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Abstract 

Developing an accurate and continuous constitutive model across the weld bead 

and heat affected zone (HAZ) is an urgent challenge to address the inhomogeneous 

property distribution and its effects on plastic deformation of welded metals. In this 

study, such a universal method was proposed, in which the continuous variation in 

flow stress across these zones was characterized via the relationship among the flow 

stress, microhardness and weld shape. Through the method, the continuous 

constitutive model of welded metals can be expressed as a function of weld shape. 

Essentially, this continuous constitutive model eliminates the dependence of the 

accuracy on the partition of HAZ in the discrete constitutive model. Using the method, 

continuous constitutive models of a 2219 aluminum alloy welded plate (AAWP) and a 

QSTE340 welded tube (WT) were set up. These constitutive models were applied to 

the finite element (FE) modelings of longitudinal and transverse tensions of the 2219 

AAWP and bending of the QSTE340 WT, respectively. The comparisons from 

simulation and experiment of both of the tensions show that the continuous 

constitutive model can accurately describe the deformation responses of the welded 

metals in simple loading processes. Comparison in prediction results of welded tube 

bending based on the continuous and discrete constitutive models shows that the 

continuous one presents higher prediction precision in complicated plastic 

deformation processes. Finally, the transverse tensile deformation behavior of the 

2219 AAWP was obtained using the continuous constitutive model.  

Keywords: Weld bead; HAZ; Continuous constitutive model; Microhardness; 

Application.  
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1. Introduction 

In recent years, all kinds of parts made of welded metals through plastic forming 

processes obtain wider application in the aircraft and automotive industries, because 

of the manufacturing advantages of low cost, short production period and great 

variety [1-4]. However, the plastic forming abilities of welded metals dependent on 

inhomogeneous material properties in the weld (including the weld bead and heat 

affected zone (HAZ)) and parent metal. At present, the research about the influence of 

the inhomogeneous material properties on the plastic forming abilities of welded 

metals was widely carried out, and the most commonly used method is finite element 

simulation (FES). One of the key problems of FES is how to make the calculation 

accuracy sufficiently high, so as to obtain reliable results. For this purpose, it is 

necessary to obtain more accurate constitutive model of the weld [5].  

Many researches [6-8] showed that there are obvious differences in the material 

properties of the weld bead and HAZ, and the material properties vary continuously 

within these zones. The accuracy of the FES is closely related to the degree that how 

the constitutive model of the weld can adequately describe these differences and 

variations of the material properties. According to the treatment for the differences, 

the constitutive models established by the existing methods for the weld are divided 

into two categories, i.e., the homogeneous one and the heterogeneous one. 

1.1. Homogeneous constitutive model  

The homogeneous constitutive model ignores the differences in material properties 

of the weld bead and HAZ in the weld, i.e., the weld is considered as uniform material. 

Cheng [9] adopted the uniaxial tension tests of “weld-only” specimens to obtain a 

homogeneous constitutive model of the weld of the stainless-steel tailor-welded blank 

(TWB). Saunders [10] and Abdullah [11] determined the homogeneous constitutive 

models of the weld of steel TWBs based on the mixing rule for analyzing the 

influence of the size of the tensile specimen and studying the formability of the TWBs. 

The homogeneous constitutive model describes the material properties of the weld in 

welded metals roughly, and it is applicable in some cases without too high accuracy 

requirements. 

1.2. Heterogeneous constitutive model 

The heterogeneous constitutive model considers the differences in material 

properties of the weld bead and HAZ. According to the treatment for the variations of 

the material properties within these two zones, the heterogeneous constitutive model 

can be divided into the average one, the discrete one and the continuous one.  
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1.2.1 Average heterogeneous constitutive model 

The average heterogeneous constitutive model ignores the variations of the material 

properties within the weld bead and HAZ, that is, the materials of these two zones are 

considered uniform, respectively. Lee [12] obtained the respective constitutive models 

of the weld bead and the HAZ of TWBs based on the mixing rule. Reis [13] and 

Roque [14] obtained the respective mechanical properties of the weld bead and HAZ 

of low-carbon steel welded plates and welded tubes through the empirical formula of 

microhardness. Li [15] determined the average heterogeneous constitutive models of 

dual-phase high-strength steel welded plates using the 3D digital image correlation 

technique. The constitutive models obtained in the above studies describe the average 

material properties of the weld bead and HAZ, respectively, ignoring the variations of 

the material properties within these zones.  

