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A B S T R A C T   

The main objective of this study is to develop a computational approach based on the finite element (FE) method 
to efficiently predict welding deformations and residual stresses of fillet welded T-joints made of high strength 
steel (HSS), S700, using different welding sequences and external constraints. With this aim, thermo-elastic- 
plastic FE models were developed in ABAQUS FE code based on Goldak’s double ellipsoidal heat source 
model, material non-linearity and geometrical non-linearity. The results of the FE models in terms of temperature 
fields, angular distortion and transverse residual stress were verified against measurements. The results showed 
that angular distortion and transverse residual stress were significantly impacted by configuration of the external 
constraints, while longitudinal stress were less affected. It was found that the welding sequences had a smaller 
effect on the sequential and cumulative welding distortions and final residual stresses than the configuration of 
the external constraints. The results of this study are meaningful for understanding of the calibration and ac-
curacy of FE computational approaches to simulate welding processes. Additionally, from a practical point of 
view, the results are important to understand the distortions and residual stress control measures of structural 
members made from HSSs.   

1. Introduction 

Gas metal arc welding (GMAW) is widely used to make permanent 
joints between mechanical components and structural members, pri-
marily due to its flexibility, practicality and high productivity [1]. 
However, localized and rapid heating due to heat input from the welding 
torch to the base material followed by non-uniform cooling in the weld 
zone give rise to residual stresses and distortions in the weld. The for-
mation of residual stresses and deformations, which is a significant 
problem in welded structures, is affected by a number of factors, which 
fall mainly into three categories. Design-related factors include joint 
type and geometrical dimensions; and material-related factors comprise 
temperature-dependent thermal and mechanical properties of the base 
material and filler material. The third category encompasses process- 
related factors including the welding method, welding sequences, heat 
input and mechanical boundary conditions [2]. 

Some residual stresses, mainly compressive stresses, can be benefi-
cial. Nevertheless, most residual stresses are detrimental to the service 
performance and integrity of the welded structure. Tensile residual 
stresses in the fusion zone (FZ) and heat-affected zone (HAZ) are known 

to contribute to acceleration of a wide range of degradation phenomena 
in components and structures [3]. Reduced fatigue life of welded con-
nections [4], decreased buckling strength [5], increased incidence of 
brittle fracture [6] and stress corrosion cracking [7,8] can all be 
attributed to residual stresses. Welding-induced distortion, another un-
wanted side-effect frequently found in GMAW welds, can cause unde-
sirable secondary bending stresses, and it often results in loss of 
dimensional accuracy, which leads to extra costs for additional correc-
tion can cause schedule delays. Welding distortions can degrade joint 
quality, seriously impair fabrication and assembly of structural mem-
bers, and, in extreme cases, might lead to the joint or component being 
unusable. 

In the recent decades, HSSs have increasingly been used to reduce 
the weight of structures and improve their energy efficiency. The 
excellent strength-to weight ratio offered by HSSs may, however, be 
degraded when they experience HAZ softening and strength reduction 
from the applied welding heat input [9–11]. Fillet welds are commonly 
used in a wide range of steel structures such as plate girders and trusses. 
Structural members containing T-joints, are prone to different types of 
welding-induced distortions, of which angular distortion is a focus of 
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this work. Assessment of residual stresses after welding can be chal-
lenging because the use of destructive methods is impossible and non- 
destructive methods have their own restrictions. For example, the X- 
ray diffraction (XRD) method for measurement of residual stresses of T- 
joints has some limitations as, depending on the stiffener height, the 
measuring head often cannot reach regions near the weld toe. 

In view of the damaging consequences of welding residual stresses 
and deformations, it is important to accurately predict and efficiently 
evaluate such stresses and distortions to be able to produce robust de-
signs and ensure the safety of welded components and structures [1,3]. 
Thus, it is a meaningful task to develop a reliable computational 
approach based mainly on the FE method to predict welding thermal 
fields as well as welding stresses and distortions. In the past, there have 
been numerous studies on FE welding simulation for different materials 
[12–17], different joint types [18–22] and different welding processes 
[3,18,23]. FE simulation of welding of T-joints has been used in a 
number of research studies [12,18,24,25], however, there is still a lack 
of data in the literature regarding the effect of different welding se-
quences and external constraints on the welding distortions and residual 
stresses of HSSs. 

The objective of the current research is to develop three-dimensional 
sequentially coupled thermo-mechanical models in ABAQUS FE soft-
ware [26] to predict welding-induced distortions and residual stresses in 
T-joints made of HSS S700MC PLUS under different mechanical 
boundary conditions and for different welding sequences. Four fillet 
welding cases with two welding sequences and two specific mechanical 
boundary conditions are considered. Thermal fields are simulated by 
implementation of Goldak’s double ellipsoidal heat source model [27] in 
the user-subroutine DFLUX. Thermal loss is modeled by applying the 
combined effects of radiation and convection, which are implemented in 
the user-subroutine FILM. Nodal temperatures calculated in the thermal 
analysis are mapped into a mechanical model to calculate stresses and 
strains for each welding case. The results of the simulations with respect 
to temperature fields, welding-induced residual stresses before and after 
release from the clamps, and sequential angular deformations due to 
each welding pass as well as final angular distortions are verified with 
experimental measurements. 

2. Experimental setup 

2.1. Materials 

The base material in this study was HSS S700MC PLUS, which is a 
low carbon and low alloy HSS offering a minimum yield strength of 700 
MPa. This HSS is manufactured using a modern hot strip rolling method 
integrated with direct quenching [28]. The filler material used in the 
welding process is ESAB OK AristoRod 13.29 solid wire with 1 mm 
diameter. This filler material has practically the same strength level as 
the base material. The chemical compositions of the base and filler 
materials based on the material certificates of the manufacturers are 
presented in Table 1. 

2.2. Specimens and welding procedure 

T-joint specimens with identical geometry were manufactured from 
6 mm thick hot rolled strips of S700. The dimensions of the base plate 
and stiffener were 460 × 130 mm and 130 × 25 mm, respectively. The 
convention for the welding direction was adopted in the Y-direction, 
while Z is normal to the top surface of the base plate. Fig. 1 shows the 

experimental set up for one of the specimens clamped from one side. The 
welding parameters presented in Table 2 were selected in order to 
achieve the designed leg size of 6 mm. 

