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ARTICLE DETAILS ABSTRACT

Article History: Welding is a process of permanent joining parts by different welding methods. Residual stress and distortion
) are the most common phenomena of this process. Reduction of the residual stresses, distortion and
isg:"ii ;?) %eclzto‘;r:f%;gzo improving the quality of welding are the important subjects of this field. Determining and analyzing the
Availz\ble online 17 November 2020 residual stresses and distortion is the main step for these purposes. Welding sequences, speed and current
are the most effective parameters of this process. In this study, effects of welding parameters such as welding
speed and current, in order to reduce residual stress and distortion of welding ST52 rolled plate in different
welding sequences have been studied with three-dimensional thermo-mechanical finite element model by
means of ANSYS APDL. By comparing different considered situations, the most efficient welding methods
with the least residual stress and distortion by considering different welding sequences have been suggested.
It obtains that welding the ST52 rolled plate from edge to edge with higher current and lower speed is the
best option in fatigue and load-bearing situations, and welding from the center to both sides simultaneously

with lower current and higher speed is the best option for assembly problems.
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1. INTRODUCTION temperature. In plane stress, Hooke’s law between stress and elastic
strains are:

Welding is a common method of permanent joining in various industries

1
€'y==(o, — Yo, 3
such as power plants, oil and gas pipelines, and construction. Industrial * E( x 2 ®)
welding needs a high-quality joining, but non-uniform high temperature e =1 (o, — 90,) 4
field cause plastic strain in parts and appearance of residual stress. These yoErY x
stresses create internal forces that leads to appearance of distortion in the ro_1
€ry= 5 (1) (5)
xy T g \txy

product which has negative effects on shape of the parts, assembly and on
resistance of materials again fatigue, corrosion and failure (Teng et al.,
2001; Haghighi and Samani, 2020). The pattern of residual stress is
different based on manufacturing process, materials and combination of

That E is the elasticity modulus, 9 is the Poisson’s ratio and G is the shear
modulus. Stress parameters should satisfy the stability conditions of:

service structure. In rolled plates, tensile stress spread near the edges and 99x |, 9%y _ 6)
compressive stresses spread in the internal regions (Brust and Kim, 2005). ox - Oy

There are six stress variables of gy, 0, 0;, Txy, Ty Ty, that in the plane 0ty | 3oy _ 0 %
stress, there are only 0y, g, and 7,,. Strain (€,, €, and €,,) is summation ox 9y

of elastic (€', €', and €',,) and non-elastic (€,, €', and €',;) strains. Also, strain should satisfy the compatibility condition of:

Non-elastic strains include plastic and thermal strains. For the thermal

. s . . 0€', | 8%€'y | 0%€'yy | 9%€', | 0%€y 3%y, _
strain (Haghighi and Samani, 2020): o T o axay T oy o oxay = (8)
€ =€ = alAT (1) Summation of forces and momentums of residual stress should be zero in
e 0 @ absence of external forces and should satisfy:
xy=
0.dA=0 9
These relations are for isotropic materials. a is the linear thermal / ©)
expansion coefficient and AT is the difference of recent and initial fdM =0 (10)
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That dA is surface element and dM is the momentum element (Haghighi
and Samani, 2020).

There are some studies on the effects of welding parameters and
investigating distortion and residual stress of welding. In an article,
researchers study effects of different welding parameters on residual
stresses and distortion of the Cr18Ni90 pipe with thickness of 6 mm and
by changing the inserted heat, the most displacement of the pipe obtained
(Xie et al., 2020). In another research, effects of welding parameters such
as preheating, welding speed and current on residual stress and distortion
of joining an ST52 T-shape stiffener ring in an Aisi4130 thin-walled
tubular shell by numerical method has been analyzed. It obtained that
welding simultaneously both sides of the ring in the same way with
preheating is the best method with less residual stresses and distortion
between considered methods (Haghighi and Samani, 2020). Some
researchers calculate the residual stress in P91 steel by studying surface
deformation by means of CMM method and stress-strain relations (Suman
et al, 2020). In a research, the residual stress of multi-layer welding of
steel pipes by birth-death element method has been studied.

In this study, by studying an elastoplastic model, relation of stress and
distortion had been presented for the model by means of Ansys software
(Ponomareva, 2010). Some researchers investigate the residual stress and
distortion of welding SAE1020. Results show that by increasing the input
heating, more distortion appears (Teng et al, 2001). In another article,
researchers investigate the multi-pass welding residual stress distribution
in medium thick-walled austenitic stainless steel SUS304 pipe by finite
element and experimental method and presented the influence of yield
strength of the weld metal on the residual stress (Deng et al,, 2008).
Researcher in an article simulate two axisymmetric butt welds of
stainless-steel pipes with different radius and thickness in order to
investigate the effects of pipe diameter on residual stress (Yaghi et al.,
2006). Two researchers use experimental and numerical method by
means of Ansys software and birth-death method to study residual stress
of butt welding two similar plates (Dragi and Ivana, 2009).

