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In this paper, the residual stress and deformation of 32 mm thick welded butt joints made of Q345qD steel using gas metal arc
welding (GMAW) are studied by using the thermoelastic-plastic finite element analysis (FEA). Element birth and death technique
is used to simulate the deposition of the welding consumables, and the volume heat source in double-ellipsoidal distribution is
used. An in-house python code is developed to enable the volume heat source movement. After the finite element model was
verified against the experimental results, the effects of five welding sequences and two types of boundary constraint conditions on
the residual stress and deformation of the thick welded butt joints were investigated. Results of the experimental measurement and
the numerical simulation are in good agreement. The transverse residual stress and the vertical deformation can be significantly
reduced by increasing the alternating times of the welding beads in two halves of the weld. The transverse residual stress and the
vertical deformation can be reduced by 21.4% and 87.4%, respectively. In addition, the residual stress and deformation of the thick
welded butt joints are significantly affected by the applied constraints. Increasing the constraint significantly increases the overall
level of the transverse residual stress but can decrease the maximum longitudinal residual stress by 51.8% and the vertical

deformation by 65.9%.

1. Introduction

Welding is a common connection method in the modern
industry and is widely used in many engineering fields [1].
Most welding methods involve local heating and, thus,
welding residual stress and deformation are generated for
welded structures. Welding residual stress and deformation
affect many mechanical properties of welded structures, such
as the fatigue performance, stiffness, and compressive sta-
bility. In addition, welding deformation is unfavourable to
the fabrication accuracy and dimensional stability of welded
structures. Therefore, it is very necessary to minimize the
welding residual stress and deformation by optimizing the
welding process.

The welding residual stress and deformation of welded
structures produced by using different welding processes can

be measured through the experimental testing. However,
usually only the stress data at several points of a welded
structure will be measured because it is difficult to measure
the residual stress distribution of the entire structure. Nu-
merical methods can be used to simulate and optimize the
welding process [2]. Compared to experimental testing, it is
much more convenient and cost-effective to optimize the
welding process via numerical simulation to reduce welding
deformation and residual stress.

In the early 1970s, Ueda and Hibbit et al. [3, 4] proposed
the thermoselastic-plastic finite element analysis (FEA) to
simulate the welding temperature field, residual stress, and
deformation. Nowadays, many scholars use finite element
analyses to simulate the welding process so as to study the
welding residual stress distribution and deformation of
welded joints. For instance, Fu et al. [5] studied the effect of
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welding sequences on the welding residual stress distribu-
tion of tube sheet joints made of the 6061 thin-walled
aluminum alloy. It was found that the optimized welding
sequence can effectively reduce the residual stress of the
welded joints investigated. Azad et al. [6] studied the in-
fluence of welding sequences on the deformation of ship
deck and analysed the influence of eight different welding
sequences on the deformation of six wire plates. Results
show that different welding sequences affect both the shape
and the size of the welding deformation. Zhu et al. [7]
studied the influence of welding sequences on the defor-
mation and transverse residual stress of fillet welded
T-joints. Results show that, for the fillet welded T-joints,
opposite-direction welding for the two welding beads leads
to less angular deflection compared to the same-direction
welding. The transverse residual stresses on the side of the
first weld bead were lower according to the thermoelasto-
plastic FEA results. Fahlstrom et al. [8] studied the influence
of welding sequences on the welding deformation of ul-
trathin and ultrahigh strength steel U-beams. Results show
that the welding direction has an insignificant influence on
the welding deformation, and the welding deformation
appears to mainly depend on the welding consumable
volume. Carrizalez-Vazque and Pérez-Medina [9] simulated
the welding process of butt joints made of DP600 steel thin
plate considering different welding sequences. It was found
that the welding residual stress and deformation caused by
the segmented continuous welding were much smaller
compared to the single-pass welding under the same heat
input. Fu et al. [10] studied the influence of welding se-
quences on the residual stress and deformation of welded
T-joints. Results show that the welding deformation gen-
erated in the single-side welding is larger compared to the
double-side welding. Wang et al. [11] studied the influence
of welding sequences on the residual stress distribution and
deformation of Q345 steel H-beam butt joints. Results show
that welding deformations of the welded joints are nearly the
same for three different welding sequences, and the residual
stress of the welded joints with the web welded before the
flange is the smallest. Woo et al. [12] introduced an effective
method to determine the optimal welding sequence leading
to the minimum deformation of a general ship side panel.
Results show that the optimal welding sequence can be
determined by properly dividing the groups of the welding
lines. Taraphdar et al. [13] analysed the influence of different
welding sequences on the residual stress of equal double
V-groove weld. Results show that the residual stress gen-
erated in weld bead alternative welding is smaller. In con-
trary, weld bead unidirectional welding causes a higher
tensile residual stress level in the weld area. Yang et al. [14]
studied the effect of three welding sequences on the residual
stress of SA738Gr.B thick plate. It was found that the
transverse stress of double-sided alternating symmetrical
welding is 17% lower compared to the nonalternating
welding.

