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Abstract — In this work thermo-mechanical 3D finite
element analysis has been performed to assess the residual
stresses in the butt-weld joints of ASTM A36 steel plates
utilizing the commercial software package ANSY S. Thefinite
element model is employed to evaluate transient temperature
distribution and theresidual stressfields during welding. The
welding simulation was considered as a sequentially coupled
thermo mechanical analysis. To make use of the advantage of
geometrical symmetry, only one plate is considered for
analysis. Temperature dependant properties of the material
are specified. The spherical volume-specific density heat
source distribution is considered with aradius[, . Convective

and radiative heat losses are taken into account through
boundary conditions for the outward flux. The residual stress
distribution and magnitude in all directions and equivalent
stress are obtained. The present 3D analysisresults are found
to be in good agreement with experimental results and
existing 2D finite element analysis.

Keywords — ASTM A36 Steel, Butt-Weld, Convection and
Radiation Heat L osses, Finite Element, Thermal Efficiency.

|.INTRODUCTION

Joining of metallic parts by welding is widely used in
automotive industries to assemble various products. It is
well known that the welding process relies on an intensely
localized heat input, result of thermally induced plastic
deformations, the internal stresses, namely, the welding
residua stresses remain in the welded components and
structures. These residual stresses are associated with the
thermal cycles and develop when the components/
structures cool down to ambient temperature. Structural
parameters (viz., geometry and joint type), material
parameters (viz., mechanical and physical properties, and
type of filler metal), and welding process parameters (viz.,
current, voltage, arc travel speed, arc efficiency, and type
of process) do strongly affect residual stress distribution
and distortion in weld joints and structures. The resulting
residual stresses have a strong influence on weld
deformation, fatigue, fracture, creep and buckling.

Depending on magnitude, sign (tension or compression)
and the distribution of the stresses with respect to the load-
induced stresses, the effect of residual stresses may either
be beneficial or detrimental. Hence, it is necessary to
understand the mechanism of metal deformation induced
by intense heat associated with welding heat source under
both the internal and external conditions.

To date, number of expensive or destructive techniques
has been employed for measuring residual stresses in
metals. X-ray diffraction can be used to measure residual
stress at the structure surface, because the penetration
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depth of X-rays is extremely shallow. The principle of
neutron diffraction is the same as that of X-ray diffraction.
Since the penetration depth of neutrons is deep, neutron
diffraction can be used to measure the through-thickness
residual stress in welded structures [1-4]. Nevertheless,
more traditional approaches, mainly based on the strains
produced in the body as a consequence of residual stress
relaxation, are still widely employed due to their
satisfactory accuracy and relatively low cost [5]. Strain
gauges are usually utilized for strain measurements, even
if more sophisticated methods, such as holography and
Moire have aso been applied. Numerical calibration
techniques can be applied to improve the accuracy and
resolution of these methods [6, 7]. Thermal stress analysis
plays an important role in evaluation of residual stress, and
of distortion, as well as microstructure modeling of welded
joints and structures. Heat transfer analysis provides the
thermal history in the welded joints, which will be utilized
in stress analysis to determine the residual stressfields.
Rosenthal developed the first classical solutions for the
heat sourcesin 1941 and later by Rykalin and othersin the
1950s to obtain transient temperature of welded plates. An
extensive survey and presentation of various analytical
solutions for a number of stationary and moving heat
sources in semi-infinite body, thick plate, fillet joint,
cylinders, sphere and cone and their application in weld-
pool simulation, residual stress and distortion calculations,
microstructure modeling and optimization of multi-pass
welded components were performed by Nguyen [8]. These
solutions are obtained with an assumption that only
conduction is playing a mgjor part in the thermal analysis
of welds. In the welding process, the fusion zone (FZ) and
the heat affected zone (HAZ) regions experience high
temperatures, which cause phase transformations and
aterations in the mechanical properties of the welded
metal. The estimates of temperature distribution in
multiple pass welding is more complex than in the single
pass processes due to superimposed thermal effects of one
pass over the previous passes. The effect of thermal cycles
obtained from the distributed (Gaussian) heat source
model are found to be more reliable than those obtained
from the concentrated (point) heat source model [9]. The
finite element method (FEM) is the overall dominant tool
used for analyzing various types of welded joints[10-12].
The various issues involved in the development of
material models used for residual stress analysis have been
discussed in detail by Lindgren [13]. Duranton et al. [14]
have computed distortions and residual stresses through
the 3D finite element simulations of multi-pass welding of
a 316L stainless steel. The finite element smulation of
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three-dimensional transient residual stresses in a Tee-joint
has been performed by Murugan and Narayanan [15] and
the authors used a contour method to experimentaly
validate the numerical results. The finite element
simulation of temperature field and residual stresses of
butt-welded plates have been executed over the last two
decades [16-19]. The inherent strain method has been used
by Ueda and Yuan [20, 21] and Mochizuki and Hattori
[22] to calculate the residual stresses. Dong [23] has
proposed a model utilizing the element birth and death
technique to simulate the metal deposition that is valid in
the case with no thermal effects of the sudden larger
temperature variation. A new technique of element
movement for full 3D simulation of the welding process
has been introduced by Fanous et al. [24].