Based on a welding efficiency coefficient of 0.85 for GMAW [29], a 
net heat input value of 0.79 kJ/mm was applied to the specimens during 
fillet welding of the T-joints. 

The fillet welding procedure consisted of deposition of filler material 
on both sides of the stiffener to make double-sided fillet welds. Four 
specimens in total were fillet welded using two welding sequences (see 
Fig. 2) and two different mechanical boundary conditions to consider 
the effects of external restraint on the residual stresses and distortions of 
fillet welded T-joints. 

In the labelling of the specimens, the first letter shows the applied 
mechanical boundary conditions. C indicates the cases which were 
clamped at both ends and F signifies that the specimen was clamped at 
one end while the other end was free. S1 and S2 are welding sequences 
for fillet welding as illustrated in Fig. 2. In order to facilitate the drawing 
of conclusions for the different welding cases, the labels adopted for the 
specimens and the conditions the labels refer to are summarized in 
Table 3. 

2.3. Temperature measurements 

Temperature histories during the fillet welding were monitored 
using K-type thermocouples attached on the top and bottom surfaces of 
the specimens. For each specimen, four thermocouples (A–D) were used 
to record the temperature on the top surface, including the high tem-
perature HAZ and regions with lower temperatures, to be able to verify 
the temperature field obtained from the corresponding FE model. For 

Table 1 
Chemical compositions of S700MC PLUS and ESAB OK AristoRod 13.29 (wt%).  

Material C Si Mn P S Al Ti Cr Ni Mo Nb V 

S700 MC 0.12 0.25 2.10 0.02 0.01 0.015 0.15    0.09 0.2 
AristoRod 13.29 0.089 0.53 1.54 – – – – 0.26 1.23 0.24 – –  

Fig. 1. Experimental set up for one of the specimens.  

Table 2 
Welding process parameters.  

Voltage 
(V) 

Current 
(A) 

Travel 
speed 

(mm/s) 

Wire 
diameter 

(mm) 

Wire 
feed 
rate 
(m/ 
min) 

Tip 
distance 

(mm) 

Shielding 
gas 

25 260 7 1 12.5 16 Ar + 8% 
CO2  
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each welding case, one thermocouple was also used at the bottom side to 
facilitate verification of temperature distribution through the thickness 
of the specimen. The positions of the thermocouples are shown sche-
matically in Fig. 2. It should be noted that the dimensions X1, X2, X3 and 
X4 refer to the distance between the weld toe and the thermocouples A, 
B, C and D, respectively. The real values were determined based on 
measurement data from a Hexagon 3D scanner. 

3. Finite element model 

From a complexity point of view, simulation of welding can become 
very complicated as the welding process includes coupled interactions 
between heat and mass transfer, material science, welding technology, 
microstructural evolution, computational sciences, and mechanics of 
materials. Capturing all the interactions involved in the welding process 
in a simulation is a highly demanding task and it is possible that 
convergence might not be reached. Thus, removing inconsequential 
aspects which only add complexity to a simulation and elaborating an 
efficient model with sufficient accuracy are of paramount importance. 

In this research, evolution of stresses and strains of fillet welded 
specimens were studied by developing three-dimensional thermo- 
elastic-plastic FE models in ABAQUS FE Software. Since dimensional 
changes in welding are negligible and the effect of the mechanical field 
on the thermal field is insignificant, a sequentially coupled formulation 
was adopted [30]. For each case, the solution procedure consisted of two 
steps. In the first step, the non-linear transient temperature field was 
captured by solving the heat conduction equation in a thermal analysis. 
These nodal temperatures were later transferred and mapped into the 
subsequent mechanical analysis as a thermal load to find the structural 
response and calculate the residual stress field and nodal displacements. 

3.1. FE model geometry and mesh 

Modeling of the deposited filler metal was carried out based on the 
experimentally measured weld leg and throat sizes. In each case, in 
order to facilitate transfer of the nodal temperature data from the 
thermal model to the mechanical model, the same FE mesh structure was 
used with an identical number of elements but different element types, 
as shown in Fig. 3. An 8-node linear heat transfer brick (DC3D8) with 
temperature as the only degree of freedom was used in the thermal 
analysis and a first order 8-node reduced integration brick element 
(C3D8R) with hourglass control was applied in the mechanical analysis. 
By using reduced integration elements, shear locking is prevented and 
less computational time as well as better convergence is achieved [31]. 
Convergence studies regarding the effect of mesh density on the accu-
racy of the simulation results were performed in a previous study [21]. A 
fine mesh grid with the smallest element size of 3 × 0.5 × 1 mm was 
applied in the FZ and adjacent HAZ for all the models. The size of the 
elements increased progressively from the weld toes towards the outer 
edges of the specimens. A fine mesh grid with a total number of 30,738 
elements was able to represent stress and strain values in the weld re-
gions with sufficient accuracy and acceptable computation time. 

3.2. Thermal analysis 

In this study, a partial differential equation from Fourier’s law of 
heat conduction and energy conservation, shown in Eq. (1), was applied 
to solve the transient temperature field during welding (T) in time (t) 
and space (x, y, z): 

ρ(T)cp(T)
∂T
∂t =

∂
∂x

(

k(T)
∂T
∂x

)

+
∂
∂y

(

k(T)
∂T
∂y

)

+
∂
∂z

(

k(T)
∂T
∂z

)

+ Q̇v (1)  

where T is temperature and t represents time. ρ(T), cp(T) and k(T) are 
temperature-dependent density, specific heat, and thermal conductivity, 
respectively. These temperature-dependent thermo-physical properties 
were obtained for the base material from the literature [18] and are 
shown in Fig. 4. It should be noted that the units are arranged so that all 
properties can be shown in a single graph. 

As the filler material in this research shares the same matching 
strength configuration as the base material, the two metals were defined 
as identical materials and the same properties were assigned to both. Q̇v 
(W/m3) is the volumetric heat source density or internal heat generation 

Fig. 2. Specimen configuration, positions of thermocouples and illustration of applied welding sequences. (Units in mm).  

