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Abstract: In the present work, tungsten inert gas (TIG) welding was carried out on stainless steel pipe joints and the heat
transfer behaviour for various welding heat input was analysed. In this work austenitic stainless steel of grade 304L was used
and the experiment was carried out on bead on plate and weld profile was analysed. The bead profile was obtained from the
experiment and microstructure was characterized. The bead profile dimensions from the experiment were used in the
calibration of heat source model during finite element heat transfer analysis. Based on the calibrated heat source model, TIG
welding of stainless steel pipes was analysed. Numerical simulation was considered as conduction heat transfer analysis and
weld pool convection was neglected in the model. The non-linear transient heat transfer analysis was carried out on pipes and
thermal cycles at various locations were analysed.
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welding modelling is a broad area where a number of
research groups were spending their efforts to get solutions
for both research and industrial problems. Starting from
fundamentals of arc physics, heat transfer, microstructure
models, thermal stress, and modern techniques like pattern
recognition comes into picture while considering the
complete solution of welding-related problems. These areas
are developing almost independently and there are only few
efforts to couple them together as computational welding
mechanics.

Many literature shows the welding related research on the
weld bead characteristics. The authors [2] investigated and
optimized welding process. The optimization of pulsed gas
tungsten arc welding (pulsed GTAW) process parameters was
carried out to obtain optimum weld bead geometry with full
penetration in welding of stainless steel (304L) sheets of 3
mm thickness. Weld bead parameters predicted by the models
were found to confirm observed values with high accuracy.

The authors [3] investigated the experimental

1. Introduction

Welding is the most widely used, cost-effective means for
joining sections of metal to produce an assembly that will
perform as if cut or formed from solid material. Proper
application of welding technology by the user ensures the
making of welds that are “fit for purpose” in virtually all
kinds of service. While most people would agree that nuclear
power plants, spacecraft, and deep-diving submarines must
make use of welding, they might not realize that many vital
components, such as high-pressure piping systems,
transducers, vacuum tubes, and a multitude of other articles
must also use welding in practical production. Without
welding, we would be hard-pressed to build computers,
television systems, jet planes, and the many devices that
support our present mode of living.

The authors [1] attempt to list the recent developments in
the area of arc welding heat transfer simulation. Fusion
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investigations of the kinetics of penetration of stainless steel
in TIG and ATIG welding, and theoretical analysis of
thermal, electromagnetic and hydrodynamic processes
occurring in the weld pool metal were conducted. The
conjugate model of heat exchange in the base metal and
hydrodynamics of the weld pool, with the melt affected by
the electromagnetic (Lorentz force), buoyancy (Archimedean
force) and thermal-capillary (Marangoni effect) forces, was
formulated.

The authors [4] experiments on Laser butt welding of 904L
super austenitic stainless steel was conducted using diffusion
cooled 3.5 kW slab CO, laser welding system. The laser
welding process has also been simulated using ANSYS a
Finite Element Analysis tool. The effect of laser power,
welding speed and focal point position on the bead geometry
was investigated. The comparison of the results of the
simulation indicates that Finite Element Method (FEM) can
predict the responses adequately within the limits of welding
parameters being used.

The research [5-7] was focused on the numerical modeling
and experimental validation of stainless steel butt joint
welding using TIG and ATIG welding process. The models
were developed based on conduction heat transfer analysis. It
shows that the weld joint behaviour can be analysed with
numerical simulation to get an insight on it. This paper [§]
describes a study on laser butt welding of 4 and 2 mm
SUS301L stainless steel and a detailed analysis of welding
joints was carried out. The gap tolerance of butt joint was
also studied with optimized process parameters. It has been
found that laser butt welding of 4 mm SUS301L is able to
achieve sound metallurgical morphology and high strength
weld joint when the butt gap is within certain tolerance.

The authors [9] presented a three-dimensional thermo
mechanical finite element (FE) analysis to model and predict
the influence of welding sequence on the generation of
distortions and residual stresses in large size T-joints. To
simulate industrial welding conditions, the influence of nine
welding sequences on the magnitude of distortion in both the
plate and the stiffener was investigated. The results indicated
also that the predicted distortions obtained from three-
dimensional FE analysis are in reasonable agreement with
experimental measurements.

