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Abstract: An experimental study was undertaken to express the hardening Swift law according to friction stir welding (FSW) 
aluminum alloy 2017. Tensile tests of welded joints were run in accordance with face centered composite design. Two types of 
identified models based on least square method and response surface method were used to assess the contribution of FSW 
independent factors on the hardening parameters. These models were introduced into finite-element code “Abaqus” to simulate 
tensile tests of welded joints. The relative average deviation criterion, between the experimental data and the numerical simulations 
of tension-elongation of tensile tests, shows good agreement between the experimental results and the predicted hardening models. 
These results can be used to perform multi-criteria optimization for carrying out specific welds or conducting numerical simulation of 
plastic deformation of forming process of FSW parts such as hydroforming, bending and forging. 
Key words: friction stir welding; response surface methodology; face centered central composite design; hardening; simulation; 
relative average deviation criterion 
                                                                                                             
 
 
1 Introduction 
 

Friction stir welding (FSW) is initially invented and 
patented at the Welding Institute, Cambridge, United 
Kingdom (TWI) in 1991 [1] to improve welded joint 
quality of aluminum alloys. FSW is a solid state joining 
process which was therefore developed systematically 
for material difficult to weld and then extended to 
dissimilar material welding [2], and underwater welding 
[3]. It is a continuous and autogenously process. It makes 
use of a rotating tool pin moving along the joint interface 
and a tool shoulder applying a severe plastic deformation 
[4]. 

The process is completely mechanical, therefore 
welding operation and weld energy are accurately 
controlled. Basing on the same welding parameters, 
welding joint quality is similar from a weld to another. 

Approximate models show that FSW could be 
successfully modeled as a forging and extrusion process 
[5]. The plastic deformation field in FSW is compared 
with that in metal cutting [6−8]. The predominant 
deformation during FSW, particularly in vicinities of the 

tool, is expected to be simple shear, and parallel to the 
tool surface [9]. When the workpiece material sticks to 
the tool, heat is generated at the tool/workpiece contact 
due to shear deformation. The material becomes in paste 
state favoring the stirring process within the 
thermomechanically affected zone, causing a large plastic 
deformation which alters micro and macro structure and 
changes properties in polycrystalline materials [10]. 

The development of the mechanical behavior  
model, of heterogeneous structure of the welded zone, is 
based on a composite material approach, therefore it 
must takes into account material properties associated 
with the different welded regions [11]. The global 
mechanical behavior of FSW joint was studied through 
the measurement of stress strain performed in transverse 
[12,13] and longitudinal [14] directions compared with 
the weld direction. Finite element models were also 
developed to study the flow patterns and the residual 
stresses in FSW [15]. Based on all these models, 
numerical simulations were performed in order to 
investigate the effects of welding parameters and tool 
geometry on welded material behaviors [16] to predict 
the feasibility of the process on various shape parts [17].  
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However, the majority of optimization studies of the 
FSW process were carried out without being connected 
to FSW parameters. 

In the present study, from experimental and 
modeling standpoint, the mechanical behavior of FSW 
aluminum alloy 2017 was examined by performing 
tensile tests in longitudinal direction compared with the 
weld direction. It is a matter of identifying the material 
parameters of Swift hardening law [18] according to the 
FSW parameters, so mechanical properties could be 
predicted and optimized under FSW operating conditions. 
The strategy carried out rests on the response surface 
method (RSM) involving a face centered central 
composite design to fit an empirical models of material 
parameters of Swift hardening law. RSM is a collection 
of mathematical and statistical technique, useful for 
modeling and analysis problems in which response of 
interest is influenced by several variables; its objective is 
to optimize this response [19]. The diagnostic checking 
tests provided by the analysis of variance (ANOVA) such 
as sequential F-test, Lack-of-Fit (LoF) test, coefficient of 
determination (R2), adjusted coefficient of determination 
( 2

adjR ) are used to select the adequacy models [20]. 
 
2 Experimental  
 
2.1 Welding process 

The aluminum alloy 2017 chosen for investigation 
has good mechanical characteristics (Table 1), excellent 
machinability and formability, and is mostly used in 
general mechanics applications from high strength 
suitable for heavy-duty structural parts. 
 
