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Abstract:  One of the most conventional approaches of quality control in metal weldments is the evaluation of 

residual stresses and distortion. Constraining the structure during welding, is the significant key parameter for 

optimizing the residual stress. In this research, an attempt was made to obtain the best welding constraint of 5XXX Al 

alloy lap joints during double pass GTAW. A 3-Dimentional finite element simulation was utilized for determining the 

effect of three different types of local U-shape Fixture (LUF) on residual stresses distributions and distortion. 

Considering sequentially coupled thermal-mechanical strategy, double ellipsoidal modelling of heat source and element 

death and birth technique were used in simulation. Thermocouple and LVDT’s set up were applied to validate thermal 

and mechanical results, respectively. Results provided by simulation show acceptable agreement with experimental 

values. According to results obtained from simulation, suitable LUFs selected based on optimum residual stresses and 

distortion in welding the aluminium structure. 
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Introduction  

Al-alloy structures are increasingly used for many 

applications such as shipbuilding, petroleum storage, 

railway vehicles, bridges, automotive and aerospace 

industries. They offer lightweight construction with 

maximum efficiency and reliability[1]. However, the 

majority of Al-alloys structures show critical points in 

welded connections, mainly when they are subjected to 

cyclic loading. The highly localized transient heat and 

strongly nonlinear temperature fields in both heating and 

cooling processes cause nonuniform thermal expansion 

and contraction, and thus result in plastic deformation in 

the weld and surrounding areas. As a result, residual 

stress, strain and distortion are permanently produced in 

the welded structures. High tensile residual stresses are 

known to promote fracture and fatigue, while 

compressive residual stresses may induce undesired, and 

often unpredictable, global or local buckling during or 

after the welding[2]. This distortion is particularly evident 

with large and thin panels, as used in the construction of 

automobile bodies and ships. 
*
In aluminum structures welding for the shipbuilding 

industry, the main objective is to minimize distortion to 

avoid fit-up problems in production of the final assembly. 

Also maximizing the strength of the heat affected zone 

(HAZ) of the weld is highly concerned about. Finally, the 

welding residual stresses should be quantified to achieve 

a safe design with reliable failure assessment. Using 

mechanical constraint, like fixtures, during the welding is 

a method to control the residual stress and distortions. 

Appropriate installing fixture before welding sequence 

facilitates production of a weld with good conditions. 
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Suitable fixtures decrease the residual stress magnitudes, 

while excessive constraint by improper fixture condition 

caused to produce unexpected distortion due to heat flux 

in welding. These adversely affect the fabrication, 

assembly and service life of the structures. Therefore the 

knowledge of the residual stress state, both qualitatively 

and quantitatively is highly interested. This knowledge 

would also permit more rational and precise use of the 

stress-relief techniques.  

Over the past decades, considerable investigations have 

been conducted for the use of advanced analytical 

procedures to more accurately simulate the welding 

process. Due to complexity of physical processes 

involved in welding, simple mathematical equations for 

describing the residual stress and distortion distribution in 

the practical manufacturing processes cannot be obtained. 

Computational simulation, thus plays an indispensable 

role in the integrity analysis of such welded structures[3]. 

Hibbitt and Sherief [4-5] applied  a two-dimensional (2D) 

finite element analysis (FEA) to predict residual stresses 

in a welding for the first time. Due to computational and 

cost limitations, FEA simulation efforts during the 70s 

and 80s were focused on simplified 2D geometries[5]. 

The research of welding heat source models dates back to 

Rosenthal works [6] who proposed a mathematical model 

of the moving heat source by concentrated heat point. 

Pavelic et al.[7] suggested a circular disc heat source 

model with Gaussian distribution of heat flux. Goldak et 

al.[8] further developed a double ellipsoidal power 

density distribution of heat source model below the 

welding arc, which can accurately simulate different 

types of welding processes with shallow and deep 

penetration. Recently, 3D welding simulation was 

conducted using commercial FEA software, as reported 

by Michaleris and DeBiccari[9], Brown[10], Dong et 

al.[11], and Chao et al.[12].  
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In this paper, residual stresses and distortion appeared in 

samples fixed by fixtures with three different size were 

investigated. For this purpose, gas tungsten arc welding 

(GTAW) of AA 5xxx aluminium alloy which used in ship 

structures, was analysed by ABAQUS general purpose 

finite element code[13]. Sequentially thermal mechanical 

method accompanied by double ellipsoid Goldak heat 

source model considered as analysis strategy. Heat losses 

by radiation and convection have been also taken into 

account. In order to reduce the number of elements, shell-

to-solid coupling method has been utilized in the 

simulation. Parallel calculation analysis also applied in 

this simulation as an effective means to improve 

computing speed in finite element method. 

