Weld World (2017) 61:711-721
DOI 10.1007/540194-017-0468-3

@ CrossMark

RESEARCH PAPER

Prediction of welding sequence induced thermal history
and residual stresses and their effect on welding distortion

Arpan Kumar Mondal '? « Pankaj Biswas' - Swarup Bag'

Received: 7 September 2015 / Accepted: 3 April 2017 /Published online: 25 April 2017

© International Institute of Welding 2017

Abstract Stiffened plate panel is the major structural part of a
fabrication industry where fillet welding joint is one of the most
important fabrication techniques. Large stiffened structures are
generally joined by several welding passes which generates ther-
mal stresses and angular deformation. Tensile residual stresses
which are generated due to welding in the weld region may lead
to early failure of the structure when subjected to cyclic loading.
The weld-induced residual distortion causes dimensional inaccu-
racy and needs rework to achieve the desired shape. Use of mul-
tiple welding passes without any optimized welding sequences
typically leads to an increased degree of nonuniform heating and
cooling, i.e., creating complex welding residual stress and angular
deformation in the structure. In this present study, the effect of
four different welding sequences on submerged arc welded fillet
joint has been studied. A finite element-based numerical model
has been developed to predict the thermal profile, welding resid-
ual stress, and angular deformation. The developed model con-
siders temperature-dependent material property and material de-
position by using element death and birth technique. The results
have been compared with experimental one. In the effect of
welding sequence on residual stress, angular deformation has
been studied. Thus, the developed model presents the effect of
welding sequence on the weld induced residual stresses and
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distortions which provide one of the most optimal welding
sequence for enhanced fabrication process.
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1 Introduction

Large structures are made by assembling different small compo-
nents which joined together by several welding passes. Any large
structure like ships and bridges contain huge number of stiffener
joints. It has been observed that welding sequences have signif-
icant effect on welding induced residual stresses and angular
deformation. The ship hull girder consists of several stiffened
panels where several welding passes are required for fabrication;
here, welding pass plays a very crucial role on the weld-induced
residual stress and angular deformation. As the means of welding
is fusion, the welding heat source is sufficient to melt the elec-
trode and the base metal to join the components together; thus,
the local heating produces enormous thermal gradient and non-
uniform cooling of the base metal produces thermal stresses
followed by residual stress and deformation. The material near
to the weld zone reaches to plastic state due to thermal strain
which causes the development of shrinkage forces to lead to
the angular distortion of the welded joint [1].

Angular distortion in a welded structure also results from the
high thermal gradients followed by high expansion and contrac-
tion of the weld metal and the neighboring base metal during the
heating and cooling process of the welding. Due to higher tem-
perature difference with the surrounding, the molten metal at the
weld zone gets cooled and shrinks much faster than the surround-
ing base metal. When several pass of welding is done after one
pass, the adjacent base metal gets preheated. The controlled
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welding sequences can take the benefit of preheating done by the
previous pass and can minimize the temperature gradient be-
tween weld zone and neighboring metal. This results in more
uniform or controlled heating and cooling which results in less
shrinkage, i.e., less angular distortion.

In the present study, a fusion welding process, i.e., submerged
arc welding (SAW) is considered. SAW has a wide range of
voltage, current, material deposition with around 95% thermal
efficiency, and automatic controllability. Mostly large stiffened
structures involve several welding passes with no specific welding
sequence. After a weld pass is finished, the nearby material gets
preheated; thus, less heat should be supplied to weld that part.
Optimized welding sequence will control the amount of heat
available to melt the material; hence, the final amount of residual
stress and deformation can be minimized. Weld-induced residual
stress and distortions have been found to reduce the strength of the
stiffened panels of ship structures [2-4]. Deformed structures
often followed by necessary costly rework like postweld heat
treatment and cold bending [2] of the misaligned parts to reduce
the distortion at a tolerable level thus increasing the production
time and cost.

As the fusion welding process involves rapid heating and
cooling, it is difficult to measure the weld thermal profile.
Knowledge of thermal history is essential for the estimation of
the final residual stress and deformation of the welded sample.
Several researchers introduced mathematical and process models
of the fusion welding phenomena in the recent past [1-5, 7-9].

