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Abstract.There must selection an optimal of welding parameter and condition that reduces the risk
of mechanical failures on weld structures.The residual stress and welding deformation have the
large impact on the failure of welded structures.To achieve the required precision for welded
structures, it is required to predict the welding distortions at the early stages.Therefore, this study
uses 2DFinite Element Method (FEM) to predict residual stress and strain on thick SS400 steel
metal plate. A birth and death technique is employed to control the each weld pass welding. Gas
Metal Arc (GMA) welding experiment is also performed with similar welding condition to validate
the FE results.The simulated and experiment results provide good evidence that heat input is main
dependent on the welding parameter and residual stress and distortions are mainly affected by
amount on heat input during each weld-pass.

Introduction

Automated GMA welding is currently one of the most popular welding methods, especially in a
broad range of industrial environments such as in areas of renewable energy. In GMA welding, heat
source is created by an arc and maintained between a consumable electrode wire and work-piece.
The weld is formed by melting and solidification of the filler material and base material. Inert gas is
allowed to flow during the welding process to shield the weld metals from the surrounding
atmosphere [1-6].

The local, non-uniform heating and subsequent cooling during the multi-pass welding process
causes complex thermal stress/strain field to develop that finally leads to residual stress, distortion.
The mechanical characteristics such as residual stress, distortion are prime concern to the industries
producing weld-integrated structures around the world due to its obvious potential to cause
inaccuracy in final welded structures [1].Residual stress, develop in and around the welding zone
are detrimental to the integrity and the service behavior of welded structures. During the welding
process, the weld area is heated up sharply compare to the surrounding area and fused locally. The
material expands as a result of being heated [2].The heat expansion is restrained by the surrounding
cooler area, which gives rise to thermal stresses.To predict the magnitude and trends of residual
stress and deformation fields is a complex phenomenon due to the involvement of various factors
including short term localized heating and rapid coolingand metallurgical transformations
[3].Therefore, the FE based numerical simulations attained a considerable important for the
prediction of adverse consequences of complex multi-pass welding.

In this study, a two-dimensioned finite element model developed to predict the residual stress and
deformation in multi-pass GMA welding process. The developed model employs Goldak’s heat
distribution, to simulate welding on SS400 steel butt-weld joint with a thickness of
16mm.Furthermore, FE results are validated with multi-pass experiment with similar welding
condition as FE analysis.
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Development of welding Simulation model

The GMA welding process is a coupled thermo-mechanical phenomenon is employed to evaluate
the residual stress and deformations. Thus this coupled welding phenomenon can be split into
thermal analysis followed by structural analysis.

Heat source modeling

The evolution thermal analysis is quite a complex phenomenon associated with GMA welding
process. The weld pool shape can be largely influenced by the weld metal transfer mode and
corresponding fluid flow dynamics [9]. In representation of GMA welding, the most widely
acceptable double heat source model presented by Goldaks et al.[11] being used for the FE
modeling as shown in Fig. 1.

Heat flux
(W/mm?)

Fig.1 Goldak’s double ellipsoid heat source model[9].

The models give the Gaussian distribution for the butt and have excellent features of power and
density distribution control in weld pool and HAZ. The Goldak’s heat distributions are expressed by
the following equations [10]:

6
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The parameter of moving heat source has been chosen to compute melted zone of thermal
simulation and welding process parameter are listed in Tablel and 2. In this simulation the each
pass process parameter is different. The contribution of the transient temperature field is also
temperature-dependent thermo-physical properties as shown in Fig. 2. Heat conduction problem has
been solved using heat transfer analysis to obtain temperature histories. The combined heat transfer
coefficient is expressed as follows;

h=24.1x10"T"" 2)

where € is emissivity of the surface of the body, a value of 0.9 is assumed for this study[9].

Table 1: Parameter of double ellipsoidal heat source.

Weld pass a(mm) b(mm) cdmm) c(mm) fr f;
1 4.5 4.5 6 16 0.5454 1.4545
2 6 12.2 0.6593 1.3407
3 6 25 0.3870 1.6129
4 8.2 10 10.4 133 0.8776 1.1224
5 9.3 9.8 7.4 14.8 0.667 1.3333

Table 2: Welding process parameters

Weld pass Welding Voltage(V) Arc Current (A) Welding speed (mm/min)
1 23 200
2 26 280
3 25 240 11
4 25 260
5 20 230
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Fig. 2 Thermo-physical properties of SS400 steel as a function of temperature.

The 2D thermal FE computational procedures has been developed to calculate the temperature
histories for 5 bead multi-pass GMA welding process at different cooling time of SS400 steel. The
dimension for five-pass finite element model is the 400mm in length and 16mm in thickness as
shown in Fig. 3.

Fig. 2 Dimensional details and weld bead sequence for 5 pass butt weld.