 

Table 1 Chemical Composition 
Base metal 5083 Filler 5183 Alloys 

0.14 0.25 Si 
0.25 0.40 Fe 

0.06 0.10 CU 

4.54 5.5 Mg 
0.53 0.2 Mn 

4 0.0008 Pb 

1.4 0.10 Zi 

0.02 0.2 Ti 
0.11 0.2 Cr 

 

 

Fig. 1. Welding geometry: a) middle cross section line, b) 

part dimension, c) thermocouple situation 

MATERIAL PROPERTIES AND GEOMETRY  

AA 5083 aluminium alloy is the normal marine grade 

alloy used in the fabrication of passenger, freight and 

naval vessels. This alloy is preferred in nautical 

applications for its good weldability, strength and high 

corrosion resistance. Due to the demanding nature of the 

service conditions and environments in which marine 

vessels operate, welded components and structures are 

subjected to a high level of loads, which cause 

microstructural degradation and may finally lead to 

failure. The weld metal 5183 Al-alloy which is the most 

usual filler in combination with 5xxx alloys used as the 

filler. The chemical compositions of the two materials are 

reported in Table1. 

Lap joint welding of two parts from an internal bridge 

used in the ship structure considered to be evaluated. 

Both parts are “U” shape and 1 meter long. Fig.1a and b 

illustrate type of joint and configuration details for this 

structure. These two parts (P1 and P2) have a precise 

primary dimension and should preserve their dimensional 

accuracy after welding. Because these parts are long, 

preserving their dimentional accuracy after welding is 

impossible and the parts experience some distortion. 

Therefore, it is necessary to control this distortion by 

some mechanical constraints, like fixtures. A Local U 

shape Fixture (LUF) has been utilized for this reason. 

This fixture excludes movement and keeps the two parts 

in proper position.  

Figure 2. Shows the Local U shape Fixture (LUF) 

schematically. Welding parameters of GTA welding were 

the same in both sides of the bevel. These parameters 

summarized in Table2.After finishing the welding 

process, the resulting structure undergoes completing 

operation such as cutting, drilling and probably other 

welding processes. 

In order to investigate the effect of LUF’s length on the 

residual stresses and distortion, three sizes of L.U.Fs 

compared. The considered L.U.F’s Lengths were 50 cm 

F1, 70 cm F2 and 100 cm F3. These fixtures had the same 

condition, except their length.  

Welding sequence starts with putting two parts in the 

proper distance and installing LUF on the parts. Then, the 

inner region welds. Finally, L.U.F opens and the outer 

region welds. 

 

Table 2. Welding parameters 
Weld 

Region 

Welding 

Method 

Volta

ge 

Amperag

e 

Welding 

Coefficient 

Shielde

d Gas 

Outer and 
Inner Pass 

GTAW 23 V 179 A 0.78 Ar 
99% 
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Fig. 2. Schematic of local U-shape fixture 

Three K type thermocouples were mounted on the P1 

cross sectional area at distances of 10, 20 and 40 mm 

from the weld center line to record the temperature 

history. The locations of thermocouples installation are 

shown in Fig. 1c. The thermocouples had 0.9 mm 

diameters and connected to a data acquisition device. 

Furthermore, linear variable displacement transducers 

(LVDT) were used during the experimental work in order 

to capture the out-of-plane distortion at the middle cross 

section line shown in Fig 1a.  

 

Finite Element modelling 

In this study, large complex welded structures have been 

analysed. There are several differences between 

parameters used in the current study and those usually 

utilized in the similar investigation. First, the length and 

number of weld lines are more than that usually in other 

simulations. second, the mesh at the weld positions were 

more complicated than those usually utilized in other 

traditional welding methods to capture the welding 

behaviour with greater accuracy. Third , the entire welded 

structure was simulated in this research, comprising 1 m 

in length of each part, which also increases the size of the 

finite element model. To overcome the problems of 

calculation capability and low efficiency of single PC’s, 

parallel calculation technology was implemented by using 

an Ethernet cable connection directly between four 

computers. 