A 3D finite element welding simulation and predicted
weld-induced residual stresses in butt welding of two
similar carbon steel plates have been performed by
Stamenkovic and Vasovic [25]. The welding simulation
was considered as a sequentially coupled thermo-
mechanical analysis and the element birth and death
technique was employed for the simulation of filler metal
deposition. The finite element analysis results are found to
be very close to the experimental results. The thickness
effect on the residual stress states in butt-welded
2.25CriMo steel plates have been examined by Tahami et
al. [26]. Finite element analysis results show that by
increasing the plate thickness, the residual stresses
increase and the residual stress affected zone becomes
larger. The longitudinal residua stress in weld axis
changes from compressive to tensile by increasing the
plate thickness. The effect of the welding-electrode speed
using birth and death of finite elements has been studied
by Tahami and Sorkhabi [27]. They have shown that use
of the 3D and transient model will lead to more accurate
and realistic results which are well compared with the test
data. Jeyakumar et al. [28] have performed a 2D finite
element analysis and predicted weld-induced residual
stresses in butt welded two similar 2.25 CriMo low-alloy
ferritic steel plates and also ASTM A36 steel plates.
Accurate and reliable residual stress prediction and
measurements are essential for structural integrity
assessment of components containing residual stresses.
Commerciadly available finite element method (FEM)
packages such as ABAQUS, ANSYS, NASTRAN,
MARC, etc. can be used for welding thermal elastic plastic
stresses and distortion analyses. Finite element simulation
of residual stresses due to welding involves in genera
many phenomena, e.g. nonlinear temperature dependent
material behavior, 3D nature of weld-pool and the welding
processes and micro structural phase transformation. In
this paper, the finite element analysis of residual stresses
in butt welding of ASTM A36 stedl plates is performed
utilizing the ANSYS. The present analysis results are
found to be in good agreement with experiment results and
the existing 2D finite element analysis.
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Il. WELDING SIMULATION

The thermal history of welded joints is generally
predicted from heat transfer analysis. Subsequently, the
calculated thermal history can be used for thermal stress
analysis to determine the residua stress fields in the
welded joints. Heat can be transmitted by conduction,
convection and radiation during welding processes. For
welding processes where an electric arc is used as the
welding source, heat conduction through the metal body is
the major mode of heat transfer and heat convection is less
significant as far as the temperature field in the welded
body is concerned. The partia differential equation for
transient heat conduction is

pc£=v.(KVT)+ f
Where the density (), specific heat (c) and the
thermal conductivity (k) are dependent on temperature
(T). t is the time and f represents the additional heat-
generation function in the body.
_dH
dT )
From Egs. (1) and (2), one can write the apparent heat
capacity equation in the form

p%=V.(KVT)+ f 3)

c

The problem to be solved is defined by the heat
conduction equation together with initial and boundary
conditions. Simple boundary conditions are prescribed
temperature or prescribed heat flux. The surface heat flux,
On is defined as positive when directed in the outward
normal direction. It is zero in the case of an isolated,
adiabatic boundary. Convective and radiation heat losses
are more complex boundary conditions for the outward
flux. Then the surface heat flux depends on the
temperature of the body and the surrounding and is written
as

G =K VTA=k T =R (T-TJrers T -T)
4

Where the first term is convective heat loss and h; is the

heat transfer coefficient. The second term is the heat loss

due to radiation and S, is Stefan-Bolzmann’s constant
and e, is the emissivity factor. The second term is a

nonlinear boundary condition. The total heat loss in Eq.
(4) can be written in a format more convenient for finite
element implementation as

¢ =h+e s+ T2 KT+ T )T-T)=h(T-T.)

