so the grain 

morphology has no significant change.  

2) The NZ experiences the highest temperature, β" phases 

dissolve back into the Al-matrix and GP zones are precipitated 

subsequently during natural aging. The number of β" phase 

decreases and Q' phases are coarsened in HAZ with the 

decrease of welding speed. 

3) Tensile strength and yield strength of FSW joints 

increase with increasing the welding speed, while elongation 

decreases slightly. The welding efficiency of welded joints 

ranges from 71.5% to 82.0%. 

4) The residual stress of the weld region is generally tensile 

stress and the balancing compressive stress in BM. The 

average value of longitudinal residual stress in weld region is 

larger than that of transverse residual stress. Peak residual 

stress increases with the increase of welding speed. 
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