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In this study, the thermal cycles and the grain structure in the weld heat-affected zone (HAZ) are predicted. At
the first stage, a combined heat transfer and fluid flow model is employed to assess the temperature fields
during and after welding of 304 stainless steel and then, the evolution of grain structure is conducted using the
predicted temperature distribution and an analytical model of grain growth. The grain sizes of the CGHAZ
(coarse grain heat affected zone) achieved from themodel are basically in agreement with those obtained from
experimental measurement under different heat inputs in the range of 0.33-1.07 MJ/m. Both the experimental
data and the calculated results show that the average grain size near the fusion plane is about two to four times
larger than the average grain size in the base plate depending on the applied heat input.
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1. Introduction

It is established that welding heat input significantly affects
the microstructure andmechanical properties of the heat-affected
zone (HAZ). Especially, the heat input increases the kinetics of
grain growth in the region near the fusion line, called the coarse
gain heat affected zone (CGHAZ). On the other hand, grain
structure affects the strength, toughness, ductility, and corrosion
resistance of alloys (Ref 1). This is because the modeling of
microstructural changes within the welded materials is of
importance to engineers and scientists. In recent years, significant
contributions have been made to understand thermal and
metallurgical behavior of metals and alloys during welding
processes using numerical techniques. Different models and
techniques have been employed to simulate arc welding pro-
cesses and various types of physical phenomena have been
predicted. For instance, Chakraborty and Chakraborty (Ref 2)
have investigated the effects of positive and negative surface
tension coefficients on both laminar and turbulent weld pool
convection for a typical gas tungsten arc welding (GTAW)
process. Chakraborty et al. (Ref 3) have presented a modified k-e
model capable of considering turbulent weld-pool convection in
the presence of a continuously evolving phase-change interface
in GTAW process. Kubiszyn and Slania (Ref 4) have proposed a
model to predict physical phenomena during welding operations
of steels including temperature variations and diffusion. Taylor
et al. (Ref 5) have presented a numerical model to determine fluid
flow, temperature field, and residual stresses inwelding processes

using the finite volume method. Chakraborty and Chakraborty
(Ref 6) have determined the effects of turbulence on momentum,
heat, and mass transfer during laser welding of a copper-nickel
dissimilar couple. Many other studies have also been conducted
to predict macro-parameters such as temperature and velocity
fields during welding processes (Ref 7-12). In addition, metal-
lurgical events and phase transformations during and after
welding processes have been investigated. Ashby and Easterling
(Ref 13) and Ion et al. (Ref 14) have established a mathematical
model for computing themicrostructure and hardness of theHAZ
for micro-alloyed steels based on phase transformation dynam-
ics. Recently, theMonte Carlo techniques have also been applied
to determine grain growth kinetics in the HAZ of a weldment in
two and three dimensions (Ref 15-18). Pathak and Datta (Ref 19)
have determined microstructures developed after submerged arc
welding employing three-dimensional finite element analysis.
Watt et al. (Ref 20) have developed an algorithm to predict
microstructural development in the HAZ in welding processes of
low alloy steels. Choi and Mazumder (Ref 21) have analyzed
solidification behavior and residual stresses in GMAW process
of 304 stainless steel. Farzadi et al. (Ref 22) have predicted
solidification behavior of an aluminum alloy by coupling phase
field and CFD techniques.

In this study, an attempt has been made to estimate the grain
growth distribution in the HAZ in GTAW of 304 stainless steel.
Grain size in the HAZ have been experimentally determined for
the 304 stainless steel alloy weldment manufactured by GTAW
at various heat inputs. Then, a three-dimensional heat transfer
and fluid flow model is performed to calculate the temperature
field and thermal cycles. The calculated thermal cycles are then
used in an analytical model to simulate grain structure in the
HAZ. At the final step, the model predictions of grain size are
compared with the corresponding experimental results.

2. Mathematical Model

The temperature distribution and the determination of weld
pool geometry may be calculated by the three-dimensional heat
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transfer and fluid flow model assuming a Newtonian liquid flow
in the weld pool. In this regard, the flow of liquid metal in the
weld pool may be described by the following equation:

q ~V � r
� �

~V ¼ ~Fb �rP þ lr2~V ðEq 1Þ

Body force is determined by the following equations:

~Fb ¼ ~Femf � Fb

~Femf ¼~J �~B
Fb ¼ q � g � b � DT

ðEq 2Þ

where q is the density, ~V is the velocity vector, Fb is the
Buoyancy Force, P is the pressure, l is the viscosity, Femf is
the electromagnetic force, J is the current density, B is the
magnetic field, g is the gravitational acceleration, b is
the thermal expansion exponent, and T is the temperature.
The following equations are then solved to obtain the mag-
netic field:

r�~B ¼ lm
~J ðEq 3Þ

r �~J ¼ 0 ðEq 4Þ

where lm is the magnetic permeability while the mass conser-
vation can be represented by the following equation:

r � ~V ¼ 0 ðEq 5Þ

It should be noted that the electromagnetic force was first
determined by solving Maxwell�s equation, and then the fields
of ‘‘J’’ and ‘‘B’’ in Eq 3 and 4 have been calculated by a
user-defined function employing the calculated electromag-
netic force.

