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Graphical abstract Abstract

Arc welding is the most commonly used metal joining process and its broad
+s range of applications from large structural fabrications such as bridges to

= delicate satellite and aerospace components. Welding Residual Stress (WRS)
and cracks developed during welding, reduce the quality of welds. Aerospace
structures are normally fabricated using thin metal sheets to reduce mass and
are always susceptible to buckling. Many researchers have published WRS
numerical models and experimental validations, but the impact of WRS on the
- buckling of thin low carbon steel plates is yet to be studied. The main objective
of this study is to analyse the influence of external compressive load and tendon
force generated by welding residual stress on buckling strength of the TIG
welded low-carbon steel plates. Linear buckling of welded plates under the
combined effect of external compressive load and WRS generated due to
various weld lengths were numerically modelled and its critical buckling loads
are computed. The numerical simulation findings show that the critical buckling
strength decreases by 80% when the weld length to plate width ratio (w/wi) is
equal to unity and it reduces to minimum when the w/w ratio is 0.5. After w/w,
ratio is 0.5, buckling strength increases and this behavior is caused by the stress
field interaction that arises from both the applied axial compressive load and
the WRS on the plate.

Coiial Bucklig Load (KN)
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a subject that has garnered a lot of attention from
both researchers and industrialists for the last few
decades. The welding process imparts residual stress
in welded components which may reduce the

1.0 INTRODUCTION

Thermo-mechanical modelling of Welding heat
transfer and thereby forecasting the quality of weld is
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structural integrity. The WRS and distorfions cause
problems not only in the final dimensional accuracy of
welded structures but also decrease the structural
integrity and significantly reduce the service life of
materials. Therefore it is very important to consider the
residual stresses while designing structures. Many
researchers have published welding residual stress
numerical models and experimental validations. Heat
distribution models in which the welding heat source is
assumed as a spatial distribution of heat and time can
be used effectively to study the nature of induced
WRS.

Rosenthal [1] proposed an analytical solution
based on conduction heat transfer to predict the
weld pool shape. Pavelic [1] infroduced a 2D
Gaussian type of heat distribution model with
temperature-dependent properties, to analyse a two-
dimensional plate, subject to GTA welding with
surface radiation and convection. In 1984, Goldak et
al. [1] proposed a 'double ellipsoid’ configuration of
the heat distribution model, which is capable of
predicting shallow/deep penetration and even
asymmetric welds. Gery D, et al. [2] studied the impact
of welding speed and heat source characterstics on
the thermal history of TIG welded low-carbon steel
and concluded that fusion zone and Heat Affected
Zone (HAZ) boundaries were sensitive to changes in
heat source parameters. Various advancement in
welding heat tfransfer numerical models and their limits
was explained by Joy Varghese et al. [3].

Buckling is one of the most predominant modes of
failure in thin slender sfructures such as beams,
columns, pressure vessels, and aerospace structures.
Several studies were carried out to arrive at closed-
form solutions for the post-buckling of plates under
different loading conditions. There are numerous
studies carried out on the buckling of slender plates
with imperfections such as holes, cracks, welds efc.
which shows more influence on its buckling strength.

Moen et al. [4] developed closed-form expressions
for critical buckling stress including the influence of
multiple holes on the plates under bending or
compression. Khedmati et al. [5] numerically studied
the variation in buckling strength in a plate with crack
subjected to an axial compressive load by varying
crack length, position, plate aspect rafio and
orientation, and the numerical simulation shows
significant influence of each variable on the buckling
strength of the cracked plate under compressive
load. Jahanpour et al. [6], suggested a formula for a
simply supported rectangular plate under biaxial and
shear loads using energy method. Buckling load
prediction was carried out using the regression and
interpolation techniques and formulated a simple
equation with minimum error for simply supported
rectangular plate under biaxial and shear loads. M.H.
Taheri et al. [7] carried out numerical and
experimental studies on the buckling stability of
aluminium alloy plates with off-centre cracks of
different sizes, subjected to axial compressive load
and concluded that the impact of eccentric crack
largely depends on the support type used for
constraining plate.

N. Chakravarthy et al. [8] conducted studies to
enchance the load carrying capacity of cold formed

steel member by providing CFRP reinforcement and
showed an increase in load carrying capacity and a
reduction in deflection due to CFRP strengthening. H.
Fan et al. [9] applies a buckling design method based
on the energy barrier approach to axially compressed
stiffened cylindrical shells. H. Fan et al. investigates the
effects of different structural parameters on
imperfection sensitivity and design buckling loads,
and successfully obtains stiffened cylindrical shells with
high design buckling loads and low imperfection
sensitivity, which are favorable for lightweight design.

