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Abstract: The relationships between microhardness and microstructure, macrostructure and mechanical properties of friction stir 

welded joints AA6061-T913 were studied. Three equations were suggested to predict the grain size, ultimate tensile strength and 

yield strength from the hardness throughout the weld. Two-dimensional contour of grain size and three-dimensional maps of ultimate 

tensile and yield strengths were plotted according to the proposed equations. Also, the location of macroscopic zones was estimated 

based on hardness distribution. The modeling results were compared with the results obtained from microscopy and tensile tests. The 

modeling results show good agreement with the experimental findings, and the average differences between them for the ultimate 

tensile strength and yield strength were about 8% and 3%, respectively. 
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1 Introduction 
 

After two decades of development, friction stir 

welding (FSW) has become a viable and important 

manufacturing alternative or fabrication component, 

especially in aerospace or aeronautics applications and 

large tank for launch vehicles involving aluminum  

alloys [1−3]. FSW technology requires a thorough 

understanding of the process, and the evaluation of 

consequent weld mechanical properties is needed in 

order to use the FSW process for the production of 

components. The heat caused by the friction between the 

tool shoulder and the workpiece results in an intense 

local heating that does not melt the plates to be joined, 

but softens and plasticizes the material around the    

tool [4,5]. 

Thus, the distributions of temperature and plastic 

strain are non-uniform and will result in different 

microstructures and residual stresses in the welded 

workpiece [6,7]. Residual stress produced by various 

manufacturing methods is a crucial factor when assessing 

the integrity of engineering components and has attracted 

attention all the time [8]. Hence, certain associated 

defects have to be eliminated, and non-uniform 

temperature distributions along the welding line should 

be improved. It shows the significant importance of 

investigation on microstructure and mechanical 

distribution through the weld joints. CAVALIERE     

et al [9] stated that detailed research and qualification 

work in this field are required. However, despite the 

widespread growth of FSW as a commercial joining 

process, the relationship between microstructure and 

properties of joint is not well understood [10]. The 

hardness of a material is dependent on its  

microstructure [11]. Thus, hardness measurement would 

be an acceptable method to investigate the 

inhomogeneous microstructures. Correlations between 

the microstructure and the hardness in weld joints, and 

the relationship between hardness and strength have been 

established for engineering materials. 

OM images of different areas show a significant 

difference in the microstructure of the regions which 

exhibit high and low hardness values [12]. There are a 

number of researches and reports regarding the 

relationship between the hardness profile and 

microstructure and/or mechanical properties. For 

example, GAŠKO and ROSENBERG [13] described the 

correlation between hardness and tensile properties in 

ultra-high strength dual phase steels, and SHEN [14]  
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studied the relation between hardness and tensile strength 

in particle reinforced metal matrix composites [14]. 

ZHAO et al [15] studied the relationship between 

hardness and grain size using the Hall–Petch relation in 

the stir zone of FSW joints. Also, JONES et al [16] 

investigated the correlation between microstructure and 

microhardness in friction stir welded 2024 aluminum 

alloy. However, limited works have been performed 

about application of hardness map. 

A number of disadvantages are associated with the 

conventional methods of observing the microstructures 

of materials. The conventional methods such as optical 

microscopy and scanning electron microscopy show the 

microstructures of only a few selected points of surface 

and these methods are not appropriate for investigating 

the inhomogeneity of microstructures. Furthermore, the 

proper preparation of metallographic specimens of such 

materials using classical etching methods possesses 

numerous difficulties and sometimes proves to be 

impossible [17]. Surface hardness mapping method 

provides an easy way to observe the microstructure of 

whole weld zone and investigation on distribution of 

mechanical properties and microstructure. 

The aim of this study is to explore the utilization of 

hardness maps for research on microstructure and 

macrostructure, and mechanical properties of the friction 

stir welded joints, and to evaluate the changes occur in 

hardness due to the welding thermomechanical effects. 

 

2 Experimental 
 

The material used was AA6061-T913 aluminum 

sheet with 4 mm in thickness. The results of chemical 

analysis and mechanical testing of the base metal are 

presented in Tables 1 and 2, respectively. Before FSW 

butt joining, the sheets were cut into pieces with 

dimensions of 200 mm × 300 mm. The welding 

experiments were performed with a tool tilt angle of 1°, 

travel speed of 18 mm/min, and rotating speed of    

940 r/min. The tool had a concave shoulder with a 

diameter of 16 mm and a tapered cone pin with a base 

diameter of 4 mm and a length of 3.7 mm. The pin   

and shoulder concavity angles were 20° and 12°, 

 

Table 1 Chemical composition of base metal (mass fraction, %) 

Mg Mn Fe Si Cu Al 

0.89 0.04 0.37 0.64 0.20 Bal. 