1.2.2 Discrete heterogeneous constitutive model 

The discrete heterogeneous constitutive model considers the variations of the 

material properties within the weld bead and HAZ, by subdividing these two zones, 

respectively. Zhan [16] established the discrete constitutive models of the weld bead 

and HAZ based on the mixed material tensile experiment and microhardness test. By 

dividing the HAZ, this method received the material properties of the divided regions. 

In the process, the variations of the material properties within the HAZ were 

characterized, however, the continuity of the variations was ignored. It has a certain 

gap with reality and will affect the calculation accuracy of FES [17-20]. 

1.2.3 Continuous heterogeneous constitutive model 

The continuous heterogeneous constitutive model not only considers the variations 

of the material properties within the weld bead and HAZ, but also considers the 

continuity of the variations. Song [21] determined a constitutive model of the weld of 

the laser TWB by establishing the relationships between the strength coefficient, the 

hardening exponent and the distance to the center of the weld based on the 

nanoindentation test. This constitutive model takes into account the differences and 

the variations of the material properties in the weld. However, this method has certain 

requirement for the ratio of hardness to initial yield strength of material within 0.5 and 

3. Meanwhile, a reference strain needs to be determined in this method, thus the 

method has a dependence on the reference strain. These would limit its universal 

applicability. Therefore, it is urgent to find a new and universal method for 

establishing a continuous constitutive model of welded metals. 

In this study, such a method was proposed. By obtaining the continuously varying 

flow stress in the weld, the dependence of the method on the material is eliminated, 

and a universal method is achieved. Section 2 describes the method in details by 

taking the welded tube as an example. Applications of the proposed method are given 
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in Section 3 by applying it to a 2219 aluminum alloy welded plate (AAWP) and a 

QSTE340 welded tube (WT). 

2. Proposal of the method  

This study proposed a universal method for establishing the continuous constitutive 

model of welded metals. In this method, according to the static equilibrium and the 

integral principle, a mechanical model considering the continuous variation of flow 

stress was established. Meanwhile, the continuous variation of flow stress was 

characterized via the relationship among the flow stress, microhardness and weld 

shape. 

The welded metals mainly include welded plate and welded tube. Thus, in order to 

facilitate elaboration, this section takes the welded tube as an example to describe the 

detailed establishment process of the continuous constitutive model. 

2.1. Establishment of mechanical model  

To establish the mechanical model considering the continuous variation of flow 

stress, a mixed material specimen under the longitudinal tension was adopted in this 

study, in which the weld bead, HAZ and parent metal are included, as shown in Fig. 1. 

Meanwhile, this study employed the most widely used equal strain rule, which is 

based on the assumption that the distribution of the axial strain is uniform on the cross 

section, that is, the axial strain of weld bead, HAZ, parent metal and the average axial 

strain of the mixed material ( w , h , p  and m ) in tensile specimen are equal [11, 

16] (Eq. (1)).  

mphw                               (1) 

  

Fig. 1. The model of the mixed material specimen. 

 

According to the static equilibrium, Eq. (2) can be obtained.     

mmpphhww AσAσAσAσ                       (2) 

where Aw, Ah , Ap and Am denote the cross sectional area of the weld bead, HAZ, parent 

metal and mixed material specimen, respectively; σw, σh, σp and σm are the flow stress 
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of the weld bead, HAZ, parent metal and mixed material specimen, respectively.  

The continuous variations of the flow stress within the weld bead and HAZ were 

taken into account in Eq. (2). The shape of the weld in the welded tube was 

approximately arc shape (Fig. 2). In order to describe the characteristics of the 

continuous variations of flow stress, Eq. (2) can be converted to Eq. (3) according to 

the integral principle. 
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where   22

2

1
rtrG  ; r and t are the inner radius and the thickness of the welded 

tube, respectively; αwl and αwr denote the central angle at the left and right interfaces 

between the weld bead and HAZ, respectively; αhl and αhr denote the central angle at 

the left and right interfaces between the HAZ and parent metal, respectively; αml and 

αmr denote the central angle at the left and right edges of the mixed material specimen, 

respectively, as shown in Fig. 2.  

