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Abstract: Residual stresses are produced in weldments due to mismatching and non-uniform distributions of plastic 

and thermal strains. Attempts were made to analyze the residual stresses produced in the TIG welding process using 

2D and 3D finite element analyses. No attempts were made to find the optimum shape of the grooves to minimize the 

tensile residual stresses in the weldments. In this paper, the effect of geometry configurations on the residual stress 

distributions are predicted from the 3D computer analysis using a thermoelastoplastic constitutive equation and 

compared with the X-ray diffraction method. In this study, the effects of conduction, radiation and convection due to 

both air and inert gas flow rate are considered. Heat capacity, thermal conductivity, elastic modulus, yield stress and 

other material properties are assumed to be temperature dependent. The effects of the fluid flow, plasticity and external 

constraint on the residual stress distributions are also considered. Simulation results show that the peak of the tensile 

residual stress obtained for the u-grooved configuration is less than that predicted for the v-grooved configurations. The 

predicted residual stresses are in good agreements with those obtained by the X-ray diffraction experiments. It is also 

shown that the magnitude of the transverse residual stresses increases about threefold if mechanical constraints are 

applied. The constrained structure also produces less distortion than the un-constrained structure. The best agreement 

between the residual stress distributions and the X-ray experiments is obtained using the kinematic and isotropic 

hardening constitutive equations. 
 

Keywords: TIG Welding (GTAW), 304L Stainless Steel, Residual Stress Distribution, Experimental Analysis, 

Numerical Analysis, Finite Element Analysis (FEA) 

 

INTRODUCTION 
Residual stresses and distortions can cause major problems in the welded structures. Residual stresses are 

produced in the weldments due to mismatching and non-uniform distributions of plastic and thermal strains. As 
the temperature of the base metal increases, the yield strength decreases and the thermal stress increases. The 
mismatching (in the weld in general) occurred due to joint geometry and plate thickness. Welding procedures and 
degree of restraints are also influenced by the residual stress distributions (Taljat et al., 1998). High residual stresses 
in the regions near the weld can promote brittle fractures, fatigue or stress corrosion cracking. In addition, residual 
stresses in the base plate may reduce the buckling strength of the structures (Cho et al., 2004). Residual stresses can 
be measured destructively and non-destructively. For instance, Pang and Pukas (1989) measured stresses 
destructively by the stress-relaxation methods using strain gauge techniques and Chandra (1985) measured 
residual stresses non-destructively in the weld bead by X-ray diffraction (XRD) techniques. The XRD is an accurate 
method to measure the residual stress in a thin surface layer. Finite element methods have also been used to 
calculate residual stresses (Chang and Teng, 2004). Ueda and Yamakawa (1971) used 2D finite element analysis to 
calculate the welding resid- ual stress for the first time. McDill et al. (1990) were the first to perform 3D analyses to 
predict residual stresses in stresses during single pass arc welding. Chang and Teng (2004) performed thermal 
elasto-plastic analyses using the finite element techniques to obtain the residual stresses in the butt-welded joints. 
Cho et al. (2004) used finite element analysis to determine the residual stress distributions caused by welding and 
those produced after post-heat  treatment. Teng et al. (2003) assumed the thermo-mechanical behaviors for the 
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weld materials and considered the effects of welding sequence on the residual stress distributions for  a  single- 
pass, multi-pass butt-weld and for a circular patch weld, respectively.Rthe large weldments. Teng and Lin (1998) 
analytically determined the influence of welding conditions (i.e. travel speed, specimen size, external mechanical 
constraints and preheat) on resid- ual  
 
 

Table 1 – Composition ranges for 304 grade stainless steel 

Grade C Mn Si P S Cr Mo Ni N 

304          

Minimum – – – – – 18.0 – 8.0 – 
Maximum 0.08 2.0 0.75 0.045 0.030 20.0 – 10.5 0.10 

 
Table 2 – Mechanical properties of 304 grade stainless steel 

Grade Tensile strength 
(MPa), minimum 

Yeild strength 0.2% 
proof (MPa), 
minimum 

Elongation (% in 50 
mm), minimum 

Hardness 

Rockwell B 
(HRB), 
maximum 

Brinell (HB), 
maximum 

304 515 205 40 92 201 

 
Table 3 – Physical properties of 304 grade stainless steel in the annealed condition 

Grade Density 
(kg/m3) 

Elastic 
modulus 
(GPa) 