Use of FEM to investigate the heat transfer characteristics has
been reported by many researchers [6, 20, 21]. Some researchers
[22-24] also estimated the heat source model parameters for
different fusion welding processes. Wen et al. [20] used FEM
to investigate the heat transfer characteristics and effect of differ-
ent weld parameters on residual stress and deformation; they also
compared the numerical and experimental results and a good
agreement between the same was reported. Fanous et al. [17]
presented a 3-D finite element modeling where they introduced
element death and birth technique to take care the material
deposition. Numerical simulation was reported by researchers
[26] to study the effect of process parameters of residual stress
and angular deformation in submerged arc welded butt joint.
Investigation of the residual stress and distortion of single sided
[14] as well as double-sided [27] fillet joints were also reported.
Malik et al. [21] presented a numerical model to study the tem-
perature distribution and prediction of fusion zone (FZ) and heat-
affected zone (HAZ) in gas tungsten arc welding (GTAW). Adak
et al. [28] tried to predict the effects of different restraints on the
weld-induced residual deformations and stresses in a steel plate;
they have also studied the effect of weld parameters on the
temperature-time history [29]. Liang et al. [33] experimentally
and numerically investigated the residual stress in multi-pass
thick plate joint welded by GTAW.

Among the recent researchers, Yadiah et al. [5] and Podder
et al. [13] introduced new heat source models for the
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numerical simulations of the fusion welding processes. Nart
and Celik [30] used Goldak’s double ellipsoidal heat source
model to simulate the submerged arc welding process. Jiang
et al. [31] and Zhao et al. [37] are among the new researchers
who contributed towards the simulation of the SAW process.
Kiran et al. [34] reported to use a charge-coupled device
(CCD) camera to know the arc behavior of SAW process
extensively. Considering the effect of different welding pa-
rameters and flux [32] on the mechanical properties of the
final part, numerous researchers have attempted to address
the issue extensively. The work in the direction of studying
the effect of different weld parameters on residual stress and
deformation and prediction of FZ and HAZ was also reported
by several researchers [20-31, 37]. The effect of heat input
[38, 39] on weld bead geometry of SAW process was also
reported.

Some researchers [7-9, 15, 16, 40] investigated
thermoelastic plastic analysis for predicting residual stresses
and distortions. Researchers studied the distortion mechanism
[7, 8] and predicted the effect of process parameters and
welding sequence [9, 10] on distortion and residual stress of
large structures. Kohandehghan [11] reported experimental
investigation on effect of welding sequence on residual stress
using arc welding process. Attempt has been made to study
the residual stress and distortions of T-joint fillet weld [ 12] and
effect of welding sequence on residual stress on multi-pass
welding joint [9]. Researchers developed and implemented
various methods like eigenstrain reconstruction method [42]
and average plastic strain method [1] for predicting the defor-
mations in large structures.

In a nutshell, a large number of numerical models are avail-
able to effectively estimate the thermal and structural behavior in
a SAW process. The objective of the work is to use these tech-
niques to study the effect of welding sequence manipulation on
residual stress and angular deformation of a small part welded by
submerged arc welding (SAW). This may be further implement-
ed for large structures. Optimal welding sequence manipulation
will control the preheating effect, while welding in one side of the
fillet tensile stress will be developed in the weld side but com-
pressive stress will develop in the opposite side. Efficient control
of weld passes will superimpose the residual stress developed in
either pass, which may lead to the mitigation of the residual
stresses and distortion. A three-dimensional finite element model
has been developed to predict the effect of four different welding
sequences on angular deformation and residual stress. During
modeling, the effect of temperature-dependent material proper-
ties and material deposition has been taken care of. Four different
welding sequences have been studied using coupled
thermomechanical elasto-plastic finite element analysis.
Thermal history has been successfully predicted and validated
with experiment for all welding sequences. It has been found that
the developed model can successfully predict the angular defor-
mation and residual stress for different welding sequences.
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2 Modeling methodology

3-D transient elasto-plastic thermomechanical finite element (FE)
model considering the temperature-dependent material properties
was developed to simulate the residual stress and angular defor-
mation. Density of the material was considered constant. Linear
Newtonian convective cooling was assumed. No forced convec-
tion was considered. Convective cooling was assumed in all the
surfaces except the weld zone. The solution was done in the
ANSYS 14 finite element package. The overall FE procedure
is shown in the Fig. 1.