The authors [10] investigated the effects of welding
current on the macro-morphology, microstructure and
mechanical properties of tungsten inert gas (TIG) welded
AZ31 magnesium alloy joints with TiO, coating were
investigated. The results showed that the increase of welding
current led to the increase in the depth/width ratio and
deteriorated the surface appearance of the welded seams with
TiO,; coating.

The authors [11] analysed the use of activating flux in TIG
welding process is one of the most notable techniques which
are developed recently. In the present study, four oxide fluxes
(8i0,, TiO,, Cry)0Os, and CaO) were used to investigate the
effect of activating flux on the depth/width ratio and
mechanical property of 316L austenitic stainless steel. The
effect of coating density of activating flux on the weld pool

shape and oxygen content in the weld after the welding
process was studied systematically.

The authors [12] investigated the geometrical
characteristics of laser weld cross section under different
welding conditions. The molten metal behaviours were
observed by using the high speed camera and X-ray imaging
system to study the formation mechanism of weld cross
section. With the increase of welding speed, the width and
depth of weld seam decreased, and the geometry of weld
cross section changed from bighead shape to needle-like
shape.

The authors [13] used Taguchi method to determine the
optimal parameters for cladding AISI 304 L stainless steel
(SS) with four layers of Inconel 52 M using gas tungsten arc
welding (GTAW). The variables included current, voltage,
and cladding speed, all of which can affect the cladding
angle. Analysis of the microstructure and mechanical
properties of the weldments revealed that multiple thermal
cycles reduced the hardness of the cladding layer to less than
that of the Inconel 52 M cladding layer and AISI 304 L SS.

The authors [14] investigated the weld profile, impact
toughness, microhardness, and microstructure of a JIS SS400
structural multi-layer welding joint using gas-shielded flux
cored arc welding (FCAW-G). The microstructure of the
welding joints as well as the mechanical properties including
impact toughness and microhardness were studied by using a
scanning electron microscope (SEM) attached with an energy-
dispersive spectrometer (EDS) and an optical microscopy.

The authors [15] prepared AISI 304 stainless steel welded
joint with activated flux tungsten inert gas (A-TIG) method
by utilizing self-developed activated flux. It is indicated from
the experimental results that for 8 mm-thick AISI 304
stainless steel plate, weld joint of full penetration and one-
side welding with good weld appearance can be obtained in a
single pass without groove preparation by utilizing A-TIG
welding. Moreover, activated flux powders do not cause
significant effect on the microstructure of TIG weld and the
mechanical properties of A-TIG weld joints are also superior
to those of C-TIG (conventional TIG) welding.

The authors [16] studied laser beam welding of dissimilar
ferritic / martensitic stainless steels using butt joint
configuration with the objective of identifying the influence
of the melting ratio between the two base metals on the
ultimate shear strength of the welds. Based on a full factorial
design, experiments demonstrated that varying the incidence
angle up to 45° and offsetting the focal position with respect
to the materials’ interface within the limits imposed by the
laser spot diameter are a reliable method to control the
melting ratio and maintaining the expected resistance length
at the material interface.

The authors [17] studied the partial penetration welding
with a fiber laser at a 9-kW laser power on 20-mm-thick
plates at different positions and analysed by both
experimental and numerical methods. The in-depth
mechanisms of the energy input characteristics in fiber laser
position welding for eight different positions were studied by
numerical simulation using the volume-of-fluid (VOF)
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method. Experimental and numerical results were compared
for four cases and showed fair agreement.

Based on the literature it was observed that many research
work was carried out on various welding processes and the
weld joint integrity was investigated. Also, noticed that most
of the welding experiments were under laboratory scale and
real time structures were not investigated. In this research,
the heat transfer behaviour during the TIG welding of pipes
were analysed using numerical modeling. The analysis was
carried out for various welding heat input conditions that
gave an insight on the welding behaviour on real structures
used in industrial applications.

