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distortion in A16061-T6 aluminum alloy for T-shaped welded joint
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Abstract: The distribution of temperature and then the distribution of residual stress and distortion in the stiffened
aluminum alloy Al6061-T6 plates under the metal inert gas (MIG) welding process were investigated by three
dimensional thermo-mechanical coupled finite element model using Ansys software. The properties of materials were
considered temperature-dependent and the filler metal was added to the workpiece by the element birth and death
technique. In three modes of current, two different speeds and two various sequences, the distribution of residual stress
and distortion were calculated and analyzed. The results showed that increase in welding speed decreased the vertical
deflection in the plate, transverse shrinkage and angular distortion of plate and the lateral deflection of stiffener, but
increased the maximum longitudinal tensile stress in the plate and stiffener. Furthermore, increase in current increased
the residual stress and deformation in the plate and stiffener, and the change in the welding sequence changed the
distribution of the distortion in the plate and the stiffener without significant change in the distribution of the

longitudinal residual stress.
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1 Introduction

Aluminum alloy Al6061 is a combination of
aluminum, silicon and magnesium alloys. This alloy
is commonly used for a wide range of products,
including car parts, airplanes and aerospace
supplies, marine industries, and so on. Al6061 has
high hardness, corrosion resistance and wear
resistance as well as good welding and fatigue
resistance [1].

A major progress in the production of
aluminum and its alloys came about with the
development of the inert gas shielded welding
processes of MIG (metal inert gas) and TIG
(tungsten inert gas). These arc welding processes
made a high strength weld without the need for
aggressive fluxes [2]. The MIG welding is much
faster and easier to learn, and so is more common

than TIG welding. In MIG welding, the generated
heat is produced by an electric arc between a
consumable wire electrode and the base metal, and
then the solid wire electrode feeds continuously
through the arc into the weld pool, which finally
becomes the weld filler metal [3].

When two plates are welded together, residual
stresses and distortions are generated in the vicinity
of the weld zone as a result of plastic deformation
due to the non-uniform thermal expansion and
contraction in the welding process [4]. The residual
stress and distortion can extensively weaken the
performance and consistency of the welded
assembly [5], and welding parameters play a
significant role in controlling them and leading to a
good weld.

The welding parameters that are controlled to
produce an acceptable weld are current, voltage,
wire feed speed, welding speed, current density and
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preheat temperature [5]. To obtain a good quality
weld and subsequently increase the productivity of
the process, it is therefore, necessary to control the
input welding parameters. The welding parameters
are normally selected based on the experience. This
selection procedure does not lead to the optimal and
economical use of the machinery and good quality
of the surface [6]. Therefore, in order to save time
and cost of experiments, the numerical techniques
can be employed to simulate welding process and
optimize welding parameters.

FRANCIS [7] simulated the welding process
for butt and T-joints for 2000 series aluminum
alloys using two solid and solid-shell models with
finite element method and compared the results
with previous experimental data. BRADAC [8]
calibrated the heat source parameters for Gaussian
and double-ellipsoidal models after comparison
between numerical results and experimental data.
MOHAMAD et al [9] investigated the welding
process on two 6061 aluminum alloys and SUS304
stainless steel products. The welding was performed
by the MIG welding process in the butt form and
with preheating treatment. They concluded that the
optimal parameters for welding of Al6061 and
SUS304 were the preheating temperature of 90 °C,
the voltage of 17.5 V, and the current of 110 A.
CHIKHALE et al [10] investigated welding of
Al6061 at various currents and speeds based on the
British welding specification which was performed
by means of a semi-automatic MIG device capable
of varying the current and voltage in the range of
10420 A and 10-41V. Then, they performed
toughness and tensile tests on the workpiece. The
largest failure was observed in the HAZ region, so
they concluded that the HAZ region could be
smaller if the welding parameters such as welding
speed, voltage and current were selected correctly.

