Thermo Mechanical Analysis )
of Multipass Butt-Welded Joints oo
by Finite Element Method

T. Raja, P. Anand, M. Sundarraj, M. Karthick, and A. Kannappan

Abstract Welding is an unswerving and competent metal joining process broadly
used in industries. Residual stresses and distortion are most important challenges
to the safety of system and constructions of butt-welded joints. The difficulties
of the archaic measurement of residual stress are time intense and destructive. A
three-dimensional fleeting thermomechanical analysis of butt-welded joint has been
performed using FEM method in two steps to forecast the residual stresses and dis-
tortion. The first step is fleeting thermal analysis that yields dynamic temperature
distribution throughout weld and the plates. The next step is the mechanical analysis
which yields the residual stress, strain and displacement. It comprises of moving
heat source, metal plasticity and elasticity has done during the material deposition,
temperature dependent on material properties, element true and death technique was
used for filler metal deposition in ANSYS software.

Keywords Dynamic temperature distribution - Residual stresses * Distortion -
Butt-welded joints -+ ANSYS software

1 Introduction

Arc welding method is used to join the plates in butt joints, [1]. The results of
tensile stress with the depositions of weld beads and the relation between maximum
temperature and the residual stress in the welded metal pass were discussed. X-ray
diffraction technique was used to measure stresses in the welded plate, [2]. The
nodal displacements were measured in both welding simulations. The elastic-plastic
analysis was used to measure structural displacement of the material [3]. In another
work, three-dimensional model is used to predict the residual stress and distortion
induced in laser beam welding of circumferential-welded pressure vessel simulated
in aluminium butt-welded joint, [4]. To measure the residual stress in pressure vessel
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joint used keyhole drilling method, numerical results are agreed with experimental
results and analysed the residual stresses on a welded tee joint plate using contour
method, [5]. Plain carbon steel plates and gas metal arc welding process are used.
It is observed cutting a welded joint, deformations occurred at the cut surfaces as a
result, relaxation of residual stresses are measured, [6]. The TIG welding distortions
in austenitic stainless steel welded plate are compared with numerical results. In this
analysis, coordinate measuring machine was used to measure the distortion in thin
welded plates, [7]. A residual stress and distortion are generated when welding a
flat bar-stiffened steel plate. In this analysis, Gaussian surface heat flux was used
as a moving heat source. Combined convection and radiation boundary conditions
are used for heat losses during and after welding, [8]. From the above motivation,
to determine the residual stress, structural and thermal analysis of butt welded joints
for 304 duplex stainless steel material plate by applying element.

2 Experimental Method

In this work, the arc welding was used for joining the two plates. The temperature is
more in the area near the welding torch; this area expands more than regions further
away. During the heat input, stresses in the area near to welded joint are compressively
in plastic stage because the thermal growth in this area is controlled by adjacent metal
with less temperature and more yield stress. The process of welding has been finished,
and welded plate starts to cool; then, its deformation was in reverse direction. As a
result of compressive plastic strains was formed in the area near welded region, the
deformation of welded plate during and after the joining process is shown in Fig. 1.

Both the residual stresses and deformations are associated with each other. These
residual stresses exist in a body if there are no external loads or body forces. Plastic
deformation is one of the sources which occur in many manufacturing processes.

Fig.1 Deformation during
and after weld
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(a) Butt weld (b) distribution of stress along yy

Fig. 2 a, b Residual stress distribution in butt-welded joint

Non-uniform plastic deformation occurs, if an initially stress-free body is subjected
to loading, [9]. The body will elastically unload when these loads are removed.
After all loads were removed, the stresses remaining are the residual stresses, which
are smaller or equal to than the yield stress existing after the weld has completely
cooled. Distortion and residual stresses are two faces of same problem, namely
thermally induced plasticity. To control the residual stress and distortion is crucial
in manufacture of welded structure. A typical distribution of longitudinal residual
stress in butt-welded joint is shown in Fig. 2a, b; these stresses are parallel to the
welding direction.

In this experimental study, duplex stainless steels (DSS) are used as welding joint.
The matching filler metal is used where a welding was performed, whereas welds
made with the filler metal enriched with nickel were used in as-welded condition.
The weld metal microstructure from a composition exactly matching that of the par-
ent steel will contain high ferrite content. The increase in nickel is made to improve
the as-welded phase balance and increase austenite content. Furthermore, traditional
trial and error approach is costly and time consuming. Numerical simulations based
on finite element (FE) models provide a very suitable tool for investigating the ther-
mal and mechanical consequences of welding process. FE simulation techniques for
welding processes have been a major topic in welding research for several years,
[10-12].The availability of 64-bit high-performance computing machines and
enhanced finite element computational techniques has made it possible to simu-
late temperature fields developed from welding process. The computer simulation
of welding processes enables the welding engineers to predict transient and residual
stress fields and deformation behaviour of welded structures. These can be further
used for the evaluation of structural misalignments and premature failures due to in
service loads and weld-induced residual stresses.
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3 Result and Analysis

3.1 3D Modelling of Welding Joint

In these modelling techniques, solid modelling as well as finite element modelling is
created. In solid modelling, the graphical entities are used such as key points, lines,
areas and blocks (Fig. 3).
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Fig. 3 a CAD model of weld plate, b finite element model of weld plate
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3.2 Heat Source Modelling

A heat input during welding process with particular path on top of the work piece
material fusion process was done. Residual stresses, distortion and reduced strength
of structures directly from the thermal series are caused by localized strong heat
input (Table 1).