Another useful technic helps decreasing computational 

time is application of shell elements in simulation. Shell 

elements are used to model structures in which one 

dimension, the thickness, is significantly smaller than the 

other dimensions. In this paper, a solid representation is 

used in the weld area to ensure more accurate capture of 

the high solution gradients. Because thermal gradients are 

not very large in the regions outside the welding zone, 

these regions modelled with shell elements to reduce the 

overall model size. The transition between the shell and 

solid regions is achieved using tied contact for the 

thermal analysis and shell-to-solid coupling for the stress 

analysis[13]. The mesh is shown in Fig.3. 

An uncoupled thermal and mechanical analysis is adapted 

in this project. The thermal analysis was performed first 

and the transient temperature outputs from this analysis 

are saved for the subsequent thermo-mechanical analysis. 

It is assumed that deformations are sufficiently small for 

small deformation theory to be used throughout. The 

nodal temperatures are read from a results file generated 

during the thermal analysis and the mechanical analysis 

has the same number of steps as the thermal analyses. 

The FE mesh used in the mechanical analysis was the 

same as that used in the thermal analysis (see Fig. 3).  

 

Thermal analysis 

 In the thermal analysis, the transient temperature field, T, 

is a function of time, t, and the spatial coordinates, (x, y, 

z) and is determined by the 3D nonlinear heat transfer 

equation (Eq. 1): 

              ̇                                                          (1) 

Where k is the conductivity,      is the internal heat 

source rate, c is the specific heat and ρ is the density of 

materials. The comma (,) denotes partial differentiation 

with respect to a spatial coordinate, the dot (.) denotes 

differentiation with respect to time, t. 

 

Fig. 3. Mesh structure based on shell-to-solid coupling 
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Fig. 4.a) Thermal and mechanical properties, and b) 

bilinear isotropic hardening model [14-15] 

 
The inclusion of temperature-dependent thermo-physical 

properties along with a radiation term in the boundary 

condition makes this type of analysis highly nonlinear. 

However, the radiation heat exchange can be treated as 

convection, expressed by the following equivalent heat 

transfer coefficient (Eq. 2): 

 ̃  
       ((     )  (        ) )

(      )
      

                                                                                       (2) 

Where     is the ambient temperature,      
            is the convection coefficient,     
     is the emissivity of the plate surfaces[3] and 

                        is the Stefan–Boltzmann 

constant. 

Heat loss by radiation and convection, were modelled in 

ABAQUS using the FILM subroutine. Latent heat of 

fusion considered to be 400 J/g for taking into the account  

the phase transformation of the aluminium[3]. 

Temperature-dependent AA 5083 thermal properties data 

required for welding simulation are shown in Fig. 4a[14-

15]. Due to lack of filler material data, it is assumed that, 

thermal properties of the filler metal to be the same as 

those of the base metall. 

 

 

Fig. 5. Double ellipsoid Goldak model[8] 

 

Heat source model 

The physical phenomena associated with the interaction 

of the welding arc and the weld pool is complex and there 

are a number of models for describing the heat source of 

the weld torch. The Goldak ellipsoidal heat source 

model[8] utilized in this work, has been widely employed 

in the literature [16-18]. This model takes into account 

the heat which is transported below the surface when the 

weld bead is deposited. The ellipsoidal distribution is 

defined by the non-dimensional effective torch radius,   , 

which represents the distance from the torch centre  (Eq. 

3): 

   √ (
    

        

)   (
    

 
)   (

    

 
)  

                                                                                       (3) 

The volumetric heat input, q , has a spatial variation 

based on this effective torch radius with its peak at the 

centre of the torch position. 

 (     )  (       )       
   

 
                                 (4) 

In Eq. 3,   ,   and    give the torch position relative to 

the Cartesian axes and x, y and z represent the position 

where the heat flux is to be evaluated. Assuming an 

ellipsoid centred at (  ,  ,   ) with semi-axes a, b, and c, 

as shown in Fig. 5, that the flux decays to 5% of the 

maximum value at the ellipse boundaries. The shape of 

the simulated heat flux is based on the weld bead profile 

measurement. Hence, (        ) is taken to be the 

distance from the weld bead start point to the weld torch 

centre in the front or rear of the arc center, 4.0 and 8.0 

mm ; (b) is the half bead width, 3.0 mm, and (c) the bead 

height 2.5 mm. 

