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Abstract. In welding processes, the thermal history involved is responsible for, amongst other effects, the generation of
residual stresses and their detrimental consequences. Thus, several studies have been carried out in order to evaluate
and minimize the occurrence of welding residual stresses. In this preliminary study, which is a part of a broader
project that aims at the development of finite element-based procedures for the prediction of welding residual stresses,
a thermal modeling is performed to simulate TIG welding of a rectangular plate without filler metal. The commercial
code ANSYS® is used. The plate is meshed using solid elements. The modeling of the heat source is discussed. For a
better match to real welding conditions, temperature dependent thermo-physical material properties are considered,
which leads to a non-linear analysis. Convection and radiation heat losses are also taken into account. A transient
analysis is carried out to obtain the temperature field as a function of time. The approach is applied to a stainless steel
AISI 316L plate. The results obtained are shown to be in good agreement with experimental results found in the
literature, which demonstrates the viability and efficiency of the finite element method for simulating welding thermal
cycles.
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1. Introduction

Welding is the most important joining process in the world. TIG welding (also known as GTAW — Gas Tungsten
Arc Welding) is a widely used welding process and, unlike processes such as laser and electron beam, it merely causes
metal fusion, leading to a very localized vaporization (Depradeux, 2004). The process is based upon the creation and
maintenance of a voltaic arc between a non-consumable tungsten electrode and a metal workpiece. The arc is shielded
from the environment by a continuous flow of an inert gas. The heat transferred from the arc produces a thermal cycle
in the workpiece. In general, during this process, a strong heating of certain regions of the workpiece occurs, while the
remaining parts of it are subjected to much lower temperatures, leading to a non-uniform and transient temperature
distribution. As a result, and in view of the natural trend of expansion of the heated regions, which are constrained by
the colder adjacent areas, non-uniform elastic and plastic strains are generated. These plastic strains are responsible for
the major part of welding residual stresses. However, material phase transformations, which lead to volume changes
(expansions and contractions), also generate residual stresses.

Based on the discussion above, obtaining the transient temperature field becomes the first step for determining the
residual stresses field. Several studies address this problem, in which different methodologies and assumptions are
proposed to solve it. Initially, analytical methods were considered, such as the one proposed by Rosenthal (1941), which
assumes a concentrated heat source. According to Depradeux (2004), these analytical models are appropriate when the
melted zone is considered small with respect to the workpiece dimensions. Nevertheless, new analytical solutions have
been proposed, which take into account a distributed heat source (Nguyen et al., 1999; Fassani and Trevisan, 2003).

The solution of the welding thermal problem using numerical methods has been widely used lately, specially the
finite element method (FEM). FEM allows taking into account temperature dependence of thermo-physical material
properties (like thermal conductivity, enthalpy, specific heat and density), different modes of heat transfer with the
environment (convection and radiation) and the possibility of modeling structures with complex geometries
(Depradeux, 2004). Since the first simulations, such as the one carried out by Hibbitt and Marcal (1973), complexity
and performance of the models have evolved, mainly due to the technological advances. During this evolution, models
have progressed from two-dimensional representation of structure cross-sections (Papazoglou and Masubuchi, 1982;
Free and Goff, 1989; Hong et al., 1998) and further to three-dimensional transient models, including non-linear and
temperature dependent material properties (Fricke et al., 2001; Francis, 2002; Depradeux, 2004).
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The present work seeks to obtain the transient temperature field due to a TIG welding process without filler metal on
a stainless steel AISI 316L plate. For this purpose, the finite element method is employed, using a solid 3D element.
Despite the fact that the use of FEM to solve this problem is well developed, its application still needs
validations and a larger diffusion.

2. Thermal analysis

During TIG welding, an electric power source provides a difference of potential, U, between a tungsten electrode
and the workpiece. This voltage supports the formation of an electric arc, through which passes a current, /. The total
power generated is calculated as the product of the voltage U and the current /. However, due to losses that occur via
different mechanisms, like convection and radiation in both the electrode and the arc, only part of this power is actually
used to heat the material. The ratio between the useful power and the total power is known as arc efficiency, denoted by
7. Thus, the actual heat input per unit of time can be expressed as:
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Heat flow in welding is a non-linear phenomenon due to the dependence of material thermo-physical properties on
temperature. Consequently, the heat diffusion equation is written as (Incropera and de Witt, 1990):
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where p(T) is the mass density, c¢(7) is the specific heat, g is the heat generated per unit volume, K.(T), K,(T) e K(T) are
the thermal conductivity coefficients in each direction, T is temperature and ¢ is time.
Taking into account that enthalpy is given by:
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one obtains the enthalpic formulation of heat diffusion:
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In order to consider the fusion latent heat (phase change), the value of the heat capacity suffers an abrupt increase
followed by an abrupt decrease at fusion temperature (Fig. 1a). In the enthalpic formulation, an abrupt increase on
enthalpy value also occurs (Fig. 1b). In the case of pure materials, fusion occurs at a constant temperature. However, in
non-pure materials (alloys, for example), fusion occurs between solidus (Ty) and liquidus (T;) temperatures.
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Figure 1. Influence of the fusion latent heat on (a) heat capacity and (b) enthalpy.