In addition to the welding sequence, the constraint
applied to the welded joints also has a significant effect on
the welding residual stress and deformation of the joints. For
instance, Kohandehghan and Serajzadeh [15] analysed the
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effect of the clamp and the welding sequences on the distri-
bution and magnitude of welding residual stress of butt joints
welded using the gas tungsten arc welding. It was found that the
maximum transverse residual stress of the welded joint with the
clamp is increased by about 76%, and the optimal welding
sequence reduces the maximum longitudinal residual stress by
about 44%. Aalami-aleagha and Eslampanah [16] studied the
effect of four types of constraint on the welding residual stress
and deformation of fillet welded T-joints. It was found that
increasing mechanical constraints could reduce the deforma-
tion but increase the residual stress. The maximum residual
stress increased as the constraint level increased. Deng et al.
[17] analysed the influence of external constraints on the
welding deformation of welded thin plate joints based on
experimental and numerical results and discussed the mech-
anism of out-of-plane deformation of the investigated joints.
Results show that external constraints can not only reduce the
in-plane and out-of-plane deformation but also change the
mode of the out-of-plane deformation. Besides, external
constraints can reduce the welding deformation of thin plate
welded joints to a very small level but cannot eliminate it
completely. Venkatkumar and Ravindran [18] studied the
effect of five constraint conditions on the welding residual
stress and deformation of 316 stainless steel welded butt joints.
It was found that the welding residual stress and deformation
are significantly affected by the constraint conditions. In the
case of complete constraint, the residual stress in the longi-
tudinal direction is higher than that without any constraint. Liu
and Zhang [19] analysed the influence of external constraint on
the welding residual stress and compared the numerical results
of the displacement constraint model to the multibody cou-
pling model. It was found that the transverse residual stress at
the welding centreline is significantly changed with the con-
straint increase, and the transverse residual stress obtained
from the displacement constraint model is larger than that of
the multibody coupling model. Heinze et al. [20] studied the
effect of the transverse shrinkage constraint on the welding
residual stress. It was found that, under the transverse
shrinkage-constraint condition, the transverse residual stress
near the weld reaches 400 MPa. Wang and Yi [21] analysed the
influence of the welding sequence and the tack welding
clamping constraint on the welding deformation. It was
concluded that the optimized welding sequence can reduce the
out-of-plane welding deformation by about 38%, while the
clamping constraint can decrease by 56%. Tomkow et al. [22]
reported that using more tack welds leads to a larger angular
deformation of AISI 441 steel fillet welded joints.

As mentioned above, many scholars have studied the
influence of the welding sequences and boundary con-
straints on the welding residual stress and deformation of
welded joints using numerical simulation, but there are few
studies that focus on thick-plate welded butt joints made of
Q345qD steel, which is normally used for constructing steel
bridges in China. To optimize the welding process of thick-
plate welded butt joints made of Q345qD steel, in this paper,
the effects of five welding sequences and two types of
constraint on the welding residual stress and deformation of
thick-plate welded butt joints made of Q345qD steel are
investigated through experimental testing and FEA.
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2. Experiment

2.1. Materials and Welding Process. Three welded butt joint
specimens were fabricated in this study. The material of the
three specimens is Q345@D steel, and its chemical com-
positions provided by the manufacturer are shown in Ta-
ble 1. The geometry and dimensions of three specimens are
shown in Figures 1(a)-1(c), and the groove parameter values
are shown in Figure 1(c). For the three specimens, manual
gas metal arc welding (GMAW) was adopted using the type
ER50-6 welding wire with the diameter of 1.2 mm. The
chemical compositions of the ER50-6 welding wire provided
by the manufacturer are shown in Table 2, and the shielding
gas is CO,. The welding parameters including the current
used for fabricating the three butt joint specimens are shown
in Table 3. The cooling time between different weld beads is
120 s for the welded joints. The diagram of the experimental
system is shown in Figure 2. Tack welding was used to
facilitate welding the specimens as shown in Figure 3(a).

2.2. Thermal Cycle Measurement. To monitor the thermal
history during the welding process, nine K-type thermo-
couples (measurement range 0-1000°C with an accuracy of
+1°C) were attached to the upper surface of each welded
specimen as shown in Figure 3(a). Positions of all measuring
points are shown in Figure 3(b), and the other end of the
thermocouples is connected to the R7100 paperless recorder
(16 channels, accuracy 0.1°C) for data collection.