Mean coefficient of thermal 
expansion (µm/m/◦C) 

 
0–100 ◦C 0–315 ◦C 0–538 ◦C 

 
condu
c At 
100 

Thermal 
tivity (W/m K)  
◦  C At 500 ◦C 

Specific heat 0–
100 ◦C (J/kg K) 

304/L/
H 

8000 193 17.2 17.8 18.4 16.2 21.5 500 

 
1.The experimental tests 

In this investigation, grade 304 stainless steel was used. Grade 304 is the standard ―18/8‖ 
stainless. It is the most versatile and most widely used stainless steel, available in a wider 
range of products, forms and finishes than any other. It has excellent forming and welding 
characteristics. Grade 304 is readily roll formed into a variety of components for applica- 
tions in the industrial, architectural, and transportation fields. Grade 304 also has outstanding 
welding characteristics. Post- weld annealing is not required when welding thin sections. The 
chemical compositional ranges, mechanical and physical properties for grade 304 stainless steels 
are given in Tables 1–3, respectively. These data were used in the simulations. 
 

Table 4 lists the various experimental tests carried out in this study. Tables 5 and 6 
show the welding parameters employed during welding of three passes and single pass, 
respectively. The efficiency of the TIG welding process was 70%. The experiments were 
performed to investigate the effects of plate thickness, weld length, shape and type of 
groove configuration on the residual stress distributions. In all experiments carried out the 
E308-XX filler metal were used. The residual stress distributions of all experiments performed 
were measured by the X-ray diffraction techniques at the positions of 0, 10, 20, 30, 40 and 50 
mm distances away from the weld centerlines. All of these experiments were simulated by the 
finite element method. 
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Table 5 – Welding parameters employed for three pass welding (y = 70%) 

Number of 
passes 

Ampere
 Voltag
e 
(A) (V) 

Tungsten 
electrode 
diameter (mm) 

Filler 
diameter 
(mm) 

Welding 
velocity (mm/s) 

Gas flow 
rate (l/min) 

1 80–100 15 1.6 1.6 1.5 5 

2 150–175 15 2.4 2.4 2 5 
3 150–175 15 2.4 2.4 2 5 

 
Analysis model 

  Tables 4–6 also show the lists of the simulations performed in this study and the 
corresponded welding parameters. The filler materials characteristics used were similar to 
those of the base metals (i.e. type 304 austenitic stainless steel). 
 
Thermal and mechanical models 

The three-dimensional solid 90 elements were used for the thermal model. The solid 90 
element contains 20 nodes. Each node has one degree of freedom. These elements are being 
suggested for curved boundaries (Miresmaeili, 2005). The ele- ments are suggested to obtain 
the stable three-dimensional thermal analyses. It is noted in Lu and Kou (1988) that for the TIG 
welding process, the molten surface is turbulent if the welding current is more than 225 A, so 
the volume heat gen- eration model should be used to simulate the heat source. If the current 
is less than 200 A, it is possible to consider the flat molten surface and the main source is 
suggested to be a surface heat flow model.In this study, following the suggestion of Lu and Kou 
(1988),when the current was less than 200 A, the surface heat flow model was used. However, 
the metallographical inspections of the weld zone did not confirm the size of the weld metal 
zone obtained by the experiments. The weld metal achieved by simulation was less than that 
obtained by experiments. Therefore, it is inferred that volume heat generation model has 
also to be included in the analysis. Thus, in this study, the combinations of volume heat 
generation and surface heat flow models were used to describe the welding heat source. The 
combinations used were consisted of 20% surface heat flow and 80% volume heat 
generation. This means that the 20% of the total energy is achieved from the surface heat flow 
and the 80% of the total energy is obtained from the volume heat generation. The volume 
heat generation is distributed evenly on the nodes of each element along the weld center- 
line. The 80% volume heat generation was divided identically (evenly) along all nodes which 
are located under the welding torch regardless of welding speed (velocity). The surface heat 
flow is distributed as Gaussian distribution from the tip of the electrode. The Gaussian heat-
source distribution is defined as 

 

Table 4 – Lists of the experimental tests 
carried out in this investigation 

Sample 
number 

Joint type Groove 
angle (D) 

Number 
of passes 

1 v-Joint 10 1 
2 v-Joint 20 3 
3 v-Joint 30 3 
4 v-Joint 40 3 
5 v-Joint 50 3 
6 v-Joint 60 3 
7 u-Joint – 3 
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the thermal analysis, a total of 3900 elements and 300 load steps were used to simulate the 
complete thermal cycle. Only 31 load steps were required for the weldment to return to its 
initial temperature. Time increments were automati- cally optimized for each time step by the 
computer program. The modified Newton–Raphson method was used in each time step for the 
heat balance iteration. 