 
Fig. 2. Cross sections of welded tube and mixed material specimen. 

2.2. Characterization of continuous variation of flow stress 

The continuous variation of flow stress was characterized via the relationship 

among the flow stress, microhardness and weld shape. Many studies have shown that 

the ratio of the microhardness to flow stress is approximately constant [14,16,20]. 

That is to say, the flow stresses of the weld bead and HAZ are proportional to the 

microhardnesses, as shown in Eq. (4). 
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where HVw, HVh and HVp denote the Vickers microhardness of the weld bead, HAZ 

and parent metal, respectively.  

Therefore relative to the parent metal, the ratios of the flow stress’s increment to 

microhardness’s increment in the HAZ and weld bead are equal (Eq. (5)):  
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Eq. (5) can be converted to Eq. (6):  
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                  (6) 

According to Eq. (6), the continuous variation law of flow stress in HAZ can be 

determined via establishing the continuous variation law of microhardness.  

Variation laws of microhardness are different for different welded joints due to the 

differences in welding material and the experienced temperature cycling. Generally, 

the material in the weld suffers high temperature and stays at high temperature for a 

short time, the microstructure in the zone will occur dynamic recrystallization and the 

microhardness and strength will increase [22]. Furthermore, the closer to the center of 

the weld, the greater the probability of dynamic recrystallization occurs. Hence the 

microhardness from the weld bead to the parent metal shows a downward trend. This 

tendency can be described by many decay functions, such as exponential decay 

function, sigmoidal function and so on. For ease of deduction, this study adopted a 

typical decay function, the exponential decay function, to describe this variation law. 

Considering that the width of the weld bead is small and the microhardness in the 

zone varies little, the microhardness of the weld bead is assumed to be uniform, and it 

was represented using HVw. Meanwhile, in some welding processes, such as friction 

stir welding (FSW), there exist an advancing side and a retreating side near the weld 

bead, and the material properties on these two sides are asymmetric [23]. Therefore, 

the microhardness of the HAZ on both sides of the weld bead was described by 

different formulas, respectively, as shown in Eq. (7). 
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where HVhr and HVhl denote the microhardness of the HAZ on the right and left sides 

of the weld bead, respectively; ξ1 and ξ2 are the coefficients. 

By substituting Eq. (7) into Eq. (6), the continuously varying flow stress within the 

HAZ can be obtained as Eq. (8). 
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where σhr and σhl denote the flow stress of the HAZ on the right and left sides of 

the weld bead, respectively. 

2.3. Establishment of continuous constitutive model 

Applying Eq. (8) to Eq. (3), Eq. (9) can be obtained. 
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By simplifying Eq. (9), the flow stress of the weld bead can be obtained as Eq. (10).  

)()(

)()()(

2

2

hl2wlwr1hr1

hl2wlwr1hr1

αξ-αξ-

2

αξαξ

1

wlwr

αξ-αξ-

2

αξαξ

1

wrmlwlmrpmlmrm

w

ee
ξ

1
ee

ξ

1

ee
ξ

1
ee

ξ

1
σσ

σ






















 

  

 (10) 

Making M1 = )( wr1hr1 αξαξ

1

ee
ξ

1 
  and )(2

hl2wl2 αξ-αξ-

2

ee
ξ

1
M  , Eq. (10) can be 

rewritten as Eq. (11). 

21

21 )()(

MM

MMσσ
σ

wlwr

wrmlwlmrpmlmrm

w








              (11) 

In summary, the continuous flow stresses of the weld bead and HAZ in welded tube 

are shown in Eq. (12).  
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The constitutive models satisfied by the different welded metals are different. 

Therefore, this study adopted the general formulas Eqs. (13) and (14) to denote the 

constitutive models of the parent metal and the mixed material of the welded tube, 

respectively.  