Various studies were carried out to understand the
influence of the welding process on buckling strength.
Deo et al. [10] conducted numerical and
experimental analysis, to predict welding-induced
distortion of a fillet weld, followed by Eigenvalue finite
element analyses to understand buckling distortion
and observed that buckling distortion occurs if the
critical buckling stress is lower than the residual stress
for a given weld size. C. L. Tsai et al. [11] studied the
buckling evolution process on AH36 steel using an
integrated experimental and numerical approach
and concluded that by using the maximum
longitudinal inherent shrinkage strains, the crifical
buckling factor can be computed from eigenvalue
finite element analysis. Wang et al. [12] studied the
welding-induced buckling mechanism with the help
of Eigenvalue analysis and inherent deformation
theory-based elastic Finite Element (FE) analysis. In the
work of Yang ef al. [13], the local-overall interactive
buckling behaviour of welded square and rectangle
hollow sectfions was studied experimentally and
validated developed FE model with experimental
welding residual stress distribution data obtained from
the literature.

Cao. et al. [14] conducted a finite element
analysis fo examine the effects of the width-to-
thickness ratios of plates, slenderness, and steel grade
on the local buckling load and ultimate load of HSS
welded I-section stub  columns under axial
compression. The findings reveal that the width-to-
thickness ratios of plates have a noteworthy impact on
the stress ratios oo/fy and ovfy. Moreover, the stress
ratio oo/fy decreases as the slenderness and steel
grade increase. Rastgar et al. [15] did a field study on
the effect of vertical weld imperfections in storage
tanks under uniform external pressure and concluded
that 65% of the buckling load obtained from the ASME
Code should be used for steel tanks designed under
uniform external pressure. H. Fang ef al. [16] studied
the effect of RS for various combinations of bending
and compression and observed minimum effect of
residual stresses over members with slenderness values
between 0.7 and 1.1. Y. Chen et al. [17] studied the
buckling behaviour of m-shaped welded columns
under axial compression and shows a large deviation
in numerical results from experimental results when the
longitudinal residual stress was not considered. X.
Wang et al. [18] studied the buckling of Aluminum
extruded panels considering welding geometrical
effects. J. Wang et al. [19]studied the influence of
clamping over buckling distortion using WRS obtained
from TEP analysis.

Most of the Studies related to buckling due to
welding are conducted by using WRS values from
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either experimental data for a few measured points or
from closed-form solutions for WRS. This kind of
approach only provides an approximate result for the
buckling problem, since the WRS field is highly
complex and non-linear in nature. Also, WRS depend
on the size and type of restraint applied over the
structure during welding. Some of the studies such as
C. L.Tsaiet al [11] used a TEP model for simulating the
welding process which gives a complex WRS field
based on the welding parameter. In this study, the
impact of WRS on the buckling strength of the low-
carbon steel plates is carried out numerically. The TEP
model is used for modelling residual stress developed
during the TIG welding process and linear buckling
analysis of welded plates undergoing various welding
sequences and different weld lengths were modelled
and its critical buckling strength are computed
numerically.

2.0 METHODOLOGY

2.1 Thermal Elastic-Plastic (TEP) Analysis Material
Properties

The study is conducted on low carbon steel and
temperature-dependent properties reported by
Chidiac et al. [20], T. L. Teng et al. [21] and Z. Barsoum
et al. [22] are used for numerical simulation. Density of
low carbon steel is assumed as 7850 Kg/m3. The
temperature-dependent thermal and mechanical
properties used for modelling thermo structural
simulation are shown in Table 1 and Table 2.

Table 1 Thermal properties of low carbon steel (EN3B steel)

Temperature | v | Q@ | Q@ | @ | 8| 8 | 8
(°C) N & |B8|%|e|=2g
Thermal
Conductivity | & | ¥ Rl & o RIS
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Enthalpy — 0 ® N} ~ © X
(x107 Jm-3) — e | 3|83 % R | @
- _ ©
Specific Heat B N 3 o N S 3
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Table 2 Mechanical properties of low carbon steel (EN3B
steel)
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650 143 0.33 82 134 38

700 137 0.33 79 125 39
1000 106 0.35 - - 42
1500 - 0.48 - - 44

Heat Source Model

Goldak's Gaussian double ellipsoidal heat distribution
model for moving welding heat source as in reported
in Klobcar D, et al. [23] is used for the numerical
simulation and shown in Egn.1.