 
The convection, radiation and conduction heat transfers are considered in this 

investigation. The radiation is important at high temperatures and the convection is important 
at lower temperature and at distances away from the arc. The boundary conditions are 
assumed as combinations of convection and radiation. The combined thermal conductivity is 
given by Eq. (2). 
 

˛h = 0.0668T W/m2 (◦C), 0 < T < 500 ◦C 

(2) 
˛h = 0.231T − 82.1 W/m2 (◦C),   T > 500 ◦C 

 
 

Table 6 – Welding parameters employed 
for single pass welding (y = 70%) 

Ampere (A) 250–275 

Voltage (V) 15 
Tungsten electrode diameter 
(mm) 

3.2 

Filler diameter (mm) 3.2 
Welding velocity (mm/s) 3.5 
Gas flow rate (l/min) 11 

 
 
Element birth and death 

In this study, the technique of element birth and death was used. This option is used for 
modeling of the process in which part of the material may be added or deleted during the 
analy- ses such as hole drilling and welding process. Elements which were created initially and 
those ‗born‘ in the later stages of the analyses were included in the model. In this technique, 
the software does not remove the dead material during the process. Instead, the software 
deactivates the materials by multiplying their stiffness to a sufficiently small factor where its 
default is 10−6. The factor chosen is depended upon the process and is changed due to 
process. 

 
During the death of the materials, all process variables are set equal to zero. If the dead material is activated, 

the factor is being removed and the process variables can be obtained for the born materials. It should be 
noted that in the struc tural analyses the geometrical non-linearity option must be activated 
in the first loading in order to include the deforma- tion of the material in the subsequent 
loading. If this matter is not performed, the dead materials are born while the previous 
deformation is not considered in the analyses. 

 
For the thermal analyses, the dead elements are born according to their properties at 

their designated temperatures. Their stresses and strains are calculated for the designated 
temperatures. Under these circumstances, it is possible that the material is born with an 
initial pre-stress. To solve thisproblem and in order to born the elements with no pre- 
stresses, the reference data is set to reference temperature rather than the general 
temperature. 
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Residual stress measurements by the X-ray diffraction method 
 X-ray diffraction method employs Bragg‘s law to estimate the residual strains present in 
the atomic plans. In this method a monochromatic X-ray beam of sufficient intensity is made 
to be incident on the atomic planes. The reflected beam from successive planes of atoms is 
observed. Bragg‘s law defines the condition for diffraction through the following equation 

 
nλ = 2d sin θ 

 

where λ is the wave length of incident X-rays, θ is the angle between the incident or reflected 
beam and  the  reflecting planes, d is the interplanar spacing, and n is the order of reflec- tion (n = 1, 
2, 3,.. .). Eq. (13) shows that, if the wavelength of X-rays is known, d can be determined by 
measuring the angle θ. In the presence of residual stresses, d changes, leading to a shift in X-ray 
diffraction peaks, which this is a measure of the residual stress. 

 
 

 
 

Fig. 1 shows the configuration generally followed for resid- ual stress measurements 
(Murugan et al., 2001). P1, P2 and P3 refer to three orthogonal directions relative to the sample 
under investigation and L1, L2  and L3  describe the laboratory or measurement frame of 
reference. The angles and ф define the relationship between P and L axes; describes the angle 
between the surface normal (P3) and the direction of strainbeing measured (L3); ф denotes 
the angle between one of the principle stress axes (P1) and the projection of the measured 
strain direction (L3) onto the specimen surface. In the widely used sin2 method, diffraction 
measurements are made at several tilt angles . 
 