Table 3 
Labels adopted for specimens in welding experiments.  

Label Condition 

FS1 One Free end, welding Sequence 1 
FS2 One Free end, welding Sequence 2 
CS1 Both ends Clamped, welding Sequence 1 
CS2 Both ends Clamped, welding Sequence 2  
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rate. Arc energy transferring from the moving heat source to the base 
and filler materials was modeled as a volumetric heat source with 
double ellipsoidal distribution proposed by Goldak et al. [27]. This 
model considers two heat flux distributions, one for the front half and 
one for the rear half of the heat source. The heat distributions are 
described by Eqs. (2) and (3), respectively: 

qf (x, y, z, t) =
6
̅̅
3

√
ff Q

abf cπ
̅̅
π

√ e
− 3

(

x2
a2+

[y− vt− y0 ]
2

bf 2 +z2
c2

)

,

y ≥ 0
(2)  

qr(x, y, z, t) = 6
̅̅
3

√
frQ

abrcπ
̅̅
π

√ e
− 3

(

x2
a2+

[y− vt− y0 ]
2

br2 +z2
c2

)

,

y < 0
(3)  

where x, y and z are coordinates in the reference system. Q is the power 
of the welding arc (Q = VIη) calculated based on the welding current (I), 
voltage (V) and welding efficiency coefficient (η). a, bf, br and c are 
characteristics of the weld pool, while ff and fr are dimensionless frac-
tions of heat deposited in the front and rear half of the heat source, 
respectively. Taking the continuity of the heat source into consideration, 
the following relationships are observable: 

fr
br

=
ff
bf

(4)  

ff + fr = 2 (5) 

Representation of the applied heat source model was accomplished 
using the ABAQUS user subroutine DFLUX programmed in FORTRAN. 
To simulate the moving heat source for fillet welding of the T-joints, two 
translation and rotation matrices were defined to transform points in the 
global coordinate system into the local coordinate system at angles of 
− 45◦ and 45◦ for side 1 and side 2, respectively: 
⎡

⎣
x
y
z

⎤

⎦ =

⎡

⎣
cos45 0 sin45

0 1 0
− sin45 0 cos45

⎤

⎦

⎡

⎣
X − X0
Y − Y0
Z − Z0

⎤

⎦ (6)  

⎡

⎣
x
y
z

⎤

⎦ =

⎡

⎣
cos45 0 − sin45

0 1 0
sin45 0 cos45

⎤

⎦

⎡

⎣
X − X0
Y − Y0
Z − Z0

⎤

⎦ (7)  

where x, y and z are nodal coordinates in the local coordinate system and 
X, Y and Z are nodal coordinates in the global coordinate system. The 
position of the heat source was calculated with respect to time, nodal 
coordinates, and welding speed in the subroutine DFLUX. At each 
integration point, non-uniform flux distribution was then calculated by 
DFLUX as a function of time, the coordinates of the heat source, and 
using the power of the welding arc. In order to predict welding residual 
stresses and distortions, the temperature field must be determined 
accurately, which necessitates calibration of the heat source model. 
Calibration of the heat source was performed by adjusting the heat 
source parameters in such a way that a close agreement was reached 
between the nodal temperatures captured by the thermocouples in the 
experimental measurements and the corresponding nodal temperatures 
obtained from the simulation. Further calibration was done by matching 
the boundaries of the FZ and HAZ from the FE model against the mac-
rograph of the weld cross section. The heat source parameters and their 
values adjusted to perform thermal analysis are summarized in Table 4. 

Fig. 3. Mesh details of the fillet welded T-joint.  

Fig. 4. Temperature-dependent thermo-physical properties of S700.  

Table 4 
Adjusted heat source parameters.  

Parameter a (mm) bf (mm) br (mm) c (mm) ff fr 

Value 7 4 10 10 0.57 1.43  
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Ambient as well as initial temperatures for all simulation cases were 
set to 20 ◦C. In terms of capturing the temperature field during welding, 
a unique solution will be reached when Eq. (1) is solved subject to 
specific boundary conditions. Thermal boundary conditions are gener-
ally applied in welding simulations to model the heat loss due to con-
vection and radiation from free surfaces of the welded specimen, as 
shown schematically in Fig. 5. The distance between the clamps and 
heat source is large enough that temperature does not rise at the 
clamping areas, and, heat transfer between the base plate and clamps by 
means of conduction was hence ignored. The specimens are assumed to 
experience heat loss by means of convection and radiation. Heat loss 
during welding is generally modeled based on Newton’s law of cooling 
and Stefan-Boltzmann’s law to account for heat transfer due to con-
vection and radiation, respectively. An alternative method in terms of 
heat loss during welding is to consider the combined effect of convection 
and radiation. In this study, the matter was addressed by defining a 
temperature-dependent heat transfer coefficient expressed in the form of 
two mathematical expressions as practiced by other researchers [32,33] 
and shown by Eq. (8): 

h =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

0.0668 × T
(

W
m2◦C

)

0 ≤ T ≤ 500

0.231 × T − 82.1
(

W
m2◦C

)

T ≥ 500

(8)  

where T (◦C) is temperature and h denotes the temperature-dependent 
heat transfer coefficient. These mathematical expressions were imple-
mented in the user subroutine FILM to model the combined thermal 
boundary conditions. 

The coupled problem between the solid and liquid phases is not 
included in the ABAQUS package, and directly, modeling the fluid flow 
in the weld pool is thus not possible in such FE software. Fluid flow in the 
weld pool is, however, very important and has a significant effect on the 
temperature distribution in the weld pool. Artificially increased thermal 
conductivity was applied to account for the effect of fluid flow in the FZ. 
For temperatures higher than the liquidus temperature, thermal con-
ductivity was considered to be four times as large as the value at room 
temperature, and increases linearly between the solidus and liquidus 
temperatures. The latent heat of fusion was considered to account for the 
thermal effects of solidification in the weld pool. The assumed value for 
latent heat was 270 × 103 J/kg between the solidus temperature of 
1430 ◦C and liquidus temperature of 1480 ◦C. 