ELUNEE SR ORCE

abemym @

Q(X' y’ Z' t) =

Where U, |, v, t, fiand n are welding voltage (V),
welding current (A), welding speed (mm/s), time (s),
fraction of heat deposited in weld region, and heat
source efficiency respectively. ai, b and ¢ are the
constant which defines the characteristics of the
welding heat source and their values are selected
concerning actual weld pool dimensions measured
during welding (as per Wahab. M.A, et al. [24]). The
parameters and constants for numerical simulation of
Autogenous TIG welding process used for welding 2
mm thick plates are shown in Table 3.

Table 3 Heat source parameter and constants for numerical
simulation

U | (n‘:m 7 i f af ar b c
\' A d
V) | @ Ty
(mm)
9 75 5 0.8 14 [ 06| 3 7 25 2

Numerical Model Validation

The validation of the FE model presented in this study
is carried out by comparing it with the experimental
data from Chen ef al.'s work [25]. In their work, the X-
ray diffraction technique was used to measure the
WRS developed over a 4 mm thick steel plate. To
validate the numerical model, the plate dimensions
(300x250%x4 mm), boundary conditions and heat
source parameters used in Chen et al's work are
adopted, where the plate is clamped at its four
corners. The Figure 1 shows the validation of the
current numerical model.
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Residual Stress (MPa)
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—e— Proposed FE model
x Experiment (Chen ct.al.[25])

Figure 1 Numerical Model Validation

FE Model and Boundary Conditions

Uncoupled thermal and structural analysis s
employed for obtaining WRS, in which thermal and
stfructural analysis are carried out separately. The
temperature distribution obtained from the thermal
analysis is applied to the sfructural analysis as Nodal
temperature load. Detailed flow chart of numerical
simulation is shown in Figure 2.

[ Thermal Analysis ]

Temperature -[ Structural Analysis ]
Distribution ‘

Stress Distribution ]

& Deformation

[ Eigen Buckling Analysis ]«[

[ Critical Buckling Load ]

Figure 2 Methodology of Numerical Simulation

Enlarged view of the mesh used at
the centre of the plate

Figure 3 FE Mesh used in TEP Analysis

For this study, Mild steel plate 2 mm thick, 80 mm wide
and 160 mm long are used. The entire simulation is
carried out in ANSYS APDL using 20 noded Brick
elements (Solid?0 for thermal analysis and Solid186 for
structural analysis). Same mesh is employed for
thermal and structural analysis. For Augenous TIG
welding, no filler rod is used and same material
propertfies mention in Table 1 and Table 2 are assigned
for the entfire domain of the FE model.

The meshed FE model have 70702 nodes and
41377 elements and is shown in Figure 3, with a fine
mesh at the middle of the plate along the weld line
and considerably coarse mesh in areas away from the
weld line. A horizontal weld is made along the centre
of the plate and AA’, BB', CC’' and MM’ are the path
lines as shown in Figure 5, along which the results are
exfracted from the numerical model.

Heat distribution function shown in egn. 1 is applied
as heat generation on the top surface for TIG welding
heat source and combined convective and radiative
heat transfer equation as suggested by Chidiac et al.
[20] are used as the boundary condition for thermal
analysis. Room temperature is assumed as 25°C. For
Structural analysis, all Degrees of Freedom (DOF) are
arrested on the top and bottom surface of the plate
symmetrically for entire weld length as shown in Figure
4 and temperature field computed from the thermal
analysis is applied as thermal load for structural
analysis.

All DOF is Fixed at 5 x w mm Area at top surface

/ Wl T~

I - |
>3 3 4

/

ANl DOF is Fixed at 5 x w mm Area at Bottom surface

L

z X
.
Figure 4 Boundary condition for structural analysis part of TEP
analysis

2.2 Welding Cases

Studies are conducted to understand the influence of
weld length on the buckling strength of the welded
plates. In this study, Weld length (as shown in Figure 5)
along the weld direction is varied from 80 mm (entire
plate width, wi) fo 10 mm at the cenfre of the plate.

2.3 Static and Eigenvalue Buckling Analysis

Mesh used for Thermal Elastic-Plastic Analysis (TEP) is
employed for both Static and Eigenvalue buckling
analysis. After TEP analysis, static analysis is done on
the model by applying an axial compressive load of 1
KN and then buckling analysis is carried out. Buckling
analysis for each weld length case as in section 2.4 is
carried out by considering WRS obtained from
respective TEP analysis and 1 KN axial compressive
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load. Constraints applied to the plate for undergoing
Static and Eigenvalue buckling study are shown in
Figure 5.

