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In the present study, on the basis of a verified model, the effects of geometrical and operational variables on the welding
distortion of dissimilar joints were investigated. Then, considering the welding current, the fixing time and the sequence of the
welding operation, the magnitude of the welding deformation was minimized. The results showed that in the studied dissimilar
joint between carbon steel and stainless steel, the minimum distortion occurred when the welding current was about 95 A, the

fixing time was 120 s and the symmetric layout was used.
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V tej Studiji je bil preiskovan s preizkuSenim modelom vpliv geometrijskih in procesnih spremenljivk na popacenje oblike pri
varjenju razli¢nih materialov. Obseg deformacije pri varjenju je bil zmanjSan z upoStevanjem varilnega toka, dolocitvi ¢asa in
zaporedja varilskih operacij. Rezultati pri Studiju varjenja ogljikovega in nerjavnega jekla so pokazali, da je najmanjse
popacenje oblike doseZeno pri varilnem toku okrog 95 A, ¢asu 120 s in simetri¢ni izvedbi varjenja.

Klju¢ne besede: zmanjSanje, popacenje oblike pri varjenju, spajanje razli¢nih materialov, spremenljivke pri varjenju

1 INTRODUCTION

Dissimilar joints are made of two materials that are
considerably different in mechanical and/or chemical
senses. Alloying between the base metals and filler
metals is of great importance when dissimilar joints are
made using fusion-welding processes. The resulting
weld metal can show completely different mechanical
properties as well as the distribution of the residual stress
and the distortion within the weldment compared to the
applied base metal(s) and filler metal. In this respect,
proper designing of the welding procedure for these
welds is of importance to engineers and scientists'. In
welding operations, residual stresses and distortions are
formed in the welded structures due to severe tempera-
ture gradients, as they can cause brittle fractures re-
ducing the fatigue life as well as stress corrosion crack-
ing. There are many published studies about the effect of
welding residual stresses on the performance of welded
structures. For example, Francis et al.? studied the
influence of the residual stress in the vicinity of a weld
on the structural integrity. They found that the martensite
start temperature of the weld filler metal can be adjusted
to mitigate the residual-stress distributions in ferritic
steel welds.

Klobcar et al.’ developed a finite-element model to
predict the deformation and residual stresses and detect
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the areas critical to cracking during the repair welding of
complex-geometry tooling.

Francis et al.* reviewed the metallurgical issues that
arise in ferritic steel welds, relating them to the difficul-
ties of calculating residual stresses and highlighting
some stimulating areas for future research. It should be
mentioned that welding residual stresses and distortions
are affected by many factors: the thermo-physical and
mechanical properties of base metal(s), the geometry of
the weldment, the heat input, the welding sequence, etc.’
So far, a few studies about the residual stresses in similar
as well as dissimilar arc-welding operations have been
published. For instance, Sahin et al.® used a two-dimen-
sional finite-element model to predict the residual
stresses in a brazed joint between 1.0402 and brass (BS
CZ107). They found higher residual stresses in the steel
part of the joint with the higher yield strength. Katsareas
et al.” developed two-dimensional and three-dimensional
models to predict the residual-stress distribution in a
dissimilar joint between A508 and 1.4301. They used the
element-death-and-birth technique to simulate an addi-
tion of the filler metal to the weld pool. Ranjbarnodeh et
al.? simulated the heat transfer in dissimilar arc welding
of stainless steel to carbon steel. They used the finite-
element software ANSYS to investigate the effects of
process parameters on the temperature distribution and
residual stresses of a dissimilar joint. According to the

259



E. RANJBARNODEH et al.: FINITE-ELEMENT MINIMIZATION OF THE WELDING DISTORTION ...

literature, there are several studies on the effects of
welding parameters on the magnitude and distribution of
welding residual stresses. Teng et al.” developed a model
to evaluate the effects of welding speed, specimen size,
mechanical constraint and preheating on residual
stresses. In another study, Teng et al.'® evaluated the
residual stresses with various types of welding sequences
in the single-pass welding. But, few researches examined
the finite-element simulation of the effect of the welding
parameters on the residual distortion. Tsirkas et al.!!
developed a model to study the effect of the welding
speed on the residual stresses and distortion in butt welds
of similar butt joints, in which the AH36 steel was used
as the base metal. Their results showed that increasing
the welding speed greatly affected the welding residual
distortion.