2.3. Deformation Measurement. The deformation of each
welded joint was measured by using a laser portable 3D
scanner (FreeScan UE, with an accuracy of 0.02 mm). The
two plates of each specimen with marked points were
scanned before welding and the scanned model is displayed
in the FreeScan UE software as shown in Figure 4. After
welding, each specimen was scanned again. The scanned
data is processed in the Geomagic Control 2014 and Geo-
magic Control X 2018 software to form the deformation
cloud diagram shown in Figure 5. Finally, the extracted
cloud point data is imported and plotted to show the angular
deformation of each specimen.

3. Finite Element Modelling

3.1. Geometric Model and Mesh Generation. To ensure cal-
culation accuracy and save calculation time, fine mesh was
used around the weld bead (inclusive) and coarse mesh was
used at other regions [23]. The mesh model is shown in
Figure 6. The welding simulation adopts the thermoelastic-
plastic sequential coupling method in which the thermal
analysis is completed first and then the obtained temperature
data is inputted into the mechanical analysis as thermal load.
The element types for the thermal and the mechanical
analysis are DC3D6 and C3D6, respectively, and the
numbers of elements and nodes are 92067 and 49010,
respectively.

3.2. Thermal Analysis. In the thermal analysis, the three-
dimensional transient heat transfer model uses the following
control differential equation to simulate the welding process
[6]:

0 oT oT
a—xl<ka—xl> + Qi = Pz (1)

where k is the conductivity coeflicient, p is the material
density, c; is the specific heat capacity, and Q;, is the internal
heat generation rate.

The double-ellipsoidal heat source model shown in
Figure 7 is adopted [24], and the heat input in welding is
applied to the numerical models using the moving volu-
metric heat flux. As shown in Figure 7, the front and rear
parts of the heat source model are in two different ellipsoid
quadrants. The power density distribution of the front part is

_6V3fQ 32° 3x° 3y
q(x,y,2) = afbcrr\/EeXp < af[ ) (2)

The power density distribution of the rear part is

_6V3£,Q 322 3x° 3y°
(% y.2) = arbcﬂ\/TTeXp( a v ) 3)

where x, y, and z are the local coordinates of the moving heat
source and Q is the heat input expressed as

Q=1VIL, (4)

where 7 is the welding efficiency, V'is the voltage, and I is the
current. For GMAW, 7 is usually in the range of 50%-70%
[25]. In the study, # is taken as 70%. Parameters b, ¢, as, and
a, are the dimensions of the two semiellipsoids shown in
Figure 7 and their values are listed in Table 4. Parameter b is
the width of the heat source, c is the depth of the heat source,
ag is the length of the front ellipsoid, and a, is the length of
the rear ellipsoid. Parameters f¢ and f, are the heat input
proportional coefficients of the front part and the rear part,
respectively. Goldak [24] proposed

. 2ay
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In the heating and cooling process of welding, the
Stephen-Boltzmann law is used to calculate the heat loss g,
due to the radiation at high temperature, and Newton’s law
is used to calculate the heat loss g. due to the heat con-
vection. Expressions of g. and g, are as follows [6]:

9. = hc (T - TO)

qr = 805(T4 - Tg)’ (6)

where Ty, ¢, 05, and h. are the initial temperature, the
emissivity of the material surface, the Stefan-Boltzmann
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TaBLE 1: Chemical composition of Q345gD steel (mass fraction, %).

C Si Mn P S Cr Ni Cu

0.20 0.55 1.60 0.025 0.025 0.30 0.30 0.40

200

2.

250

e=
32 mm

g=

15mm

=

FIGURE 1: Geometry and dimensions (unit: mm). (a) Specimen. (b) Plane view. (c) Groove details.

TaBLE 2: Chemical composition of ER50-6 welding wire (mass
fraction, %).

C Mn Si P S Ni Ct Mo V Cu
0.06 140 0.80 0.025 0.025 0.15 015 015 0.03 0.05

constant, and the convective heat transfer coefficient, re-
spectively. T, is taken as 20°C in this study. Due to limited
experimental data, three other parameters are usually taken
as the constant in numerical simulation [10], k. is assumed
to be 10Wm *K %, ¢ is 0.8, and o, is 5.67x10 *Wm 2K *.