LI et al [11] welded Al6061-T6 to A356-T6
plates with the thickness of 4 mm in T-joint form.
They studied the effect of welding current and
welding speed on weld geometry, microstructure
and mechanical properties of the welded plates.
BAHARNEZHAD and GOLHIN [12] examined the
effect of crucial parameters on thermal, mechanical,
and microstructural behaviors in the MIG welding
process of Al6063 by simulation and experiment.
The thermo-mechanical model was simulated by
Abaqus software, and the temperature distribution
and residual stress were obtained. Then, the

simulation results were compared with the
experimental data. The results showed that the
simulation could exactly predict the temperature
and stress distributions. VARGAS JAVIER et al [13]
simulated the welding of a 4.8 mm aluminum alloy
6061-T6 plate with a MIG welding process at
various currents, voltages and welding speeds by
finite element method, and compared the calculated
temperature with the experimental data. ISMAIL
and AFIEQ [14] simulated the MIG welding
process by the nonlinear finite element method and
investigated the effect of the changing of the
voltage and welding speed on the heat distribution
in the transition state using Gaussian heat source.
Comparing the temperature distribution and the
geometry of weld with the experimental data
showed that the change in voltage and welding
speed had a significant effect on the distribution of
the temperature, and the shape and size of the fillet
bead of weld.

FU et al [15] studied the effects of the welding
sequence on the residual stress in TIG welding
process of the Al6061-T6 alloy. They concluded
that the final stresses in the weld and its vicinity are
not affected by the initial stresses of the material.
However, these can be reduced by selecting an
appropriate sequence of welding. BONAZZI
et al [16] simulated the welding process of
aluminum thin plates in a three-dimensional model
using Abaqus software and compared the simulated
results with the experimental data. The simulation
could predict the transient temperature and the
distribution of distortion and residual stresses on the
surface and inside of the plate with a thickness of
2mm in T-joint welded by the MIG welding
process. YI et al [17] studied the effect of current
on the shape and the residual stress of stiffened
plate Al6061-T6 welded by MIG technique
numerically and experimentally. The simulation
was carried out in a three-dimensional form with a
double- ellipsoidal heat source. The results showed
that in this case, the best current is 90 A, and the
temperature in the filler metal is 200 °C above the
fusion points. The T-shaped aluminum alloy in
these conditions had suitable welding conditions so
that it had a smooth surface, a perfect shape and a
fine structure, and the calculated thermal curves and
the residual stresses were well adapted to the
experimental data.

A number of researches have been done to
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study the stress and the distortion caused by
welding of steel stiffened plates [18—21], but there
are few researches about T-joint welding of
aluminum alloy Al6061-T6, which are welded by
MIG welding process. Therefore, in this work, a 3D
thermo-mechanical coupled finite element model is
presented using Ansys software to investigate the
distribution of temperature, residual stress and
distortion in a T-shaped stiffened aluminum alloy
plate welded by MIG welding process. After
verification of the model, the simulation in three
speeds of 10, 9 and 8 mm/s and three welding
currents of 220, 190 and 170 A were carried out.
Since the welding sequence has a significant effect
on the residual stress and distortion, all the welding
simulations were also performed in the second
sequence. Then, the effect of various welding
parameters such as current, speed, and sequences on
the distribution of residual stress and distortion,
such as vertical deflection in the plate, transverse
shrinkage and angular distortion of plate and, the
lateral deflection of stiffener, were investigated.

2 Finite element modelling

2.1 Geometry and mesh pattern

In order to simulate the welding process, firstly,
the thermal analysis is carried out. The thermal
analysis results are considered as loading for the
mechanical analysis. To calculate residual stresses
and distortions, the temperature of the nodes
calculated in the transient thermal analysis for each
step is used as thermal body load in the nonlinear
mechanical analysis that is then performed. Because
of the high temperature gradient in the weld line,
the thermal and mechanical properties of the
material are considered to be temperature-
dependent. The residual stress and distortion are the
final responses of the simulation of the welding
process.

A base plate with section of 200 mm % 105 mm
and a thickness of 5 mm was selected and a
stiffener with dimensions of 200 mm x 50 mm and
a thickness of 5 mm was connected to the base plate,
as shown in Fig. 1. The weld size is 4 mm, which is
welded on the both sides of the stiffener in two
sequences A and B with the filler welding wire
ER4043, as in Fig.2. The chemical
compositions of the base metal and the filler wire
are given in Table 1. Because of the extreme change

shown

of temperature and its consequence such as the
formation of stress and large deformations, the size
of the elements in the heat affected zone (HAZ) is
selected smaller than other regions, and as the
distance from the weld zone increases, the element
size must be increased to reduce the time of
calculation.