©)

The effective heat transfer coefficient (hg) is a

combination of both the convection and radiation
coefficients:

he =h, +e8(T°+T2Ty +TTZ +TS) ©

Heat input is the most important parameter to determine
the temperature distribution in the welded components.
This heat quantity is the output from a particular heat

Copyright © 2013 IJECCE, All right reserved
582



IJECCE

source used to fabricate the welded joints. Heat source
provides the required energy and causes localized high
temperature spot, in al the welding processes. In arc-
welding with constant voltage (V) and amperage (1), the
efficiency of the heat source would be
Vit Vi

weld (7)

Where Qs is the heat generating rate and t,qq is the
welding time and 77is the therma efficiency. The

Gaussian-distributed volumetric hest source can be used to
simulate the welding to give a better prediction of the
temperature field near the source center. The Gaussian
volumetric heat source is used to simulate the welding-arc,
where the heat source density, q(x, Yy, 2) at an arbitrary
point (X, y, 2) is represented by [8]

3./3 -3(1/)?
0=
)]

The distance r in Eqg. (8) is the distance from the center
point of the heat source to the point for which the heat
generation is being cal cul ated.

The distribution of q(x, y, 2) in Eq. (8) represents 95%
of the total heat Q when applied within a sphere with

radius r,. The distance, r =\/(x—xh)2+ y2+2%;
X, =V(t—ty) and visthe welding speed.
The calculation of welding residual stresses is usually

based on the temperature distribution and the thermal
stress increment Ao (= ExAT)is caculated from the

incremental therma strain AT . Here « is the thermal

expansion and E is the Young’s modulus. The residual
stresses arise not only from the welding shrinkage but also
from the surface quenching (rapid cooling of the weld
surface layers) and phase transformation (transformation
of austenite during the cooling cycle).

The calculation starts with time t=0 and the thermal
stress is calculated for the initial temperature distribution
of the welded components. At the next time step, the
thermal stress increment is added to the initial stress at
step t=0. The magnitude of the cumulative thermal stress
is limited to the yield strength of the material at actual
temperatures. It should be noted that at each step, the
forces caused by the induced thermal stresses must be in
equilibrium. This procedure is repeated until the last step
at which the thermal stressis that at ambient temperature,
i.e. theresidua stress.

Ill.BUTT-WELDED STEEL PLATES

Residual stress analysis has been carried out in a butt-
weld joint of ASTM A36 steel plate (200 x 100 x 3mm)
as shown in Fig.1 is examined.

Table 1 gives the temperature dependent properties. The
commercia finite element code ANSY S has been used to
carry out the thermal and mechanical analyses.

In order to perform the thermal anaysis, 3D element
SOLID70 is used. The element has eight nodes with a
single degree of freedom, temperature, at each node. The
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FE model contains 25755 nodes and 20000 elements. The
temperature dependent thermal material properties for the
plates, heat affected zone and the filler weld material were
assumed to be the same. The material deposition is
modeled using an element “birth and death” technique. To
achieve the “death element” effect, the ANSYS code does
not actually remove the element from the model. Instead,
the weld elements are first deactivated by multiplying their
stiffness by a huge reduction factor. Meanwhile, to obtain
the “birth element” effect, the ANSYS program then
reactivates the “death element” by allowing its stiffness,
mass, element loads, etc return to their original values.
Temperature around the arc is generally higher than the
melting temperature of materials and drops sharply in
regions away from weld poal. In high temperature gradient
regions of FZ and HAZ, more refined mesh close to weld
lineis essential for obtaining accurate temperature field.
The overal input of heat flux Q is evaluated from Eq.
(8) specifying the arc efficiency, 7 =0.85; arc voltage,
V=24V; and the current, I=180A. In the present analysis,
I, is set to 3 mm. Welding speed = 5 mm/sec. The heat

source is assumed to move through volume and calculated
heat is applied to elements as volumetric heat generation.

The thermal analysis is straight forward compared with
the mechanical analysis. The mechanical properties are
more difficult to obtain than the thermal properties,
especialy at high temperatures, and they contribute to the
numerical problems in the solution process [7, 20]. Many
analyses use a cut-off temperature above which no
changes in the mechanical properties are accounted for
[21]. It serves as an upper limit of the temperature in the
mechanical analysis. Tekriwal and Mazumder [29] varied
the cut-off temperature up to the melting temperature. The
residual transverse stress was overestimated by 2-15%
when the cut-off temperature was lowered. It should be
noted that al material models need to have good thermo-
elasto-plastic properties up to the  cut-off temperature.