)( fp                              (13) 

)( gm                              (14) 

Applying Eqs. (13) and (14) to Eq. (12), the continuous constitutive model of the 

welded tube Eq. (15) can be obtained. 
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When using the proposed method to establish the continuous constitutive model of 

a welded plate, the detailed deduction process is similar to that in the above welded 
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tube, except that the center angles αwl, αwr, αhl, αhr, αml and αmr are necessary to be 

replaced by the distances to the center of the weld xwl, xwr, xhl, xhr, xml and xmr (Fig. 3), 

respectively. Thus for simplification, here only gives the final continuous constitutive 

model of the welded plate, as shown in Eq. (16).  
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Fig. 3. Cross section of mixed material specimen of welded plate. 

 

The constitutive models established above can accurately describe the continuous 

variation of the material properties in the weld. Meanwhile, the above proposed method 

has no dependence on the material, with good universality. 

2.4. Implementation procedure 

The implementation procedure of the proposed method for determining the 

continuous constitutive model of welded metals is shown in Fig. 4.  
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Fig. 4. Flow chart of developing the continuous constitutive model of welded metals. 

3. Application of the method 

First, using the proposed method, the continuous constitutive models of the 2219 

AAWP and the QSTE340 WT were set up. Then, to evaluate the accuracies of the 

above constitutive models, they were applied to the FE modelings of the simple 

loading processes (including both longitudinal and transverse uniaxial tensions) and 

complicated plastic forming process of bending, respectively. Their accuracies were 

verified by comparing the simulation with the experiment results in load-displacement 

curve of longitudinal tension and the maximum major strain distribution of transverse 

tension and by comparing the prediction results of welded tube bending using the 

continuous and discrete constitutive models, respectively. Meanwhile, the 

deformation behavior of transverse tension of 2219 AAWP was analyzed. 

3.1. Establishment of the continuous constitutive models of the 2219 AAWP and the 

QSTE340 WT 

3.1.1 The continuous constitutive model of the 2219 AAWP 

The 2219 AAWP used for this study was manufactured by FSW, and the thickness 

was 6 mm.  
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3.1.1.1. Determination of variation law of the microhardness 

Fig. 5(a) shows the cross-section of the 2219 FSW joint. According to the shape of 

the weld, the cross section of welded joint was divided into an upper zone and a lower 

zone along the thickness direction (Y direction) as shown in Fig. 5 (b). 

 
(a)                                   (b) 

Fig. 5. The cross-section (a) and partition sketch (b) of the 2219 FSW joint. 

 

The microhardness distributions in the lower zone are shown in Fig. 6. As can be 

seen from Fig. 6 (a), the variation trends of the microhardness along the X direction 

under different thicknesses are similar. The microhardnesses in the advancing and 

retreating sides both firstly decline rapidly and then decrease slowly from the weld 

bead to the parent metal. These variation trends can be described by the exponential 

decay function. In order to simplify the calculation, the microhardness distributions of 

the advancing and retreating sides on the neutral layer of the lower zone were fitted 

by the exponential decay function (Eq. (7)). The fitting results are shown in Fig. 6 (b), 

Eqs. (17) and (18), with the fitting precisions R of 0.97 and 0.96 for the advancing 

and retreating sides, respectively.  

0.59x
hla 19.34e48.11HV                          (17) 

0.39x
hlr 19.34e48.11HV                         (18)  

where HVhla and HVhlr denote the microhardness of the HAZ on the advancing and 

retreating sides in the lower zone, respectively. 