Considering the published works on dissimilar joints,
further studies are necessary to investigate the welding
residual distortions of dissimilar welds, particularly
under different welding conditions, as well as the weld-
ing sequences and the fixing time in a fixture. Moreover,
to the best knowledge of the authors, there is no compre-
hensive research on the minimization of the welding
distortion of dissimilar joints. Therefore, in the present
study, a thermo-mechanical model was utilized to
evaluate the effects of the welding current, the welding
sequence, the fixing time, the similarity and the joint
geometry on the residual distortions of dissimilar butt
joints of carbon and stainless steels made with the TIG
welding process. A finite-element software, ANSYS,
was used to solve the governing equations of the heat
transfer and elastic-plastic distortion. Finally, consider-
ing the fixing time, the welding current and the
sequence, the magnitude of the welding distortion was
minimized.

2 MATHEMATICAL MODEL AND
EXPERIMENTAL PROCEDURES

In this work, the finite-element method is employed
to solve the heat-conduction problem during and after
dissimilar welding. Equation (1) can be employed to
describe the temperature variations inside the parts being
welded:

a(kaTJ d kaT a(kaT) CE)T )
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where T denotes the temperature, k is the thermal con-
ductivity, C is the specific heat, p is the density, ¢
represents the welding time, z represents the welding
direction, x is the transverse direction and y is the
thickness direction. In addition, convection-conduction
boundary conditions presented in Equation (2) are
assumed, except for the region affected by the welding
arc where the Gaussian heat source is employed as the
boundary condition as illustrated in Equation (3):
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Here, n denotes the normal direction to the surface
boundary, 7, is the ambient temperature, g(r) is the
welding input energy, r is the distance from the center of
the heat source and o is the Gaussian distribution
parameter, which is assumed as the radius of the area to
which 95 % of the energy is entered®, while r is assumed
to be 1.5 mm and n = 0.6.

It should be mentioned that the finite-element soft-
ware, ANYSYS, is employed to solve the above heat-
conduction problem. Regarding the thermal response of
the material being welded, it is expected to produce a
severe temperature gradient close to the welding arc and,
therefore, very fine elements are required in the region of
the weld pool to archive accurate results. Thus, the mesh
is generated in such a way that the size of the elements
increases exponentially in the transverse direction, i.e.,
the x-axis. The mesh system used in the model is
illustrated in Figure 1. At the same time, the mechanical
response of the weldment should be determined by
solving the equilibrium problems as shown in Equations
(4) and (5):

g

o,,+b,=0 4)
o, =0, 5)

Stainless Steel

Carbon Steel

@)

(b)

Figure 1: a) Model geometry and b) the used finite-element mesh

Slika 1: a) Geometrija modela in b) uporabljena mreza koncnih ele-
mentov
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where oj; is the Cauchy stress tensor and b; is the body
force vector, while the thermo-elastic-plastic behavior,
based on the Von Mises yield criterion and the isotropic
strain-hardening rule, is considered in the model.
Accordingly, the constitutive equations can be written as
follows:®

[dol=[D* Jdel-[c " JdT (6)

where D®P is the elastic-plastic matrix, C" is the thermal
strain matrix, do is the stress increment, de is the strain
increment and d7 is the temperature increment. Since
the thermal elastic-plastic analysis is a non-linear and
path-dependent problem, the incremental calculations,
together with the iterative solution techniques, are
employed in the model.

It is worth noting that, in the finite-element analysis,
for the short samples a total of 5670 elements and 7130
nodes were employed, while for the long samples a total
of 11340 elements and 14105 nodes were used in the
analysis. The temperature-dependent material properties
are assumed for both the stainless-steel and low-carbon-
steel parts. The convection heat-transfer coefficient was
taken as 25 W/(m? K) for the surfaces in contact. The
total duration of the joining process consisted of two
main parts in the model. The first part was used to
complete the welding stage and the remaining time was
used to perform the cooling in and out of the fixture.
During and after the welding stage the model was con-
strained in order to prevent a rigid body motion. It
should be noted that for the mechanical part of the
simulation the results of the thermal part were applied as
the body force and thermal stresses were calculated at
each step, in other words, the thermo-mechanical prob-
lem was handled as a sequentially coupled one.® Using
the validated model®, the simulations were repeated for
different lengths, thicknesses, welding currents, welding
sequences and holding times of the fixture and similar
joint. Table 1 shows the chemical compositions of the
steels used in the welding experiments. The dimensions
of the samples were L x 80 x ¢ (mm?®) where L is the
sample length and ¢ is the sample thickness, but the filler
was not used. The welding parameters used for preparing

e —

v

Figure 2: Measurement setup for the welding-induced distortion
Slika 2: Merjenje popacenja oblike zaradi varjenja
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the experimental samples are shown in Table 2. The
welding speed was 3.56 mm/s for all the samples. After
the completion of the joints, the maximum magnitude of
the welding distortion of all the samples was measured
using a height gauge in the Y-direction as shown in Fig-
ure 2 and the resulting distortions were compared with
the computed results.