Fig. 1 Geometry of welded plates and mechanical
boundary conditions

(a)

(b)

Fig. 2 Schematic diagrams of various welding sequences:
(a) Sequence A; (b) Sequence B

Table 1 Chemical compositions of base metal and filler
metal (wt.%)

Material Al Si Mg Cu
Al6061-T6 97.63 0.561 0986  0.31
ER4043 92.9 5.6 0.05 0.3
Material Fe Mn Zn Ti
Al16061-T6 0289 0.052 0.024 0.018
ER4043 0.8 0.05 0.1 0.02
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Simulation of welding in 9 different modes is
given in Table 2. At first, in order to investigate the
accuracy of the simulation, the finite element model
is correlated with the experimental data from the
previous research [17]. In this mode, the thickness
of the plate and stiffener is 2 mm, and welding on
one side of stiffener has been done.

Table 2 Values of welding parameters

Welding 1/ U/ Velocity/ o o O/ ilj;jtt/
mode A V (mm-s ) Js) 4
(J-mm )
Nla 170 22 8 A 2992  467.5
Nib 170 22 8 B 2992  467.5
N2a 190 22 8 A 3344 5225
N2b 190 22 8 B 3344 5225
N3a 190 22 10 A 3344 418
N3b 190 22 10 B 3344 418
Nda 220 22 10 A 3872 484
N4b 220 22 10 B 3872 484
N5 190 22 9 A 3344 464.44

The simulation is fully implemented in the
Ansys software in 3D model. The number of
elements is approximately 28000 and the number of
nodes is approximately 41000. The meshing pattern
of model in the Ansys software is shown in Fig. 3.
The size of the smallest element in the weld region
is 0.8 mm x 1 mm % 2 mm, which is increased by
increasing the distance from the weld line.

Fig. 3 Finite element meshed model

2.2 Thermal analysis

Thermal analysis was carried out using a
three-dimensional transitional thermal model. In the
thermal analysis, a solid 70 element was used to
transfer heat in three dimensions. The governing
differential equation of arc welding for
homogeneous, isotopic workpieces in the Cartesian
coordinate system can expressed as follows:

o(,or orT
—k—|+0. = —_— 1
ax,.( 6x] On = pe (M

i

where k, p and ¢ are the conductivity, the density
and the specific heat capacity, respectively, and O,
is the internal heat generation rate.

The Gaussian model is used to simulate the
heat source of welding process. A schematic
example of this model is shown in Fig. 4. In the
MIG welding process, the heat enters the workpiece
through the molten metal droplets and welding arc:

Oa=nlU=Qyw )
where # is the efficiency of welding, which is equal
to 0.8 for welding by MIG method [17]. [ is the
welding current and U is the voltage. O, is the heat
input by the welding arc, which is 40% of the total
heat input, and Qy is the heat of the molten metal
droplets, which is 60% of the total input heat.

2 2
B G ]

where 7r is the radius of heat source in the
Gaussian model and in this case it is equal to 2.8. v,
is the welding speed and ¢ is the welding time.

After each welding process, the workpiece is
cooled for 1 h. During the welding and cooling
processes, the workpiece loses its heat through two
forms of radiation and convection. To calculate the
amount of heat loss through radiation that occurs at
high temperatures, the Stefan—Boltzmann law and
for the convection, the Newton law are used which
are expressed as follows:

q=n(T-T)) “4)
q; :50'(T4_T04) (5)

where Ty, &, o and /s are the ambient temperature,
the emissivity of the material surface, the
Stefan—Boltzmann constant and the convective heat
transfer coefficient, respectively. The latent heat of
fusion is 3.9x10° J/kg, which is implemented to the
workpiece between the solidus temperature of
585 °C and the liquidus temperature of 659 °C. The
variable thermal properties were adopted from
previous research [22], as shown in Fig. 5.