Table 1 Mechanical properties of aluminum alloy 2017 
Ultimate tensile 

strength/ 
MPa 

Yield 
strength/ 

MPa 

Elongation 
/% 

Vickers 
hardness 

427 276 22 118 

 
The experimental set up used in this study was 

designed in Kef Institute of Technology (Tunisia). A  
7.5 kW powered universal mill (Momac model) with 5 to 
1700 r/min and welding feed rate ranging from 16 to 
1080 mm/min was used. Aluminum alloy 2017 plate of  
6 mm in thickness was cut and machined into rectangular 
welding samples of 250 mm×90 mm. Welding test was 
performed using two samples in butt-configuration, in 
contact along their larger edge, fixed on a metal frame 
which was clamped on the machine milling table. 

To ensure the repeatability of the FSW process, 
clamping torque and flatness surface of the plates to be 
welded are controlled for each welding test. At the end of 
welding operation, around 80 s are respected before the 
withdrawal of the tool and the extracting of the welded 
parts. 

In this experimental study, we purpose to screen the 
effects of three operating factors, i.e. tool rotational 
speed N, tool welding feed F and diameter ratio r, on 
hardening parameters from Swift’s hardening law such as 
strength coefficient (k), initial yield strain (ε0) and 
hardening exponent (n). The ratio (r=d/D) of pin 
diameter (d) to shoulder diameter (D), is intended to 
optimize the tool geometry [21−23]. The welding tool is 
manufactured from a high alloy steel (Fig. 1). 
 

 
 
Fig. 1 FSW tool geometry (mm) 
 

Preliminary welding tests were performed to 
identify both higher and lower levels of each considered 
factors. These limits are fixed from visual inspections of 
the external morphology and cross sections of the welded 
joints with no macroscopic defects such as surface 
irregularities, excessive flash, and lack of penetration or 
surface-open tunnels. However, among these limits one 
is not sure to have a safe welded joint so often, but they 
show great potential on defect avoidance. Figure 2 shows 
some external macroscopic defects observed beyond the 
limit levels established for each factor. Table 2 lists the 
processing factors as well as levels assigned to each, and 
Table 3 shows the fixed levels for other factors needed to 
success the welding tests. 

A face centered central composite design, which 
comes under the RSM approach, with three factors was 
used to characterize the nature of the welded joints by 
determining hardening parameters. In this design the star 
points are at the center of each face of the factorial space 
(α=±1), all factors are run at three levels, which are −1, 0, 
+1 in term of the coded values (Table 4). The experiment 
plan has been run in random way to avoid systematic 
errors. 
 
2.2 Tensile tests 

The tensile tests are performed on a Testometric’s 
universal testing machines FS−300 kN. The tensile test 
specimens (ASME E8M−04) proposed for characterizing 
the mechanical behavior of the FSW joint, were cut in 
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Fig. 2 Types of macroscopic defects 
 
Table 2 Levels for operating parameters for FSW process 

Factor 
Low level 

(−1) 
Center point 

(0) 
High level 

(+1) 

N/(r·min−1) 653 910 1280 

F/(mm·min−1) 67 86 109 

r/% 33 39 44 

 
Table 3 Welding parameters 

Pin 
height/ 

mm 

Shoulder 
diameter/ 

mm 

Small 
diameter 
pin/mm 

Tool’s 
inclination 
angle/(°) 

Penetration 
depth of 

shoulder/mm 

5.3 18 4 3 0.78 

 
longitudinal direction compared with the weld direction, 
so that active zone is enclosed in the central weld zone 
(Fig. 3). Figure 4 shows the tensile specimens after 
fracture. 

Ultimately, it is a matter of experimental evaluation 
of hardening parameters of the behavior of FSW joints (k, 
ε0, n) according to Swift’s hardening law: 

 
nk )( p0 εεσ +=                               (1) 

 
These parameters are required to identify the plastic 

deformation aptitude of the FSW joints. They are also 
needed for numerical simulations of forming operations 
on welded plates. The hardening parameters have been 
calculated by least square method (LSM) from the stress

—strain curves data. Table 4 shows the experimental 
design as well as dataset performance characteristics 
according to the FSW parameters of aluminum Alloy 
2017. 
 