 

Table 2 Mechanical properties of base metal 

Base metal 
YS/ 

MPa 

UTS/ 

MPa 

El/ 

% 

Hardness 

(HV) 

AA6061-T913 455 460 10 139 

YS: Yield strength; UTS: Ultimate tensile strength; El: Elongation (average 

of three values) 

respectively. The material of the FSW tool was H13 tool 

steel. The hardness of the tool after heat treatment was 

around HRC 54. 

Zwick/SP1200 universal testing machine was used 

to perform the tensile test of the specimens 

longitudinally to the rolling direction at a cross head 

speed of 1 mm/min. The tensile specimens were prepared 

as per standard ASTM E8/E8M [18]. The photographs of 

the welded joint and the specimens before and after the 

tensile testing are shown in Fig. 1. 
 

 

Fig. 1 Photographs of welded joint (a), specimens before (b) 

and after (c) tensile testing 

 

Optical microscopy (OM) observation of the welded 

sheets was carried out using an Olympus B202 

microscope, and the micrographs were taken at different 

magnifications. For metallurgical investigations, the 

specimens were prepared according to the ASTM  

E3-01 [19]. Sample surfaces were polished with 200, 

1000, and 2000 grit silicon carbide paper and then etched 

for a few seconds, using a Keller’s reagent consisting of 

2 mL HF, 3 mL HCl, 5 mL HNO3 and 190 mL H2O. 

The mean grain size was evaluated by the line 

intercept method according to the ASTM E112 [20]. 

The surface hardness measurements were started at 

a distance of 8 mm from the weld center to cover all 

friction stir welding areas. The hardness map was 

obtained with a diamond indenter. Figure 2 shows the 

sketch of the hardness map zone specified for the used 

sample. The surface hardness measurement condition is 

presented in Table 3. 
 

 

Fig. 2 Sketch of hardness map zone and cross section of FSW 

joint 
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Table 3 Microhardness measurement condition 

Parameter Value 

Number of indentations 450 

Interval/mm 0.3 

Force/N 1 

 

3 Results and discussion 
 

3.1 Correlation between macrostructure and 

microhardness 

The hardness map of the entire weld is shown in  

Fig. 3(a). It is obvious that hardness distribution is not 

uniform across the weld. Hardness mapping allows for 

visual observation of different zones. It clearly shows 

different FSW zones including stir zone (SZ), thermo- 

mechanically affected zone (TMAZ), and heat affected 

zone (HAZ) by showing each zone by its color. The 

hardness map shown in Fig. 3(a) demonstrates that the 

SZ is harder than the surrounding TMAZ and HAZ and 

the ultimate low point of microhardness occurs at the 

boundary of the HAZ and TMAZ on the advancing side. 

The HAZ on the retreating side has a similarly low 

hardness. Hardness map allows to represent the hardness 

profile in any direction through the weld area. For 

example, Fig. 3(c) shows hardness profile of the sample. 

This microhardness profile shows the typical “W” shape 

for precipitation strengthened alloys. The outer edges of 

this distribution would be expected to increase 

continuously in microhardness until reaching the 

unaffected base material hardness value. According to 

 

 
Fig. 3 Hardness map of entire FSW joint (a), macrostructure of 

welded sample and its zones (b), and hardness profile across 

dashed line (c) 

Fig. 3(c), the SZ has the highest hardness compared with 

the adjacent regions. It seems that the relatively high 

hardness of the SZ is due to its fine and equiaxed grains 

(resulting from dynamic recrystallization) and the related 

grain boundary strengthening; while the low hardness of 

the TMAZ can be resulted from dissolution of 

strengthening precipitates, or over aging, occurring due 

to elevated temperatures experienced during the FSW 

process, and the low hardness of the HAZ can be a result 

of grain coarsening and over aging taken place in this 

zone. 

From the macroscopic studies (Fig. 3(b)), different 

regions of the weldment are identified. These boundaries 

well-matched with areas obtained from hardness map 

indication. 