As the heat input at different positions of the weld bead 

depends on the position of the weld torch as it travels 

along the centreline (x axis) with speed, v = 4.0 mm/s, the 

current position can be calculated according to the 

welding time, t. Thus Eq. 4 can be expressed on the 

following equations for taking into account the weld torch 

movement. 
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Where           are parameters which give the fractions 

of the heat transmitted in front and the rear parts of the 

weld, respectively. Note that         , because the 

temperature gradient in the front leading part is steeper 

than that in the tailing edge.  

The peak heat flux,    is: 

     
    

   (   )
                                                            (7) 

In Eq. 7 Q is the energy input rate (J/s) which is given by 

the product of the heat input (J/mm), weld speed (mm/s) 

and the weld efficiency. The user subroutine DFLUX in 

ABAQUS[13] is used to introduce the body flux 

described by Eq. 5 and 6. The subroutine first calculates 

the position of the weld torch according to the welding 

time, t, then the heat flux, q, is computes at each 

integration point by the subroutine. 

The initial temperature of the parent plate is set at room 

temperature (25˚c), but that of the weld bead is set to 

600˚c. In fact, the initial temperature of the weld bead 

should also be set to room temperature and then allowed 

to reach its maximum temperature. However, numerical 

instabilities arose during the heating up of the weld bead, 

when combined with the incremental addition of the weld 

bead. Thus, in this analysis, an initial temperature of 

600˚c was assigned to the weld bead and an associated 

initial heat flux, q, was included (see Eq. 1), which takes 

into account the heat flux required to heat the bead to 

600˚c. 

 

Mechanical analysis 

In the thermo-mechanical analysis, the plastic 

deformation of materials is assumed to obey the Misses 

yield criterion and the associated flow rule. The rate 

relationship between thermal stresses,   , and strains,   , 

is described by  Eq. 8: 

 ̇   
   

 
 ̇   

 

 
 ̇              

  

  
(    )  ̇      (8) 

Where E is Young’s modulus,    is Poisson ratio,   is the 

thermal expansion coefficient.         (
 

       
)are the 

components of deviatoric stresses and   is the plastic flow 

factor.     for elastic deformation or        and 

    for plastic deformation or       , here    is the 

yield stress and    (         )
     is the Misses 

effective stress. 

In this approach sections of the weld bead’s elements are 

added incrementally to represent the transient nature of 

weld metal deposition. The stages of the analysis are as 

follows: stage 1: initially all bead elements are de-

activated; stage 2: sections of the weld bead are re-

activated (or borne) in successive steps to simulate weld 

metal deposition as the torch travels along the plate; stage 

3: weld deposition is complete and the plate is allowed to 

return to room temperature.  

In this work the *MODEL CHANGE option in ABAQUS 

was used to add and remove the weld bead elements. The 

length of the weld bead element sections added in each 

step is related to the size of the ellipsoidal heat flux 

distribution and the weld velocity. 

Three different mechanical boundary conditions 

corresponding to three types of L.U.F’s, i.e. F1, F2 and 

F3 used in the analysis for determining the best LUF size 

in welding sequence. 

Mechanical properties of the weld material and parent 

plate are provided in Fig. 4a. Melting, solidification and 

annealing took into account in the analysis by ABAQUS 

command “ANNEAL TEMPERATURE”. Using this 

command, a certain temperature defines such that the 

material lose its hardening history if the material 

temperature exceeds this certain temperature. The 

annealing temperature used is     . Figure 4b shows 

the plastic deformations of the aluminum alloy 5083 at 

different temperatures which have been simulated using 

bilinear isotropic hardening model[15]. 

To reduce computational time, many numerical analyses 

often used a  temperature above which no changes in the 

mechanical properties are accounted for[3]. A cut-off 

temperature of 400˚C (i.e. about 2/3 of the aluminum 

melting temperature) is used in the numerical calculations 

to reduce unnecessary computational time. 

 

Experimental/analytical results and discussion 

In this paper, a parallel calculation algorithm was 

performed for modelling of temperature field and 

distortion of a large complex welded structure during 

GTA welding. Parallel calculation is an effective means 

to improve computing speed in finite element analysis. 

Recently, with the rapid development of computer 

technology, parallel calculation implementation on high-

performance personal computers (PCs) has attracted more 

attention and is now feasible. 

The finite element model developed was calibrated using 

the experimentally measured thermal cycles as well as the 

shape and size of the weld zone determined by the macro-

sections. Since the temperature histories for thermal 

analyses have the same values for all three types of 

L.U.Fs, the results of the thermal analysis have been used 

in all mechanical analysis on the inpute file. The 

temperature variation as a function of time, measured 

using thermocouples together with that obtained by 

simulation, illustrated in Fig. 6. As it’s clear from the 

figure, there is a good agreement between experimental 

and simulated results. 