In order to trace the weld pool liquid/solid interface, the total
enthalpy H is calculated by the sum of the sensible heat, h, and
the latent heat content, DH, i.e., H = h + DH. The sensible heat
h is expressed as h = �CPdT, where CP is the specific heat, and T
is the temperature. The latent heat content, DH, is calculated as
DH = fL ÆL, where L is the latent heat of fusion. The liquid
fraction, fL, is assumed to be varying linearly versus temper-
ature as follows (Ref 23):

fL ¼
1; T >TL
T�TS
TL�TS ; TS � T � TL
0; T <TS

8
<

:
; ðEq 6Þ

where TL and TS are the liquidus and the solidus tempera-
tures, respectively. The thermal energy transportation in the
weld work-piece is expressed by the following modified
energy equation:

q � CP
~V � rT
� �

¼ r � krTð Þ þ Qh ðEq 7Þ

where k is the thermal conductivity. The source term Qh is
given as follow (Ref 24):

Qh ¼ �q
@DH
@t
� qr � VDHð Þ ðEq 8Þ

Note that the source term, Qh, is given as Eq 8 is in a general
form and consists of both transient and steady state terms;
however, only the steady-state part has been applied in the
model under this study.

A three-dimensional Cartesian coordinate system is
employed in the calculation, while only half of the work-piece
is considered since the weld is symmetrical about the weld

center line. Figure 1 is a schematic illustration showing the
governing boundary conditions. These boundary conditions are
further discussed as follows.

The weld top surface is assumed to be flat. The velocity
boundary condition is given as:

l
@u

@z
¼ @c
@T
� @T
@x
� fL ðEq 9Þ

l
@v

@z
¼ @c
@T
� @T
@y
� fL ðEq 10Þ

w ¼ 0 ðEq 11Þ

where u, v, and w are the velocity components along the x, y,
and z directions, respectively, and dc/dT is the temperature
gradient of surface tension coefficient (Ref 24). The heat flux
at the top surface is given as:

K
@T

@z
¼ q rð Þ � re T 4 � T4

0

� �
� hc T � T0ð Þ ðEq 12Þ

q rð Þ ¼ g � UwI

2p � r2b
exp � r2

2 � r2b

� �
ðEq 13Þ

where q is heat flux (Ref 25), g is the arc efficiency, Uw is
the welding speed, I is the welding current, rb is the heat
distribution parameter, r is the distance between the specific

Fig. 1 A schematic plot of the weld cross section showing bound-
ary conditions used in the calculation

Table 2 Kinetic parameters for grain growth

T, �C n k

1000 6.4 3.20E-15
1200 5 4.40E-15
1400 4.5 5.20E-15
1424 4 5.40E-15

Table 1 Physical properties of 304 stainless steel

Property/parameter Value

Density of liquid, kg/m3 7.29 103

Effective viscosity, kg/m s 0.1
Solidus temperature, K 1697
Liquidus temperature, K 1727
Temperature coefficient of surface tension, N/m K �0.439 10�3

Coefficient of thermal expansion 1.969 10�5
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location and the heat source, r is the Stefan-Boltzmann con-
stant, hc is the convective heat transfer coefficient, and T0 is
the ambient temperature. At the y = 0 and symmetric surface:

@T

@y
¼ 0 ðEq 14Þ

@u

@y
¼ 0; v ¼ 0;

@w

@y
¼ 0 ðEq 15Þ

On the other surfaces except for z = 0, the following bound-
ary condition has been utilized:

KrT ¼ �a T � T0ð Þ ðEq 16Þ

where a is the effective heat transfer coefficient describing
the effects of conduction and radiation. Note that the above
heat transfer and the fluid flow equations have been solved
by the finite volume code Fluent. The dimensions of the
physical domain were 400 mm (length)9 100 mm (width)9
6 mm (thickness). The number of grids was 331056.
Spatially non-uniform grids were used owing to non-uniform
distributions of velocities and temperature where finer grids
were used near the heat source region. The physical proper-
ties of the steel are given in Table 1 while utilized heat con-
duction coefficient and specific heat are as follows:

T < 373�K k ¼ 15W=m�K
373 � T < 573 k ¼ 0:01T þ 11:27W=m�K
573 � T < 1697 k ¼ 0:002T þ 15:85W=m�K
1697 � T < 1727 k ¼ 6:33T � 10731W=m�K
T � 1727 �K k ¼ 209:3W=m�K

ðEq 17Þ

T < 373K; cp ¼ 500 J=kgK
373<T < 1697; cp ¼ 0:1612T þ 438:27 J=kgK
1697<T < 1727; cp ¼ 4:19T � 6393 J=kgK
T > 1727; cp ¼ 837:4 J=kgK

ðEq 18Þ

Utilizing the predicted temperature field, the fusion zone
geometry was determined by the solidus temperature, i.e.,
1697 K.