In another research, the effects of welding sequences on residual stress
and distortion of welding by thermo-mechanical finite element method
have been studied and the results show that welding sequences have a
significant effect on magnitude and distribution of residual stress and
distortion of welding (Fu et al, 2016). Some researchers investigate the
distribution of residual stress, temperature and distortion of stiffened
aluminum alloy Al6061-T6 plates by thermo-mechanical finite element
model. They figured out that increasing the welding current increased the
residual stress and distortion and changing the welding sequence change
the distribution of distortion (Khoshroyan and Darvazi, 2020). Two
researchers investigate the effects of welding sequences on magnitude and
distribution of temperature, residual stress and distortion of stiffened
plates by nonlinear thermo-elasto-plastic and experimental method.
Results show that welding sequences have a significant effect on distortion
and longitudinal residual stress. Also, welding from the middle of the plate
to the edges has smaller distortion and residual stress (Chen and Soares,
2016).

Stresses and distortions in welding parts caused by non-uniform
distribution of heat in the welding heat zone and local deformation in the
part, which are directly related to effective welding parameters. There are
several welding parameters effect on greatness of the residual stress and
displacement of the product. Welding speed, sequences and current are
the main effective parameters of the joining process. Welding current is
the most effective parameter of this process that control the melting rate
of the filler material which has a direct effect on the quality of final
product. Welding speed determine the real time and cost of the process
and welding sequence can reduce the distortion of the product (Mandal,
2004). In this paper, effect of welding speed and current on residual stress
and distortion of an ST52 rolled plate in different welding sequences has
been studied and the best method with the least residual stress and
distortion has been presented.

2. PROBLEM EXPLANATION, INNOVATIONS & AIMS OF THE PAPER

A 300x1884 mm plate with thickness of 12 mm has been rolled and edges
joined by welding filler of ER70S-2, by means of birth-death method.
Figure 1 shows the model of rolled plate designed by Ansys APDL.

Figure 1: 3D model of rolled plate designed by Ansys APDL.

ST52-3N (DIN 1.0570) is high strength steel and good weldability with lot
of applications in the industry and construction that has been used in
bridge structures, railway track, wind turbines, the hull of the ship, tanks
and etc. the properties of ST52 is mentioned in table 1 as follow (Zargar et
al., 2012):

3. RESEARCH METHOD AND ASSUMPTIONS

a validated article has been calculated stress of welding two ASTM 36
carbon steel plates by experimental and finite element methods (Dragi and
Ivana, 2009). To validate the results of simulation of Ansys APDL, welding
simulated in an identical situation and results compared with results of
that research. Figure 2 shows the geometrical model of the article.

Figure 2: Geometric model of the valid article (Dragi and Ivana, 2009).

Welding speed is 5mm/s, current of 180 A, 24 V voltage with efficiency
rate of 85%. By a thermal and then a mechanical analysis, longitudinal
effective stress of the weld line exploited. Figure 3 shows the comparison
of the simulation with results of the article (Dragi and Ivana, 2009).
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Figure 3: Comparison of the results of the finite element method with the
valid article (Dragi and Ivana, 2009).

The model designed and meshed by Ansys APDL. The model meshed by
5400 cubic elements and 38430 nodes as shown in figure 4. Figure 5
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shows the mesh concentration in regions near the weld line for more
accuracy and reducing the error rate.

IRETy

Figure 4: The model meshed by 5400 cubic element and 38430 nodes.

Figure 5: Mesh concentration near the weld line

The Goldak’s double ellipsoid model used in this paper for inserting and
modeling heat source of welding is the closest situation with the least
error rate to the experimental process. Figure 6 shows the Goldak’s double
ellipsoid model.

Figure 6: Goldak’s double ellipsoid heat source model (Lorin et al.,
2014).

The rate of inserted heat for melting the base parts, to the whole inserted
heat, is the efficiency rate of the welding process:

n=o—t—=2% (6)

QNominal ~ EXI

That Q is the efficient heat, Qyomina: is the nominal inserted heat, E is the
voltage and [ is the welding currency.

4. RESULTS AND DISCUSSION

Welding has been designed and programmed in different conditions with
welding current of 130 and 150 A , voltage of 25 V, speed of 1.5 and 2
mm/s, and efficiency rate of 85% in different situations in order to study

effective stress and distortion of welding ST52 rolled plate in different
welding sequences as shown in Figure 7. Figure 8 shows different welding
sequences have been considered in this paper.
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Figure 7: Considered conditions in order to study effects of welding
speed and current on residual stress and distortion of different welding

sequences.
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Figure 8: Different considered welding sequences

Effective stress and distortion exploited in longitudinal and transverse
directions in the heat affected zone on the node lines as shown in Figure 9.

o

Figure 9: Longitudinal and transverse node lines in heat affected zone
for exploiting results.