3 Experimental results 
 
3.1 Development of mathematical models 

Although the basic principles of FSW are very 
simple, it involves complex phenomena related to 
thermo-mechanical and metallurgical transformation that 
causes strong microstructural heterogeneities in the 
welded zone. From an energy standpoint, welding 
process is generated by converting mechanical energy 
provided by FSW tool into other types of energy such as 
heat, plastic deformation and microstructural 
transformations. The nonlinear character of these 
different dissipation forms can justify research for 
nonlinear prediction models whose accuracy generally 
depends on the order of the models relating the responses 
to welding parameters. For this reason, we chose the 
RSM which is helpful in developing a suitable 
approximation for the true functional relationships 
between quantitative factors (x1, x2, … , xk) and the 
response surface or response functions Y (k, ε0, n) that 
may characterize the nature of the welded joints as 
follows: 
 

r21 ),,,( exxxfY k += L                          (2) 
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Table 4 Face centered central composite design for FSW of aluminum alloy 2017 
Factors level 

Coded Actual 
Hardening parameter 

Type Standard 
order 

N F r N/(r·m−1) F/(mm·min−1) r/% k/MPa n ε0/% 
1 −1 −1 −1 653 67 33 629.7 0.3296 0.0020 
2 1 −1 −1 1280 67 33 654.7 0.4514 0.0035 
3 −1 1 −1 653 109 33 587.8 0.3712 0.0025 
4 1 1 −1 1280 109 33 689.2 0.4856 0.0055 
5 −1 −1 1 653 67 44 642.3 0.4524 0.0025 
6 1 −1 1 1280 67 44 218.6 0.2447 0.0015 
7 −1 1 1 653 109 44 685.5 0.4885 0.0035 

Factorial 
design 

8 1 1 1 1280 109 44 332.5 0.3405 0.0020 
9 0 0 0 910 86 39 624.9 0.4257 0.0025 
10 0 0 0 910 86 39 639.9 0.4292 0.0025 
11 0 0 0 910 86 39 640.9 0.4011 0.0020 

Center point 

12 0 0 0 910 86 39 598.6 0.3960 0.0023 
13 −1 0 0 653 86 39 690.6 0.4748 0.0027 
14 1 0 0 1280 86 39 505.6 0.3909 0.0030 
15 0 −1 0 910 67 39 499 0.3317 0.0017 
16 0 1 0 910 109 39 545.6 0.4157 0.0026 
17 0 0 −1 910 86 33 672.1 0.4385 0.0027 

Star point 

18 0 0 1 910 86 44 509.7 0.4175 0.0019 
 

 
 
Fig. 3 Tensile test specimens (ASME E8M−04) cut in 
longitudinal direction compared with weld direction (mm) 
 

 
 
Fig. 4 Tensile specimens after fracture 

The residual error term (er) measures the 
experimental errors. Such relationship was developed as 
quadratic polynomial under multiple regression form 
[19,20]:  

∑ ∑∑ ++++= r
2

0 exxbxbxbbY jiijiiiii         (3) 
 

where b0 is an intercept or the average of response; bi, bii, 
and bij represent regression coefficients. For the three 
factors, the selected polynomial could be expressed as:  

+++++++= 2
33

2
22

2
113210 rbFbNbrbFbNbbY  

FrbNrbNFb 231312 ++                    (4) 
 
In applying the RSM, the independent variable Y 

was viewed as surface to which a mathematical model 
was fitted. The adequacy of the developed model was 
tested using the analysis of variance (ANOVA) which 
quantifies the amount of variation in a process and 
determines if it is significant or is caused by random 
noise. 
 
3.2 Mathematic model of hardening parameters 

Table 5 lists the coefficients of the best linear 
regression models. All selected parameters (N, F, r) for k 
and ε0 are statistically significant (P-value less than 0.05) 
at the 95% confidence level. However, for the response n, 
the term b3r having a P-value=0.0654>0.05 is not 
statistically significant at the 95% confidence level even 
though the term b13Nr is statistically significant. 
Consequently, b3(r) is kept in the model to improve   
the Lack-of-Fit test (Table 6). Furthermore, only the 
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Table 5 Coefficients of regression models for hardening parameters 
Strength coefficient (k) Hardening coefficient (n) Initial yield strain (ε0) Coefficient 

Est. SE P-value Est SE P-value Est/10−4 SE/10−4 P-value 
b0 610.3 9,48 <10−4 0.422 0.0073 <10-4 22.8 1.010 <10-4 
b1 −83.5 8.48 <10−4 −0.020 0.0065 0.0091 2.30 0.912 0.0267 
b2 19.6 8.48 0.041 0.029 0.0065 0.0008 4.90 0.912 0.0002 
b3 −84.5 8.48 <10−4 −0.013 0.0065 0.0654 −4.80 0.912 0.0002 
b11       5.56 1.367 0.0009 
b22 −61.8 12.72 0.0005 −0.031 0.0098 0.009    
b33          
b12          
b13 −112.9 9.48 <10−4 −0.074 0.0073 <10-4 -8,75 1.010 <10-4 
b23          
R2 95.90%   92.38%   92.84%   