After obtaining the steady-state temperature field, the
thermal cycle at a given location such as (x, y, z) may be
calculated using the following equation:

T x; y; z; t2ð Þ ¼ Ts f2; y; zð Þ � Ts f1; y; zð Þ
f2 � f1

Vs t2� t1ð Þ þ T x; y; z; t1ð Þ

ðEq 19Þ

where T(x, y, z, t1) and T(x, y, z, t2) are the temperatures at
time t1 and t2, respectively, Ts(f1, y, z) and Ts(f2, y, z) are the
steady-state temperatures at coordinates (f1, y, z) and (f2, y, z),
respectively, Vs is the welding speed, and (f2� f1) is the
length welded in time (t1 �t2) (Ref 9).

An important phenomenon during and after welding pro-
cesses is the grain growth in the HAZ, which where subjected
to large temperature variations. In the HAZ, this phenomenon
occurred under non-isothermal conditions, and depending on

Fig. 2 Discretization of the continuous thermal cycle

Table 3 Welding parameters

Weld No.
Heat input,

MJ/m Current, A Voltage, V
Speed,
cm/min

1 0.49 110 11.5 10
2 0.328 110 11.5 15
3 0.726 150 12.6 10
4 0.487 150 12.6 15
5 1.069 200 13.8 10
6 0.717 200 13.8 15

Table 4 The arc efficiency at various conditions

g Current, A Speed, cm/min

0.82 110 10
0.85 110 15
0.77 150 10
0.8 150 15
0.71 200 10
0.74 200 15

Fig. 3 Computed and experiment weld pool geometry under differ-
ent welding speeds, (a) I = 200 A, V = 10 cm/min, Heat Input =
1.069 MJ/m, (b) I = 200 A, V = 15 cm/min, Heat Input = 0.717 MJ/m
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the employed welding parameters and materials properties,
notable variations in grain structure can be observed. Therefore,
to predict the grain growth behavior in HAZ, it is vitral to know
the temperature history as well as the kinetics of grain growth.

The thermal cycles and temperature histories in different points
of welded metal can be obtained by the above-mentioned
model. On the other hand the kinetics of grain growth should be
determined by experiments. In order to achieve the kinetics of

Fig. 4 Computed and experimental grain sizes in the HAZ weld based on the parameters mentioned in Table 3, (a) Sample 1, (b) Sample 2,
(c) Sample 3, (d) Sample 4, (e) Sample 5, and (f) Sample 6

Table 5 Comparison of the size of weld pool with the experimental observation

Difference, %

Penetration, mm

Difference, %

Width, mm

Heat input, MJ/m Weld No.Simulation Experiment Simulation Experiment

22.2 2.8 3.6 7.4 5 5.4 0.49 1
9.1 2 2.2 4.5 4.2 4.4 0.328 2
21.7 3.6 4.6 11.1 6.4 7.2 0.726 3
21.9 3.2 4.1 1.7 5.7 5.8 0.487 4
8.3 4.4 4.8 21.8 7.5 9.6 1.069 5
25 3.5 4.4 8.7 6.3 5.7 0.717 6
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grain growth during welding process, the experimental mea-
surements of grain size at given temperatures and different
holding times were carried out, and it was found that there
exists a relation between the current grain size, �Riþ1; initial
grain size, �Ri; holding time, t, and temperature, T, as follows:

�R
n Tiþ1ð Þ
iþ1 � �R

n Tiþ1ð Þ
i ¼ k Tiþ1ð Þt ðEq 20Þ

Here k and n are dependent on temperature. Both k and n are
obtained from experimental data while their values are given
in Table 2.

Although the high spatial temperature gradient exists in the
weldment, with discretization of the continuous heating and
cooling curves, as shown in Fig. 2, Eq 20 can be used in
prediction of grain size in the HAZ. The time step was small
enough to account for the severe temperature variations during
a single thermal cycle. After the fluid flow and heat transfer
equations were solved under steady-state conditions using
Fluent, the temperature distribution was converted into time-
dependent data employing Eq 19 and then imported into
Matlab where Eq 20 was utilized to find mean grain size
variations as a function of temperature.