 

(a)                                   (b) 

Fig. 6. Microhardness distributions (a) and fitting curves (b) in the lower zone.  
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The microhardness distributions in the upper zone are shown in Fig. 7. As can be 

seen from Fig. 7(a), the variation trends of the microhardness along the X direction 

under different thicknesses are similar. It can also be seen from Fig. 7(a) that the 

variation trends of the microhardness along the X direction in the advancing and 

retreating sides are different. The microhardness in the advancing side first declines 

rapidly and then decreases slowly from the weld bead to the parent metal, and the 

variation trend is similar to that in the lower zone. While the microhardness in the 

retreating side first drops rapidly to a platform and then decreases slowly, and the 

variation trend can be described by the sigmoidal function (Eq. (19)). According to 

the above analysis, the microhardnesses in the advancing and retreating sides on the 

neutral layer of zone were fitted by Eqs. (7) and (19), respectively. The fitting results 

are shown in Fig. 7 (b), Eqs. (20) and (21), with the fitting precisions R of 0.96 and 

0.97, respectively. 

gx)(m

p

ph
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HVHV




                        (19) 

where m and g are the coefficients. 

x

hua 0eHV 0.53304.646.59                        (20) 

1.320.25101

11.60
46.59




xhurHV                       (21) 

where HVhua and HVhur denote the microhardness of the HAZ on the advancing and 

retreating sides in the upper zone, respectively. 

 

(a)                                     (b) 

Fig. 7. Microhardness distributions (a) and fitting curves (b) in the upper zone. 

3.1.1.2. Determination of widths of the weld bead and HAZ  

The microstructures of the parent metal, HAZ and weld bead of the 2219 AAWP 

are shown in Fig. 8. As seen from the Fig. 8(a), the parent material is distributed with 

the uniform strip of grain. The grains of HAZ grow slightly compared with those of 

the parent metal (Fig. 8(b)). There are small and uniform grains in the weld bead (Fig. 

8(c)). By analyzing the microstructure image and the microhardness distribution, the 

widths of the weld bead in the lower zone (bwl) and upper zone (bwu) were determined 
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as bwl = 3.0 mm and bwu = 1.5 mm, respectively. The widths of HAZ in the lower zone 

on the advancing and retreating sides are 4.5 mm and 5.5 mm, respectively. In the 

upper zone they are 3.5 mm and 5.0 mm, respectively. 

3.1.1.3. Determination of stress-strain curves of parent metal and mixed material 

The nominal stress-strain and true stress-strain curves of parent metal and mixed 

material specimens measured by uniaxial tension test are shown in Fig. 9. As seen 

from the Fig. 9(a), the yield stress and elongation of the mixed material are higher 

than those of the parent metal, especially the elongation, with an increment of 8.24%. 

By fitting the true stress-strain curves of the parent metal and the mixed material 

specimen, it is found that the fitting degrees of Swift equation Eq. (22) [24] are higher. 

Therefore, the constitutive models of the parent metal and the mixed material 

specimen expressed by the equation are shown Eqs. (23) and (24), with the fitting 

precisions R of 0.98 and 0.97, respectively.  
nK )( 0                             (22) 

where K is the strength coefficient; n is the hardening exponent; 0 is the pre-strain 

value. This equation considers the effect of pre-strain due to blank manufacturing by 

roll forming and welding. 
170.0)000258.0(051.255   p                    (23) 

204.0)00196.0(718.296  m                     (24) 

   

(a)                                     (b) 

 

(c) 

Fig. 8. The microstructures of the 2219 AAWP: (a) parent metal; (b) HAZ; (c) weld bead. 
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(a)                                  (b) 

Fig. 9. The nominal stress-strain (a) and true stress-strain (b) curves of the parent metal and mixed 

material of the 2219 AAWP. 

3.1.1.4. Determination of continuous constitutive model of the 2219 AAWP  

According to the method for establishing the continuous constitutive model of 

welded plate proposed in section 2, the continuous constitutive model of the 2219 

AAWP was obtained, as shown in Eq. (25).  
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(25) 

According to Eq. (25), the distributions of the flow stress-strain along the distance 

to the center of the weld were obtained, as shown in Fig. 10. As can be seen from the 

Fig. 10(a), in the lower zone, the flow stress of the weld bead is largest, and the flow 

stress declines gradually from the weld bead to the parent metal. The variation trend 

of flow stress in the upper zone (Fig. 10(b)) is similar to that in the lower zone (Fig. 

10(a)). 
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 (a)                                   (b) 

Fig. 10. The distributions of the flow stress-strain along the distance to the center of the weld: 

(a) in the lower zone; (b) in the upper zone. 