Table 1: Chemical compositions of the applied base metals in mass
fractions, w/%
Tabela 1: Kemijska sestava uporabljenih jekel v masnih delezih, w/%

Material C Si Mn Ni Cr Ti
Stainless steel
(AISI409) 0.015| 059 | 0.27 | 0.13 | 11.28 | 0.17
Carbon steel
(CK4) 0.025 |1 0.013 | 0.19 | 0.04 | 0.01 -

Table 2: Applied welding parameters
Tabela 2: Uporabljeni parametri varjenja

. Welding| Thick-
Joint type Welding currentg ness Length Sample
sequence (A) (mm) (mm)
dissimilar| progressive | 120 2 450 120LPD
dissimilar| progressive | 120 2 225 120SPD
dissimilar| progressive | 150 3 225 | 150Thick
dissimilar| progressive | 150 2 225 150Thin
dissimilar| progressive | 105 2 450 105LPD
dissimilar| progressive | 135 2 450 135LPD
dissimilar| progressive 95 2 450 95LPD
dissimilar| symmetric 95 2 450 95LSD
similar | progressive | 120 2 225 | 120SS-SS
similar | progressive | 120 2 225 |120CS-CS
dissimilar| back step 120 2 225 120SBD
dissimilar| symmetric | 120 2 225 120SSD

3 RESULTS AND DISCUSSION

The comparison of the experimental and simulation
results of the distortion measurements are presented in
Table 3. As can be seen, there is a logical consistency
between the experimental and simulated data. The effect
of the sample length on the welding residual distortion
was investigated using the samples with two different

Table 3: Comparison between experimental and simulated distortion
data

Tabela 3: Primerjava med eksperimentalnimi in simuliranimi podatki
o popacenju oblike

Simulated distortion| ~ Experimental Sample
(mm) distortion (mm)
547 8.1 70SPD
16.4 22.1 70LPD
17.6 18.5 105LPD
4.43 6.1 120SPD
21.9 243 120LPD
18.2 23.1 105LPS
19.4 242 120LPS
19.7 25.5 135LPS
10.2 9.8 120LPDS
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Figure 3: Effect of the length on the welding distortion: a) longer
sample, b) shorter sample

Slika 3: Vpliv dolzine na popacenje oblike pri varjenju: a) daljsi
vzorec, b) krajsi vzorec

lengths, 120SPD and 120LPD. The distortion of the
longer sample, with twice the length, is over five times
larger than that of the shorter sample as shown in Figure
3. This can be related to the lower stiffness of the longer
sample (120LPD). Stiffness is the resistance of a body to
distortion due to an applied force. Contrary to elastic
modulus, stiffness is not an intrinsic material property. In
other words, it depends on the geometry and material
property (elastic modulus). For an element in tension or
compression, the axial stiffness is defined with Equation

N):

AXE WXxtxXE
L L

K= (7
where L denotes the sample length, A is the cross-sec-
tional area, E is the Young’s modulus, W is the width of
the specimen and ¢ shows the thickness. The double
length of the longer sample causes the half stiffness, i.e.,
a lower resistance to distortion and, accordingly, a
higher welding distortion. The next point is the effect of
the thickness on the welding distortion. Figure 4 com-
pares the distortions for two different thicknesses.
Again, according to Equation (7), a higher thickness
means a higher stiffness. Therefore, the thicker structure
is more resistant to distortion. Increasing the thickness
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Figure 4: Effect of the thickness on the welding distortion: a) thicker
sample (3 mm), b) thinner sample (2 mm)

Slika 4: Vpliv debeline na popacenje oblike pri varjenju: a) debelejsi
vzorec (3 mm), b) tanjsi vzorec (2 mm)

from 2 mm to 3 mm decreased the maximum magnitude
of distortion from 6.7 mm to 0.3 mm.

The maximum distortions for different welding
currents are compared in Table 4. As expected, a higher
welding current induced a higher welding distortion due

Penetration Depth (mm)
n

55 75 95 115 135
Welding Current (A)

Figure 5: Effect of the welding current on the joint penetration
Slika 5: Vpliv varilnega toka na penetracijo v spoju
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Figure 6: Distortion of sample 95LPD
Slika 6: Popacenje oblike pri vzorcu 95LPD

to a higher welding-heat input. Therefore, it can be con-
cluded that the minimum distortion would be attained for
the minimum applicable welding heat input keeping a
full penetration. Using the simulation results, the mini-
mum welding current to reach a full penetration was
found to be about 95 A, as illustrated in Figure 5. Using
this welding current, the simulation was repeated and the
result showed that the minimum possible distortion for a
progressive layout was about 6.8 mm (Figure 6).

