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a b s t r a c t 

The elastic finite element method based on inherent strain theory has been recognized as an effective 

tool to estimate the total welding deformation for large and complex welded structures. When this com- 

putational approach is employed to predict welding deformation in a weldment, one prerequisite is that 

the inherent deformations of each welded joint included in the welded structure should be known be- 

forehand. The inverse analysis method based on the combination of measuring technology and finite 

element method can be used to obtain the inherent deformations for various welded joints. However, 

if buckling distortion occurs in a welded joint, it will be difficult for this method to accurately obtain 

the inherent deformations especially in thin-plate joints. To overcome this difficulty, an improved inverse 

analysis method with the help of cutting technique was developed in the current study. The effectiveness 

of the proposed method was demonstrated through obtaining the inherent deformations in an Al-alloy 

thin-plate joint with buckling distortion. 

© 2016 Elsevier Ltd. All rights reserved. 

1. Introduction 

Aluminum alloy, as lightweight structural material, has been 

widely used in the manufacturing of automobile, ship and pas- 

senger train. Welding technology is usually employed to assem- 

ble thin-plate elements because of its high productivity and de- 

sign flexibility. Compared with the structural steels, the young’s 

modulus of the aluminum alloy is only one third of them, and 

the thermal expansion coefficient is almost twice as large as that 

of the mild steel [1] . In addition, the thermal conductivity of alu- 

minum alloy is significantly larger than that of steels. Therefore, 

it can be foreseen that welding deformation in an aluminum al- 

loy welded structure is more serious than that generated in a 

steel-made weldment. Welding-induced distortion not only nega- 

tively affects the performance of product but also hinders the as- 

sembling process especially when automatic welding technology is 

used. Therefore, it is very vital to control and reduce welding dis- 

tortion in practical engineering application. 

To effectively control welding deformation, we must deeply un- 

derstand the influences of various factors on the final deformation 

based on the experimental observations or through the predictions 

obtained by numerical method [2] . With the development of com- 
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puter hardware and software, numerical simulation technology has 

been becoming a powerful tool to solve the complicated thermo- 

mechanical problems during welding process. 

At present, there are two methods based on finite element 

method (FEM) which can be used to predict welding deformation. 

One is the thermal elastic plastic FEM [3] , and the other is the elas- 

tic FEM based on the inherent strain theory [4] . When the former 

method is used, the temperature field, stress and strain fields and 

even the thermal-metallurgical-mechanical coupling behaviors can 

be calculated. However, there are some obvious disadvantages in 

this method. For example, a very long computing time is needed 

because welding process is coupled nonlinear problem. In addi- 

tion, the temperature-dependent material properties even phase- 

dependent material properties should be measured by experiment. 

Also, heat source model and its parameters should be carefully se- 

lected. At present, a number of fast computational approaches such 

as ISM [5,6] and ideal explicit method [7] based on thermal elas- 

tic plastic FEM have been developed, and these methods perhaps 

are promising ways to solve the thermo-mechanical problems in 

large-scale welded structures. However, it is inevitable to spend a 

relatively long time for preparing the huge mesh data and defining 

the required information related to welding procedure. 

The elastic FEM based on inherent strain method has been 

recognized as an effective approach to estimate welding de- 

formation in large scale welded structure because of the short 
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computing time and the relatively simple preparation of input 

data [8] . When this method is used to predict welding distortion 

in a welded structure, one prerequisite is that the inherent de- 

formations of each joint in the whole structure should be known 

beforehand. 

The basic components of inherent deformation in a weld in- 

clude longitudinal shrinkage, transverse shrinkage, longitudinal 

bending, and transverse bending (angular distortion) [9] . The first 

two components are in-plane deformation, and the last two belong 

to out-of-plane deformation. 

At present, three methods can be employed to obtain inher- 

ent deformation for a welded joint. The first one is experimen- 

tal method [9] . Using this method, each component of inherent 

deformation can be directly obtained by measuring technology. 

The measuring accuracy strongly depends on the measuring tools 

and the magnitude of deformation occurred in the joint. Generally, 

transverse shrinkage and angular distortion can be easily measured 

because of their relatively large magnitude. However, it is diffi- 

cult to accurately measure longitudinal shrinkage and longitudi- 

nal bending because their values are often small. The inherent de- 

formation in a weld can also be calculated by integration method 

based on thermal elastic plastic FEM [10] . However, the calculation 

accuracy strongly depends on the analyst’s knowledge and expe- 

riences because too many influential factors of welding deforma- 

tion should be carefully taken into account in thermal elastic plas- 

tic finite element model. The third method is the inverse analysis 

method [11] . This method was proposed by Liang and Murakawa 

[12] recently, and it has been used to successfully establish the 

database of inherent deformation in several typical thin-plate mild 

steel joints. 