2.3 Mechanical analysis

In the mechanical analysis,
compatible with thermal element, SOLID 185, was
chosen. The mechanical boundary conditions are

the element
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Fig. 4 Schematic of Gaussian heat source
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Fig. 5 Thermal properties of aluminum alloy 6061-T6

shown in Fig. 1. In the mechanical analysis, the
temperature history obtained from the thermal
analysis is introduced into the mechanical model as
thermal loads. The thermal and mechanical stresses
and strains are calculated at each stage of time, and
at the final state, the residual stress is created by
accumulation of stresses. This is done in such a way
that during each time step, thermal stresses are
calculated by applying the heat distribution
obtained from the thermal analysis. After
calculating the amount of stresses and taking into

account the Von Mises yield criterion and the strain
hardening law for the problem, the variation of the
elastic and plastic deformations due to the welding
is calculated in each step. These values are added to
the calculated values in the previous steps to
simulate the mechanical behavior of the step-by-
step welding process. In order to estimate the
residual distortion, the total amount of plastic
deformation and changes in elastic deformations
should be taken into account without considering
the phase transformations, which is expressed as
follows:

E=8"+&P+ M (6)

M & and £° are the thermal, plastic

where &'
and elastic strains, respectively. In order to simulate
the weld metal, the element birth and death
technique has been used. At first, the weld metal
elements should be deactivated by multiplying their
conductivity (or stiffness) by a severe reduction
factor (default value: 1x107°), and the elements are
reactivated at the proper load step when the heat
source arrived. The mechanical properties of the
base metal and the stiffener are considered to be

temperature-dependent, as shown in Fig. 6 [15].

3000
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':'«)s 1500 Expansion
‘g coefficient/
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= 500]

0 100 200 300 400 500
Temperature/°C

Fig. 6 Mechanical properties of 6061-T6 alloy
3 Verification of finite element method

In this study, the comparison and investigation
of the amount and distributions of residual stresses
and distortion for 8 modes of welding with various
currents, speeds and sequences are conducted by
finite element method. The T-joint of Al alloy is
welded by MIG welding process in two side of
stiffener. There is no empirical similarity to this
study, Therefore, firstly the finite element model
was validated using experimental results from the
previous study [17], where the welding was carried
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out on one side of the stiffener and the thickness of
plates was 2 mm. The welding was completely
carried out by automatic MIG process. The
temperature histories were recorded by K-type
thermocouples, which were located at three points
of P1, P2 and P3 on the stiffener. Distribution of
residual stress on the plate was measured using a
blind hole method. In this method, six strain gauges
with 1 mm in length were placed on the bottom
surface of the plate at a certain distance. The results
were measured three times and the mean value was
recorded. After verifying the finite element results
with experimental data, the finite element model is
applied to the considered states in this study, in
which the plates have a thickness of 5 mm and the
welding is carried out on two sides of the stiffener.
The layout of the points and lines used for
investigating the effects of different welding
sequences and parameters on the residual stress of
an distortion of welding is shown in Fig. 7.

The thermal histories of three points P1, P2
and P3 (Fig. 1) in the middle section with distances
of 1, 2 and 3 mm from the weld line are shown in
Fig. 8. There is a good relationship between the
finite element results and the experimental data.

Line 1 Line 2 Line 3
___________ LineS | .l
Point 2 =
0] g
Point 1 <
* Line 4
50 50 50 50

Fig. 7 Cross and longitudinal sections and position of
points 1 and 2
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Time/s
Fig. 8 Comparison of thermal histories calculated by

finite element simulation and experimental data

As shown in Fig. 9, the maximum longitudinal
residual stress calculated by the finite element in
the tensile region is 195 MPa, which is about 2.5%
higher than the experimental data. This discrepancy
decreases with distance from the weld line, and at
the edge of the plate amounts to 10 MPa. By
comparing the maximum compressive stresses
obtained from the finite element and experimental
results, it can be seen that there is a difference of
about 5.5%. So, the proposed finite element
model has good accuracy for predicting the
temperature distribution and residual stress of
T-joint welded by MIG welding process for
aluminum alloy 6061-T6.

250
200
150
100
50

0
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-100

+ Experiment
— Simulation

Longitudinal residual stress/MPa
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Distance from fusion line/mm

Fig. 9 Comparison of longitudinal residual stress by
finite element simulation and experiment

4 Results and discussion

4.1 Effect of speed, current and sequence
variations on temperature distribution

In Fig. 10, the temperature distribution in the
first welding for various welding conditions is
shown when the heat source is located in the middle
of the weld line. The ambient and initial
temperature is 20 °C. The elements of the weld
metal are in the death state and are activated as the
heat source arrives and the temperature reaches its
maximum value.