3.3. Mechanical analysis 

Nodal temperatures computed for each time increment in the ther-
mal analysis were transferred as a thermal load through predefined 
fields in the subsequent mechanical analysis. The structural response of 
the model was then calculated as the sum of individual strain rate 
components as expressed in Eq. (9): 

ε̇total = ε̇e + ε̇p + ε̇th (9)  

where ε̇total is total strain rate. ε̇e, ε̇p and ε̇th, correspond, respectively, to 
elastic, plastic, and thermal strain increments. It should be noted that 
the strain rate component due to phase change was not considered in 
this study and the strain rate component due to creep was also neglected 
since the time period at high temperature was limited to a few seconds 
throughout the entire thermal cycle. Elastic strain was calculated using 
isotropic Hooke’s law with temperature-dependent Young’s modulus 
and Poisson’s ratio. A rate-independent plastic model with temperature- 
dependent mechanical properties, isotropic hardening law and the Von 
Mises yield criterion were used to model the plastic behavior of the 
material. Thermal strain was calculated using a temperature-dependent 
thermal expansion coefficient. The required mechanical properties of 
the base and filler metals in the structural analysis, namely, 
temperature-dependent yield strength, Young’s modulus, Poisson’s ratio 
and the thermal expansion coefficient were taken from literature [18] 
and are shown in Fig. 6. 

An annealing step was modeled by defining an annealing tempera-
ture. When the temperature of a material point exceeds the annealing 
temperature, strain hardening memory is annihilated by resetting the 
equivalent plastic strain to zero. Provided that the temperature of that 
material point falls below the annealing temperature during cooling, 
regeneration of work hardening happens if the material deforms plas-
tically [12,19]. The annealing temperature was set to 900 ◦C in this 
study. In order to avoid convergence problems, the values of yield 
strength and Young’s modulus were not considered to be zero for molten 
material, but they were reduced to 5 MPa and 5 GPa, respectively. 

Prescription of external constraints is a common method to reduce 
welding deformations. This important task is, however, problematic 
since the application of mechanical constraints affects the residual stress 
field and welding distortions. Greater constraints give rise to a residual 
stress field and reduces welding deformations by increasing plastic 
strains and decreasing elastic strains, which are responsible for distor-
tions after removing clamps. This implies that in an over-constraint 
situation, residual stresses might accumulate and result in welding- 
induced cracks, while deformations derived from an under-constraint 
situation might lead to dimensional instability, and, design of the 
welding fixtures must thus be done meticulously [12]. Two different 
clamping configurations were applied in the experiments and corre-
sponding mechanical boundary conditions were considered in the FE 
models, as shown in Fig. 7. This approach makes it possible to analyze 
the development of residual stresses and distortions due to different 
mechanical boundary conditions and to optimize production procedures 
with the aim of obtaining smaller levels of distortions and welding re-
sidual stresses. One clamping set up was applied in which the related 
specimen was fixed rigidly at one end in a specified area, while the other 
end was free to experience angular distortion. Mechanical boundary 
conditions in the related FE model were set so that all the nodes in that 
area were restricted rotationally and translationally, as shown in Fig. 7 
(a). The other clamping condition was set to rigidly fix both ends of the 

Fig. 5. Illustration of heat loss (convection and radiation) or thermal boundary 
conditions applied to the T-joints. Fig. 6. Temperature-dependent mechanical properties of S700.  
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related specimen in specified areas. As shown in Fig. 7(b), in the cor-
responding FE model, the boundary conditions were considered to 
prevent rotation and translation of all the nodes in the determined areas. 
After welding and reaching the ambient temperature, in all the cases, the 
mechanical boundary conditions corresponding to the removal of the 
clamps were set to prevent the rigid body motion, as shown in Fig. 7(c). 

Modeling of the gradual deposition of filler material was performed, 
which is named element birth and death technique (model change) in 
ABAQUS [34]. In this modeling method, elements corresponding to the 
weld metal initially have inactivated status. As soon as the welding torch 
approaches and the filler material melts, the status of the heated element 
is changed from inactivated to reactivated and the specified 
temperature-dependent material properties are assigned. 

4. Results and discussion 

4.1. Results of thermal analysis 

Obtaining accurate calculated welding-induced stresses and 

distortions, necessitates accurate prediction of the welding temperature 
field. The temperature distribution obtained from FE simulation at half- 
way during welding of the S700 T-joint specimen SF2 is shown in Fig. 8. 
The FE model consisted of 2 regions of very fine mesh around the heat 
source in the FZ and HAZ where the temperature gradient is steep at 
both sides of the T-joint. 

Correct prediction of weld pool geometry is an indicator of accurate 
temperature distribution in the FZ and HAZ. Calibration of welding 
temperature histories necessitates prediction of the shape and size of the 
weld pool and matching of the simulated weld pool geometry to the 
experimental macrograph obtained from the polished and etched weld 
cross section. The region of simulated molten metal or FZ, depicted in 
Fig. 8 in light gray, was determined based on the temperature contour 
above the liquidus temperature (1480 ◦C). 

The cross section of the fillet weld at the mid-section of the specimen, 
which shows the depth of penetration, is compared with the simulation 
in Fig. 9(a). The dimensions of the FZ, i.e., the width and length of the 
weld pool at the end of the welding path, are compared with the 
simulation in Fig. 9(b). 

As shown in Fig. 9(a) and (b), the FZ boundaries and finger-like 
penetration as well as the dimensions of the weld pool are well- 
captured by the simulation, which is a result of the realistic tempera-
ture distribution and correct calibration of the heat source model. 
However, small reinforcement, was not modeled as it was assumed to 
have a negligible effect on development of residual stresses and welding 
distortions [12]. 

Close agreement between the nodal temperatures recorded by the 
thermocouples and the corresponding nodal temperatures from the FE 
simulation is the main index of correct temperature distribution and 
welding thermal cycles [17]. Since the welding parameters and, conse-
quently, heat input for all the cases are similar, only one of the cases 
(FS2) is used for comparison in terms of welding temperature distribu-
tion. However, all the cases were calibrated and verified against 
experimental measurements in the same manner. The results of the 
thermal analysis for the welding case FS2 for passes 1 and 2 are shown in 
Fig. 10(a) and (b), respectively. 