3.3. Mechanical Analysis. In the mechanical analysis, tem-
perature data obtained from the thermal analysis is inputted
into the mechanical model as the thermal load. The me-
chanical analysis uses the same mesh model as in the thermal
analysis. To prevent the rigid body movement of the model,
the mechanical boundary conditions shown in Figure 6 are
adopted, where U,, U,, and U, represent the displacement

constraint in the x-, y-, and z-direction, respectively. Dif-
ferent constraints are applied to three nodes at the corners
shown in Figure 6. The welding thermal stress field analysis
is regarded as a transient problem of nonlinear materials,
and, hence, the elastoplastic mechanical model is calculated
using incremental theory. Other necessary assumptions used
in this study are as follows: material follows the von-Mises
yielding criterion; material behaviour in the plastic zone of
the welded specimen follows the law of plastic flow and
isotropic hardening; elastic-plastic strain and thermal strain
are inseparable; the temperature-dependent thermal prop-
erties and the stress strain change linearly in small time
increments. Since the strain caused by the phase transfor-
mation has minor contribution to the total strain of the low
carbon steel [26], it is ignored in the mechanical analysis.
Because the high temperature time in the welding thermal
cycle is very short, the creep strain is small and can be ig-
nored as well. The total strain can then be decomposed into
the three following components [27]:

€iotal = &n T & T Epps (7)
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TaBLE 3: Welding parameters.

Pass Current I (A) Voltage V (V)

Welding speed v (mm/s) Heat input Q (kJ/mm)

1-12 140 23

4 0.805

Experiment

| Steel plates I—»lMeasure initial deformaationl

GMAW || Attach thermocouples |

Welding speciments

| Measure thermal cycle |

|Measure final deformation |

Cuting and electrolytic corrosion

|Measure the dimensions of molten pool|

(=1 t
Q T P
@ @ =1 ©)
@ e @
== B
45 | 80 | 80 | 45
250

®)

FIGURE 3: Thermocouples layout (unit: mm). (a) Attached thermocouples of specimens. (b) Schematic diagram of measuring points.

FIGURE 4: Scanned model diagram.

where &g, &, and &, are the thermal strain, elastic strain, and
plastic strain, respectively. Figure 8 is the flow chart of the
mechanical analysis for predicting the welding deformation

and residual stress [28, 29] of the welded butt joints in the
present study, where o is the stress vector and D is the
stiffness matrix.

3.4. Steel Material Properties. The thermophysical properties
of steel are related to temperature [30]; therefore, the ma-
terial properties of Q345qD steel incorporating the effect of
temperature must be used. The specific parameters [31] are
shown in Table 5. In the FEA, the influence of the latent heat
of phase transformation is considered. The latent heat of
fusion is 270000 J/kg, and the steel is fused between the solid
phase temperature of 1460°C and the liquid phase tem-
perature of 1530°C [32].

3.5. Element Birth and Death Technique. In Abaqus software,
the element birth and death technique is used to simulate the
addition of deposited metal to the base metal [33, 34]. When
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FIGURE 5: Vertical deformation cloud diagram (unit: mm).

TaBLE 4: Heat source parameters.

b (mm) C (mm) ar (mm) a, (mm)
5.25 5.90 2.00 5.00
U =U=0
y
U =0
y
Thermal history Field
U=U=U=0 T
FIGURE 6: Mesh model. I
| v |
Equilibr.ium Stress strain Thermal Elasto-
Equation relationship Plastic strain
Ao+F=0 o=Ds relationship
s(old=£e+€pl+£(h

v

FE Model of stress strain relationship

0=D (g +e +¢,)

FiGURE 7: Double-ellipsoidal heat source model.

v

Displacement Field U

FIGURE 8: Flow chart of finite element mechanical analysis.

elements for each welding pass will be activated in an ap-
adding materials to the base metal, related elements must be ~ propriate loading step. In this study, an in-house Python
activated by using the element birth and death technique. Al code is developed to set the loading steps to apply element
elements of the weld are disabled before welding, and  birth and death technique.
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TaBLE 5: Material properties of Q345qD steel as a function of temperature.
Temperature The}*rpal Density (kg/ Coeﬂiaent 0{5 Elastic Yield stress Spec1ﬁ.c heat Poisson’s
) conductivity (W/ mm?) expansion (x107°/  modulus (N/ (N/mm?) capacity (J/ ratio
mm-K) °C) mm?) kg-K)

20 50x 107> 7850 x10~° 1.10 2.05x10° 3.15x10? 460 0.28
100 49x1073 7850%107° 1.05 1.97x10° 3.1x10? 465 0.28
250 47 %1073 7850 x 107° 1.22 1.87x10° 2.75% 102 480 0.29
500 40x107° 7850 x107° 1.39 1.5x10° 2.4x10? 575 0.31
750 27x107° 7850 x 107° 1.48 7.0x10* 40 625 0.35
1000 30x107° 7850 x107° 1.35 2.0x10* 20 675 0.40
1500 35x107° 7850 x 10~° 1.33 1.0x 10% 1 650 0.45
2000 145%107° 7850 x 107° 1.31 1 1 820 0.49