2. Materials and Methods

In this investigation TIG welding with various heat input
was studied on the heat transfer behaviour of pipes as shown
in Figure 1. The pipe of Smm thickness and shorter length
was chosen compare to practical application as the objective
of the investigation was limited to heat transfer behaviour.
The simulation of pipes was investigated with square butt
joint configuration using single pass autogenous TIG
welding. The welding was carried out in various heat input
conditions and the induced transient heat transfer was
analysed. The pipe material was considered as 304L
austenitic stainless steel that does not undergo solid state
phase transformation during melting and solidification.

300 mm

R105 mm

R100 mm

Figure 1. Pipe Joint Configuration.

3. Finite Element Analysis
3.1. Mesh Generation

The pipes were meshed with hexahedron linear elements
that can calculate the field variables precisely. Various zone
of pipe was meshed with different element sizes as shown in
Figure 2. During welding, a localized zone was melted and
the thermal gradient around the melting zone was higher. To
capture the induced temperature precisely, the welding zone
was meshed finer that the base metal region. Overall the
component consists of 28,000 hexahedron elements to

calculate the thermal effects.

A = Base material

B = Welding zone

Figure 2. Meshed component.
3.2. Governing Equations

In the welding simulation, the transient heat transfer
analysis was governed by the following equation,

oT -
ch(x’y’Z’t) = _D'q(xsyszst)+Q(x’y’Z’t) (1)

where p is the density of the materials, c is the specific heat
capacity, T is the current temperature, q is the heat flux
vector, Q is the internal heat generation rate, x, y and z are
the coordinates in the reference system, t is the time.

3.3. Material Property

The pipe was considered as 304L austenitic stainless steel
which has only austenite phase. The weld zone may have a
small quantity of é-ferrite, but still it would not contribute in
the formation of detrimental residual stress. By considering
this phenomenon, the material was assumed as single phase
and used in the model.

The weld pool dynamics of the process was neglected and
the weld pool was considered as solid phase that would neglect
the need of mass and momentum equations to be solved. Also
the model was neglected the latent heat of fusion and the
material properties were used as temperature dependent which
induced the material non-linearity in the problem. The material
property used in this analysis is given as follows,

Table 1. Material properties.

Temperature  Specific heat Conductivity Density
(°C) J/g °C) (J/mm °C) (g/mm’)
100 0.496 0.0151 0.788
200 0.512 0.0161 0.783
300 0.525 0.0179 0.779
400 0.540 0.0180 0.775
600 0.577 0.0208 0.766
800 0.604 0.0239 0.756
1200 0.676 0.0322 0.737
1300 0.692 0.0337 0.732
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3.4. Boundary Conditions

The model was assumed as symmetric in nature and one
pipe was modeled in the analysis. The meshed pipe model
given in the Figure 2, was mirrored to get an understanding
of the pipe welding. Except the symmetric surface, other
surfaces were applied to combined convection and radiation
heat loss since it has interaction with the atmosphere. The
initial condition of the model was considered with 30°C
which was the atmospheric temperature before welding start.

3.5. Heat Input Condition

The molten weld pool in this analysis was represented
using double ellipsoidal heat source model. The required
dimensions of the heat source parameters were measured
from a preliminary welding experiment and substituted in the
simulation. The following equation shows the double
ellipsoidal welding heat source that calculates the volumetric
heat flux applied to the pipe model.

. 2
6\/§f.fQ *e'3x2/a1 >;<e—3y2/b2 *6—322/(22

2
albc\/; @)

O(x,y,2,0) =

N3/ 32,2 3280 . 32208
Q(xsysz,t)z[\/;—f\y?Qz-J*e3X /az *e-3y /b *6_32 /c (3)
a,bc

The heat input to this equation was calculated and given in
the following table. The arc efficiency was assumed as 70%.
The analysis was carried out for various heat input conditions
as given in Table 2.

Table 2. Welding input parameters.

S. No Current (A) Voltage (V) (Sllr)lf::/(l) g?::ltl:‘:)lput
1 100 10 1.666667 420
2 125 10 1.666667 525
3 150 10 1.666667 630
4 175 10 1.666667 735
5 200 10 1.666667 840

4. Results and Discussion
4.1. Weld Bead Profile

The bead-on-plate welding was carried out on the 304L
stainless steel and the bead profile is given in Figure 3. The
welding was carried out using 80A current and 100mm/min
speed. It was induced partial penetration on the Smm
stainless steel.