For mild steel or stainless steel joints, a relatively small size can 

be used to obtain the inherent deformation because the thermal 

conductivity is relatively small and the moving temperature field 

can reach a quasi-steady-state in a short time. For Al-alloy joints, 

the thermal conductivity is much larger than that of steel, so the 

moving weld pool needs a longer time to reach the quasi-steady- 

state. In such situation, a relatively large size of welded joint is re- 

quired to obtain accurate inherent deformation. Because the stiff- 

ness of thin-plate Al-alloy joint is relatively small, it can be fore- 

seen that buckling distortion will be apt to occur especially when 

a large heat input is applied or the thickness of plate is small. If 

buckling distortion occurs in a joint, it will be difficult to accu- 

rately obtain the inherent deformation by inverse analysis method. 

To avoid this problem, an improved inverse analysis method with 

the help of cutting technique was proposed to obtain inherent de- 

formation of thin-plate Al-alloy joint in the current study. 

In this study, the distribution shape and feature of each inher- 

ent deformation component along welding line in a thin-plate Al- 

alloy joint were clarified based on the results of residual plastic 

strain (inherent strain) distribution simulated by thermal elastic 

plastic FEM. Meanwhile, the welding deformation of the Al-alloy 

thin-plate joint predicted by thermal elastic plastic FEM was veri- 

fied by experiment. Then, according to the distribution features of 

inherent deformation, an improved method based on inverse anal- 

ysis with the help of cutting technique was proposed to estimate 

inherent deformations in the Al-alloy thin-plate joint. Finally, the 

welding deformation of Al-alloy thin-plate joint was computed us- 

ing the inherent deformations obtained by the new method, and 

the computed result was verified by the corresponding thermal 

elastic plastic FE model. 

2. Welding deformation in Al-alloy thin-plate joint 

In the current research, an Al-alloy thin-plate joint was welded 

by TIG welding process to investigate welding deformation. Mean- 

Fig. 1. Welding deformation of 5083 Al-alloy thin-plate joint. 

while, welding deformation in the Al-alloy joint was simulated by 

thermal elastic plastic FEM. 

2.1. Experimental procedure 

Fig. 1 shows the Al-alloy thin-plate joint. The base material is 

5083 Al-alloy. The length, width and thickness of this joint are 

30 0 mm, 20 0 mm, and 3 mm, respectively. As shown in Fig. 1 , a 

partial welding was performed in the plate, and the length of 

welding line is 200 mm. TIG welding process without filler was 

used to perform the welding. This means the TIG torch was used to 

melt the based metal and then formed a welding seam. The weld- 

ing current, arc voltage, and welding speed are 200 A, 20 V and 

15 mm/s respectively. The joint was welded without any external 

restraint during the entire process in experiment. After welding, 

Vernier caliper was used to measure the out-of-plane deformation. 

2.2. Predicting welding deformation by thermal elastic plastic FEM 

In this study, a thermal elastic plastic finite element method 

based on ABAQUS software was developed to simulate welding de- 

formation in Al-alloy thin-plate joint. In the developed computa- 

tional approach, both material and geometrical nonlinearities are 

taken into account. 

Fig. 2 shows the finite element (FE) model and its boundary 

conditions. A finer mesh was used in fusion zone and its vicinity, 

and a coarser mesh was employed in the rest region. Using such 

mesh, the balance between computing time and prediction accu- 

racy can be achieved. The element type in the thermal analysis is 

DC3D8, while that in the mechanical analysis is C3D8I [13] . 

Before mechanical analysis, transient welding heat transfer 

analysis with given welding conditions was performed on the FE 

model. The thermal cycle of each node during the entire welding 

process and the transient temperature distribution in the whole re- 

gion of model are acquired by solving the non-linear heat transfer 

governing equation. In the mechanical analysis, the thermal cycle 

of each node was introduced into the finite element model as ther- 

mal loading to obtain displacement, strain and stress. 

The heat source model is considered to be an important aspect 

of the welding thermal analysis. In the thermal analysis, the mov- 

ing heat source proposed by Goldak [14] was employed to model 

the heat input. The heat input ( Q ) can be calculated according to 

the welding conditions and the assumed arc efficiency. The arc effi- 

ciency is assumed to be 0.7 [15] . The temperature dependent ther- 

mal physical properties shown in Fig. 3 [16] were used in the ther- 

mal analysis. 

Besides considering the moving heat source, heat losses due 

to convention and radiation are also taken into account in the FE 

model. 

The elastic strain-stress relationship was modeled using the 

isotropic Hooke’s law, and plastic behavior was considered through 

Von Misses criterion. The effect of work hardening was neglected 
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