For finding out the residual stress and angular deformation
distribution pattern over the entire welded plate for four different
welding sequences were studied, first of all, transient thermal anal-
ysis was carried out to find out the nodal transient temperatures.
The second part of the nonlinear elasto-plastic analysis was done

Fig. 2 a Meshed view of the
model. b Cross-sectional view

* Prediction of angular deformation

by using the result obtained from the transient thermal analysis
with consideration of the temperature-dependent thermal and me-
chanical material properties, moving heat source, material deposi-
tion, elastic-plastic behavior of the base material and joint geome-
try. For 3-D FE modeling and analysis, eight nodded brick ele-
ments were used for the thermal analysis and similar eight nodded
elements were used in the structural analysis. The total numbers of
nodes and elements in the meshed model were 22,712 and 16,800,
respectively. The mesh density was finalized after mesh sensitivity
analysis, keeping a balance between the computation time and
prediction accuracy. The meshed view of the model is shown in
the Fig. 2.

Figure 2 represents the meshed view of the fillet model
with stiffener. Here, nonuniform meshing has been applied
to save the computation time. The mesh size gradually in-
creases from the center of the weld line to away from the weld

(b)

@ Springer



714

Weld World (2017) 61:711-721

line. The welding parameters are given in Table 5 which were
considered for analyzing the welding operation of the fillet
joint.

2.1 Thermal analysis

Figure 4 shows the schematic representation of the fillet joint
with three-dimensional plates to be welded by submerged arc
welding. The governing equation of the submerged arc
welding process is the standard Fourier’s law of heat conduc-
tion equation.

or o[ or] o[ or] of or
CCISCIN PCCl BN PCEN B P |
P ax['&]*@{%J*@J%J” M)

where p is the density and c is the specific heat of mild steel; 7'is
the instantaneous temperature at any point at time # in the domain
T'=1(x,y, z, t); and k,, k,, and k; are the thermal conductivities of
the material at x, y, and z directions, respectively. But as the mild
steel plate is homogeneous, isotropic material properties have
been considered; therefore, k. = k, = k. = K. g is the input;
generally, submerged arc welding heat input can be considered
as the Gaussian distributed heat source [30, 31, 19].
Considering a Gaussian distribution of power density due to
the submerged welding arc, the heat flux ¢ of the moving heat
source, on the top surface of the workpiece, is expressed as

2
q= 3—%6@ l3 (5) ] (2)
r r

where Q =nVI = heat input (W), V = voltage (V), I = current
(A), and n = the welding efficiency. R is the distance from the
center of the heat source on the plate surface; “r” is the char-
acteristic radial dimensional distribution parameter that de-
fines the region in which 95% of heat flux is deposited [23].
In the present study, the value of  is 5 mm. As in the case of
SAW, the weld zone is submerged under the flux; convection
head loss is assumed all over the plate except the weld zone.

The initial conditions and boundary conditions were ap-
plied accordingly. Before the start of welding, the initial uni-
form plate temperature was set to room ambient temperature.
During welding and cooling, heat loss is considered from
convection and the radiation heat loss was ignored. The
boundary condition was applied to free surfaces of the plate
exposed to the ambient temperature except the welding zone.
The heat loss flux was applied as the following.

qs = ~hy(Ts=T) 3)

where g is the convective heat loss, /,is the convective heat
transfer coefficient, 7; is the surface temperature, and 7, is the
ambient temperature. A constant convection coefficient of 15 W/
m* K was considered [18, 43].

@ Springer

2.2 Structural analysis

The stress-strain relationship from Hook’s law can be repre-
sented as
o= De, (4)
where o is residual stress, &, is elastic strain, and D is stress
modulus.

The elastic strain is given as

Ee = EEpErh (5)

where ¢, = the elastic strain, € = total strain, €, = plastic strain
vector, and ¢, = thermal strain.

The structural analysis involved large displacements
(strain) which consists plastic, elastic, and thermal parts; there-
fore, thermoelasto-plastic material model is used. The elastic
behavior of welded metal was modeled with isotropic Hook’s
Law considering temperature-dependent material properties
(Young’s modulus and Poisson’s ratio). To incorporate the
plastic behavior, rate-independent thermoelasto-plastic mate-
rial model was applied. Welding residual stress is greatly in-
fluenced by strain hardening; therefore, bilinear kinematic
hardening model was used while von-Misses yield criterion
was considered as the yield criterion [14, 44, 45]. Although
annealing effect has an influence on residual stress, it was not
taken into account to reduce further complexity.