Fig. 10(a) compares time-temperature curves at different distances 
from the weld toe for the first welding pass versus numerically calcu-
lated temperature histories calibrated using thermocouple measure-
ments. Fig. 10(b), in the same manner, shows the experimental and 
numerical temperature histories for the second welding pass. It can be 
seen in Fig. 10(a) and (b) that the second pass was started almost 5550 s 
after beginning of the first pass, when the specimen reached ambient 
temperature. In Fig. 10(a) and (b), T1–T5 are thermocouples attached at 
various positions on both the top and bottom side of the T-joint spec-
imen (FS2). X1–X4, are approximate distances from the weld toe 
(defined in Fig. 2), which were measured post welding with the Hexagon 
3D scanner, and corresponding nodal distances from the weld toe in the 
FE model. A good agreement between the simulated temperature field 
and experimentally measured thermal histories in terms of heating rate, 
peak temperature and cooling rate is observable. Such agreement im-
plies that calibration of the heat source parameters (Goldak’s parame-
ters) and thermal boundary conditions was performed correctly. Thus, 
the FE thermal model verified by means of thermocouples and FZ 
boundary matching, can be considered accurate enough for nodal 
mapping and data transfer to subsequent mechanical analyses. 

4.2. Results of simulated residual stresses and deformations 

The effect of the welding sequence and mechanical boundary con-
ditions on inhomogeneous stresses and distortions was investigated. 
Non-uniform heating and cooling during welding and subsequent 
expansion and contraction induce considerable tensile and compressive 
residual stresses in the weld region and adjacent HAZ. Variation in the 
distributions and magnitudes of the residual stresses and angular dis-
tortions due to change in the welding sequence and mechanical 

Fig. 7. Representation of different mechanical boundary conditions assigned to 
the FE models for mechanical analyses: (a) one end fixed and the other end free; 
(b) both ends fixed; and (c) after removal of the clamps. 
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Fig. 8. Thermal contours obtained from thermal analysis of double-sided fillet welded S700 T-joint during welding.  

Fig. 9. Welding temperatures (NT11) and boundaries of the FZ from the experiment versus simulation: (a) through thickness; and (b) on the top surface of 
the specimen. 
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boundary conditions were examined and compared with experimental 
measurements. It should be noted that transverse residual stresses were 
measured experimentally and compared with the simulation results in 
order to calibrate the FE models. The analysis of longitudinal stresses 
was performed numerically based on the validated FE model for each 

case. In this regard, after thermal analyses and calibration of the FE 
thermal models, two mechanical boundary conditions corresponding to 
the utilized clamping configurations were applied in the mechanical 
analyses. In order to verify the results of the structural analyses, mea-
surements were performed of residual stresses and distortions. For all 

Fig. 10. Simulated temperature field versus experimentally measured temperature histories at various distances from the weld toe (Specimen FS2): (a) for the first 
welding pass; and (b) for the second welding pass. 

Fig. 11. Measurement paths for angular distortions and transverse residual stresses.  
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cases, the specimen was scanned for possible preliminary deformations 
prior to welding using a Hexagon ROMER Absolute Arm (resolution up 
to 63 μm) 3D Scanner. After each welding pass, after reaching the 
ambient temperature and after being released from the fixtures (specific 
to specimens CS1 & CS2), the specimen was scanned to be able to 
evaluate the sequential and cumulative angular distortions. The path in 
the mid-section of the specimens in the transverse direction (Path 3) 
along which angular distortions are measured at the bottom side of the 
specimens, is shown schematically in Fig. 11. 

Transverse residual stresses on the top surface of the T-fillet speci-
mens along the two specified paths (see Fig. 11) in the mid-section (Path 
1 and Path 2) were measured using XRD by a Stresstech X3000 G3 device 
with a collimator diameter of 1 mm. It should be mentioned that for 
specimens CS1 and CS2, the stresses were also measured after comple-
tion of welding, but prior to release from the fixtures, in addition to 
measurement of the residual stresses after release from the fixtures. 

4.2.1. Angular distortion 
The contours of final angular deformations for cases FS1 and FS2 are 

shown in Fig. 12(a) and (b), respectively. It can be seen that the patterns 
of angular distortion (U3) in the Z-direction for welding cases FS1 and 
FS2 with different welding sequences and the same mechanical 
boundary conditions are similar, albeit with a small difference in the 
magnitude of the maximum deformation. It should be noted that angular 
distortion through thickness does not change and the same pattern of 
deformation thus exists at the bottom side of each specimen. Figs. 13 and 
14 depict contours of angular distortion for specimens CS1 and CS2, 
respectively. As is shown in Figs. 13(a) and 14(a), rigid clamping at both 
ends of the specimens results in very small angular distortion of less than 
1 mm, which happens in the mid-length of the specimens in the trans-
verse direction. After removing these constraints, as shown in Figs. 13(b) 
and 14(b), final angular distortions for both specimens amounts to less 
than 4 mm for each end. While the difference between the magnitudes of 
the final angular distortions caused by using the two different welding 
sequences is small (comparing FS1 and FS2 as well as CS1 and CS2), the 
utilized external constraints result in a considerable difference between 
the developed angular distortions (comparing FS1 and CS1 as well as 
FS2 and CS2). 

In order to evaluate the accuracy of the developed FE model, 

simulation results in terms of welding-induced angular distortions were 
compared with experimental measurements for all the cases. In Fig. 15 
(a–d), simulated deflections (displacements in the Z-direction) along the 
transverse direction after cooling of each welding pass are plotted with 
solid lines for cases FS1, FS2, CS1 and CS2, respectively, while the 
experimental measurement data are shown with circular marks. 