Structural Analysis

For mechanical analysis, the temperature history of each node from the preceding thermal analysis
is input as the node load with temperature dependent mechanical properties shown in Fig. 4. The
von mises yield criteria is employed with oy, g5, and o3 beingthe three principal stresses, coupled to
a kinematic hardeningrule,

1 >
Uv=\/5[(01‘02)2+(02_03)2+(U3_01)} 3)
The total strain can therefore be decomposed into three components as follows:
lotal:£e+£p+£lh (4)

The component on the right-hand side of above equation corresponds to elastic, plastic and thermal
strain, respectively.

The elastic strain is modeled using the isotropic Hooke’s law with temperature-dependent Young’s
modulus and Poisson’s ratio. For the plastic strain component, a plastic model is employed with the
following features: the Von Mises yield surface and temperature-dependent mechanical properties.
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Fig. 4 Thermo-mechanical properties of SS400 steel as a function of temperature.

Experimental Procedure

To validate the FE model, a GMA welding experiment is conducted on 400x200x16 mm thick
SS400 steel with similar geometry and welding process parameters from the FE model as shown in
Fig. 5. Commercial high-tech, fully automatic GMA MS500S welding equipment along with
automated wire feeder and welding fixtures were used to reflect the desired structural boundary
conditions. Five pass butt-weld geometry is used with single "V" groove having included angle of
and Smm root opening same as FE model as indicated in Fig. 2. The welding carriage is moved with
a constant welding speed alone the rails.

A non-destructive, x-ray diffraction measurement methods is used to measure residual stress
across the welded plate. It uses the interatomic spacing as the ultimate gage length, the X-ray
technique is ideal for and applicable to all crystalline materials, especially for metals, but also for
ceramics. In addition to the FE parameters, carbon dioxide was used as shielding gas with flow rate
of 20 liter/min.
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Fig. 5 Multi-pass GMA welding experiment seup.

Results and Discussion

Repeated heating and subsequent cooling has a large impact on the residual stress of the base material
during multi-pass welding process material. Tensile and compressive residual stress fields are
observed near the weld region based on different temperature distribution on the plate. The different
temperature gradient results at the top surface and bottom surface produce different tensile and
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compressive residual stress and varying the shrinkage patterns through the thickness of the butt
welded plate. The transverse and longitudinal stress distribution along the width at the top surface
of the plate is shown in Fig. 6(a) and (b). Fig. 6(a) compares the FM simulation and experimental
transverse residual stress, a similar pattern and transverse residual stress and experimental measured
residual but there is quite difference in magnitude of the stress. From FE simulation results, it can
be observed that around HAZ a tensile stress while at FZ and actual welding region is under
compressive residual stress.
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Fig. 6 Transverse and Longitudinal residual stress at the top surface of the weld plate.

The edge of the plate and at welding region, a compressive longitudinal residual stress is observed
whereas at the HAZ the tensile residual stress. In FZ the stress fluctuate from compressive to tensile
stress on the left side of the plate. The residual stress magnitude and distribution at the bottom
surface is different compared to top surface due to the groove joint and also weld pass 3, 4 and 5
has large impact on top surface. The transverse residual stress at HAZ is observed to compressive
initially but as moved further toward welding region the stress becomes tensile. The large
compressive stress is noted at the weld region and FZ as shown in Fig. 7(a). Fig. 7(b) shows
longitudinal residual stress at the bottom surface to butt welded plate. At HAZ and FZ the
compressive stress and tensile stress is observed.

Fig. 8 (a) shows the transverse strain distribution on the plate. It can be observed that the
transverse strain distribution at HAZ and FZ is mainly concentrated as tensile strain on the
left side plate and at the welding region the strains fluctuate from tensile to compressive. Fig.
8(b) also shows that strain at right side plate are under compressive. The elastic strain at left
and right side plate varies due to left side plate being restrained and due to difference in heat
load which is applied to the four and five weld-pass. For longitudinal strain, it is observed
that the top surface of the plate, have tensile strain at HAZ, whereas at FZ and in vicinity of
welding region it has compressive strain.
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Fig. 7 Transverse and Longitudinal residual stress at the bottom surface of the weld plate.
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Fig. 8 Transverse and longitudinal strain distribution on the welded plate.
Conclusion

2D FE simulations of five pass GMA welding was performed on the 16mm thick SS400 material, to
determine residual stress, strain and deflection on the plate. The FE simulation results are verified
by experimental results with similar weld conditions and geometry. According to the numerical and
experimental analysis results, the following conclusion can be drawn.

(1) Based on the simulation results, The heat input and peak temperatures of weld pool are depend
on the welding process parameter, voltage and current and travelling speed of welding touch,
whereas temperature distribution, residual stress and deformation are dependent thermal
material properties, heat input, the cooling rate and restrains on the plate.

(2) It is know that residual stress and strain distribution on top and bottom surface of the plate
differs, due to heat distribution load applied to plate, the heat input and also the cooling time
after each welding pass. The restraint of plate has also impact on residual stress and strain. The
FEM results have much resemblance with the experimental residual stress pattern and
magnitude.
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