2.3 Material deposition using element death and birth
method

During submerged arc welding operation, filler material is
added from the continuous electrode. The finite element
modeling is performed considering the filler material addition.
With the moving heat source, extra material is added to con-
sider the filler material deposition at the weld joint. To take
care of the filler material element, birth and death techniques
have been used.

In practice, no element is deleted or eliminated by the soft-
ware; in fact, the dead materials are deactivated during the
simulation process. The proposed method does not remove
elements to achieve the “death” effect. Instead, the method
deactivates an element by multiplying its stiffness by a large
reduction factor. The deactivation of the dead materials is
performed by multiplying their stiffness to a severe reduction
factor where in general the default value is 10 [41]. The
mass and energy of deactivated elements are excluded from
the summations of model. An element’s strain is also set to
zero as soon as that element is killed. Similarly, when ele-
ments are “born,” they are not actually added to the model,
but are simply reactivated. The geometrical nonlinearity op-
tion is activated to take care of the deformation of the material
in all the subsequent loading before and after the birth of the
material. While activating the dead materials upon removing
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Table 1  Temperature-dependent material properties of mild steel [18]
Temperature Thermal Specific Thermal  Young Poisson
(§©) Conductivity heat expansion modulus  ratio

(W/m K) (J/kgK) coefficient (GPa)

(10°%/°C)

0 519 450 10 200 0.2786
100 51.1 4992 11 200 0.3095
300 46.1 5655 12 200 0.331
450 41.05 630.5 13 150 0.338
550 375 7055 14 110 0.3575
600 35.6 7733 14 88 0.3738
720 30.64 1080.4 14 20 0.3738
800 26 931 14 20 0.4238
1450 29.45 43793 15 2 0.4738
1510 29.7 400 15 0.2 0.499
1580 29.7 73525 15 0.00002 0.499
3500 42.1 400 15.5 0.00002 0.499

the reduction factor, all the process variables (its stiffness,
mass, element loads, etc.) also restored to their original values
[17, 25, 35], which are known as the birth of the materials.

2.4 Material properties

The temperature-dependent material properties of mild steel
(MS) used for the transient heat transfer analysis and elasto-
plastic analysis are given in Table 1. Temperature-dependent
enthalpy and yield stress for mild steel are given in Tables 2
and 3, respectively. The melting and transformation temperature
of MS are 1495 and 723 °C, respectively.

3 Experimental details
An ADORE SAW setup was used to perform the welding of

samples with four welding sequences. Copper-coated mild
steel electrode of 3.1 mm diameter and ESAB OK FLUX

Table 2  Temperature-dependent enthalpy for mild steel [18]

10.17 L granular flux have used for carrying out the experi-
ments. Temperature data was recorded by using Agilent data
logger. K-type thermocouples were used as the temperature
sensor. Thermocouples were fixed perpendicular to the weld
line. A schematic diagram of the thermocouple arrangements
is represented in the Fig. 3c. Figure 3 a, ¢ shows the welded
sample with attached thermocouples and the welding setup,
respectively. A coordinate measuring machine (CMM) was
used to measure the angular deformation of the plates before
and after welding which is shown in the Fig. 3d.

The welding parameters used in present study are shown in
Table 5. In the present analysis, a double-sided fillet welding
was considered. The plate used in this study is an § mm thick
200 mm % 200 mm mild steel plate with a stiffener with a web
height of 50 mm and thickness 8 mm.

The range levels of the process variables can be seen in the
Table 4. To find the range of parameters, trial and error exper-
iments were conducted with wide range of the process variable,
where only one parameter was varied at a time instant and the
other two were kept constant. To find the accurate process
parameter settings which give the best weld bead geometry,
Taguchi [36] L9 design of experiment has been performed with
three process variables current, voltage, and welding speed
where the length of stick out was kept at a constant value of
2.5 mm (Fig. 4). The weld bead dimensions were taken as the
output characteristics, while the throat size of the fillet was kept
as 0.7 times of the leg length for the best weld bead. The
optimized parameters using the Taguchi design of experiment
is used in the numerical analysis as shown in the Table 5.