4. Verification of the Finite Element Model

4.1. Molten Pool. The three specimens were cut through at
the middle perpendicular to the weld line and a digital
tool measuring microscope with 2k resolution was used
to measure the dimensions of the molten pool. According
to the report of Tomkéw et al. [35], cold cracks were
observed in the HAZ of wet welded high-strength low-
alloy steel. For the three specimens fabricated in this
study, no cracks were observed at the HAZ region. The
experimental and numerically simulated molten pool
contours are in good agreement as shown in Figure 9. The
predicted and measured dimensions of the molten pool
of one welded joint are shown in Table 6. The differences
of the height and width of the molten pool between the
FEA and experimental measurement are 1.02% and
5.62%, respectively. The above comparison shows that
the thermal analysis model used for predicting the
temperature field of the butt joint is reliable.

4.2. Thermal Cycle. The thermal history at points 1,2, 5and 9
shown in Figure 2 is investigated to verify the FEA. Ther-
mocouple at point 3 was damaged during testing, and,
hence, no valid data was measured. The comparison between
the experimental data and the numerical results is shown in
Figures 10(a)-10(d). Temperature at the measured points
was about 20°C before welding. Every time the heat source
approaches, temperature at the measured point rises rapidly
and then enters the cooling and heat dissipation stage. After
all welding passes are completed, the whole weldment enters
the cooling state, and temperature at the measured point
continues decreasing to the room temperature. When the
heat source of the weld bead 5 passes by, temperatures at the
measured points 1 and 2 reach the peak value. The maximum
temperatures at the measured point 1 obtained from the
experimental test and FEA are 300°C and 311°C, respectively.
At the measured point 2, temperatures measured and ob-
tained from the FEA are identical and reach 313°C. It also
can be observed that peak temperature is lower at the
measured point further away from the molten pool, such as
the measured point 9. The maximum temperature obtained
from the FEA is 2909°C. Comparison in Figure 10 shows that
the thermal analysis model used in this study is accurate and
reliable.

FIGURE 9: Molten pool contour comparison between experimental
tests and FEA.

TABLE 6: Geometry dimensions of the molten pool.

h (mm) w (mm)
Experimental results 5.90 10.50
Numerical results 5.84 9.91
Error (%) 1.02 5.62

Figure 11 shows the cloud map distribution of the
vertical deformation of specimen sl1, and the deformation
scaling factor is 1. Figure 12 shows the comparison of the
vertical deformation of three specimens between the mea-
sured values and the results obtained from FEA. For the
three specimens, the vertical deformations of 21 points on
the red line highlighted in Figure 12 were measured. The red
line is 120 mm offset from the welding start position and
perpendicular to the weld line. From Figure 12, it can be
found that the experimental measurement and the nu-
merical simulation results are in good agreement. Defor-
mation curves of the experimental testing and the FEA have
the same trend, and the curves are in a V-shape. The
measured maximum vertical deformations for three speci-
mens are 1.51 mm, 1.21 mm, and 1.32 mm, respectively, and
the FE result is 1.67mm. The difference of the maximum
vertical deformation between the FE and the experimental
results is in the range of 10.60%-38.01%. It can be seen from
Figure 12 that the measured vertical deformation curves of
the three specimens are also discrete, and the maximum
vertical deformation difference among three specimens is
24.79%. The above results show that the established me-
chanical analysis model could be reliable.
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F1Gure 10: Comparison of measured temperature and simulated temperature. (a) Temperature history at point 1. (b) Temperature history at
point 2. (c) Temperature history at point 5. (d) Temperature history at point 9.

5. Finite Element Analysis

5.1. Welding Sequence and Constraint Scheme. The weldment
of each specimen is divided into eight layers and twelve
welding beads, and the schematic diagrams of each weld
layer and welding bead are shown in Figures 13(a) and 13(b).
In the figures, numbers 1-12 represent the numbering of
weld beads. To investigate the effects of the alternating
welding and the reverse welding on the residual stress and
the deformation, five welding sequences are investigated in
this study as follows:

(1) Unidirectional welding: 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11,
12

(2) Unidirectional welding: 1, 7, 2, 8, 3, 9, 4, 10, 5, 11, 6,
12

(3) Reverse welding: 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12

(4) Reverse welding: 1, 7, 2, 8, 3, 9, 4, 10, 5, 11, 6, 12

(5) Unidirectional welding: 1, 2, 3, 7, 8, 10, 4, 5, 6, 9, 12,
11

Unidirectional welding means that all weld beads are
welded along the same direction, while reverse welding
means that the adjacent weld beads are welded in the op-
posite direction. Three butt joint specimens were welded
using the welding sequence 1.