In Fig. 11, the temperature curves in the
transverse mid-section are shown for all currents
and welding speeds, when the heat source is located
at that section. The temperature is maximum on the
weld line and decreases gradually to the edge of the
plate. The maximum temperature in N4 mode is
971 °C. This temperature decreases rapidly from the
weld point and reaches 20 °C at the edges of the
plate. In Fig. 12, the temperature is shown in the
first 50 s of welding for N4 mode at two points 1
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and 2 (Fig. 7). After reaching the heat source, the
temperature reaches 971 °C at the center of the
weld zone. At this time, the temperature at point 1
is maximum and equal to 627 °C and at point 2 it is
257 °C, and 0.4 s later, the temperature at point 2
reaches its peak value of 282 °C.

Temperature/°C

Temperature/°C

(b)

Temperature/°C
()

Temperature/°C
(d)

Fig. 10 Transient temperature distributions in first pass
of welding: (a) N1; (b) N2; (c) N3; (d) N4
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Fig. 12 Temperature during first 50 s at points 1 and 2

4.2 Effect of welding speed,
sequence on residual stress

The distributions of von Mises residual stress
for eight modes of welding are shown in Fig. 13.
The residual stress in the weld zone is maximum.
However, this amount in the supports has large
value. The maximum von Mises residual stress
reaches 265 MPa in N3a mode.

The longitudinal residual stresses in the
transverse mid-section of the plate for eight modes
are shown in Fig. 14. It should be noted that the
yield tension in the Al6061-T6 is 274.4 MPa. The
tension stress is very large close to the weld line
and rapidly becomes compressive stresses by
moving away from the weld line. According to
Fig. 14, the highest tensile stress is 205 MPa and
occurs in N4b mode at 5mm in the negative
direction of the x-axis, and the maximum
longitudinal compression stress is —73 MPa and
occurs in N4b mode at a distance of 15 mm on the
positive x-axis. In all part of the plate, the stress
does not exceed the yield stress. The tensile and

current and
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Fig. 13 Distributions of von Mises residual stress: (a) Nla; (b) N1b; (c) N2a; (d) N2b; (e) N3a; (f) N3b; (g) N4a;

(h) N4b

compressive stresses of the second welding in the
positive direction of the x-axis are greater than the
values in the first welding, which is due to raising
the temperature in the second one. Generally, as

shown in Fig. 14, in all modes, the longitudinal
tensile stress and the longitudinal compression
stress in the middle section in the sequence B is
greater than its values in the sequence A.
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To investigate the effect of welding speed on
the longitudinal residual stress, two states of N2a
and N3a (with speeds of 8 and 10 mm/s,
respectively, and with same welding current and
sequence) are compared together, as shown in
Fig. 15. The results show that the maximum tensile
stresses in N2a and N3a are 192 and 201 MPa,
respectively, and the maximum compressive
stresses are 64 and 51 MPa, respectively, which
shows that tensile stresses increase with increasing
velocity, but compressive stresses decrease.
Furthermore, for more certainty, another simulation
is done in mode of N5, with all the parameters
similar to N2a and N3a modes except the speed of
9 mm/s. The maximum tensile stress is 199 MPa,
which is less than N3a and more than N2a. It can be
observed that with increasing velocity, the tensile
stresses increase in length direction. In addition,
the maximum compressive stress of —63 MPa is
calculated which was —64 and —51 MPa for modes

]
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Fig. 14 Longitudinal residual stress in transverse
mid-section of plate
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Fig. 15 Longitudinal residual stress in transverse
mid-section for N2a, N3a and N5 modes

of N2a and N3a, respectively. This confirms the
reduction of the compressive stresses with
increasing the speed.