It is assumed that the filler weld material has the same
chemical composition of the parent material. The melting
temperature of the filler material is 1783K. A cut-off
temperature (Touor) IS Set to 1073K. The material
properties at Tqy.off are specified in the regions where the
temperature is higher than T FOr convective and
radiative heat losses, the constants in the complex
boundary conditions for the outward flux in Eqg. (6) are:

Stefan-Boltzmann constant, S, =5.67X107°W/m’K*.

convection coefficient, h,=15W/m’K; and the

emissivity factor, €; =0.2.

To obtain thermal history, transient, non-linear thermal
problem is solved using temperature dependent thermal
properties and considering heat conduction, convective
and radiative boundary conditions. In thermal analysis the
heat source is specified in 3082 time steps. It takes 6012
seconds to cool down from the maximum temperature to
ambient (room) temperature. Since load steps are too
many, Ansys Parametric Design Language (APDL) has
been adopted to perform both thermal and structural
analyses. For structural analysis 3D element SOLID45 is
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used. The element is defined by eight nodes having three
degrees of freedom at each node: translations in the nodal
X, Y, and z directions. Thermal stress analysisis performed
specifying the temperature distribution, temperature
dependent mechanical properties and symmetry boundary
conditions to obtain the transient and residual stress fields.
For the mechanical material properties, same material
models were used for the weld beads and the base
materials according to the yield strength.

V. RESULTSAND DISCUSSION

The temperature variation from the weld center line to
the edge of the plate along Y -direction (that is along the
length of the plate) is shown in Fig. 2. The peak
temperature reaches up to 1973K for the present analysis
and 2112K in 2D FEA [28], are in good agreement. The
results indicate that the plate is undergoing significant
temperature variation. At the beginning, the temperature
reduction in the area close to the weld axis shows the

guenching effect. Fig. 3 shows the residual stress (o)

distribution along top, middle and bottom surfaces
perpendicular to the weld obtained from the present
analysis, and it is compared with experiment result [25]
and 2D finite element analysis [28] . The analysis result
varies from 383 MPa (tensile) to -78 MPa (compressive)
and reaches to zero at top surface, while it varies from
380.8 MPa (tensile) to -77.5 MPa (compressive) and
reaches to zero at middle surface, also varies from 388.4
MPa (tensile) to -99 MPa (compressive) and reaches to
zero at bottom surface, while it varies from 380.5 MPa
(tensile) to -190 M Pa (compressive) and reaches to zero in
experiment and from 389 MPa (tensile) to -132 MPa
(compressive) and reaches to zero in 2D FEA results, isin
good agreement.

Fig. 4 shows the residual stress (o, ) distribution along

top, middle and bottom surfaces along the weld line
obtained from the present analysis, and is compared with
2D finite element analysis results [28]. The analysis result
varies from 386 MPa (tensile) to -272 MPa (compressive)
at top surface, while it varies from 394 MPa (tensile) to -
132 MPa (compressive) at middle surface, also varies from
385.6 MPa (tensile) to -131.4 MPa (compressive) at
bottom surface while it varies from 387 MPa (tensile) to -1
MPa (compressive) in 2D FEA results.

Fig. 5illustrates the residual stress (o) distribution for

top, middle and bottom surfaces along the weld line
obtained from the present analysis and is compared with
2D finite element analysis results [28]. The analysis result
varies from 80 MPa (tensile) to -543 MPa (compressive),
while it varies from 108 MPa (tensile) to -497 MPa
(compressive) at middle surface, aso varies from 83.5
MPa (tensile) to -434 MPa (compressive) at bottom
surface, while it varies from 161 MPa (tensile) to -343
MPa (compressive) in 2D FEA results, is in good
agreement. Fig. 6 shows the residua stress (o)

distribution through thickness at weld center line. The
result varies from 388 MPa to 384 Mpa (tensile). Fig. 7
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depicts the residua stress (o) distribution through

thickness at weld center line. The result varies from 72.5
MPa to 50.8 Mpa (tensile). Table 2 gives the values of
residual stresses at mid section of the plate perpendicular
to weld. The values of residual strains at mid section of the
plate perpendicular to weld are enumerated in Table 3.
Table 4 details the values of residual stresses along weld
line.

