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Abstract 

    This paper presents a three dimensional thermo-mechanical analysis to investigate the effect of welding sequence on welding 

deformations in pipe-pipe joints of AISI stainless steel type. Single-pass TIG welding with V-joint geometry in pipes having a 

diameter of 274 mm and a thickness of 6.2 mm is studied here. Nine different welding sequences are analyzed. The finite 

element results are compared with experimental data. It has been shown that selecting a suitable welding sequence can 

substantially decrease the amount of welding distortions in this pipe geometry. 
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1. Introduction 

     Pipe welding is widely used in a variety of engineering 

applications such as oil and gas industries, nuclear and 

thermal power plants and chemical plants. A non-uniform 

temperature field, applied during welding process, 

produces deformation and residual stresses in welded 

structures. In the pipe welding, “diameter change” is the 

most usual deformation type. After welding, pipe diameter 

is changed from the original diameter because of welding 

shrinkage, as shown in Fig. 1. The diameter changes are 

not uniform in the circumferential direction of the pipe, 

thus the pipe sections would not be circle after the welding 

process. This non-uniformity of the pipe section is called 

“ovality”, and is shown in Fig. 2. * 

The extent of deformations and residual stresses in welded 

components depends on several factors such as geometrical 

size, welding parameters, welding sequence and applied 

structural boundary conditions. 

Finite element (FE) simulation has become a popular tool 

for the prediction of welding distortions and residual 

stresses. A substantial amount of simulation and 

experimental work focusing on circumferential welding 
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with emphasis on pipe welding is available in the literature 

[1–12]. To reduce computational power requirements, 

assumptions such as rotational symmetry and lateral 

symmetry have been employed in numerical simulations 

[4–6]. These assumptions reduce the computational 

demand but may make the problem over simplified by 

limiting the analysis to one section of the complete 

geometry and eliminate modelling of welding sequence. 

Therefore, these simplified models are not capable of 

predicting the effects of weld start/stop locations, welding 

sequence and tack welds.  

Fricke et al. [10] investigated multi-pass welding on a 

complete three-dimensional (3D) model for pipe weld, but 

nothing is mentioned about welding sequence. Tsai et al. 

[13] employed a 3D shell element and moving welding arc 

to simulate welding residual stresses in AISI 304 stainless 

pipe. Li et al. [14] developed a full 3D FE model to 

simulate a multi-pass narrow gap girth welding process. 
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Fig. 1. Pipe diameter variation after welding. 

 

Fig. 2. Ovality after welding. 

Recently, Jiang and co-workers [15] used a 3D FE model 

to predict temperature distributions in a multi-pass welded 

pipe branch junction. However, none of these works has 

simulated a fully 3D model for comparing deferent 

welding sequences in pipe welding.  

This paper presents a parametric study to determine the 

effect of welding sequence on welding distortions. 3D FE 

simulation of a single pass butt weld joint is performed 

using the FE code ANSYS [16]. Two stainless steel pipes 

with an outer diameter of 273.7 mm, wall thickness of 6.2 

mm and a length of 300 mm are welded together in a 

single-pass V-joint. Welding start locations and tack weld 

positions are shown in Fig. 3. A total of nine different 

sequences are analyzed for the welding sequence of this 

pipe, as shown in Fig. 4. The case entitled as 1-seg, in 

which the weld is conducted entirely in one segment from 

the start to the final location, is chosen as the basic case 

here. This case has four tack welds, and is validated 

experimentally in this study. Any effects of tack welds on 

distortions and residual stresses are neglected in the 

analysis. 

2. Modelling of physical phenomena 

Numerical simulation of residual stresses and distortions 

due to welding need to accurately take account of the 

interactions between heat transfer, metallurgical 

transformations and mechanical fields.  

The phenomena involved in the heat input such as arc, 

material interactions as well as fluid dynamics in the weld 

pool are not accurately described. From the thermo-

mechanical point of view, the heat input can be seen as a 

volumetric or surfaced energy distribution, and the fluid 

flow effect, which leads to homogenize the temperature in 

the molten area, can be simply taken into account by 

increasing the thermal conductivity over the fusion 

temperature.  

The different phenomena involved and their couplings are 

given in Fig. . As no metallurgical transformation occurs in 

the 304 stainless steel considered in this paper, no detailed 

modelling of the melting is considered here. 

 

Fig. 3. Welding start and tack welds position. 

 

2.1. Heat transfer analysis 

The heat transfers in solids are described by the heat 

equation: 

0)(  QgradTdiv
dt

dH
                               (1) 

qtTqngradT  on ),(.                           (2) 

tp tTT  on )(                               

Where ρ, H, λ and T are density, enthalpy, thermal 

conductivity and temperature, respectively. In Eq. (1), Q 

represents an internal heat source. In Eq. (2), n is the 

outward normal vector of domain δΩ and q the heat flux 

density that can depend on temperature and time to model 

convective heat exchanges on the surface. Tp represents a 

prescribed temperature. The heat input is represented by an 

internal heat source.  