Heat losses on the workpiece surfaces by convection, ¢., and radiation, ¢g,, are introduced as boundary conditions,
using the following equations (Incropera and de Witt, 1990):

q.=h(T-T,) (5)
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where 4 is the convection coefficient, T, is the room temperature, ¢ is the emissivity of the body’s surface and o is the
Stefan-Boltzmann constant.

An important topic in welding simulation is the modeling of the heat source (distribution of heat input). In general,
the distribution of heat input can be classified as superficial (the contribution of the plasma is essentially considered)
and volumetric (the contribution of the welding pool is also included).

According to Depradeux (2004), among the most frequently used heat source models for superficial distribution, one
can mention the constant distribution on a disc of radius R, infinite Gaussian distribution and finite Gaussian
distribution on a radius R,, which are illustrated in Fig. 2. For a volumetric distribution, finite 3D Gaussian distribution
on an ellipsoid and on a double ellipsoid are the most common models (Fig. 3). The choice of a model and its features
(dimensions and intensities) depends on the welding process and parameters used. Therefore, it would be useful to have
some information obtained from experiments, like the size of fusion zone and/or temperature as a function of time in a
few points, to enable comparison with numerical results and thus, to adjust or even change the chosen model.
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Figure 2. Examples of superficial heat input models.

Figure 3. Examples of volumetric heat input models.
3. Numerical Modeling

A finite element modeling was performed using the commercial code ANSYS®. The modeled piece is a stainless
steel AISI 316L plate with dimensions of 250 x 160 x 10 mm. Welding is carried-out along the mid-line of the plate
parallel to its larger dimension. The material properties as functions of temperature are presented on Tab. 1 in the range
[293 K - 1473 K]. For temperature values above 1473 K, the properties are extrapolated linearly up to the fusion
temperature. The values of the fusion temperature and the latent heat for the AISI 316L steel reported in the literature
varies significantly from a bibliographic source to another. The values used in this study are the ones from the work of
Dupas and Waeckel (1994), namely fusion temperature between 1643 K and 1698 K, and fusion latent heat of
1.7982 x 10° J/m’.

According to Depradeux (2004), above fusion temperature, enthalpy is considered to vary linearly, with the same
slope of the enthalpy curve in the pre-fusion region, while thermal conductivity has its value doubled to simulate
convection losses and to homogenize the temperature in the welding pool. Convection and radiation losses are
considered in the model, where the convection coefficient is /=10 W/m’K and the emissivity is &=0.75. Room
temperature is considered to be 301 K.

The element used in model meshing is the SOLID70, which is a 3D solid element with 3D thermal conduction
capability. It has eight nodes with a single degree of freedom per node (temperature). The meshed model (containing
17,574 nodes) is shown in Fig. 4. The mesh was refined in the welding zone with hexahedral elements of dimensions
2.5 x 2.5 x 2.0 mm, getting gradually coarser up to elements of dimensions 2.5 x 10.0 x 2.0 mm at the two edges
parallel to the weld bead.

The element SURF152 was used to include the thermal radiation effect. This element needs an extra node away
from the plate to simulate radiation. Therefore, a node was created on an axis normal to the surface of the plate, passing
through its midpoint, and at 1.0 m away from the plate. To this node it is ascribed the value of the room temperature.




Table 1. Temperature dependent thermo-physical properties of the AISI 316L steel (Depradeux, 2004).

Temperature (K) Thermal Conductivity (W/m/K) Enthalpy (¥10° J/m°)
293 14.0 0.000
373 15.2 0.300
473 16.6 0.704
573 17.9 1.130
673 19.0 1.560
773 20.6 2.000
873 21.8 2.450
973 23.1 2.910
1073 24.3 3.370
1173 26.0 3.860
1273 27.3 4.360
1473 29.9 5.360
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Figure 4. Finite element model of the studied plate (a) and its cross-section view (b).

As suggested by Depradeux (2004), the welding parameters used were: current of 150 A, voltage of 10 V, travel
speed of 1 mm/s and an efficiency of 68 %.

The features of the heat distribution (such as depth and area of the region where the heat is applied, and its intensity)
were adjusted in such a way to provide satisfactory match to the experimental thermal results presented by Depradeux
(2004). Based on this, the heat introduced was distributed in two planes of the plate: the upper face and a parallel plane
located 2.0 mm below it, as shown in Fig. 5. In this figure, it can be seen that the distribution of the heat input looks like
a Gaussian distribution.
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Figure 5. Heat input distribution on the upper face (a) and a parallel plane located 2.0 mm below it (b).