For the sake of convenience in the following discussion, 

the middle cross-section of the model is defined as shown 

in Fig. 1a. is considered for reporting the distributions of 

computed values, such as stress and displacements, 

results. For comparison of experimental and FE model 

results, the vertical distortion values considered are those 

along a transverse section at half weld length location in 

middle cross-section line. Experimental vertical 

distortions have been measured using LVDT’s installed 

on the middle cross-section line of the weld. The 
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measured and simulated values of vertical distortion 

summarized in Table 3.  

As these values shown, the experimental and simulated 

results agree well in both the distortion tendency and 

distortion place of the structure. Moreover, trend of both 

simulated and experimentally determined distortion 

changes in the tree types of LUFs are same. Taking look 

at Table 3, it can be said thatis a small difference between 

experimentally determined and simulated distortion 

values.  

The cause of this difference might be some 

simplifications made in the simulation. For example some 

experimental factors, such as heat input (Voltage, 

Current, Travel speed) are not pricesly controllable and 

their values may change slightly during the welding 

process. 

The results of FEM show that, X axis distortion in F1 

accrues near the welding region and this fixture type 

produces the most local and concentrated distortion with 

respect to the welding region. 

The magnitude of distortion on the F2 was also more than 

the F3 type LUF; however these values are not critical. 

Based on the results on the Table 3, during welding, 

presented the maximum distortion values related to 

welding according to 3 different types of LUFs. Based on 

the results on the table, during the welding if decrease of 

deformation is the purpose of using constraints, F1 type 

LUF satisfies this requirement.  

Longitudinal and transvers residual stresses of three 

different types of LUFs illustrate in Fig.7.  These Figures 

shows that although the distortion in F1 type LUF has the 

least value in the tree types of fixtures studied, the 

residual stress around the weld regions is high. This 

stresses exceed the critical values, i.e. the material yield 

stress. Therefore, occurrence of local plastic strains in 

welding region is highly probable. Such amounts of 

residual stresses cause to decrease the working life of 

structure in marine industries. Therefore, this type of LUF 

is not a suitable choice in the welding process. 

In the F3 type of LUF, considerable amount of distortion 

observed on the areas far away the weld region. 

Distortion created after welding the inner side and 

removing the fixture, leads to mismatch problems in 

structure and dimensional correction on the process of 

production. However, the amount of residual stress is the 

least compared to two other LUFs. As result, in condition 

where removing the residual stress is the purpose, fixture 

type F3 is the more suitable choice. 

In condition that both residual stress and distortion are 

significant and same importance during the producing 

structures, the LUF type F2 has better situation compared 

the other LUFs. However it is previously reported that, 

for only purpose of decreasing the residual stress or 

distortion, fixtures type F3 and F1 have the better 

condition respectively. For minimizing the residual stress 

in structure welded by fixture type F2, stress reliving 

using mechanical vibration or ultrasonic waves 

suggested. Otherwise, for decreasing the distortion on the 

both end sides of structure, primarily length can be 

designed longer and cutting the distorted pieces after the 

welding.  

 

Table 3. Experimental and numerical level of distortion 

LUF Displacement (mm) 

Uy Location 
a 

Exp. Num. Exp. Num. 

F1 From -4.0 To -5.6 -6.14 48 42 

F2 From -7.0 To -9.52 -9.67 89 76 

F3 From -9.5 To -11.5 -12.8 121 102 
a
 Distance from weld centre line in the middle cross section line 

direction 

 

Fig.6 Thermal history, comparing Thermocouples and numerical results. 
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Fig.6 Transvers and longitudinal residual stresses along 

the middle cross section line. a) F1.  b) F2.  c) F3. 

 

Conclusion 

1- A parallel calculation algorithm was performed for 

modeling the GTA welding of 5XXX aluminum alloy. 

2- Good agreement was achieved for the temperature field 

throughout the whole welding process. 

3- Numerical results of distortion show proper match with 

experimental results extracted from installed LVDTs. 

4- F1 is the best choose for designing a fixture in welding 

of the structure, if decreasing the deformation is the 

purpose during welding. 

5- If removing the residual stress is the purpose, fixture 

type F3 is the more suitable choice. 

6 -In condition that both residual stress and distortion are 

significant during the producing the structure, fixture type 

F2 has better situation compared the other FULs. 
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