Welding Area 

Welding Start 
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In the present study, the double ellipsoid heat source 

configuration proposed by Goldak et al. [17] is used, as 

shown in Fig. 6. As it is seen, the front half of the heat 

source is the quadrant of one ellipsoidal source, and the 

rear half is the quadrant of another ellipsoid. In this model, 

the fractions of and  of the heat deposited in the front 

and rear quadrants are needed, where . The 

power density distribution inside the front quadrant is: 
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Fig. 4. Nine sequences for pipe welding investigated in this study. 

 

Similarly, for the rear quadrant of the source the power 

density distribution inside the ellipsoid becomes: 
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Physically these parameters are the radial dimensions of 

the molten zone in front, behind, to the side, and 

underneath the arc. If the cross-section of the molten zone 

is known from the experiment, these data may be used to 

fix the heat source dimensions.   
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Fig. 5. Physical phenomena involved and their couplings. 

If cross-sectional dimensions are not available, the 

experience data given by Goldak et al. [17] suggest that it 

is reasonable to take the distance in front of the heat source 

equal to one-half the weld width and the distance behind 

the heat source equal to twice the width. These suggestions 

are used in this paper. 

The internal heating due to the plastic dissipation can be 

neglected considering the small transformation rates 

generated by a welding operation. 

 

Fig. 6. Double ellipsoid heat source configuration. 

 

2.2. Mechanical analysis 

The mechanical analysis is based on the usual equations 

describing the static equilibrium. As the plastic dissipation 

is neglected in the thermal analysis, thermal and 

mechanical analyses can be treated separately. Thus, the 

mechanical calculation is achieved using the temperature 

fields computed previously by the thermal analysis. The 

materials are supposed to follow an elastic–plastic 

behaviour with isotropic hardening. The material 

parameters Young’s modulus, Poisson’s ratio, yield stress, 

strain hardening and heat expansion coefficient are 

temperature dependent. 

3. Material modelling 

    Material modelling has always been a critical issue in 

the simulation of welding because of the scarcity of 

material data at elevated temperatures. Some 

simplifications and approximations are usually introduced 

to cope with this problem. These simplifications are 

necessary due to both lack of data and numerical problems 

when trying to model the actual high-temperature 

behaviour of the material [18]. The material properties for 

AISI 304 stainless steel are shown in Fig. . These data are 

taken from Lindgren [19]. The pipe material and the filler 

metal are assumed to be of the same chemical 

compositions.  

Due to the lack of data on material properties of the weld 

metal and heat-affected zone (HAZ), it is assumed in this 

analysis that thermal and mechanical properties of the weld 

metal and HAZ are the same as those of the base metal.  

 

 

Fig. 7. Material properties for 304 stainless steel used in 

this study [19]. 

4. Finite element modelling 

    The problem is formulated as a sequentially coupled 

thermal stress analysis. First, a non-linear thermal analysis 

is performed to calculate the temperature history of the 

whole domain. Then, the results of the thermal analysis are 

applied as a thermal body load in a non-linear structural 

analysis to determine distortions. The finite element 

models for both thermal and structural analysis are the 

same. The general-purposed FE program ANSYS [16] is 

used for the analyses. During the analysis a full Newton-

Raphson iterative solution technique with direct sparse 

matrix solver is employed for obtaining a solution. During 

the thermal analysis, the temperature and the temperature 

dependent material properties change very rapidly. Thus, a 

full Newton-Raphson technique with using modified 

material properties is believed to give more accurate 

results. 

A conventional element technique named ‘element birth 

and death’ [20], is used for modelling of the deposited 
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weld. A complete FE model is generated in the start of the 

analysis. However, all elements representing the deposited 

weld except elements for the tack welds are deactivated by 

assigning them a very low stiffness. During the thermal 

analysis, all the nodes of deactivated elements (excluding 

those shared with the base metal) are also fixed at room 

temperature till the birth of the respective element. 

Deactivated elements are reactivated sequentially when 

they come under the influence of the welding torch. For the 

subsequent structural analysis, birth of an element takes 

place at the solidification temperature. Melting and 

ambient temperatures are set as the reference temperatures 

(at which thermal strains are zero) for thermal expansion 

coefficients of the filler and base metals. To avoid 

excessive distortion, initial strains in the elements are set to 

zero at the time of element reactivation. 

In the thermal analysis, after extinguishing the arc, the FE 

model was run without any load to return to the ambient 

temperature of 27°C. The load steps in the structural 

analysis are kept the same as in the thermal analysis.  