General heat conduction for constant thermal conductivity:
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The finite differential equation for x-, y- and z-axis is
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Figure 4 shows the three-dimensional view of heat sources. From the figures, the
heat flux is maximum at centre of the arc. The heat flux value gradually decreased
away from the centre arc (Figs. 5 and 6).

Table 1 Experimental results for heat source model

x-coordinate from centre of arc z-coordinate from centre of arc Heat flux (W/m?)
(1 x 1073 m) (1 x 1073 m)

0 0 198,625,369

1 1 101,977,664

2 2 13,801,176

3 3 492,343

-1 -1 101,977,664

-2 -2 13,801,176

-3 -3 492,343
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Fig. 4 Distribution of heat source
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Fig. 5 Two-dimensional view of heat source model

3.3 Factor Birth and Death Process

The element death effect, by the ANSYS software, deactivates the element by mul-
tiplying their stiffness by a reduction factor. That the severe factor was set to 1.0E-6
by default, [13, 14]. Similarly, the other elements like specific heat, damping and
mass deactivated by the elements are set to zero. The mass and energy of killed
elements are not added over the model, and the strain value also is to zero; then, the
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Fig. 6 Three-dimensional view of heat source

process of element deactivated was quick reaction. The element birth process was
not actually added to the model; the elements are reactivated like, temperature, mass,
stiffness. So that the element birth technique which was the factor of the model is
simply reactivated, and the death technique which was the factor is deactivated from
the model.

Figure 7 shows the FEM of weld plate with weld pool elements. Figure 8 shows that
the weld pool elements are deactivated for filler metal deposition and temperature of
plate is 300 K. The temperature distribution analysis during the welding and cooling
at different time periods is shown in Figs. 7 and 8.

Welded plate returns to room temperature after cooled for more than one hour.
The temperature is suddenly dropped after the welding, but more time is taken to
drop temperature from 350 to 300 K.

3.4 Solving the Structural Analysis

The nodal temperatures were obtained from thermal analysis which is applied for
the structural analysis to predict the residual stress and distortion in welded joint.
In thermal analysis, nodal temperature distribution alone predicted, [15, 16]. In this
analysis, full Newton—Rapson method is used to update the stiffness matrix. It is also
used in thermal analysis.

The total strain was calculated by assembling the elastic strain, plastic strain
and thermal strain. For the elastic-plastic analysis or thermomechanical analysis
for calculating the elastic and plastic strains, rate-independent bilinear isentropic
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ANSYS

Fig. 8 Temperature distribution during cooling t = 236 s
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hardening rule was considered. The thermal strain was calculated by its thermal
expansion described in equation.

During the heating phase, the metal is heated from room temperature to higher
temperature. So, the metal expands during the heating phase due to its coefficient
of thermal expansion; distorted weld plate during heating phase is shown in Fig. 8.
During the cooling phase, hotter regions in the weld plate produce shrinkage. Due
to this shrinkage, the metal is distorted in the opposite direction of heating phase,
shown in Fig. 9. This is called as welding distortion. The vertical displacement of
welded plate is shown in Fig. 10. In this vertical displacement, both edge plates move
upwards because the centre of weld plate is the hotter region during welding. During
cooling, the metal in heat-affected zone (HAZ) shrinks, so the edges of plate move
upward.

Fig. 9 Distortion during heating
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Fig. 10 Distortion after cooling

4

Conclusion

A three-dimensional transient thermomechanical simulation of welded butt joint
has been performed using finite element method. It also includes a moving heat
source, material deposit, temperature dependant material properties, metal plas-
ticity and elasticity. Element birth and death technique was used for filler metal
deposition.

During the heating phase, the metal is distorted in opposite direction of final
distortion. The vertical displacement of welded plate is shown in Fig. 11. In this
vertical displacement, the edges of the plate bend upwards look like V shape. The
maximum vertical displacements 2.915 mm are shown in Fig. 10.

The peak value often residual stress by the simulation is 402 MPa and the com-
pressive residual stress 122 MPa. Yield stress of duplex stainless steel at room
temperature is 470 MPa. The peak value often residual stress obtained by the
simulation is almost equal to the yield stress of the material at normal ambient
temperature. From the observation, the compressive residual stress region was a
smooth curve than the tensile stress region. Coarser elements were used in weld
zone to reduce the CFD weld time.
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Fig. 11 Residual stress distribution in a welded plate
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