As is observable in Fig. 15(a) and (b), the FE models can predict 
welding distortions with reasonable accuracy for all the cases. For FS1 
and FS2, percent errors calculated at the positions of maximum deflec-
tion after welding pass 2 are 9.3% and 10.9%, respectively. It can be 
seen in Fig. 15(a) and (b), that the angular distortions due to the chosen 
welding sequences remain very close and the maximum angular 
distortion produced in FS1 is only some fractions of a millimeter greater 
than FS2. This difference is 0.5 mm and 0.7 mm for the simulation and 
measurements, respectively. This implies that for T-joints which require 
2 welding passes (one pass per side), adopting the opposite directions for 
the welding passes (on condition that one end of the specimen is free to 
deform) lead to smaller angular distortions compared to welding passes 
applied in the same direction. Although such difference compared to the 
size of specimens used in this study is negligible, in real applications and 
for structural members with larger dimensions, adopting S2 in contrast 
to S1 can result in considerably smaller deformation when the absolute 
magnitude of distortion is taken into account. With respect to the 
sequential angular distortions from the first and second welding passes, 
in both FS1 and FS2, the second welding pass produces greater defor-
mation compared to the first pass. That is, based on the numerical results 
for FS1, pass 1 and pass 2, respectively, produce angular distortions of 
6.57 and 7.43 mm, in which case the angular deformation due to the 
second pass is 13% greater than that of the first pass. For FS2, in the 
same vein, the angular distortions from the first and second welding 
passes are 6.56 and 6.94 mm, which shows pass 2 makes a greater 
contribution to total angular distortion (5.8% greater than pass 1). It 
should be noted that since the unrestrained ends deform freely in FS1 
and FS2, the magnitudes and distributions of angular distortion, before 
and after release from the clamps remain unchanged. Thus, it was 
decided to show the angular distortion results for the condition in which 
the specimens are cooled down to the ambient temperature while still in 
the clamps. 

With CS1 and CS2, shown in Fig. 15(c) and (d), the difference 

Fig. 12. Angular deformation distribution for: (a) FS1; and (b) FS2.  
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between the final angular distortions from the welding sequences is 
minor. As CS1 and CS2 are rigidly clamped at both ends, small de-
formations can be expected as they are in related fixtures. It should be 
noted that deformation data from simulations related to CS1 and CS2 
were moved along the vertical axis (minimum deformation was set to 
zero) to be able to compare the simulation data with the measured data. 
The measured maximum angular distortion after cooling of the second 
welding pass before release from the welding fixture is almost 0.75 mm 
and the simulated distortion is 0.84 mm, which gives a maximum 
percent error of 10.7%. As can be seen from the experimental data, 

although the distortion dimensions are in fractions of a millimeter, 
welding pass 1 produces greater angular distortion than welding pass 2, 
as is well predicted by the simulation. The size of the maximum simu-
lated sequential angular distortions in CS1 and CS2 are approximately 
0.7 mm and 0.14 mm for pass 1 and pass 2, respectively. Although these 
magnitudes are small, this issue can be very important in practical ap-
plications, such as construction of plate girders, when both ends are 
rigidly clamped, and the dimension of the specimen is large in the 
transverse direction. The sequential angular distortions can also be 
compensated by pre-alignment of the welded plate components. After 

Fig. 13. Angular deformation distribution for specimen CS1: (a) after cooling and before removing the clamps; and (b) after releasing the clamps at both ends.  

Fig. 14. Angular deformation distribution for specimen CS2: (a) after cooling and before removing the clamps; and (b) after releasing the clamps at both ends.  
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release from the clamps, CS1 and CS2 experience angular distortion 
from the release of the residual stresses. The simulation results for 
angular distortions of CS1 and CS2 after release from the clamps are in 
good agreement with the measurement data. The percent error is 
approximately 8.4% for both cases. Total angular distortion after release 
experienced by specimens rigidly clamped at both ends is considerably 
smaller than that experienced by specimens rigidly clamped at one end. 
With respect to angular distortion, a comparison between FS1 and CS1, 
for example, shows that while FS1 experiences a total angular distortion 
of 14 mm (fixing one end and measuring the distortion at the other end), 
CS1 undergoes a total angular distortion of 7.2 mm (summation of the 
distortions at both ends, which is 3.5 + 3.7 mm (see Fig. 15(c)). This 
indicates that for the selected welding parameters and specimen size, the 
magnitude of the final angular distortion for the specimens clamped at 
one end is approximately twice as large as that for the specimens 
clamped at both ends. Comparison of the simulation results and mea-
surement data shows the accuracy of the computational approach in 
capturing the mode and magnitude of the angular distortion. 

4.2.2. Transverse residual stresses 
Simulated transverse residual stresses (S11) versus measurements for 

FS1, FS2, CS1, and CS2 along the 2 specified paths (see Fig. 11) are 
shown in Figs. 16, 17, 18, and 19, respectively. It should be noted that 
path 1 and path 2 on the top surfaces start at 1 mm from the weld toes 
and are extended towards the outer edges of the specimens (almost 25 
mm in length) and zero on the X-axis is thus at the weld toe in the 
relevant graphs. Simulated and measured data for path 1 and path 2 are 
shown in the negative and positive directions of the X-axis, respectively, 
based on the conventions chosen for the coordinate system. As seen in 
Figs. 16 and 17, both welding cases experience a similar pattern of 
transverse residual stress distribution along the specified paths. In both 
cases, the magnitude of the tensile residual stresses increases and rea-
ches an approximate peak of 241 MPa and 189 MPa for FS1 and FS2, 
respectively, in the HAZ at a distance of 3–4 mm from the weld toe. 
Moving through the HAZ, tensile residual stresses start to fall in 
magnitude. With regard to evaluating the accuracy of the developed FE 
models, it can be seen that the simulation predictions in terms of general 
trend as well as magnitude of the maximum tensile residual stress are in 
good agreement with the XRD measurements. It should be noted that 

Fig. 15. Comparison of angular distortions between simulations and measurements for: (a) FS1, (b) FS2, (c) CS1, and (d) CS2 specimens.  

Fig. 16. Comparison of the simulated transverse residual stresses (S11) and measurements for FS1: (a) along path 1; and (b) along path 2.  
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XRD measurement data always falls within an error band, which should 
be taken into consideration when comparing FE results with experi-
mental measurements. When comparing the simulation values and 
measurements for FS1, the maximum transverse tensile residual stresses 
predicted along path 1 and path 2 are 241 MPa and 224 MPa, in contrast 
to 231 ± 24 MPa and 192 ± 41 MPa from XRD measurements. In the 

same vein for FS2, at the position of maximum tensile residual stress 
along path 1 and path 2, predictions are 174 MPa and 189 MPa, 
respectively, whereas the measured values are 176 ± 34 MPa and 153 ±
25 MPa. The maximum tensile residual stress calculated for FS1 is 52 
MPa larger than that of FS2. For mechanical boundary conditions with 
one end rigidly clamped, the maximum transverse tensile residual stress 

Fig. 17. Comparison of the simulated transverse residual stresses (S11) and measurements for FS2: (a) along path 1; and (b) along path 2.  