Figure 3. Weld Bead.

The microstructure of the weld bead profile is given in
Figure 4. It is clear that the weld bead profile has austenite
and o-ferrite in the welded zone. The presence of ferrite
reduces the hot cracking susceptibility during welding
solidification.

Figure 4. Microstructure.
4.2. Temperature Contours

The temperature, contour of model with various welding
heat inputs is presented in the following figures. The trial
number represented the heat input as given in the previous
table. The figures show the transient heat transfer results that
were induced by the moving heat source. The heat source
was moving as welding happens through the circumference
of pipe joint and cools down to room temperature.

The results show the temperature distribution during
welding followed by cooling of a welded joint. In all the
welding simulations the temperature attained quasi steady
state and there was no fluctuation in the peak temperature.
The peak temperature for various welding heat was reached
as 1610, 1899, 2167, 2413 and 2638°C respectively. The
temperature at various time shows that the welding was
happening circumferentially and the trailing contours shows
the temperature distribution at the weld joint.
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Figure 5. Temperature Contours, (a). 1004, (b). 1254, (c). 1504, (d). 1754, (e). 2004.

The following plot shows the peak temperature for various
heat inputs. The linear curve fit to the data shows the
correlation between the welding heat input and the induced
peak temperature. The peak temperature varies 2.448°C for
unit change in the welding heat input of this analysis. As the

2800

56560, linear fit

2400

2200 A

temperature (celcius)

®  peak temperature

heat input increases the peak temperature linearly increases
in the graph, but the peak temperature may not be realistic for
higher heat input as the weld pool convection was neglected
which could reduce the peak temperature.

Y =603.4+2.448 X

T T T T

600 700

heat input (j/mm)

Figure 6. Peak Temperature.

4.3. Thermal Cycles at Start / End

The following figures show the thermal cycles at the start
and end of welding. As the welding start using high
frequency start that has a higher input supply to establish the
welding arc, the heat source was fitted to have a higher initial

energy supply that induced higher peak temperature at the
beginning. Since the orbital welding completed at the same
location, the thermal cycle shows two various peak
temperature cycles. This thermal cycle for all the simulations
were taken at the start / end point which shows a similar
trend and various amplitudes of temperature due to the
variation in heat input.
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4.4. Transverse Thermal Cycles

The following figures show the transverse thermal cycles at 270° from the welding start point. The thermal cycle curves are
given a maximum of 600s of the total simulation. The beginning of plots shows constant initial temperature as the heat source
was away from the measurement point.
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The peak temperature keeps on reducing in the transverse
direction as the temperature gradient is higher near to the
welding heat source. Also the lower thermal conductivity of
the stainless steel conducts the temperature slowly. But the
amplitude of transient temperature distribution is increasing
as the heat input is increased.

5. Conclusions

This research was carried out to understand the heat
transfer behaviour during TIG welding of pipes as it is

widely being used in many industries. The numerical models
were developed that give an insight on the temperature
profiles of the welded pipes. The outcome of this research is
summarized as follows,

* A bead on plate experiment was carried out to
understand the weld bead profile and microstructure.
The experimentally obtained weld bead profile shows
the partial penetration of bead and the weldment has
austenite and ferrite microstructure.

Finite element model was developed and heat source
was calibrated based on experimentally observed weld
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bead profile using SYSWELD software.

The welding was investigated for various heat input and
the transient temperature induced on the welded joint
was analysed.

The contour plots of various heat input welding were
presented that shows the increased peak temperature as
the welding heat input was increased. As the heat input
was increased, it dispersed more temperature around the
welding heat source that increased the temperature
intensity adjacent to the welding heat source.

The peak temperature of the welding analysis was
varied between 1600°C and 2600°C. It is observed that
the peak temperature at higher heat input was very high
as the convection effects of weld pool was neglected
during the simulation.

The temperature was keep on decreasing in the
transverse direction of welded joint. It was noticed that
the thermal cycle at the start and end of the welding
point shows different thermal cycle profile.
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