Table 4: Maximum distortions for different welding currents
Tabela 4: Maksimalna popacenja pri razlicnih tokovih varjenja

135LPD 120LPD 105LPD Sample
135 120 105 Welding current (A)
23.7 21.9 17.6 Distortion (mm)

The effect of the welding sequence on the welding
distortion was investigated for three different sequences.
Figure 7 shows a schematic illustration of the used
welding sequences and Figure 8 indicates the effects of
the used welding sequences on distortion. As it is de-
monstrated, the symmetric layout causes the minimum

Start point Start point

Progressive

Backstep

Symmetric

Figure 7: Schematic illustration of the used welding sequences
Slika 7: Shematski prikaz uporabljenih sekvenc varjenja
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residual distortion. This can be due to the movement of
the welding heat source from the middle of the plate with
the minimum degree of freedom to the endpoint with the
highest degree of freedom. It should be noted that this
result is in agreement with the other researchers.’!?
According to the authors’ knowledge there is no detailed
numerical study on the effect of the holding time in a
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Figure 8: Effect of the welding layout on distortion: a) progressive, b)
back-step and ¢) symmetric welding layout

Slika 8: Vpliv postavitve varjenja na popacenje oblike pri varjenju: a)
progresivno, b) s koraki nazaj in c) simetri¢na postavitev varjenja

263



E. RANJBARNODEH et al.: FINITE-ELEMENT MINIMIZATION OF THE WELDING DISTORTION ...

10

9,5 4
9
8,5 1
|
7.5 1

7 4

Distortion(mm)

6,5 1

6

0 50 100 150 200 250
Holding Time(sec)

Figure 9: Effect of the holding time in the fixture on distortion
Slika 9: Vpliv Casa zadrzanja v drzalu na popacenje oblike

fixture on the welding distortion. The question is what
the effect of the holding time in a fixture on the mag-
nitude of distortion is when a structure is welded under
mechanical restraint. In order to answer this question the
final distortion of sample 95LPD was determined for
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Figure 10: Comparison of the distortions of: a) similar and b) dissimi-
lar joints

Slika 10: Primerjava popacenja oblike pri spajanju: a) enakih in b)
razli¢nih materialov
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Figure 11: Distortion of sample 95LSD
Slika 11: Sprememba oblike vzorca 95LSD

different holding times in the fixture and afterwards the
structure was relaxed due to the removal of the applied
mechanical constrains. As depicted in Figure 9, in-
creasing the holding time decreases the residual welding
distortion. After 120 s, the distortion-holding time curve
enters a plateau region. This means that the joint in the
fixture was cooled down and that, after this time, the
holding time did not have a significant effect on the final
magnitude of distortion. This can be due to the high
yield strength of the base metal at room temperature,
preventing additional distortion. Figure 10 compares the
distortions of similar and dissimilar joints. It is seen that
a similar joint of stainless steel will cause a higher mag-
nitude of distortion in comparison with a dissimilar joint.
This may be attributed to the low thermal conductivity,
low yield strength and the high thermal-expansion coeffi-
cient of stainless steel. Using the previous findings of
this study, a simulation was done for different welding
currents to reach the minimum welding distortion. The
result is depicted in Figure 11. As can be seen, using the
minimum welding current (95 A), the symmetric sequen-
ce and the 120-second holding time, the final magnitude
of the welding distortion can be reduced by only about
0.4 mm which is very small in comparison with 23.7 mm
for sample 135LPD.

4 CONCLUSIONS

In this work, a verified 3D finite-element model® was
utilized to evaluate the effects of the geometry, the
welding current, the welding sequence, the holding time
in the fixture and the similarity of the joint on the
welding distortion of a dissimilar joint between carbon
steel and stainless steel. Also, considering the welding
current, the sequence and the fixing time, the magnitude
of the welding distortion was minimized. The results
showed that:
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e A higher welding current, i.e., a higher heat input
produces a larger distortion.

¢ Increasing the length and decreasing the thickness of
the welded plates reduce the stiffness of the structure
and, consequently, increase the welding distortion.

e Due to the low thermal conductivity and yield
strength and the high thermal-expansion coefficient,
the welding distortion of a similar joint of stainless
steel is larger than in the case of a dissimilar joint of
carbon steel and stainless steel.

e Increasing the holding time in the fixture first reduces

the distortion but after 120 seconds, it no longer has a

significant effect.

The symmetric welding sequence was found to be an

effective way to reduce the welding distortion of a

joint compared to the other welding layouts applied

in the current study.

e The minimum welding distortion in the studied joint
can be obtained using the symmetric sequence, the
welding current of 95 A and the holding time of 120
S.
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