V. CONCLUDING REMARKS

3D Finite element analysis has been carried out utilizing
the commercial software package ANSY S to estimate the
temperature distribution and residual stresses in the butt-
welded ASTM A36 steel plates. The distribution of
residual stresses and strains along top, middle and bottom
surfaces perpendicular to the weld and along weld line are
obtained from the present analysis, and is compared with
experiment result [25] and 2D finite element analysis [28],
isin good agreement.

dg

Fig.1. Butt-welded steel plates
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Table 1: Variation of physical properties of the material with temperature [28]
Chemical Composition (Yowt)

C Mn P S S
0.28 0.60~0.90 0.04 0.05 0.40
. Thermal e
Temp Density Elastic Poisson’s  expansion Therma_l . Speific Yield stress
(K) (Kg/m?) modulus ratio Coefficient conductivity heat (MPa)
ImI - (GPa) (Cyx105  WIMK) T (G(KgK))

208 7880 210 0.3 1.15 60 480 380

373 7880 200 0.3 1.2 50 500 340

473 7800 200 0.3 13 45 520 315

673 7760 170 0.3 1.42 38 650 230

873 7600 80 0.3 1.45 30 750 110
. 107 7500 35 0.3 145 25 1000 30
3 127 2390 20 0.3 1.45 26 1200 25
3 147 2300 15 0.3 1.45 28 1400 20
3 167 750 10 0.3 1.45 37 1600 18
s 77 7180 10 0.3 145 37 1700 15
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Table 2: Residual Stresses at mid section of the plate perpendicular to weld

Distance ;
from weld Top Surface (MPa) Middle Surface (M Pa) Bottom Surface (M Pa)
line (mm) o, o, O o, o, O i o, o, O
0.0 380.5 50.8 358.5 3785 46.0 358.3 379.8 52.0 357.2
1.0 380.4 49.2 358.3 378.3 44.0 358.2 380.8 53.8 357.1
2.6 383.1 52.9 358.0 380.8 475 357.8 382.9 56.2 357.0
6.7 255.7 94.2 223.8 329.6 104.0 292.2 388.4 98.3 354.3
20.8 -77.8 46.9 109.9 -77.5 42.2 114.0 -99.0 59.1 138.6
37.0 -46.2 20.0 59.3 -44.7 171 58.2 -76.4 40.3 103.1
52.0 -22.9 5.7 26.5 -21.9 44.0 255 -35.0 10.8 417
77.2 -3.1 -05 3.0 -2.9 -0.7 29 -74 -0.1 7.4
100.0 6.6 -0.1 6.7 -6.6 -0.1 6.6 5.3 0.0 5.3

Table 3: Residual Strains at mid section of the plate perpendicular to weld

Distance Top Surface Middle Surface Bottom Surface

from weld

line (mm) g, g, e g, g, & g, g, e
0.0 -0.0006 -0.0233 0.0297 -0.0006 -0.0230 0.0294 -0.0006 -0.0398 0.0487
1.0 -0.0006 -0.0287 0.0000 -0.0007 -0.0283 0.0520 -0.0007 -0.0406 0.0520
2.6 -0.0006 -0.0139 0.0373 -0.0006 -0.0137 0.0225 -0.0006 -0.0122 0.0216
6.7 -0.0005 0.0006 0.0226 -0.0005 0.0006 0.0027 -0.0005 0.0003 0.0043
20.8 -0.0004 0.0003 0.0028 -0.0006 0.0003 0.0005 -0.0006 0.0004 0.0007
37.0 -0.0002 0.0002 0.0005 -0.0004 0.0002 0.0003 -0.0004 0.0003 0.0005
52.0 -0.0001 0.0001 0.0003 -0.0002 0.0000 0.0001 -0.0002 0.0001 0.0002
77.2 0.0000 0.0000 0.0001 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

100.0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Table 4: Residual stresses along weld line

Distance Top Surface (MPa) Middle Surface (M Pa) Bottom Surface (M Pa)
alongweld
line (mm) (o o o o, o, o,
0 -271.8 -543.7 -132.0 -497.0 -80.1 -433.6
6 431 -216.4 100.0 -302.0 90.1 -232.0
13 326.9 227 259.0 5.0 328.6 411
20 363.6 295 370.0 64.0 368.7 42.0
27 368.8 30.2 379.0 57.0 3715 37.3
34 3722 345 383.0 60.0 374.2 404
41 375.3 39.8 385.0 66.0 376.8 45.1
48 378.2 454 388.0 720 379.2 50.4
55 380.5 50.8 390.0 78.0 381.4 56.5
62 382.7 56.9 392.0 86.0 383.8 64.8
69 384.8 64.1 394.0 97.0 385.6 75.1
76 386.3 72.3 393.0 108.0 383.6 835
83 384.5 79.5 379.0 105.0 359.9 64.4
91 108.8 -293.9 293.0 -11.0 208.9 -165.5
100 -189.4 -427.4 -96.0 -459.0 -131.4 -452.2
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