The distributions of longitudinal residual
stresses in the center line of stiffener are shown in
Fig. 16, which has tensile form in region near the
weld line to about 10 mm, and is rapidly converted
to the compression by getting away from the weld
line, and almost extends to the end of stiffener, but
in the range of 2.5-5 mm of stiffener, the
longitudinal residual stress has tensile form. The
pattern of stress is matched to the usual type of
residual stress in a T-shaped joints given by
MASUBUCHI [23]. The maximum tensile stress
occurs in N4a mode at a distance of 2.5 mm from
the weld line, which is about 253 MPa, and the
maximum compressive stress occurs at a distance of
12.5 mm from the weld line in N4b mode, and is
about —28.3 MPa. At the highest point of the
stiffener, the highest tensile stress is about 5 MPa.
By comparing the longitudinal residual stresses on
the stiffener in different conditions with various
currents and speeds, the results are similar to those
obtained in the stress analysis of plate, but the
amount of tensile residual stress in the sequence B
is less than that in the sequence A, for example, in
Nla mode, the longitudinal tensile stress is about
221 MPa, and in N1b mode, it is about 213 MPa.

Position on y-axis/mm

6 . \
—32 18 68 118 168 218

Longitudinal residual stress/MPa

Fig. 16 Longitudinal residual stress on transverse
mid-section in stiffener

4.3 Effect of speed, current and sequence
variations on distortion
4.3.1 Vertical deflection of plate
The vertical displacement distributions on the
deformed mode for all states are shown in Fig. 17.
Comparison of contours shows that the vertical
displacement distribution is different due to the
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Fig. 17 Distortion distributions along y-axis in different deformed modes: (a) N1a; (b) N1b; (c) N2a; (d) N2b; (e) N3a;

(f) N3b; (g) N4da; (h) N4b

difference in the welding sequences, and generally,
the vertical displacement in the weld region is in the
negative direction of axis and that in the edges of
the plates is in the positive direction. Heat input,
type and speed of the heat source, and the cooling

rate are important factors affecting the welding
distortion. In this study, the effect of the welding
sequence, the speed of the heat source and the
current in the welding process on the distortion has
been studied.
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In Fig. 18, the vertical deformation, which is
the largest deformation in the stiffened panels, is
shown in three cross sections 1, 2 and 3 for 8
welding states. Cross section 1 is 50 mm from the
beginning edge, section 2 is in the middle and
section 3 is at a distance of 50 mm from the end of
the welding, which are shown in Fig. 6. In order to
investigate the effect of the welding sequences on
vertical deformation, the sequences A and B in all
similar states are compared together, indicating the
larger vertical deformation in sections 1 and 2 for
the sequence B; however, in section 3, sequence A
produces a larger vertical deformation, and the
highest vertical deformation of about 1.09 mm
occurs at cross-section 3 in N4a mode. In order to
investigate the effect of welding speed in N4 and
N2 states that have different speeds but equal
current and welding sequences, they are compared
in sections 1, 2 and 3. The results indicate that the
vertical deformation decreases with increasing
welding speed, and by comparing the states with
different welding currents, it can be concluded that
with increasing current, the vertical deformation
increases.

4.3.2 Transverse shrinkage

Figure 19 shows the transverse shrinkages
along the weld line in the bottom surface of the
plate. These values are obtained from the difference
between the displacement of lines 4 and 5 shown in
Fig. 7, which indicates that the plate is expanded at
the lower surface, and its value is approximately
constant, about 0.1 mm.

Figure 20 shows the transverse shrinkages of
the top surface of the plate, whose values are very
small similar to those of bottom surface, but their
values are negative, indicating the contraction in the
top surface. The transverse shrinkage values at top
surface are more variable than those of the bottom
surface which are approximately constant. In
sequence B, the maximum transverse shrinkage
occurs in the middle section, but in sequence A, the
amount of shrinkage increases by moving along the
welding direction. In order to investigate the effect
of welding speed, with increasing the speed, the
transverse shrinkage in the welded plate decreases,
which can be understood from the comparison of
N2 and N3 states in the same sequence. In order to
investigate the effect of current increase on the
transverse shrinkage in the welded plates, N3 and
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Fig. 18 Vertical deformation of plate in cross sections of
1 (a), 2 (b) and 3 (¢)
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N4 states, or N2 and N1 states, are compared,
indicating that with increasing current, the amount
of shrinkage in the welded plates increases.
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Fig. 20 Transverse shrinkage on top of plate