If dф  is the interplanar spacing in the direction described by the angles ф and   obtained 
from the position of diffrac- tion peak for a given ‗hk l‘ plane, the strain along L3 may be 
obtained as 

 
In this study, the X-ray residual stress measurements were made to validate the numerical 

results. Vanadium filtered Cu Kα radiation of wavelength λ = 1.542 Å  was diffracted from the (3 1 
1) planes of stainless steel at 2θ = 130◦. The sin2 method was used to determine residual stress. 
Seven   -angles (0, ±15◦, ±30◦, ±45◦) were used. All the experiments were performed with a 2 mm 
diameter round collimator. A measurement time of 20 min was found to produce acceptable 
counting statistics of ±15 MPa. At each location, stress measurements were made in the ф = 0◦, 45◦, 
and 90◦ orientations where ф = 0◦ is defined as a direction perpendicular to the weld and ф = 90◦ is 
a direction parallel to the weld line. Tube voltage used was 40 kV and tube current employed was 
30 mA. 
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Verifications of the simulations 
Thermal model verification 

The results obtained from the thermal analyses were com- pared with the experimental 
results. Fig. 2 depicts the typical fusion zone shape obtained by the three-pass welding of stain- 
less steel plates with dimensions of 300 mm length, 100 mm width and 10 mm thickness. Points 
A, B and C on the fig- ure shows the fusion zones depths and widths at the end of first, 
second and third pass, respectively. Fig. 3 shows the corresponding fusion zone shape 
achieved from the numer- ical modeling in the third pass (see point C in Fig. 2). The half 
widths of the fusion zones obtained from the simu- lations and experiments at end of each 
pass are listed in Table 8. The agreement between the modeling results and the experiments 
appears to be very good. The arrow in Fig. 3 indicates the fusion zone. The arrow does not 
stand for the fluid flow field. The aim of this figure is to illustrate width of the fusion 
zone and not to show the fluid flow field. Fluid flow simulation in the fusion zone during 
welding is very difficult.  

 
To study the fusion zone fluid flow, the welding of sample 5 was simulated with and 

without the inclusion of fluid flow in the fusion zone. With the inclusion of fluid flow model 
in the fusion zone it was assumed that the heat conduction coefficient at temperatures close 
to material melting point was two times of the heat conduction coefficient calculated from 
Eq. (2).  The calculated temperature distributions at the mid- length of the weld line for the 
two conditions are shown in Fig. 4. The temperature distributions are shown for the third 
pass. Fig. 4a shows the temperature profiles neglecting fluid flow and Fig. 4b shows the 
temperature profiles when fluid flow is included in the analysis. A comparison of Fig. 4a and 
b shows that the temperatures obtained at similar distances away from the fusion zones are 
higher when fluid flow is not considered. In other words, the rate of cooling increases when the 
fluid flow is considered and experimental results confirms this matter. The size of the half-
width fusion zone obtained from the experiments was 7 mm and that obtained from the 
simulations with the fluid flow, was 7.251 mm (see Table 8). However, the size of the half-width 
fusion zone when the fluid flow was not considered was 10.9 mm.  

 
Structural model verification 

The simulation results from the structural model were com- pared with the 
experimental results. Two specimens with 1.6 and 10 mm thicknesses were used for 
verifications. Both weld centerline and at the mid-length of the weld line. On the root side (Fig. 
7a), three separated peaks were observed during the three-pass TIG welding process. The 
maximum tempera- ture obtained was 1887 ◦C and that occurred during the first pass. The 
temperature was higher than the material melting point (i.e. 1390 ◦C). This maximum 
temperature was located in the fusion zone where melting occurred. In the middle thick- ness 
(Fig. 7b), two peaks were observed. In this region (point), no welding was performed during 
the first pass and there- fore one of the peaks was omitted. In other words, during the first 
pass, there is no material in this area so there is no tem- perature peak. To consider this effect 
in the simulations, all elements in this region were considered dead during the first pass. 
Similar conditions were used for the top side of the weld pad (Fig. 7c). In Fig. 7c, the thermal 
cycle due to the third pass for a typical node located on the top side of the fusion zone is shown. 
In this area the filler metal is added during the third pass; therefore, the only peak 
temperature illustrated in Fig. 7c is due to the third pass. 

 
The effect of weld length on the fusion zone peak temperature 

In this study, three-dimensional analyses were performed for both thermal and 
structural models. In most of the previ- ous investigations, the structural models were 
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carried out in 

 
 
 

 
 
 

It seems that the maximum temperature at the same distance from the commencement 
of welding increases after each pass due to preheating of the sample in the earlier pass. The 
simula- tion results showed the HAZ (heat affected zone) temperature distributions were also 
affected using by assumptions made above (see Fig. 9). Therefore, in the three-dimensional 
thermal analysis, the thermal gradients along both the thickness and length are considered. 