Simulation of the movement of the heat source was performed in the following way: as the torch moves, the heat
flow is applied successively to the subsequent set of nodes. Since, at first, ANSYS® code does not perform this action
automatically, it was necessary the implementation of two routines in MATLAB® to write an input file which
accomplishes this task. The first routine builds the list of nodes to be passed by the heat source, and the second one
sequentially applies the heat flow to nodes as function of time, according to the adopted welding velocity. Welding
starts at 10 mm and finishes at 240 mm from the edge x=0. Therefore, the length of the weld bead is 230 mm.

4. Results

The numerical results obtained were compared to experimental results presented by Depradeux (2004). The cross-
section and the points of the plate used for comparison are illustrated in Figure 6. The cross-section is located at 95 mm
from the edge x=0. This way, the heat source, which moves at 1 mm/s, passes through this section after 85 s of welding.
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Figure 6. Cross-section used for comparing experimental and numerical results: (a) bottom and (b) upper face.

Figures 7 and 8 show numerical and experimental results related to the temperature evolution as a function of time
on the bottom and upper faces of the plate, respectively. Figure 8 also shows numerical results for a point on y=0. From
the results of the bottom face (Fig. 7), it is possible to verify a good agreement between numerical and experimental
results, showing a maximum deviation of 5.2 % for the point on y=0, 7.2 % for the point at 20 mm from y=0 and 3.2 %
for the point at 35 mm from y=0. For the upper face, a good agreement between results is confirmed as well, with
deviations of 6.9 % for the point at 10 mm, 4.2 % for the point at 20 mm and 3.5 % for the point at 30 mm, all the
distances relative to y=0. For both faces, it is observed that the highest deviations occurred at the beginning of the
heating at each point, where temperature rises earlier in the experiment than in the simulation. This could be explained
by the fact that the torch movement is discrete in the model and continuous in actual welding, that is, in the model, the
torch “jumps” from a set of nodes to another at each instant of time, instead of moving continuously.

1100 T T T T I

I I
, ! : : Q Murmerical Dmim
: L i i 2 Mumerical 20mm
1o T . A ©  Mumerical 35mm I
: : : — Experimental Omm
LN e R R REREEEE — Euperirmental Z0mrm

; ; ' ! — Experimental 35mm

800

00

Temperature (K]

600

500
400
S00Es
0 a0 100 150 200 250 300 350 400
Tirme (5]

Figure 7. Temperature evolution as a function of time for the bottom face.
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Figure 8. Temperature evolution as a function of time for upper face.

Figure 9 illustrates the temperature profile along the cross-section at 95 mm from the edge x=0 as a function of time.
It can be seen that far from y=0, temperature evolution becomes smoother. Note that, on the farthest point from =0

(=80 mm), temperature rises 15 s after the torch passes through the section. One also verifies that there is a trend of
temperature stabilization over the section.

1900
700~
R S e
1300

TR I P DR

Temperature (K)

Figure 9. Temperature profile throughout the cross-section x=95 mm as a function of time.

Figure 10 shows the contour plots of temperature field over the plate at different instants of time. The evolution of
the temperature field is illustrated up to a time instant just before welding termination. It should be noticed the border
effect, mainly through the isothermal line of 400 K, which, in the case of an infinite plate, should have an elliptic shape
(like other isothermals). Nonetheless, as the plate has finite dimensions, in the vicinity of the edges, heat concentration

occurs due to the fact that heat transfer by convection on the edges is lesser than the transfer by conduction in the bulk
of the plate.



(20s) (100 s)

(200 s) (2305)

I @ [ —

301 600 500 1300 2100
400 8O0 1000 1643

Figure 10. Contour plots of the plate temperature field at different instants of time (expressed in K).

Figure 11 illustrates the fusion zones obtained numerically in this work and experimentally by Depradeux (2004).
The fusion zone size is compared for a cross-section at x=205 mm. It can be verified that the fusion zone is well
represented by the numerical result, showing an error of 0.79 % for the width of the welding pool and 8.78 % for the
depth.
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Figure 11. Comparison of the fusion zones obtained numerically (contour values are the same of Fig. 10) and
experimentally by Depradeux (2004).



5. Conclusions

This work presented a FEM based computational simulation of a welding thermal problem. A thermal transient
analysis was carried out taking into account the temperature dependence of the material properties as well heat losses by
convection and radiation. In the modeling, some hypotheses and simplifications have been adopted, among which the
most relevant is the geometry of the heat input, for which a Gaussian-like distribution has been chosen. Also, a trade-off
had to be established between the model accuracy and computational effort, leading to the choice of an adequate mesh.
One of the major difficulties in this type of simulation is the lack of information about the values of material properties
as functions of temperature. The numerical results, presented in terms of the temperature distributions and geometry of
the fusion zone, showed good agreement with experimental results reported in the literature. This fact enables to
validate the modeling procedure and the hypotheses assumed and confirms the efficiency and feasibility of the FEM for
simulation of welding thermal problems. In the context of the research project currently carried out by the authors, the
main interest is the calculation of welding-induced residual stresses via structural analysis. This topic is addressed in the
second part of this work, presented as a companion paper.
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