4.3.3 Lateral deflection of stiffener

Figure 21 shows the lateral deflection of
stiffener along the centerline. As shown, the lateral
deflection of stiffener has two different patterns due
to two different welding sequences. In sequence A,
the values of lateral deflection of stiffener are very
small and close to zero, but in sequence B, lateral
deflection of stiffener at the beginning of the weld
line is negative, at the end of the weld line it is
maximum and positive, and over the length of weld
line it has ascending trend. This shows that in the
sequence B, at the top of the stiffener in the
beginning of the weld line with its maximum value
the lateral deflection is displaced to the negative
side of the x-axis, and at the end of the weld line it
is diverted with its maximum value to the positive
side of the x-axis. The maximum difference
between these two displacements occurs in N4b
mode, which is 0.7 mm.

031f
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~0.09} s
-0.19F
0295 %

-0.391 . .
0 50 100 150 200

Position on z-axis/mm
Fig. 21 Lateral deflection of stiffener along centerline

Lateral deflection of stiffener/mm

4.3.4 Angular distortion
In Fig. 22, the angular distortion of plate along
the weld line is shown, which is very small in the

range of 0.01-0.025rad. In sequence B, the
maximum angular distortion occurs in the middle
section of plate, but in sequence A, the angular
distortion increases by moving across the welding
path, and the maximum angular distortion occurs at
the end of the weld line. In order to investigate the
effect of welding speed on the angular distortion
along the weld line, the modes of N2 and N3 are
compared together, which shows that the angular
distortion decreases with increasing the speed, but
the welding speed has no effect on the distortion
pattern. By examining the current of welding in the
N1, N2, or N3 and N4 modes, it can be concluded
that with increasing the current, the angular
distortion increases without changing the pattern.
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Fig. 22 Angular distortion along weld line on plate

5 Conclusions

(1) The pattern of the longitudinal residual
stress distribution in the middle section of the plate
is not affected by the welding sequence, but the
sequence B produces tensile and compression
stresses greater than the sequence A. The pattern of
stress distribution of two sequences on the stiffener
is also similar. The sequence A in the tension area
that occurs next to the weld zone is higher, but the
sequence B produces a higher compressive stress on
the stiffener.

(2) The welding sequence does not affect the
distribution pattern of vertical deformation of the
plate; however, the vertical deformations over the
first half of the plate in the sequence B are higher
than those in the sequence A, and by moving
towards the end of weld line, the values of vertical
deformation in the sequence A are higher than those
in the sequence B. The deformation in sequence A
at the beginning of the welding path has the
maximum value, but in the sequence B it is uniform
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along the weld line, and the maximum deformation
in sequence A is higher than that in the sequence B.

(3) The transverse shrinkage distribution in the
welded plate in the sequences A and B is different.
In the sequence B, the maximum transverse
shrinkage occurs in the middle section, but in the
sequence A it occurs at the end of the plate.

(4) The angular distortion pattern along the
weld line in the plate is different for sequence A
and B. The maximum angular distortion occurs in
the sequence B at the middle of the weld length, but
the maximum value in the sequence A occurs at the
end of the weld length.

(5) Lateral deflection of stiffener along the
center line has a different pattern for two sequences
A and B. In sequence A, these values are close to
zero, which means that there is little deflection
above the stiffener along x-axis, but for the
sequence B, initially, the welding is in the negative
direction of the x-axis, and at the end of the weld
line it is positive indicating the major effect of the
welding sequence on the lateral deflection of
stiffener.

(6) The patterns of residual stress and
distortion distributions are not affected by the
welding speed, but by increasing welding speed, the
maximum tensile longitudinal residual stress in the
plate and stiffener increases, and the maximum
compression longitudinal residual stress decreases.
By increasing welding speed, the wvertical
deformation, shrinkage,  angular
distortion in the plate, and deflection of stiffener
decrease. Increasing the welding current has no
effect on the residual stress pattern, vertical
deformation and transverse shrinkage. However,
with increasing welding current, the value of
longitudinal residual stress increases in the tensile
and compression area in the plate and stiffener, and
the vertical deformation, transverse shrinkage and
angular distortion are larger in the welded plate.
The lateral deflection of stiffener in sequence B
increases with increasing the welding current.

transverse
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