4.1 Welding from Edge to Edge

By considering different conditions in welding continuously from edge to
edge, welding with higher current of 150 A and lower speed of 1.5 mm/s
(condition number 3-1) has the least effective stress with max amount of
331 MPa in longitudinal and transverse direction. Welding with lower
current of 130 A and higher speed of 2mm¢# (2-1) has the least longitudinal
distortion with Max of 0.39 mm and transverse distortion with Max of 0.45
mm as shown in figure 10.
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Figure 10: Longitudinal and transverse effective stress and distortion of welding from edge to edge

4.2 Welding from The Center to Both Sides Simultaneously

Welding from the center to the both sides simultaneously by higher
current and lower speed (3-2) has the least residual stress by Max of
342MPa and welding with lower current and higher speed (2-2) has the
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least distortion with Max of 0.35 mm in longitudinal direction. Welding
with lower current and higher speed (2-2) has the least residual stress and
distortion with Max of 342 MPa and 0.21 mm in transverse direction
respectively as shown in figure 11.
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Figure 11: Longitudinal and transverse effective stress and distortion of welding from the center to both sides simultaneously
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4.3 Welding from The Centre To the Both Sides by Time Interval

Welding with higher current and lower speed (3-3) with Max residual
stress of 362 MPa in longitudinal direction and 355 MPa in transverse
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direction has the least residual stress in the considered conditions.
Welding with lower current and higher speed (2-3) with Max distortion of
0.35 mm in longitudinal direction and 0.36 mm in transverse direction are
the best conditions with the least distortion as shown in figure 12.

]

SE0L Y 1 / -
oSN

Tk

0EH00 A e e et

I

Longitudinal Displacement (mm)
r
+
5

-5.E-01 4
-150 -1200 90 -60 -30 0 30 60 90 120 150
Distance (mm)

- =113 =-=123 —-133 1-4-3

8 E-01
TEDL >~ g -
6.1-01 ~
5001 RN
4E-01 ™
sE0l B LY 1 S SRR Pl

2 E-01

Transverse Displacement (mm)

1E-01 R L APARrS
\_’\\_1\ L

0.E+00 — — T — T T
=250 =200 -150 -100 -50 0 50 100 150 200 250
Distance (mm)

— = 113 = e12-3 — =133 1-4-3

Figure 12: Longitudinal and transverse effective stress and distortion of welding from the center to both sides by time interval.

Table 2 shows the effective stress and total distortion in longitudinal and
transverse direction in the considered conditions of Figure 7.

Table 2: Effective stress and distortion results in different welding conditions
Max Max Max Max
Welding Condition | Longitudinal | Transverse | Longitudinal | Transverse
Sequences Num. Effective Effective Distortion | Distortion
Stress Stress [mm] [mm]
[MPa] [MPa]

. 1-1 336 335 2.30 0.70
Continuous 21 341 341 0.39 0.45
‘é\;eglgltr;g;;‘;:‘ 3-1 331 331 091 0.79

4-1 340 340 0.57 0.70
Welding from thg ~ 1-2 345 345 2.05 0.70
center to both 2-2 349 349 0.35 0.21
sides 3-2 342 342 0.65 0.54
simultaneously 4-2 348 348 0.46 0.43
Welding from 1-3 360 357 3.10 0.56
the center to 2-3 360 360 0.35 0.36
both sides by 3-3 362 355 0.66 0.70
time interval 4-3 363 358 0.50 0.58

Welding from the center to both sides by time interval with higher current
and speed (4-3) with Max of 363 MPa has the highest longitudinal
effective stress and welding from edge to edge continuously with higher
current and lower speed (3-1) with Max of 331 MPa has the least
longitudinal effective stress. The highest transverse effective stress is for
welding from the center to both sides by time interval with lower current
and higher speed (2-3) with Max of 360 MPa, and welding from edge to
edge with lower current and speed (1-1) has the least transverse effective
stress with Max of 335 MPa between considered situations. Welding with
lower current and speed (1-3) has the highest longitudinal distortion with
Max of 3.10 mm, and welding with lower current and higher speed (2-2)
has the least longitudinal distortion with Max of 0.35 mm in the

longitudinal direction. The highest transverse distortion is for welding
from edge to edge with higher current and lower speed (3-1) with Max of
0.79, and welding from the center to both sides simultaneously with lower
current and higher speed has the least distortion with Max of 0.21 in
transverse direction.

5. CONCLUSION

By study the longitudinal and transverse effective stresses and distortions
for welding ST52 rolled plate from edge to edge, from the center to the
both sides simultaneously and from the center to both sides by time
interval, welding from edge to edge with higher current and lower speed,
because it has the least residual stresses between considered conditions,
is the best option in fatigue and load-bearing situations, and welding from
the center to both sides simultaneously with lower current and higher
speed, because it has the least distortion, is the best option for assembly
problems.
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