1KN Compressive Load

Y z

! X and Z direction are constrained for all the
=] ______ __L__ nodesinside w x 5 x 2 mm volume at either

M ! W ! M’ side of the weld (To avoid edge effect)
A
1 1 1
1 i i
1 1 1
S T
i i I
| I I
| I I
: ! ! All Degree of freedom is constrained
v s To g T T F at bottom (w x 2 mm Section)
2 Ve Tie v

Figure 5 Boundary condition for Static & Eigen buckling
analysis

3.0 RESULTS AND DISCUSSION

TEP Analysis and Eigenvalue Buckling analysis for
various weld length cases (as discussed in section 2.2)
are conducted and observations from the numerical
study are mentioned in the current section.

S00 T
—&—  20mm - Path BB - AfterWeld
—— 40mm - Path BB’ - AtterWeld
400 - Glmm - Path BB’ - AfterWeld

—=%— E0mm - Path BB’ - AllerWeld

Transverse Stress (MPa)

o 1
0 10 20 30 40 S0

Distance perpendicular to weld direction (mm)

400 |-

—e— 20mm- Path BB’ - AfterWeld
—w—  40mm- Path BB’ - AfterWeld i
—=—  60mm- Path BB’ - AfterWeld
80mm- Path BB’ - AfterWeld

300

200

100

Longitudinal Stress (MPa)

100 -

—200 L . PR -
0 10 20 30 40 50

Distance perpendicular to weld direction (mm)

Figure é Variation of residual stress with weld length along
path BB’

Longitudinal and fransverse stress along path BB’ (as
shown in Figure 3) for 20 mm, 40 mm, 60 mm, and 80
mm weld lengths are shown in Figure 6. For all weld
length cases, maximum longitudinal and transverse
stress are observed at weld zone. Also, longitudinal
stress becomes compressive after 10 mm (HAZ) from
the weld centre. Longitudinal sfress shows a similar
frend in stress distribution along the plate, but
fransverse stress varies with weld length. As weld
length decreases, the deviation of fransverse stress
along the plate increases. This is due to the presence
of unwelded portions at either side of the weld along
weld direction.

From Figure 7, distortion of the plate increases with
an increase in weld length. Due to welding operation,
the flat plate deforms to a convex shape. Also, it
observed that the distortion progressively increases
along weld direction for above 60 mm welds, but up
to 50 mm weld distortion is more at BB’ path.

From the static analysis result, variations in
longitudinal and transverse residual stress distribution
along path MM’ over welded plate before and after
the application of 1KN load are shown in Figure 8. Up
to 20 mm weld length, both longitudinal and
fransverse stress has no significant variation on the
application of load. But for increased weld length, a
reduction in transverse stress is observed during the
application of load. This is due to the portion of
applied load shared between welded and unwelded
portions of welded plates (Interaction of stress field).
Up to 20 mm, the unwelded region takes most of the
load applied. i.e., when weld length increases, the
unwelded region reduces. So, more load should be
taken across welded portion and hence there will be
fensile stress reduction in the fransverse direction.

Application of axial load modifies the WRS field
that exists on the welded plate. Since axial load is
applied along the transverse direction (y direction), a
large variation in fransverse stress field is observed and
is shown in Figure 10. Contour plots of fransverse stress
field for 20 mm, 40 mm, 60 mm and 80 mm welded
plates, explain the distribution of compressive load.
Table 4. shows the variation of transverse stresses on
the welded and unwelded portion of the welded
plates before and after the load application. As the
weld length increases, magnitude of tensile fransverse
stress decreases due to the applied load.

Eigenvalue buckling analyses are conducted on
the welded plate with all weld length cases
individually as mentioned in section 2.3. For the first
buckling mode, critical buckling load of welded
plates with varying weld length are shown in Figure 9.
Table 5 depicts the critical buckling loads for the first
six modes of buckling of both unwelded and welded
(for each weld length) plates. Figure 11 shows the
buckling shapes of a welded plate with full-width weld
(80 mm).
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Figure 7 Distortion along thickness direction due to 20, 40, 60 and 80 mm weld length respectively
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Figure 8 Residual stress distribution along weld direction (Path MM’) for before and after static loading
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Table 4 Variation in transverse stresses (in MPa) on the welded and unwelded portions of the plate