3.1.2. The continuous constitutive model of the QSTE340 WT 

The geometric parameters of the QSTE340 WT used in this study are shown in 

Table 1, which are the same as those in the study of Ren et al. [25]. The relationships 

between true stress and strain of parent metal and mixed material are shown in Fig. 11 

[25]. As seen from the figure, the mechanical properties of the mixed material have a 

great difference with the parent metal. The yield stress of the mixed material is higher 

than that of the parent metal, while its elongation is obviously smaller. The true 

stress-strain curves of parent metal and mixed material specimens of the QSTE340 

WT were fitted by Eq. (22) [24], respectively, and the fitting results are shown in Eqs. 

(26) and (27), with the fitting precisions R of 0.95 and 0.96, respectively.  
266.0)1640.0(764.663   p                    (26) 

048.0)0108.0(402.619  m                    (27) 

 

Table 1 The geometric parameters of the QSTE340 WT [25]. 

Parameters Values 
Tube specifications (D×T× L) /mm ∅ 60×4×90 
Width of weld bead /mm 0.40 
Width of HAZ /mm 13 
Width of mixed material specimen /mm 
Thickness of mixed material specimen /mm 

15 
4 
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Fig.11. The true stress-strain curves of parent metal and mixed material of the QSTE340 WT [25]. 

3.1.2.1. Determination of microhardness variation  

Since the microhardness of both sides of the weld bead in the QSTE340 WT is 

symmetrically distributed [25], a half-tube is adopted in this study. The microhardness 

distribution on the half-tube is shown in Fig. 12. As seen from the figure, the 

microhardness declines gradually from the weld bead to the parent metal. The trend of 

variation can be described by the exponential decay function (Eq. (7)). Therefore, 

fitting the relationship of microhardness with central angle by the function, Eq. (28) 

was obtained, with the fitting precision R of 0.95.  

αHV 8.88

h 45.76e167.87                     (28) 

 

 
Fig. 12. The microhardness distribution and fitting curve of the QSTE340 WT. 

3.1.2.2. Determination of continuous constitutive model of the QSTE340 WT 

According to the proposed method for establishing the continuous constitutive 

model of welded tube in section 2, the continuous constitutive model of the QSTE340 

WT was obtained, as shown in Eq. (29).  

 












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0067.00,)164.0(168.1208)011.0(251.1604

88.8266.0048.0

266.0

266.0048.0







e

h

w

(29) 

According to Eq. (29), the distributions of the flow stress-strain along the center 
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angle of the QSTW340 WT were obtained, as shown in Fig. 13. As seen from Fig. 13, 

at the same strain, the stresses in the weld bead are the largest, and the stresses in 

HAZ decline gradually from the weld bead to the parent metal. 

 

 
Fig. 13. The distributions of the flow stress-strain along the central angle of the QSTE340 WT. 

3.2. Evaluation of the continuous constitutive models  

3.2.1. Evaluation by applying to uniaxial tension tests of 2219 AAWP 

To evaluate the accuracy of the continuous constitutive model of the 2219 AAWP, 

this constitutive model was applied to the FE modelings of longitudinal and transverse 

tensions of 2219 AAWP. The accuracy was verified by comparing the simulation with 

the experiment results in load-displacement curve of longitudinal tension and the 

maximum principal strain distribution of transverse tension.  

Fig. 14 shows the curves of load versus extension of gauge length from simulation 

and experiment during the longitudinal tension of 2219 AAWP. As seen from the 

figure, the simulated load-displacement curve agrees well with the experimental one. 

The average error of the simulation relative to the experiment is only 1.8%, which 

indicates that this continuous constitutive model can accurately describe the 

load-deformation response of the welded metals in longitudinal tension. 

 

Fig. 14. Simulated and experimental load-displacement curves of 2219 AAWP in longitudinal 

tension. 



17 

 

Figs. 15 and 16 show the maximum principal strain distributions from simulation 

and experiment on the lower and upper surfaces of the specimen at different 

elongations (δ) during the transverse tension of 2219 AAWP. From the strain 

distributions on the lower surface in Fig. 15, the strains in the weld bead are the 

smallest, and they increase gradually from the weld bead to the parent metal. The 

maximum principal strain distributions on the lower surface from simulation and 

experiment agree well.  