Fig. 18. Comparison of the simulated transverse residual stresses (S11) and measurements for CS1: (a) along path 1; and (b) along path 2.  
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reaches approximately 30% of the yield strength of the base material. 
For CS1 and CS2, transverse residual stresses after welding and 

reaching ambient temperature while the specimens were still clamped, 
and residual stresses after removing the clamps are compared with 
corresponding data obtained from the experimental measurements. 
Fig. 18 compares the simulated transverse residual stresses distributions 
along path 1 and path 2 with measurement data for CS1. As is observ-
able, the simulation results for CS1 are in acceptable agreement with the 
measurement data. As would be expected, the presence of rigid clamping 
with a higher degree of geometrical constraint (i.e., clamping at both 
ends of the specimen) prevents angular distortion to a large extent while 
giving rise to residual stresses. The pattern of simulated stress distri-
bution along the two paths, before and after removing the welding fix-
tures, are similar, although with considerably different magnitude in the 
near-weld regions. That is, while the specimen is rigidly clamped, 
moving from the weld toe, the magnitude of the tensile residual stresses 
increases and reaches a peak stress of 393 MPa and 512 MPa for path 1 
and path 2, respectively, at a distance of 3–4 mm from the weld toe. The 
high value of 512 MPa for tensile residual stress is almost 68% of the 
yield strength of the base material. Measurement data at the same po-
sition of maximum tensile residual stress along path 1 and 2 are 314 ±
49 MPa and 401 ± 67 MPa, respectively. Moving further towards the 
outer edges, tensile stresses gradually ease and fall in magnitude. The 

patterns of the transverse residual stresses for the specimen after 
removing the clamps are similar to the situation before release from the 
constraints, however at very different levels. The calculated peak tensile 
residual stress along path 2 for the released specimen is 198 MPa, which 
is almost 39% of the peak stress calculated along the same measurement 
path for the specimen with strict geometrical constraints. The situation 
for CS2 (see Fig. 19) is very similar to that of CS1 with slight differences 
in the magnitude of the peak tensile stresses in the clamped condition, 
which are 378 MPa and 452 MPa calculated along path1 and path 2, 
respectively. After removing the constraints, the transverse residual 
stresses in the near-weld regions of CS1 and CS2 become close and 
comparable to those of FS1 and FS2, although slightly greater values 
obtained for FS1 and FS2. The maximum tensile transverse stresses 
calculated for CS1 are 60 MPa and 12 MPa larger than those of CS2, for 
the clamped and unclamped conditions, respectively. 

In all the cases, comparison of the calculated peak tensile residual 
stresses, indicates that the magnitude of the tensile residual stresses 
developed on side 1 are smaller than those of side 2 (comparing Figs. 16 
(a), 17(a), 18(a) and 19(a) to 16(b), 17(b), 18(b) and 19(b), respec-
tively). These differences are smaller in the case of FS1 and FS2 than for 
CS1 and CS2. 

Fig. 19. Comparison of the simulated transverse residual stresses (S11) and measurements for CS2: (a) along path 1; and (b) along path 2.  
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4.2.3. Longitudinal residual stresses 
In the current study, comparison of the longitudinal residual stresses 

(S22) was performed numerically based on the validated FE models for 
each welding case. Fig. 20 shows the longitudinal stresses calculated for 
FS1 and FS2 along path 1 and path 2. The curves related to FS1 are 
shown with solid lines and those for FS2 are plotted with dashed lines. 
As can be seen in the figure, for the specimens clamped at one end, the 
patterns and magnitudes of longitudinal stresses remain unchanged 
when the welding sequence is changed from S1 to S2. The pattern of 
longitudinal stresses are similar along both paths, however, with totally 
different peak tensile and compressive stresses. That is, near the weld 
toe, longitudinal stresses are in tensile mode for both paths, with peak 
stresses of approximately 380 MPa and 770 MPa for path 1 and path 2, 
respectively. Thermal effects may be a possible reason for this phe-
nomenon. That is, the heat of pass 2, may modify and reduce the residual 
stresses developed on the weld area and HAZ of side 1 by redistribution 
of stresses. A similar phenomenon has been reported elsewhere [12]. 
Moving from the weld toe towards the outer edges, peak compressive 
stresses of 395 MPa and 266 MPa are found for path 1 and path 2 at 
approximately 7 mm from the weld toe, respectively. 

Comparisons between the state of the longitudinal residual stresses 
before and after release from the external restraints for CS1 and CS2 are 
shown in Fig. 21(a) and (b), respectively. For the specimens clamped at 
both ends, changing the welding sequence from S1 to S2 had negligible 
effect on the state of the longitudinal stresses. With respect to the state of 
the longitudinal stresses before and after release, as can be seen in 
Fig. 21(a) and (b), the pattern of longitudinal stresses before and after 
release from the constraints remains almost identical in both cases, with, 
however, a shift towards the compressive side for the unclamped con-
dition. That is, for the cases clamped at both ends, removal of the clamps 
had only a slight effect on the magnitudes of the tensile and compressive 
longitudinal stresses. The effect of unclamping is greater on transverse 
stresses than on longitudinal stresses for the cases clamped at both ends. 
The peak tensile and compressive longitudinal stresses for CS1 and CS2 
are smaller in both the clamped and unclamped conditions than for FS1 
and FS2. The peak tensile longitudinal stress for CS1 and CS2 is 
considerably smaller along path 1 than path 2, which is similar to the 
cases clamped at one end. 