 

3.2 Microstructural analysis using microhardness 

map 

To facilitate understanding of grain size change in 

different FSW zones, grain size distribution mapping is 

one of the best practices. Hardness and strength of 

materials with conventional grain size (grain diameter 

d>1 μm) are a function of grain size. For ductile 

polycrystalline materials, the empirical Hall−Petch 

equation has been found to express the grain-size 

dependence of flow stress at any plastic strain out to 

ductile fracture. In terms of yield stress, this expression 

is [21]: 
 

½
0 i kd                                (1) 

 
where σ0 is the yield stress, σi is the friction stress 

opposing dislocation motion, k is a constant, and d is 

grain diameter. Similar results are obtained for hardness: 
 

½
0H A kd                                (2) 

 
where H0 is the hardness, A and k are constants. The 

equation constants can be calculated by substituting 

average hardness and related average grain size of 

different welding zones in Eq. (2). According to Fig. 4 

which represents the microstructure of different joint 

zones, the average grain size of each zone could be 

determined. According to Table 4 which shows average 

grain sizes and relative mean hardness values, the final 

equation would be 
 

1/2
0 98.7 49.1H d                           (3) 

 

The grain size values can be determined employing 

the Hall−Petch equation with known constants. The grain 

sizes were calculated using the hardness values 

corresponding to each indent in the welded area.   

Figure 5, which represents the predicted grain size 

distribution map, indicates significant differences 

between the weld nugget, the TMAZ on advancing side, 

and the TMAZ on retreating side. The nugget zone is 
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Fig. 4 Microstructures of SZ (a), TMAZ on AS (b), TMAZ on RS (c), HAZ of AS (d), HAZ of RS (e), and base metal (f) of friction 

stir welded AA6061-T913  

 

Table 4 Average grain size of different FSW zones obtained 

from microscopy 

Zone SZ 
TMAZ- 

AS 

TMAZ- 

RS 

HAZ- 

AS 

HAZ- 

RS 
Base 

Average 

grain size/μm 
6.0 7.8 7.7 44.6 68.3 28.5 

characterized by a relatively homogeneous micro- 

structure with smaller grains, whereas the TMAZ on 

advancing and retreating sides has larger grains. The 

retreating side of the FSW joint has a more complex 

microstructure and slightly smaller grain size than the 

advancing side. The mean grain size of each welding 
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area and its difference with those obtained from 

microstructural images are presented in Table 5. 

 

 

Fig. 5 Grain size distribution map based on Hall−Petch 

equation 

 

Table 5 Average grain sizes of different FSW zones predicted 

using Eq. (3) 

Zone 
Average 

grain size/μm 

Difference with 

experimental results/% 

SZ 5.54 7.6 

TMAZ-AS 8.53 9.3 

TMAZ-RS 8.41 9.2 

HAZ-AS 48.9 9.6 

HAZ-RS 65.3 4.3 

 

3.3 Correlation between strength and microhardness 

Ultimate tensile strength and yield strength of any 

point could be determined using suitable relations 

between hardness and these strengths. The calculated 

data can then be plotted as distribution maps for     

easy visualization of strength variations. CAHOON    

et al [22,23] offered two equations to correlate hardness 

of materials with their yield and tensile strengths by 

using strain hardening coefficient, which were based on 

the total strain instead of true plastic strain: 
 

Y 0.1
3

nH


 
  
 

                              (4) 

UTS
2.9 0.217

n
H n


  

   
  

                       (5) 

 
where H is the Vickers hardness, n is the strain hardening 

coefficient, σY is the yield strength and σUTS is the 

ultimate tensile strength in MPa × 10−1. 

CAHOON et al [22] suggested that the H/3 

coefficient is a suitable value in determining σY for 

aluminum; however, some assumptions must be 

considered to revise H/2.9 coefficient for aluminium in 

determining σUTS. According to CAHOON [23], H/2.9 is 

the value of true stress at the peak of the stress–strain 

diagram. The true stress and strain can be calculated 

using their engineering quantities. The obtained true 

stress of 1.685 MPa and corresponding measured 

hardness of HV 84 will result in the coefficient of H/5.06. 

Hence, the final σUTS equation would be 

UTS
5.06 0.217

n
H n


  

   
  

                      (6) 

Strain hardening coefficient, n, could be calculated 

according to ASTM E646-07e1 standard [24]. ASTM 

E646 is a tensile test that measures the stress−strain 

response in the plastic region prior to necking (dσ=0) that 

is the region of the curve between yield strength at point 

B and ultimate strength at point D in Fig. 6 [25]. In the 

B−D strain hardening region, the stress−strain 

relationship is approximated by the following equation: 

 

 

Fig. 6 Stress−strain curve obtained for FSWed AA6061-T913, 

with UTS and YS values of 161 and 121 MPa, respectively 

 

tt
nK                                    (7) 

 

where σt is the true stress, K is the strength coefficient, εt 

is the true strain, and n is the strain hardening coefficient. 