           
 (a)                                     (b) 

       
(c)                                     (d) 

Fig. 15. The maximum principal strain distributions on the lower surface of the specimen at 

different δ in FE and experiment: (a) δ= 3.7%; (b) δ= 7.4%; (c) δ= 14.7%; (d) δ= 18.5%. 

From the strain distributions on the upper surface in Fig. 16, in the late stage of the 

transverse tension (Figs.16(c) and (d)), the distribution and variation of the strain in 

simulation are consistent with those in the experiment, and the strains increase 

gradually from the weld bead to the parent metal. While in the initial stage (Figs. 16(a) 

and (b)), a large local strain occurred at the interface between the retreating side of the 

weld and the parent metal on the upper surface only in experiment.  
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  (a)                                   (b) 

        
(c)                                  (d) 

Fig. 16. The maximum principal strain distributions on the upper surface of the specimen at 

different δ in FE and experiment: (a) δ= 3.7%; (b) δ= 7.4%; (c) δ= 14.7%; (d) δ= 18.5%. 

 

In order to intuitively observe the distributions of maximum principal strain, the 

distributions of the strain along the longitudinal centerline on the upper and lower 

surfaces in simulation and experiment were extracted, as shown in Fig. 17. As seen 

from Fig. 17, the strain values of simulation with the experiment agree well overall. 

When δ is 3.70%, 7.40% and 14.70%, the average errors of the simulation relative to 

the experiment in the weld are 11.13%, 16.43% and 17.88%, respectively, on the 

lower surface. They are 13.05%, 18.11% and 22.34% on the upper surface, 

respectively.  
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(a)                                     (b) 

Fig. 17. The maximum principal strain distributions along the longitudinal centerline (a) on the 

lower surface (b) on the upper surface in FE and experiment. 

 

The possible reasons for above differences come from the error of the experimental 

instrument. Meanwhile, in the experiment, the material properties of welded joint 

unevenly distribute along the thickness direction. However, in the simulation, only the 

upper and lower two zones along the thickness direction, with uniform material 

properties in each zone, were applied. This simplification may also bring about some 

errors. 

Through the above comparisons, it can be known that the continuous constitutive 

model of the 2219 AAWP established by the proposed method can accurately describe 

the deformation response of the welded metals in transverse tension.  

Based on the simulation results presented above, the transverse tensile deformation 

behavior of the 2219 AAWP was obtained. As can be seen from Fig. 17, the strains in 

the weld are always lower than those of the parent metal, and the strains of the weld 

bead in the weld are the smallest. When δ is 3.70%, 7.40% and 14.70%, the strain 

differences between the weld bead and the parent metal are 0.021, 0.069 and 0.164 on 

the lower surface, respectively. They are 0.002, 0.019 and 0.060 on the upper surface, 

respectively. These differences and variations show that the maximum principal strain 

distributions along the axial and thick directions of the specimen are all uneven. 

Meanwhile, as the degree of deformation increases, these strain differences 

significantly increase. Moreover, the asymmetries of the strain distribution on the 

advancing and retreating sides become more and more obvious. The strain 

concentration is more likely to occur on the advancing side than the retreating side, 

which can be attributed to the higher temperature of the advancing side during 

welding process and the coarser grains. Hence the strength of the advancing side is 

relatively low, which makes it easier to appear the strain concentration. 

3.2.2. Evaluation by applying to QSTE340 WT bending 

To evaluate the accuracy of the continuous constitutive model of the QSTE340 WT, 

the constitutive model was applied to the FE modelings of welded tube bending. The 

accuracy was verified by comparing the predictions of the bending using the 

continuous and discrete constitutive models, respectively. The predictions include the 

thickness variation, the flattening rate of section and the springback angle. The 

thickness variation and the flattening rate of section were expressed by Eqs. (30) and 

(31), respectively. 