To study the effect of welding sequences on residual stress
and deformation, welding is done according to different
welding sequences as described in the following Table 6 as
per Fig. 3.

4 Results and discussions
In the present study, both thermal and mechanical analyses

were performed. Experiments were conducted to validate the
model. Figure 5a—d shows the results of the time-temperature

Temperature (°C) 0 100 200 300 400 500 600 700 800 900 1000 >2500

Enthalpy (MJ/m”®) 0 360 720 1100 1500 1980 2500 3000 3700 4500 5000 9000

Table 3 Temperature-dependent

yield stress for mild steel [18] Temperature (K) 293 373 573 773 973 1073 1273 1473 1673
Yield stress (0,) (MPa) 398 379 305 192 41 36 28 20 12

@ Springer
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Fig. 3 a Welded plate. b
Thermocouple arrangements. ¢
Welding setup. d Angular
deformation measurement using
CMM

Table 4 Range of the welding parameters used in the trial and error
experiments

Current (A) Voltage (V) Welding speed (m/s)

450-550 20-35 0.003-0.009

Fig. 4 Joint geometry of the fillet joint
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history of the submerged arc welding for four different
welding sequences, i.e., WS-I, WS-II, WS-III, and WS-1V,
respectively. Transient temperature distribution of two differ-
ent locations for each welding sequence has been compared.
The experimental thermal history of the welded plate for all
four welding sequences was captured by K-type thermocou-

Table 5 Welding parameters used in numerical analysis

Current (A) Voltage (V) Welding speed (m/s)

490 25 0.005

Table 6 Welding sequences and their nomenclatures

Welding sequences Nomenclatures
Points E and J to G and H WS-1

Points J to H and G to E Point WS-

Points F and I to G,H and E,J WS-III
G,Hand E,JtoFand I WS-IV
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Fig. 5 a Comparison of predicted and experimental time temperature
history for WS-I. b Comparison of predicted and experimental time
temperature history for WS-II. ¢ Comparison of predicted and

ples and compared with predicted thermal history. From
Fig. 5a—d, it can be observed that the predicted and experi-
mental thermal history are following the same trend and are
in reasonable agreement. From Fig. 5 the maximum temper-
ature is observed at the beginning of the weld and it decreases
rapidly with time. With distance also the temperature de-
creases as the maximum temperature is concentrated in the
area of heat source only. Four different welding passes went
through the same sample; therefore, the temperature raises
and cools for four times which depict the variation of the
thermal gradients involves during the welding of a multi-
pass sample.

The developed model was used to predict the residual stress
and angular deformation for four different welding sequences.
Figures 6, 8, and 9 show the plot of longitudinal, transverse,
and von-Misses residual stress, respectively, in the direction
perpendicular to the weld line at the mid length and top

experimental time temperature history for WS-III. d Comparison of
predicted and experimental time temperature history for WS-IV
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Fig. 6 Longitudinal residual stress in perpendicular to the welding
direction for different welding sequences
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Fig. 7 Contour plot of longitudinal residual stress in perpendicular to the welding direction for different welding sequences

surface of the plate for four different welding sequences. The
line of measurement can also be seen from the images.

It can be seen from Figs. 6, 7, 8, and 9 that all the residual
stresses are tensile in nature near the weld line and compres-
sive away from the weld line in WS-I to WS-III. But in WS-
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Fig. 8 Transverse residual stress in perpendicular to the welding
direction for different welding sequences
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IV, transverse residual stress is compressive near and away
from the weld line. The residual stress approaches to zero as
the distance from the weld line increases. The maximum mag-
nitude of the longitudinal residual stress is more than the trans-
verse one. It has been observed that the maximum 365 MPa
and minimum 11 MPa magnitude of von-Misses residual

<
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Fig. 9 Von-Misses residual stress distribution
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stress has been found in WS-I; maximum 465 MPa magnitude
of longitudinal residual stress can be seen at WS-III.
Maximum 55.60 MPa magnitude of transverse residual stress
can be found at WS-I. During cooling, the weld zone region
tries to shrink; this contraction is resisted by the surrounding
colder material; therefore, stresses near and within weld re-
gion are tensile in nature, but to be in equilibrium, the stresses
away from the weld region become compressive in nature
because it balances the tensile stress of weld zone region.
Figures 7 and 10 show the contour plots of longitudinal and
von-Misses residual stress distribution, respectively, for four
different welding sequences of double-sided fillet welded
joint.