2
adjR  94.19%   89.21%   89.86%   

SE of est. 30.7   0.021   2.9×10−4   
Est: Estimate; SE: Standard Error; SE of est.: Standard error of estimate 
 

Table 6 ANOVA for hardening parameters 
k n ε0 Source of variation 

SS Df P-Value SS Df P-Value SS/10−7 Df P-Value
Model 263946.0 5 <10−4 0.062357 5 <10−4 129.324 5 <10−4 

Residual 11296.4 12  0.0051409 12  9.97 12  
Lack-of-Fit 10130.4 9 0.2065 0.0042866 9 0.3678 8.295 9 0.3723 
Pure error 1166.07 3  0.0008543 3  1.675 3  

Total correction 275243.0 17  0.067498 17  139.294 17  
DW-value 1.31   1.42   2.26   

DW: Durbin-Watson statistic; SS: Sum of squares; Df: Degree of freedom 
 

interaction (N−r) is statistically significant on the    
three responses (Fig. 5). According to the adjusted R2 
statistic, the selected models explain 94.19%,    
89.21% and 89.86% of the variability in k, n and ε0 
respectively. 

The ANOVA (Table 6) for the hardening parameter 
shows that all models (k, n, ε0) represent statistically 
significant relationships between the variables in each 
model at the 99% confidence level (P-value<10−4). The 
Lack-of-Fit test confirms that these models (k, n, ε0) are 
adequate to describe the observed data (P-value>0.05) at 
the 95% confidence level. The DW statistic test indicates 
that there is probably not any serious autocorrelation in 
their residuals (DW-value>1.4). The normal probability 
plots of the residuals suggest that the error terms, for 
these models, are indeed normally distributed (Fig. 6). 
The response surface models in terms of coded variables 
(Eqs. (5)−(7)) are shown in Fig. 7. 
 
k=610.3–83.5 N+19.6 F–84.5 r –61.8 F2–112.9 Nr   (5) 
 
n=0.422–0.020 N+0.029 F–0.013 r–0.031 F2–0.074 Nr 

(6) 
ε0=22.8+2.3 N+4.90 F–4.80 r+5.56 N2–8.75 Nr     (7) 

 
Fig. 5 Interaction plots of N−r (rotational speed−diameter  
ratio): (a) Strength coefficient k; (b) Hardening coefficient n;   
(c) Initial yield strain ε0 
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Fig. 6 Normal probability plots for residual: (a) Strength 
coefficient k; (b) Hardening coefficient n; (c) Initial yield strain 
ε0 
 
4 Validation of identified models 
 

Validation tests of the identified models were 
performed through comparative study between the 
experimental models (EM) of tensile tests and the 
computed responses given by numerical simulations of 
the same tests (Fig. 8). The computed responses, 
expressed in the form of tension and elongation, were 

 

 

Fig. 7 Response surfaces plots: (a) Strength coefficient k;    
(b) Hardening coefficient n; (c) Initial yield strain ε0 
 
established by examining welded joints having an 
elastoplastic behavior in accordance with the Swift 
hardening law (Eq. (1)). These computed responses were 
deduced from the numerical simulations using the finite 
element code Abaqus/Implicit, in which the introduced 
elastoplastic behavior was obtained from the least square 
hardening models (LSHM) (Table 4) and the response 
surface hardening models (RSHM) (Table 5). The 
highest deviations (<10%), between EM and computed 
response, were recorded with the RSHM. Increasing 
deviations, as shown in Fig. 8, is due to the effect of 
combining damage with plastic strains accumulated  



Hassen BOUZAIENE, et al/Trans. Nonferrous Met. Soc. China 22(2012) 1064−1072 

 

1070 

 

  
Fig. 8 Relationship between tension and elongation: 
Confrontation between experimental model (EM), and 
computed responses (LSHM, RSHM) for three experimental 
tests  
 
during the onset of localized necking. 

The relative average deviation criterion ( EM/LSHMζ ) 
between the experimental data and the numerical 
predictions of tensions, was used to assess the quality of 
the identified models. 
 