Fig. 5 Typical austenite grains in CGHAZ for different heat inputs (a) Sample 2, (c) Sample 4, (e) Sample 5, and (g) Sample 6, and typical
austenite grains in HAZ near to base metal under different heat inputs (b) Sample 2, (d) Sample 4, (f) Sample 5, and (h) Sample 6
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3. Experimental Procedure

Gas tungsten arc welds have been performed on plate
samples of 304 stainless steel alloy. The composition of alloy
is (in wt.%): 1.05% Mn, 18.3% Cr, 8.84% Ni, 0.0262% P,
0.0043% S, and balance Fe. The steel plate thickness was
6 mm where no preheating was employed in the experiments.
High purity Argon was used as the welding gas, and the
welding parameters used in the experiments are listed in
Table 3. The arc efficiency at various welding conditions are
listed in Table 4. Optical metallography was also performed
on pre- and post-weld samples using conventional polishing
and etching techniques. Different etchants were utilized to
reveal the weld pool boundary and the grain boundary
structures. The best results for etching of the weld pool
boundary and grain boundaries were obtained by applying
15 mL HCl, 5 mL HNO3, and 100 mL H2O. In addition, the
average grain size at various distances from the fusion line
was measured using the intercept method (Ref 26). In order to
determine the kinetics of austenite grain growth, additional
experiments were also performed. The samples at different
temperatures and times were heated in the furnace and then
air cooled to room temperature and then the average grain
sizes of the samples were measured using the intercept
method.

4. Modelling Results

The calculated bead shape and temperature fields are
presented in Fig. 3. The weld pool boundary is represented
by the solidus temperature isotherm at 1697 K. The experi-
mental result was obtained by measuring the fusion boundary
by means of metallographical studies. It can be seen that these
two sets of results are in good agreement. Besides, Table 5
compares the predicted and the measured sizes of the weld
pools under different welding conditions, which also show a
reasonable agreement.

Both the experimental data and the predicted results show
the important geometrical factors of the weld bead. For
instance, penetration depth of the weld pool increases with
the applied electrical current. When the current is increased, the
liquid metal falls along the pool axis and rises along the pool
boundary. The electrical current converges from the work-piece

to the center of the pool surface. Thus, it pushes the liquid
downward along the pool axis and makes the weld pool deeper
owing to the resulting Lorentz force. Furthermore, the com-
puted results and the experimental data show a reduction in
penetration depth with an increase in the welding speed.
However, the depth of penetration is not significantly affected

Fig. 6 Directions used in calculation of grain size

Fig. 7 Predicted spatial distribution of grain size in the HAZ weld
using the parameters mentioned in Table 3, (a) Sample 2, (b) Sample 4,
and (c) Sample 6
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by the welding speed. The most significant effect of welding
speed is its influence on the volume of the weld pool. With
increase in the welding speed, amount of heat input is
decreased and therefore the weld pool volume is reduced as
shown in Fig. 3(a) for welding speed of 10 cm/min, and
Fig. 3(b) for welding speed of 15 cm/min.

Figure 4 compares the grain size in the HAZ predicted by
the model and the experimental data. Figure 5 also shows
typical grain size structure at the regions near the fusion line.
As expected, the grain size is changed significantly depending
on the temperature and heat input. The results show that the
higher heating temperature, the larger the final grain sizes. It is
clear that the grain size is larger at the site near the fusion line
than those located far from the fusion line. Furthermore, the
width of the HAZ is increased with increasing the weld heat
input.

Grain size variations have been predicted along at different
regions. Figure 6 shows two different routes used in the
modeling in order to study the effect of local variation in
thermal cycles. The variations of the mean grain size versus
distance from the fusion plane for the top surface, i.e., route:
1-2 and the mid-section vertical symmetry plane, route: 3-4, are
shown in Fig. 7. It is found that the mean grain size at the same
distance from the fusion line is different. For instance, along the
route 1-2 the grain sizes are smaller than those along the route
3-4 in all the cases. Figure 8 shows thermal cycles in the above
two points, and it can be observed that the thermal cycles in
these points are different. As noted before, this behavior clearly
indicates the strong influence of thermal cycle on the kinetics of
grain growth in the HAZ.

5. Conclusions

A three-dimensional heat transfer and fluid flow model has
been employed to determine the temperature history during and
after tungsten arc welding of 304 Stainless Steel, and then the
grain growth kinetics in the HAZ has been predicted employing
the predicted thermal cycles and an analytical equation. The
results show that

1. The calculated grain sizes at different heat inputs are
comparable with the corresponding experimental results.

2. The average grain size near the fusion plane is about two
to four times larger than that in the base plate depending

on the heat input used. The extent of grain growth in the
HAZ is also strongly dependent on the heat input.

3. The mean grain size in regions equidistant from the
fusion plane is increased along the circumferential direc-
tion from the top surface to the weld root. The higher
temperature in the interior of the weldment than that at
the top surface is responsible of this behavior.
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