Figure 11 shows the angular distortion patterns perpendic-
ular to the weld line at the mid length of the plate for four
different welding sequences. The effect of welding sequences
is well prominent. Maximum and minimum values of maxi-
mum angular deformation can be seen at WS-II (1.359 mm)
and WS-III (0.805 mm), respectively.

The comparison among the maximum and minimum
angular deformation value of the weld plates welded
using the four different welding sequences are shown
in the Table 7. It can be seen that the maximum per-
centage of error between the predicted and experimental

Points for Y —m—Case-|
measurement of distortion —e—Case-ll
—a—Case-lll
1.4+ \ —v—Case-IV
N X
1.2+

-
o
P

Opposite Side

Weld Start Side

o
o]
sl

o
kS
" 1 "

Angular Deformation (mm)
o
[o)]

o
N
sl

o
o
1

T T T T T T T T T T T T T T T T T 1
-80 -60 -40 -20 0 20 40 60 80
Distance transverse to weld line (mm)

Fig. 11 Plot of angular deformation perpendicular to the weld line

values of angular deformation is 13.14%. Figure 12
shows the plot of experimental angular deformation per-
pendicular to the weld line. This plot describes the an-
gular change of the fillet joints after complete cooling
of the sample which were went through four different
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Fig. 10 Contour plot of von-Misses residual stress distribution
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Table 7 Comparison between
experimental and predicted

Maximum angular deformation at 75 mm away from weld line (mm)

maximum angular deformation

Welding start side (left) Opposite side (right)

Experimental Predicted % of Error Experimental Predicted % of Error
WS-I/DS-I 1.254 1.35 7.11 1.047 1.11 6.01
WS-II/DS-II 1.342 1.359 1.25 1.135 1.04 8.37
WS-II/DS-III 0.901 0.851 5.87 0.755 0.8056 6.70
WS-IV/DS- IV~ 0.813 0.936 13.14 0.825 0.927 12.36

welding sequences. It can be seen that WS-II
(1.342 mm) and WS-III (0.7555 mm) give the maxi-
mum and minimum values of the angular deformation.
The trend of the plots is also well matching with the
predicted ones as shown in the Fig. 11. Thus, it can be
concluded that the angular deformation in a welded
sample can be controlled and minimized by introducing
proper welding sequences.

5 Conclusions

The residual stresses and angular deformation induced
due to different welding sequences in a double-sided
fillet joint using submerged arc welding were estimated
by means of finite element analysis and experiments.
Based on the observations, the following conclusions
can be derived from the present investigation:

» A feasible 3-D finite element model for predicting residual
stresses and distortions for single- and double-sided fillet

Points for Y —=— Case-|
measurement of distortion —e— Case-ll
—a— Case-lll
1.4 —v— Case-1V|
. \b\ X
. 1.2
c ]
£1.0-
S Weld Start Side| Opposite Side
= 0.8
£
O 0.6
[0
o
% 0.4
3
c 0.2 1
< <4
0.0

T T T T T T T T T T T T T T T T T 1
-80 -60 -40 -20 0 20 40 60 80
Distance transverse to weld line (mm)

Fig. 12 Plot of experimental angular deformation perpendicular to the
weld line
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welding have been developed utilizing the nonlinear tran-
sient elasto-plastic thermomechanical analysis.

» Experiments have been conducted to measure the thermal
history and angular deformation of the different welding
sequences. The predicted thermal history and angular de-
formation profiles are well matching with the experimen-
tal ones.

» The residual stress is tensile in nature near and within the
weld region, and it is compressive in nature away from the
weld region. As the distance from the weld line increases,
the stress reaches towards zero. The magnitude of longi-
tudinal residual stress is much higher than that of trans-
verse residual stress.

» Four different welding sequences were considered to per-
form the FE analysis of double-sided fillet joint. It has
been observed that welding sequences have prominent
effects on both of distortions and residual stresses. The
angular deformation can be reduced if the welding is done
following proper welding sequences.
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