Weld length =20 mm Weld length = 40 mm Weld length = 60 mm Weld length = 80 mm
Region
Before After Before After Before After Before After
Loading Loading Loading Loading Loading Loading Loading Loading
Welded 394 392 399 266 388 147 416 133
Unwelded 59 62 147 59 222 138 255 15
Table 5 Variation of critical buckling load with weld length for first six mode
Critical Buckling Load (KN)
Mode
w=0 w=10mm w=20mm w=30mm w=40mm w=50mm w=60mm w=70mm w =80 mm
1 20.60 4.76 2.82 1.92 1.72 2.14 2.82 3.95 4.34
2 42.25 7.47 4.15 2.7 2.36 3.13 4.17 5.92 6.55
3 53.84 7.68 4.26 2.99 2.74 3.24 4.75 6.97 8.22
4 75.35 8.85 4.84 3.32 2.98 3.82 5.8 8.45 10.28
5 83.11 16.19 8.85 5.72 4.99 6.1 7.9 10.24 11.88
[ 116.47 20.59 10.98 7.09 5.78 6.81 8.55 10.46 12
S ' ! ' ' ' ] are reduced by nearly 79% when the full-width weld is
b infroduced intfo the plate. The minimum critical
a5t i 1 buckling load observed for 40 mm weld length is 1.72
L I KN (?0% reduction compared to that of the unwelded
al - i plate). When the weld length is increased from 10mm
é ,-‘ fo 80 mm, initially up to 40 mm weld length, critical
= 1 ’ buckling load decreases gradually and after 40 mm,
S 35F _ 1 its value increases gradually. But the welding distortion
:s: | Fi in the plate increases with increase in weld length.
ER i / From the numerical results shown in Figure 8, figure
3 ® . 10 and table 4, alarge portion of the load is distributed
é kY across the welded portion of the plate after 40 mm
231 , 7 weld length. Up to 20 mm weld length, the majority of
..—" the load is distributed across the unwelded portion of
sk ".‘. ] the plate. For 30 mm and 40 mm weld length cases,
g there exist high-stress concentration regions at either
s . . . . side of the weld seam along weld direction due to
0 20 40 60 80 interaction between developed stresses at unwelded

Weld Length (mm)

Figure 9 Critical buckling load for Mode 1 buckling of welded
plates with varying weld length

From this study, the critical buckling load for an
unwelded plate is observed as 20.60 KN and its values

and welded portions of same welded plates at either
side weld seam. This formation of stress concentration
region led to a drop in critical buckling load for 30 mm
and 40 mm weld length cases.
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Before application of axial compressive load After application of axial compressive load

Figure 10 Transverse stress distribution before and after application of axial compressive load for weld lengths (a)20 mm (b)40 mm
(c) 60 mm and (d) 80 mm



Sivasubramaniyan N. S. et al. / Jurnal Teknologi (Sciences & Engineering) 85:5 (2023) 1-11

Figure 11 Buckling Mode Shapes for welded Plates with 80mm length weld

5.0 CONCLUSIONS

The influence of external compressive load and
tendon force generated by welding residual stress on

buckling strength of welded plate is studied
numerically. From the numerical simulation results, the
deviation of fransverse stress along the plate away
from weld region increases as weld length decreases.
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This is due to the presence of unwelded portfions at
either side of the weld along weld direction which
imparts large compressive stress region in the platfe.
The presence of this stress region has higher influence
on transverse stress field. From stafic analysis,
application of 1 KN load affects the frasverse WRS
distribution  significaticantly as the weld length
increases. From Eigenvalue buckling analysis, An 80%
reduction in critical buckling strength is observed,
when weld length to plate width ratio (w/wi) is unity.
Minimum critical buckling load is observed when w/w;
ratio becomes 0.5. This phenomenon is caused by the
influence of the interaction of stress field developed
on the plate due to both welding and applied axial
compressive load. Above 0.5 w/w ratio, the presence
of tensile component (due to tendon force) of
transverse WRS developed along the weld improves
the buckling strength of thin welded plates with weld
length significantly.

Based on this study, it can be inferred that the
buckling strength of a welded component is greatly
affected by both the WRS distribution and welding
distortion. Therefore, it should be considered in the
thermo structural simulation for welding process, while
predicting the buckling strength of the thin welded
structure. Also, conclude that conducting small repair
welds have a signficant impact on the structural
stability of thin welded structures with its weld length.
The influence of filler material and weld length to
thickness of plate is not considered in this study. In
future, present FE model can be improved for
conducting homogenous and heterogenous welding
on different material with different plate thickness.
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