In the mechanical analysis, the two types of constraints
applied to the finite element models are investigated. The
first type of constraint is shown in Figure 6, in which six
degrees of freedom of the three nodes at the corner of the
finite element model are constrained. The first type of
boundary condition applies minimal constraints to the
welded butt joints to prevent rigid body movement [36].
Figure 14 shows the second type of constraint applied to the
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U, U2
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+1.218e+00
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FiGgure 11: Distribution of the vertical deformation.
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FiGure 12: Comparison of measured and simulated values of
vertical deformation.

welded joints, in which all nodes on the two sides of the finite
element model are constrained in three translate directions.

5.2. Influence of the Welding Sequence on the Residual Stress.
Figure 15 shows the residual stress (von-Mises) distribution
of a specimen welded using the welding sequence 1. It can be
found that the weldment and the heat affected zone (HAZ)
are in the places where the residual stress is higher, with the
maximum reaching 370.9 MPa. The residual stress away
from the HAZ is smaller. Figure 16 shows two paths where

the residual stress is investigated in this study. Path 2 refers
to one weld toe and path 1 is perpendicular to the weld line.
In this study, longitudinal and transverse directions refer to
the welding direction and the one perpendicular to the weld,
respectively.

The residual stress curves are plotted for nodes on path 1
and path 2. As shown in Figures 17(a), 17(b), 18(a), and
18(b), the residual stress curves of welding sequences 1 and 3
are very close. Also, the residual stress curves of welding
sequences 2 and 4 almost overlap with each other. Therefore,
changing the welding direction of the weld bead has minor
effect on the residual stress distribution.

As shown in Figure 17(a), the transverse residual stress is
the largest near the weld toe and decreases quickly as it gets
away from the weldment. The transverse residual stress
curves of welding sequences 2 and 4 are M-shaped, while the
transverse residual stress curves of welding sequences 1, 3,
and 5 are inverted U-shaped. Compared to welding sequence
1, the maximum transverse residual stress of the FE model
using welding sequence 2 decreases from 355MPa to
279 MPa, decreasing by about 21.4%, and the maximum
transverse residual stress of the FE model using welding
sequence 5 decreases from 355 MPa to 347 MPa, decreasing
by about 2.3%. This means that alternating welding such as
welding sequences 2 can significantly reduce the transverse
residual stress at the weldment and the HAZ.

As shown in Figure 17(b), the transverse residual stress
curves along the weld toe are flat in the middle segment
(from —100 to 100 mm region). At the welding start and end
regions (about 25 mm from the start and end point of the
weldment), the transverse residual stress decreases rapidly.
From the comparison of five curves, it can be concluded that
alternating welding can significantly reduce the transverse
residual stress at the weld toe in the middle segment.
Compared to welding sequence 1, the maximum transverse
residual stress at the weld toe using welding sequence 2
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F1GURE 13: The schematic diagram of each weld layer and welding bead (unit: mm). (a) Actual profile of each weld bead. (b) Profile of each
weld bead in the FE model.

FIGURE 14: Schematic diagram of the second constraint condition.
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FiGUre 15: Residual stress (von-Mises) distribution (unit: MPa).
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FiGure 17: Comparison of the transverse residual stress. (a) Transverse residual stress of path 1. (b) Transverse residual stress of path 2.

decreases from 353 MPa to 281 MPa, decreasing by about
20.4%, and the maximum transverse residual stress at the
weld toe using welding sequence 5 decreases slightly, from
353 MPa to 349 MPa.

As shown in Figure 18(a), the longitudinal residual stress
is the largest near the weld toe along path 1, and it decreases
as it gets further away from the weldment and becomes
compressive stress near the two edges of the FE models. The
residual stress curves of welding sequences 1 and 3 are
M-shaped, while the residual stress curves of welding se-
quences 2, 4, and 5 are inverted U-shaped. Compared to
welding sequence 1, the maximum longitudinal residual
stress of the FE model along path 1 using welding sequence 2
increases from 301 MPa to 368 MPa, increasing by about
22.3%, and the maximum longitudinal residual stress of the

FE model along path 1 using welding sequence 5 increases
from 301 MPa to 358 MPa, increasing by about 18.9%. It
means that alternating welding such as welding sequence 2
can significantly increase the longitudinal residual stress at
the weldment and the HAZ.