( ' ) / 100%t t t t                            (30) 

( ' ) / 100%D D D D                        (31) 

where t and t＇are the thickness of the tube before bending and after bending, 

respectively; D and D＇are the diameter of the tube before bending and after bending, 



20 

respectively. The bending angle is 90° in this study, and the measuring positions are 

shown in Fig. 18. 

 

Fig. 18. The measuring positions. 

Two bending processes with the weld on the inside and outside of the bend, 

respectively, were investigated in this study. The predicted results based on the 

continuous constitutive model and the discrete constitutive model (from Ren et al. 

[25]) and the experimental results are obtained, as shown in Figs. 19 to 22. 

For the wall thinning degree, when the weld locates on the inside, as seen from Fig. 

19(a), the trends of both kinds of predictions basically agree with the experimental 

results. Furthermore, the predictions of this study are closer to the experimental values 

at the start and end positions of bending. Fig. 19(b) illustrates that the differences 

between this study and experiment are smaller. The average errors of the wall thinning 

degree of Ren et al. [25] and this study are 33.42% and 13.70%, respectively, as 

compared with the experimental results. When the weld locates on the outside, from 

Fig. 20 (a), it can be clearly seen that the prediction results of this study are closer to 

the experimental results, even basically equal at the start position of bending. As seen 

from Fig. 20 (b), the differences of the wall thinning degree between this study and 

experiment are smaller, as the average errors of Ren et al. [25] and this study are 

28.99% and 6.13%, respectively.  

For the cross-sectional deformation degree when the weld locates on the inside (Fig. 

21 (a)), the predicted error in this study was decreased by 6.69% compared with the 

Ren et al.’s [25]. When the weld locates on the outside (Fig. 21 (b)), the results of this 

study locate between the experimental and Ren et al.’s [25] results, presenting high 

prediction precision. The predicted error was decreased by 4.61% relative to the Ren 

et al.’s [25].  

About the springback angle, Ren et al. [25] found that the weld on the inside and 

outside of the bend has little effect on the springback angle during the bending of the 

welded tube. Therefore, this study only compared the springback angles between FE 

and experiment when the weld locates on the inside, as shown in Fig. 22. This figure 

shows that the result of this study is closer to the experimental value. The average 

error of this study decreases by 4.30% compared with Ren et al.’s [25].  
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 (a)                                   (b) 

Fig.19. The wall thinning degrees from FE and experiment (a) and the difference between 

simulation and experiment (b) when the weld locates on the inside of the bend. 

 

    
 (a)                                   (b) 

Fig. 20. The wall thinning degrees from FE and experiment (a) and the difference between 

simulation and experiment (b) when the weld locates on the outside of the bend. 

 

    
                 (a)                                    (b) 

Fig.21. The cross-sectional deformation degrees from FE and experiment when the weld locates 

on the inside (a) and outside (b) of the bend. 
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Fig.22. The springback angles from FE and experiment when the weld locates on the inside of the 

bend. 

 

The above comparisons in the wall thinning degree, the cross-sectional deformation 

degree and the springback angle show that the continuous constitutive model of the 

QSTE340 WT can accurately predict the plastic deformation behavior and present 

higher prediction accuracy in the complicated plastic forming process.  

4. Conclusions 

(1) A universal method was proposed for establishing continuous constitutive 

models of welded metals. In this method, the continuous variation in flow stress 

across the weld bead and HAZ was established by using the microhardness as a bridge 

between the flow stress and the weld shape. Through the method, the constitutive 

model of the welded metal can be expressed as a function of weld shape.  

(2) Using the proposed method, the continuous constitutive models of a 2219 

AAWP and a QSTE340 WT were set up. These constitutive models were evaluated by 

applying to the longitudinal and transverse tension tests of the 2219 AAWP and the 

bending of the QSTE340 WT. The comparisons among the simulation and experiment 

show that the continuous constitutive models can accurately describe the deformation 

responses of the welded metals in the simple and complicated plastic deformation 

processes and present higher prediction accuracy. 

(3) During the transverse tension of the 2219 AAWP, the maximum principal strain 

in the weld is always lower than that of the parent metal. As the degree of deformation 

increases, the strain difference increases. Meanwhile, the strain concentration is more 

likely to occur on the advancing side.  
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