In order to investigate the sensitivity of transverse and longitudinal 
stresses to the external constraints, variations of these stresses during the 
welding of FS1 and CS1 for a unique node were plotted against time. The 
node is located on side 1 in the mid-section of the specimen in the 
welding direction at a distance of 1 mm from the weld toe. As can be 
seen in Fig. 22(a) and (b), both the transverse and longitudinal stresses 
become compressive due to expansion of the regions experienced a high 
temperature of 900 ◦C. As these areas start to cool down, residual 
stresses start to rise. The stresses are remarkable for longitudinal stresses 

and remain constant as the specimens reach the ambient temperature. 
When the second welding pass starts, the stresses become modified, 
redistributed, and start to fall as the heat reaches these areas. When the 
second welding pass ends and the specimens cool down to room tem-
perature, residual stresses increase and reach constant levels. Regardless 
of the final magnitude of the residual stresses in the restrained condition, 
the change in the levels of the transverse and longitudinal stresses after 
removal of the clamps is interesting. As can be seen in Fig. 22(a), after 
unclamping of FS1, which was clamped at one end, the change in the 
transverse and longitudinal stresses is negligible. In Fig. 22(b), for CS1, 
which was clamped at both ends, when removing the clamps, the 
transverse residual stress falls dramatically, while a slight decrease is 
observable in the magnitude of the longitudinal stress. This implies that 
transverse stress is sensitive to the stiffness of external constraints and it 
can be released if the stiffness of the constraint decreases [35]. It should 
be noted that the fall in the magnitude of the transverse residual stress 
for this constraint configuration after unclamping depends on its dis-
tance from the heat source, i.e., the thermal cycles it experiences. 

5. Conclusions and future work 

Thermo-elastic-plastic FE models were developed in ABAQUS code 
to simulate welding temperature fields, transverse residual stresses and 
angular distortions in T-fillet specimens made from a HSS for two 
different welding sequences and two mechanical boundary conditions. 
Supportive measurements in terms of welding temperatures, residual 
stresses and welding deformations were carried out to verify the 
developed computational approach. Based on the simulation and the 
experimental results, the following conclusions are drawn. 

Fig. 20. Simulated longitudinal stresses (S22) for FS1 and FS2 along path 1 and 
path 2. 

Fig. 21. The simulated longitudinal stresses (S22) along path 1 and path 2 
before and after release for: (a) CS1; and (b) CS2. 
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(1) The results of the thermal and mechanical analyses are in good 
agreement with the experimental measurements. Consequently, 
it can be concluded that the developed numerical approach can 
accurately capture distributions of welding angular distortion 
and residual stresses.  

(2) The configuration of mechanical boundary conditions has larger 
effects on the development of angular distortion and transverse 
residual stress than welding sequence.  

(3) The welding sequence in which the two passes are in the same 
direction results in less angular distortion and lower peak trans-
verse residual stress than the welding sequence where the weld-
ing passes are in the opposite directions. The difference between 
the peak longitudinal stresses in both the tensile and compressive 
modes, which developed due to a change in the welding 
sequence, is minor.  

(4) Transverse residual stresses are sensitive to the stiffness degree of 
the constraints, i.e., a higher degree of restraint can cause an 
increase in the transverse residual stresses. By removing or 
reducing the restraining stiffness, transverse stresses can be 
released or eased. Longitudinal residual stresses are less sensitive 
to the restraining stiffness of the external constraints.  

(5) Using rigid clamping at both ends during the welding and its 
removal post welding can significantly reduce the angular 
distortion and lower the levels of the induced residual stresses, 
especially transverse stresses.  

(6) Non-continuous fillet welds are common in practical applications 
either temporarily (as tack welds) or permanently (as intermit-
tent fillet welds). It is thus of interest to investigate the effect of 
external constraints and welding sequence on the development of 
welding angular distortions and residual stresses in non- 
continuously fillet welded joints made of HSSs. 
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Fig. 22. Evolution of the transverse and longitudinal stresses for a node at a distance of 1 mm from the weld toe during the welding of: (a) FS1; and (b) CS1.  
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Appendix A. Residual stress components 

For structural integrity assessment purposes, the distribution of residual stresses can be discussed based on certain invariant characteristics. Once a 
through thickness distribution of the residual stress is available, based on the results of an FE model, for example, it can be decomposed into three 
parts, namely, membrane, bending and self-equilibrating components, which are described by Eqs. (A.1), (A.2), and (A.3), respectively: 

σres,m =
1
t

∫t

0

σres,x(z)dz (A.1)  

σres,b =
6
t2

∫t

0

[
σres,x(z) − σres,m

]( t
2
− z
)

dz (A.2)  

σres,se = σres,x − σres,m − σres,b

(

1 −
2z
t

)

(A.3)  

where σres, m, σres, b, and σres, se are membrane, bending and self-equilibrating components, respectively. t is material thickness and σres, x(z) is the 
transverse residual stress (S11 in this study), which was read from the FE model in the Z-direction (through thickness). By applying this decomposition 
technique for CS1 on side 1 at the weld toe and performing integration over the weld length (by intervals of approximately 3 mm), where z = 0 is on the 
top surface and z = t is on the bottom surface, the following results for the membrane and bending components are observed regarding the clamped 
and unclamped conditions for the specimen CS1.

Fig. A.1. Membrane and bending components calculated for CS1 on side 1 at the weld toe in the clamped and released conditions.  

As can be seen in Fig. A.1, when the specimen is clamped, the bending and normal components of the residual stresses are considerable and have 
magnitudes of +238 and +136 MPa calculated based on Eqs. (A.1) and (A.2), respectively. When removing the external constraints, the membrane 
and bending components reduce in magnitude and tend to reach a zero level and get the magnitudes of − 7 and − 17 MPa. After unclamping, the 
residual stresses are self-balanced, although, unequally distributed in the welding direction. It should be noted that the through-thickness residual 
stresses were not measured, for example by neutron diffraction method, to validate the stress components. However, the distribution of the membrane 
residual stress component is similar to the conventionally accepted distribution presented in [36]. The stress decomposition technique presented in 
this section, which uses the results of the FE welding simulation, is applicable to assessment of the stability of plate components and study of the 
behavior of crack growth under the influence of an unequal residual stress field, and it can help to estimate the stress intensity factor due to residual 
stresses [37,38]. 
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