Equation (7) is a power function and requires conversion 

to a logarithmic form in order to calculate the strain 

hardening coefficient n: 
 

ttlg lg  lgK n                             (8) 
 

The exponent, n, is obtained from the true 

stress−true strain curve which is derived from the 

engineering stress−engineering strain curve. Assuming 

being constant of specimen volume, the relations 

between true stress and engineering stress and true strain 

and engineering strain are as follows: 
 

t (1 )                                   (9) 

t ln(1 )                                  (10) 
 

where σ is engineering stress, and ε is engineering strain. 

Equation (8) is presented in the form of a straight 

line where n is the slope of the line and lg K is the 

intercept in axis y. Using linear regression analysis,   

the equation for the strain hardening exponent, n, 

becomes 
 

2 2( )

N xy x y
n

N x x






  
 

                       (11) 

 

where 
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[ ]

[ln(1 )]

 is the number of data pairs

lg (1 )

lg

.

y

x

N

 














 

 

In order to calculate n, at least 5 data pairs between 

points B and D should be selected. According to Eq. (11) 

and Fig. 6, strain hardening exponent, n, would be equal 

to 0.329. 

The determined ultimate tensile strength and yield 

strength values using this technique are in good 

agreement with the experimental values; however, the 

predicted yield strength has somewhat better accuracy. 

The relative error between calculated ultimate tensile 

strengths and experimental values was 8%; however, the 

relative error between calculated yield strengths and 

experimental data was 3%. This approach was also used 

to determine the ultimate tensile strength and yield 

strength throughout the FSW zones. Figures 7 and 8 

show the yield strength and ultimate tensile strength 

distribution maps of the weld area, respectively. As it is 

apparent in 3D models, the boundary between TMAZ 

and HAZ on advancing side has lower tensile and yield 

strengths, which is also the failure location of 

experimental tensile test specimens. It seems that the 

experimental and theoretical data match reasonably well 

for both the ultimate tensile and yield strengths. 

 

 

Fig. 7 Yield strength distribution map of FSWed joint predicted 

by Eq. (4) 

 

 

Fig. 8 Ultimate tensile strength distribution map of FSWed 

joint predicted by Eq. (6) 

 

4 Conclusions 
 

1) Some equations were proposed to calculate the 

grain size, ultimate tensile strength and yield strength of 

friction stir welded AA6061-T913 joints from the 

hardness across the FSW joint. A good agreement was 

found between the results obtained from microscopy and 

tensile tests, and the calculation results. 

2) The maximum hardness of HV 119 was obtained 

for the SZ, while the boundary between the HAZ and the 

TMAZ on the advancing side (failure location in the 

tensile testing) exhibited the lowest hardness value of 

HV 81. 

3) The places of different FSW zones were 

estimated using hardness map of the joint cross-section. 

The SZ, TMAZ, and HAZ were clearly distinguished 

based on the hardness distribution. Thus, it was shown 

that microhardness map can be employed as a 

supplementary or alternative method for macroscopy in 

many situations. 

4) Grain size distribution of the joint area was 

modeled according to the proposed equation. The 

modeling results showed suitable conformity with those 

obtained from microscopic observations (with an average 

difference of ~8%). 

5) Ultimate tensile and yield strengths’ maps were 

provided taking into account the correlation between 

hardness and these strengths. Good agreement was 

observed between the experimental results obtained from 

the tensile test and the predictions (with an average 

difference of ~6%). 

6) Totally, the present investigation showed 

successful applicability of hardness map for prediction  

of macrostructure and microstructure, and strength 

properties of aluminum alloy FSW joints. 
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基于显微硬度图的 AA6061 合金搅拌摩擦焊接接头的 

力学和冶金性能表征 
 

Iman HEJAZI, Seyyed Ehsan MIRSALEHI 
 

Department of Mining and Metallurgical Engineering, 

Amirkabir University of Technology (Tehran Polytechnic), 424 Hafez Ave, Tehran, Iran 

 

摘  要：研究搅拌摩擦焊接接头 AA6061-T913 的显微硬度与其显微组织、宏观组织和力学性能的关系。根据整

个焊件的硬度，提出 3 个方程式分别预测焊件合金的晶粒尺寸、极限拉伸强度和屈服强度。根据所建立的方程式，

绘制关于晶粒尺寸的二维图以及关于极限拉伸强度和屈服强度的三维图。根据硬度分布曲线，确立宏观区域的位

置，并将模型所得结果与显微观察及拉伸试验结果进行比较。结果表明：模拟结果与实验结果吻合较好。对于极

限拉伸强度和屈服强度，其模拟结果与实验结果的平均误差分别为 8%和 3%。 

关键词：AA6061 合金；搅拌摩擦焊；显微硬度；宏观组织；显微组织；力学性能 
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