Linear elements are preferred than higher-order elements 

in non-linear problems of this type [21]. Here,  

eight-noded-brick elements with linear shape functions are 

used in the FE modelling. Only one half of the pipes is 

modelled with assumption of symmetry. The basic FE 

model, used for all the cases of 9 sequences, is shown in 

Fig. .  

In order to facilitate data mapping between thermal and 

structural analysis, the same FE model is used with 

respective element types. For the thermal analysis the 

element type is SOLID70 which has single degree of 

freedom, temperature, on its each node. For structural 

analysis the element type is SOLID45 with three 

translational degrees of freedom at each node. Due to 

anticipated high temperature and stress gradients near the 

weld, a relatively fine mesh is used there. Element sizes 

increase progressively with distance from the weld centre 

line. 

 

 

Fig. 8. 3D finite element model. 

 

5. Experimental studies 

5.1. Welding 

   For circumferential welding of the pipes, an automatic 

girth welding machine with advanced system control was 

used. The welding machine was an automatic TIG welding 

machine with an advanced controller which can 

simultaneously control Power source, Gripper chuck, 

Torch driving vehicle, Inert gas supplier and Automatic 

wire feeder. The automatic circumferential welding system 

is shown in Fig. . 

When the operator push the start button, the controller 

sends four simultaneous signals to the power source, wire 

feeder, gripper chuck and inert gas supplier. Consequently, 

the electrical arc is turned on, the filler is fed into the 

molten pool, the pipes are rotated with the assigned 

welding speed, and the inert gas is flowed into the weld 

pool. In addition, if any oscillatory motion is needed, the 

controller sends signal to Torch Driving Vehicle. 

A single pass butt-weld joint geometry with a single V-

groove (60° included angle) and without root gap was 

used, as shown in Fig.. 
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Fig. 9. Automatic circumferential welding system. 

 

 

Fig. 10 . Weld groove geometry. 

  

The weld joint contained four initial tack-welds at angular 

positions of 36°, 150°, 234° and 306° from the weld start 

position, as shown in Fig. 3. Inert gas was Argon with 

99.9999% purity, the welding current is 230 A, the welding 

voltage was 20 V, the welding speed was 16 cm/min and 

the wire feeding speed was 90cm/min. The welded pipes 

are shown in Fig. . 

 

 

Fig. 11. The welded pipe analyzed in this study. 

5.2. Measurement of the distortions 

   The diameters of the pipes were measured before and 

after welding to determine diameter changes due welding. 

Measurements were done in 3 sections of any pipe. Fig. 5 

shows the measuring sections. This figure shows front 

view of pipes and the scribed lines in this figure are 

diametrical measuring locations. 

In each section, 10 diameter locations were measured using 

an accurate micrometer of a range of 250-275 mm with an 

accuracy of 0.01mm. 

The measured results before welding showed that the pipe 

sections were not completely circular. The nominal pipe 

diameter is 273 mm. After measurement of the pipe 

diameter at different locations, the average pipe diameter 

was set to be 273.7 mm in this analysis. The measurement 

of the thickness at different locations of the two pipes 

showed that the thickness of the pipes varied between 6.07 

mm to 6.32 mm. Here, an average value of 6.2 mm was 

assigned in the analysis. 

The measurements of the diameters at the same locations 

were repeated after the welding. The differences in the 

measured results are considered as the diameter changes 

due to welding. These results are compared with the results 

from the FE analysis. 

6. Results and Discussion 

6.1. Verification of the FE modelling 

   The FE model was run for 1-seg sequence, and its 

diameter changes were calculated for the 3 measuring 

sections shown in Fig. 5. The FE results are compared with 

the experimental measurements in Fig. 6, Fig. 7 and Fig. 8. 

Because of symmetry in welding of the two pipes, any 

difference between pipe-1 and pipe-2 measurements is 

error due to experimental measurements. 

Fig. 6 shows the comparison results in section-1 which is 

the nearest section to the welding area. It shows good 

agreement between the FE results and the experimental 

measurements, having a deviation of about ±%10. 

It should be noted that this type of pipes are produced from 

rolling of plates. After rolling, the edges of plates are 

axially welded together to get the final form of the pipes. 

This axial weld is not considered in the FE analysis due to 

the lack of welding information. Consequently, more 

deviations are observed for locations near the axial welds 

in the two pipes 

Fig. 7 and Fig. 8 show good agreement between the FE 

results and the experimental measurements, except for 
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points having deviations in their experimental 

measurements of pipe-1 and pipe-2.  

Based on the results presented in Fig. 6 13-15, it can be 

concluded that the developed FE modelling is suitable to 

estimate the distortions in the pipes welded with different 

sequences. 