 
However, the simulation results performed in this study cannot support these 

assumptions due to the presents of a thermal gradient and thermal flow along the weld 
length and thicknesses. Fig. 8 shows the existence of thermal gradi- ents along the weld 
length. It can be seen that the fusion zone peak temperature increases along the length of the 
weld. The increase of fusion zone peak temperature by the progression of the weld is 
attributed to preheating of the materials in the previous steps of welding. This is essential in 
welding mate- rial with a very long length. Fig. 8 also shows the effect of the number of 
passes on the fusion zone peak temperature at various points located away from the root 
side. 
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Thermal cycles produced  in  the  sample  5  (see Table 4) at various distances from the root: 
(a) root side (at mid-length of weld center-line, (b) middle thickness (at mid-length of weld 
center-line and (c) top side 
 

 
The magnitudes of the fusion zone peak temperatures at 140, 150 and 160 mm distances 

away form the commencement of welding at different passes in sample 5.3D and thermal 
modes were performed in 2D. These studies assumed longitudinal symmetry in the thermal 
models, i.e. heat was assumed to be deposited at the same time along the weld length. Few 
investigators, however, were investigated 3D thermal models and 2D structural models. The 
results obtained from the 3D thermal models were mapped into the 2D structural models. 
These assumptions reduce the size of the FE-model, the CPU-time and the disc memory 
required for analyses. 

 
 
 

Effect of plasticity on the distributions of the residual stress  
In this section, the influence of the plasticity on the residual stress distributions is 

investigated. Two 10 mm thick stain- less steel samples were simulated. The welding was 
carried out in three passes. Both samples had 50◦ v-grooved angles (see Tables 4 and 6). Three 
types of the constitutive equa- tions were used to describe the behavior of the stainless steel 
plates. These constitutive equations were bilinear isotropic hardening, bilinear kinematic 
hardening and elastic-perfectly plastic. The corresponding data used is listed in Table 7. The 
ET/E  ratio in the table refers to the ratio of tangent Mod- ulus (ET) to Young‘s Modulus (E) at various 
temperatures. All materials showed large deformation behavior. The von- Mises yield stress criterion and 
associated flow rule was used. Fig. 10 shows the residual stress distributions for the kine- matics and isotropic 
hardening constitutive equations. Note that the magnitude of the peak tensile residual stress obtained using the 
elastic-perfectly plastic model was smaller than that using the kinematics and isotropic hardening consti- tutive 
equations. This is attributed to the omission of the hardness effects in the elastic-perfectly plastic constitutive 
equation. The residual stress distributions obtained using the kinematics and isotropic hardening constitutive 
equations were in a good agreement with those obtained by the X-ray experiments (see Fig. 10). As the kinematics 
hardening consti- tutive equations can be used to model the reverse plasticity and Bauschinger effects expected to 
occur during welding (Brickstad and Josefson, 1998), it was used in the following analyses to describe the behavior 
of the material. 
 

CONCLUSION 

In this study, the effects of the plasticity, external constraint, and groove shapes on the 
longitudinal and transverse residual stress distributions and on the lengths of the tension 
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zones were examined numerically and experimentally. The effect of thermal cycling and weld length on the 
fusion zone peak temperature was investigated. 

 
The main conclusions to be drawn are: 
 
• The minimum longitudinal (and transverse) residual stress and the minimum length of the tension zone    
were obtained with test specimens containing u-grooves. 
 
• The least tension zone and the minimum tensile longi- tudinal (and transverse) residual stress were produced in 

specimens containing 50◦ v-grooves. The minimum von-Mises strains and distortions occurred in the 
specimenscontaining u-shaped grooves. 

 
• The effect of mechanical constraints on both the 50◦ u and v grooved specimens was examined. The results 

showed that the magnitudes of the transverse residual stresses increased about threefold. In addition, the con- 
strained weld structures had less distortion than the non-constrained weld structures. Mechanical constraints 
had no major effect on the magnitude of the peak lon- gitudinal residual stress, however the longitudinal stress 
distribution patterns changed significantly. 

 
• The 3D computer simulations (which included both the thermal and structural models) showed that the fusion 

zone peak temperature increased along the weld length as the weld progressed. 
 
• The numerical results for residual stress distributions obtained using the kinematic and isotropic hardening 

con- stitutive equations were in a good agreement with those obtained by the X-ray experiments. 
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