As shown in Figure 18(b), the longitudinal residual
stress distribution along path 2 appears in an inverted
U-shape. At the welding start and end regions, the
longitudinal residual stress decreases rapidly to the
minimum. Compared to welding sequence 1, the max-
imum longitudinal residual stress of the FE model along
path 2 using welding sequence 2 increases from 255 MPa
to 312 MPa, increasing by about 22.4%, and the maxi-
mum longitudinal residual stress of the FE model along
path 2 using welding sequence 5 increases from 255 MPa
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to 271 MPa, increasing by about 6.3%. This means that
alternating welding such as welding sequence 2 can
significantly increase the maximum longitudinal residual
stress at the weld toe.

From the above analyses, it can generally be con-
cluded that alternating welding can reduce the transverse
residual stress but increase the longitudinal residual
stress at the weldment and the HAZ regions. In engi-
neering practice, it is better to choose a reasonable
welding process according to the design requirement.
For example, if the welded butt joint was subjected to
fatigue loading, it would be preferable to use alternating
welding such as welding sequence 2. However, too many
alternating welding times generally lead to a higher cost
and lower productivity. Therefore, it is recommended to
use the welding sequence with less alternating times.

Influence of the welding sequence on the welding de-
formation: as shown in Figure 16, in this study, the trans-
verse shrinkage is defined as the relative displacement
between nodes on lines CD and AB, while the longitudinal
shrinkage is defined as the relative displacement between
nodes on lines AC and BD. The vertical deformation is
defined as the Y-direction displacement of nodes on path 1
shown in Figure 16.

As shown in Figure 19, the transverse shrinkage (relative
displacement between nodes on lines CD and AB in Fig-
ure 16) is larger on one side and smaller on the other due to
the asymmetry constraints applied (refer to Figure 6).
Transverse shrinkage curves of FE models using reverse
welding sequence 3 and 4 are flatter compared to others. In
addition, alternative welding such as welding sequences 2, 4,
and 5 leads to a smaller transverse shrinkage. The transverse
shrinkage of FE model using welding sequence 1 is between
1.13 and 1.5mm, and the average is about 1.32 mm.

1.6

Transverse shrinkage (mm)

0 50 100 150 200 250

z direction (mm)

—— Welding sequence 1
—— Welding sequence 2
—— Welding sequence 3

—— Welding sequence 4
—— Welding sequence 5

FIGURE 19: Comparison of the transverse shrinkage.

As shown in Figure 20, the longitudinal shrinkage
(relative displacement between nodes on lines AC and BD in
Figure 16) distribution of the welded thick plate is
W-shaped. The longitudinal shrinkage at the weldment and
the HAZ are much larger compared to other regions.
Overall, the longitudinal shrinkage is much smaller com-
pared to the transverse shrinkage using different welding
sequences. The longitudinal shrinkage curves of welding
sequences 1 and 3 are very close. Also, the longitudinal
shrinkage curves of welding sequences 2 and 4 are almost
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overlapping with each other. Therefore, alternative welding
has a minor effect on the longitudinal shrinkage distribution
of the welded thick plate. Compared to others, welding
sequence 1 produces the smallest longitudinal shrinkage and
the maximum at the weldment is only 0.09 mm.

As shown in Figure 21, the vertical deformation
curves of welding sequences 1 and 3 are V-shaped, while
the vertical deformation curves of welding sequences 2,
4, and 5 are very flat. Compared to the FE model using
welding sequence 1, the maximum vertical deformations
of FE models using alternative welding sequences in-
cluding welding sequences 2, 4, and 5 are much smaller.
This implies that alternative welding can effectively re-
duce the vertical deformation of welded thick plate. For
example, the maximum vertical deformation of FE model
using welding sequence 5 decreases by about 87.4%
compared to the one using welding sequence 1.

From the above analyses, it can be concluded that,
generally, alternating welding can significantly reduce the
transverse shrinkage and vertical deformation but increase
the longitudinal shrinkage. As the magnitude of the lon-
gitudinal shrinkage is much smaller, it is recommended to
use the alternative welding to control the transverse
shrinkage and the vertical deformation of the welded thick
butt joint. Considering the welding productivity and cost, it
is recommended to use the alternative welding with limited
alternating times such as welding sequence 5. Besides,
changing welding direction of adjacent weld beads has less
effect to the welding deformation compared to the welding
sequences of different weld beads.