∑ ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

Δ

Δ−Δ
=

2

exp

numexp
exp/num )(

)()(1

i

ii

LF
LFLF

N
ζ           (8) 

 
where N is the number of experimental measurements, 

Fexp(ΔLi) and Fnum(ΔLi) are respectively the experimental 
and predicated tensions relating to the i-th elongation ΔLi. 
Figure 9 illustrates that the relative average deviation of 
EM/LSHM ( EM/LSHMζ ) ranges between 1.64% and 6.75% 
while the relative average deviation of EM/RSHM 
( EM/RSHMζ ) ranges between 4.52% and 9.32%. 
 

 
Fig. 9 Distribution of relative average deviations for most 
representative experimental tests 
 

For the deviation within limits fluctuating between 
4.52% and 6.75% the estimated models (LSHM and 
RSHM) are comparable. This applies particularly to 
welded joints characterized by a strength coefficient (k), 
ranging from 520 to 610 MPa and a hardening exponent 
(n) ranging between 0.30 and 0.45. 
 
5 Discussion 
 

In this study we evaluated, using RSM, the effect of 
FSW parameters such as tool rotational speed, welding 
feed rate and diameter ratio of pin to shoulder on the 
plastic deformation aptitudes of welded joints. The 
performed analysis highlights the incontestable 
significant effects of rotational speed (N), welding feed 
rate (F) and the interaction (N−r) between rotational 
speed and diameters ratio on hardening parameters (k, n, 
ε0) according to Swift law. The established models show 
that tool diameter ratio has a linear effect only on (k) and 
(ε0), it does not have any quadratic effect. They also 
show that rotational speed has a quadratic effect solely 
on (ε0); while welding feed rate has a quadratic effect on 
both (k) and (n). 

In addition, numerical simulation of tensile tests of 
welded joints has been made possible through the 
predictive models (LSHM and RSHM) of Swift’s 
hardening parameters. To judge whether the models 
represent correctly the data, a comparative study between 
the experimental response and the computed response, 
expressed in terms of tension-elongation, was carried out. 
It was found that the relative average deviation between 
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experimental model and numerical models is less than 
9.5% in all cases. 

Moreover, correlation between welding and 
hardening parameters provided has many benefits. The 
correlation relationships can solve inverse problem 
relating to optimal choice of parameters linked up with 
the desired welded joints properties to produce welds 
having tailor-made mechanical properties. The 
correlation predictions offer the possibility to identify the 
behavior of friction stir welded joints necessary for finite 
element simulations of various forming processes while 
minimizing experimental cost and time. Ultimately, 
understanding correlations can be useful for studies on 
reliability of welded assemblies in service life 
expectancy. 
 
6 Conclusions 
 

1) Rotational speed and welding feed rate are the 
factors that have greater influence on hardening 
parameters (k, n, ε0), followed by diameter ratio that has 
no influence on the hardening coefficient (n). 

2) The numerical models RSHM were compared 
with those through LSHM and confronted to the 
experimental results. Indeed, within the limit of a relative 
average deviation of about 9.3%, between the 
experimental model and numerical models expressed in 
terms of tension-elongation, the validity of these models 
is acceptable. 

3) The predictive models of work-hardening 
coefficients, established taking into account the FSW 
parameters, have made possible the numerical simulation 
of tensile tests of FSW joints. These results can be used 
to perform multi-criteria optimization for producing 
welds with specific mechanical properties or conducting 
numerical simulation of plastic deformation of forming 
process of friction stir welded parts such as 
hydroforming, bending and forging. 
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2017 铝合金搅拌摩擦焊接头焊接 
参数和硬化参数的关系 
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摘  要：对 2017 铝合金进行搅拌摩擦焊接，表述 Swift 硬化规律。采用面心复合设计方法进行焊接接头的拉伸实

验设计。采用基于最小二乘法和响应面法的 2 种模型评估搅拌摩擦焊各焊接因素对硬化参数的影响。采用到有限

元程序 Abaqus 来模拟焊接接头拉伸测试结果。相对平均偏差判据结果表明，实验结果和模拟结果吻合较好。这

些结果能用于实验多目标优化，实行具体焊接或完成搅拌摩擦焊接零件成形过程中塑性变形的数值模拟，如液压

成形、弯曲度和锻造。 

关键词：搅拌摩擦焊接；响应面方法；面心中心复合设计；硬化；模拟；相对平均偏差判据 
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