 

Fig. 5. Measuring sections of welded pipes.

Section 3 
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150mm 

290mm 

Section 2 

Section 1 

Pipe2 

Pipe1 
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Fig. 6. Comparison of FE model and experimental in section-1. 
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Fig. 7. Comparison of FE model and experimental in section-2. 
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Fig. 8. Comparison of FE model and experimental in section-3. 

 

6.2. Finding the best sequence 

   The FE model is used for the analysis of all nine 

sequences shown in Fig. 4. Fig. 9 shows comparison of the 

calculated diameter changes in all nine cases. 

For giving a practical use of the results, we consider the 

following two criteria:  

      (1) Maximum of Diameter Variations 

      (2) Average of Diameter Variations.  

The Maximum of Diameter Variations means the highest 

diameter variation in a selected section. This gives a value 

of the ovality of the pipe due to the welding. For section-1, 

all diameter variations were decreasing (see Fig. 6 and Fig. 

9). For section-2 and section-3, the diameter variations 

were both decreasing and increasing (see Fig. 7 and Fig. 

8). Average of the Diameter Variations indicates an 

average of all diameter variations in each section. Fig. 12 

compare these two criteria in all nine sequences analysed 

by the FE modelling. 
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Fig. 11. Comparison between 9 sequences in section-2.
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For choosing the best sequence, we should first determine 

which criterion is of the most interest. For example if the 

maximum diameter variations in section-3 (farthest 

locations from the welding area) is critical in a structure, 

the best choice for welding sequence is 8-seg-a, (see Fig. 

12). In another case if the average of diameter variations in  

section-2 (mid position of pipe) is important, the welding 

with 6-segments is the best choice. 

Table 1 gives a guideline in choosing the best welding 

sequence. Here, a value between 1 (poor) to 4 (best) is 

assigned for any welding sequence based on the specified 

criteria. For example if maximum diameter variation in 

section-1 is critical, welding with 6-segments or 4-

segments-c are the best, and welding with 4-segments-a or 

1-segment are the worst choice for welding sequence. 
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Table 1: A guideline in choosing the best welding sequence 

 

Welding Sequence 

 

 

Selecting Criteria    

 

8-seg-c 
 

 

8-seg-b 

 

8-seg-a 

 

6-seg 

 

4-seg-c 

 

4-seg-b 

 

4-seg-a 

 

2-seg 

 

1-seg 
 

 

3 

 

2 

 

2 

 

4 

 

4 

 

3 

 

1 

 

2 

 

1 

 

Max. Diameter Variation in section1 

4 2 3 3 4 2 1 2 1 Ave. Diameter Variation in section1 

3 2 2 4 4 3 2 1 1 Max. Diameter Variation in section2 

4 3 2 4 3 2 1 1 2 Ave. Diameter Variation in section2 

4 3 4 3 2 1 1 2 2 Max. Diameter Variation in section3 

4 3 4 3 2 2 1 2 1 Ave. Diameter Variation in section3 

 

3.67 
 

 

2.50 

 

2.83 

 

3.50 

 

3.17 

 

2.17 

 

1.17 

 

1.67 

 

1.33 

 

Average 

 

From Table 1, it can be concluded that welding according to 

4-seg-c, 6-seg and 8-seg-c are very good welding 

consequences to minimize welding distortions. The worse 

case in this study is 4-seg-a. This finding puts question to the 

common understanding that increasing the number of 

sequences in welding of pipes always leads to decreasing 

welding distortions. Here, for instance welding according to 

4-seg-a causes more distortion than welding according to 1-

seg and 2-seg.  

7. Conclusions 

   Based on the FE analysis of AISI 304 stainless steel pipes 

welded with different welding sequences in the 

circumferential direction, the following conclusions may be 

made: 

1) Predicted diametric distortions from three dimensional 

FE analysis are in reasonable agreement with 

experimental measurements. 

2) Welding causes diameter variations (ovality) in the 

pipes depending on the welded sequence. 

 

 

3) Pipe diameter variations in the welded section are 

negative (diameter decreases in this section), but with 

increasing distance from the welding centre line, these 

variations go to zero and afterward become positive 

(diameter increase in the sections which are far from 

welding section). 

4) The common understanding that increasing number of 

welding sequence always leads to decreasing in welding 

distortions of pipes may be questionable. Here, it is 

shown that, under certain conditions, welding with four 

segments may cause more distortions than welding with 

one or segments.  

5) The maximum diameter variation in a section far from 

the welding area welded with one segment was 0.59 

mm. This value could be decreased to 0.2 mm by using 

a sequence of 8 segments, indicating the benefits of 

welding sequence to substantially decrease the welding 

distortions. 
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