5.3. Influence of the Constraint Condition on the Residual
Stress. The welding residual stress and deformation of the
welded thick butt joint using welding sequence 1 are ana-
lysed to investigate the effect of the constraint conditions.
Constraint conditions 1 and 2 investigated in this study

Vertical deformation (mm)

0 50 100 150 200
x direction (mm)
—— Welding sequence 1

—— Welding sequence 2
Welding sequence 3

—— Welding sequence 4
—— Welding sequence 5

FiGUure 21: Comparison of the vertical deformation.

are shown in Figures 6 and 14, respectively. Figures 22(a)
and 22(b) show the effects of the constraint conditions on
the transverse residual stresses along path 1 and path 2
(weld toe) shown in Figure 16. It can be seen that
constraint conditions have an ignorable effect on the
maximum transverse residual stress at the weldment
along path 1. Also, constraint conditions have a negli-
gible effect on the transverse residual stress at the weld
toe. It can be concluded that the constraint conditions
have a negligible effect on the transverse residual stress at
the weldment and the HAZ regions. However, a stronger
constraint (constraint condition 2) applied to the welded
thick butt joint can significantly reduce the longitudinal
residual stress at the weldment and the HAZ regions as
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shown in Figures 23(a) and 23(b). For example, the
maximum longitudinal residual stress for the FE model
applying constraint condition 2 decreases from 289 MPa
(for constraint condition 1) to 145 MPa at the weldment
and the HAZ regions as shown in Figure 23(a).
Theoretically, constraint condition 2 can completely
omit the transverse shrinkage of the welded thick butt
joint because it forbids any movement of all nodes on
lines AB and CD. The longitudinal shrinkage and vertical
deformation of the welded thick butt joints analysed are
shown in Figures 24 and 25, respectively. As shown in

Figure 24, a stronger constraint (constraint condition 2)
applied to the FE model can significantly increase the
longitudinal shrinkage. However, the longitudinal
shrinkage under constraint condition 2 is still very small
and less than 0.37 mm.

As shown in Figure 25, the vertical deformation curve
under constraint condition 1 is V-shaped, while the curve
under constraint condition 2 is inverted V-shaped. By in-
creasing the constraints, the maximum vertical deformation
decreased from 1.67 mm to 0.57 mm, decreasing by about
65.9%. Change of constraint conditions may not only affect
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the deformation magnitude but also change the deformation
mode. However, a very strong constraint like constraint
condition 2 cannot eliminate the vertical deformation at the
weldment.

6. Conclusions

The residual stress and deformation of 32mm thick
welded butt joints made of Q345qD steel using gas metal
arc welding are studied by using the thermoelastic-
plastic FEA in this study. After the FE model was verified
against the experimental results, the effects of five
welding sequences and two types of boundary constraint
conditions on the residual stress and deformation of the
thick welded butt joints are investigated. Based on the FE
results, the following conclusions can be drawn:
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(1) Generally, alternating welding (welding sequences 2,
4, and 5 in this study) can reduce the transverse
residual stress by 20.4% but increase the longitudinal
residual stress by 22.4% at the weld toe for the thick
welded butt joints investigated. In engineering
practice, it is better to choose a reasonable welding
process according to the design requirement. For
example, if the welded butt joints were subjected to
fatigue loading, it would be preferable to use alter-
nating welding such as welding sequence 2. How-
ever, too many alternating welding times generally
lead to a higher cost and lower productivity.
Therefore, it is recommended to use the welding
process with limited welding alternating times.

(2) Alternating welding can significantly reduce the
transverse shrinkage by about 24%-46.9% (com-
parison between results of welding sequences 1 and 2
in Figure 19) and the vertical deformation by 87.4%;
however, it can increase the longitudinal shrinkage.
As the magnitude of the longitudinal shrinkage is
much smaller, it is recommended to use alternative
welding to control the transverse shrinkage and the
vertical deformation of the welded thick butt joint.
Considering the welding productivity and cost, it is
recommended to use alternative welding with lim-
ited alternating times.

(3) Generally, reverse welding, that is, changing the
welding direction of adjacent weld beads, has a
negligible effect on the transverse residual stress,
longitudinal residual stress, and longitudinal
shrinkage of the thick welded butt joints investi-
gated. However, it may significantly reduce the
transverse shrinkage and the vertical deformation.

(4) A strong boundary constraint such as the one shown
in Figure 14 may slightly increase the transverse
residual stress but significantly reduce the longitu-
dinal stress at the weld toe for the thick welded butt
joints investigated.

(5) The strong boundary constraint shown in Figure 14
can completely omit the transverse shrinkage for the
thick welded butt joint investigated. Meanwhile, the
strong constraint can minimize the longitudinal
shrinkage and the vertical deformation.
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