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Abstract. The Heat Affected Zone (HAZ) is considered the most relevant region of a weld bead, due to the presence of
brittle phases and grain growth. By definition, the HAZ was submitted to temperatures below melting, but sufficient to
cause microstructural changes. Experimentally, it is possible to identify microstructure modifications through chemical
etching or measurement of hardness profile. However, there is not a criterion for HAZ boundaries based on a thermal
profile resultant from the numerical simulation. Usually, the critical temperature (Tc) is adopted. For carbon steels, this
temperature is 727 ◦C, where austenitization starts. The present paper proposes to consider the austenite phase fraction
(f ) from transformation kinetics besides this temperature, through the modified Johnson–Mehl–Avrami (JMA) equation.
To investigate that, an “in-house” MATLAB-based code was developed, using the Finite Volume Method and validated
experimentally for an autogenous Tungsten Inert Gas (TIG) process. The results pointed that the austenite phase fraction
can be used with the critical temperature to delimit the HAZ considering the value of 1% of austenitization as the start
value, but there is not a significant difference in practice (0.01 mm) when using only the critical temperature criterion.
Therefore, the implementation of the JMA equation in a numerical model is more relevant to identify the regions subjected
to a higher degree of phase transformation, and the consequently higher probability of brittle phases, than to delimit the
HAZ boundaries.
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1. Introduction

Naval (Zou et al., 2020), automotive (Karakizis et al., 2019), and oil industries (Sartori et al., 2017) highly depend on
welding processes. In the assembly stage, there is a constant need to join parts of different materials and shapes. Besides
that, when problems associated to wear or cracks occur, welding processes are also used to repair (Ola et al., 2019).
Another range of application regards to coatings, in order to improve corrosion and abrasion resistance (Verdi et al.,
2017). Finally, the manufacturing of metal components has been investigated through additive manufacturing technology
(Silva et al., 2020).

Among the main types of welding, the Tungsten Inert Gas (TIG) procedure is given by an arc generated between a
non-consumable tungsten electrode and the work-piece. Its main advantage is related to a higher quality when compared
to other procedures, for example, MIG/MAG. The main reason for its good welding quality relies on the heat input, that
can be controlled independently from the filler material, which results in a low defect incidence. The limitation of the
TIG procedure regards the fact that it is hard to achieve higher productivity. However, recent works have shown that this
drawback can be solved (Silva et al., 2018), (Silva et al., 2019b), (Silva et al., 2019a).

A thermal analysis of welding starts at the Fusion Zone (FZ). This area is constituted by the melted material. In the
Heat Affected Zone (HAZ) there are changes in the material microstructure. The farthest area from the weld is designated
as Base Metal (BM) and remains unchanged (phase transformation does not happen) as a result of processing.

Among the cited regions, HAZ is the most relevant one. Brittle phases (Rafieazad et al., 2019) and grain growth
(Chen et al., 2015) can occur, which is deleterious for material integrity. There are many definitions for this region from
classical welding literature. According to O’Brien and Guzman (2007), the HAZ consists of a region near the FZ where
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microstructural changes occurred and can be observed through chemical etching or measurement of hardness profile. Kou
(2003) states that in HAZ peak temperatures from thermal cycles were not sufficient to cause melting but caused significant
microstructural modifications. Lippold et al. (2015) define it as a region that, although not melted, was affected by the
process heat. In addition, claims that, for carbon steels, the HAZ temperature range varies between A1 (727 ◦C) of Fe-C
diagram, which corresponds to the lowest austenitization (critical) temperature (Tc), and the solidus temperature, which
is to the maximum temperature where the alloy is solid, as shown in Fig. 1.

Figure 1. Schematic of Fe-C diagram showing the HAZ temperature range for a SAE 1020 carbon steel (0.20% Carbon
wt %).

For low carbon steels as the SAE 1020, the microstructural change involves phase transformation of (α + Fe3C)
to (α + γ) and includes carbon solubilization from cementite to austenite, which is not instantaneous. Therefore, an-
other requirement for phase transformation is time. The γ phase fraction (f ) can be calculated with the modified John-
son–Mehl–Avrami (JMA) equation, considering transformation kinetics (Zhang et al., 2002a). One input is the thermal
cycle illustrated schematically in Fig. 2. After austenitization, the cooling rate is the main factor that determines the final
microstructure.

Figure 2. Schematic of thermal cycle showing critical temperature (Tc).
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The classical definitions covered allow HAZ identification through experiments since involve etching and measure-
ment of hardness profile. It is not possible to apply this methodology to determine HAZ based on computational simula-
tion.

Numerical models are used to predict the weld thermal profile, as in Venkatkumar and Ravindran (2016) work. By
means of numerical simulation, enhancement in the understanding of the main characteristics of the welding procedure can
be reached. For instance, the residual stress and distortion distribution of the material structure. Also, regarding numerical
simulation, inverse problems are used in order to find different parameters, such as the thermal efficiency (Magalhães et al.,
2018), (Magalhães et al., 2015). However, in these articles, the authors do not delimit the HAZ boundary.

In the present paper, it is proposed to consider besides the critical temperature of 727 ◦C, the austenite fraction
to delimit the HAZ. An “in-house” MATLAB-based code was developed and qualitatively validated with experimental
results for the autogenous TIG process in SAE 1020 steel. This code can be adapted to allow other important analyses for
welding and additive manufacturing processes.

2. Methodology

In the TIG welding process, the concentrated and high-intensity heat source has a defined moving direction. Also, the
form that the heat drains is meanly by conduction in the material. Here, we assumed a point heat source, a constant speed,
and a plate of rectangular dimensions with infinite thickness and parallel to its x axis the arc welding direction. Thus, the
shape of the piece has length x, width y and thickness z, and the boundary conditions were applied to all surfaces. Also,
the physical properties of the material depend on temperature.

2.1 Numerical model

This section presents an equations set that model the physical behavior of energy transfer in the welding process.
Then, the three-dimensional heat equation herein employed is:

∂H(T )

∂t
= ~∇ ·

(
k~∇T

)
, (1)

where T is the temperature, t is the time, k is the thermal diffusion coefficient and ~∇ is the gradient vector. Additionally,
the enthalpy function H considered is defined by (Crank, 1984):

H(T ) =

∫ T

T0

[ρ(θ)c(θ) + ρ(θ)Lδ(θ − Tm)] dθ, (2)

where θ is variation of T0 (reference temperature) and T , Tm is the melting temperature, ρ is the specific mass, c is the
specific heat, L is the latent heat solidification and δ is the Dirac impulse function.

In order to solve the Eq. (1) with the Eq. (2), it was necessary to define boundary and initial conditions. Therefore,
convection and radiation effects were imposed, as well as a moving heat source which describes the thermal effects of
welding. The considered initial condition is T (x, y, z, 0) = T0 = 25 ◦C, and the mathematical model for the boundary
condition involving convection and radiation are given by:

∂T

∂ξ
=
h(T )(T∞ − T )

k(T )
+
σε(T )(T 4

∞ − T 4)

k(T )
, (3)

where ξ stands for the normal direction of the boundary surface, h represents the convective heat transfer coefficient, σ is
the Stefan-Boltzmann constant, ε is the emissivity, and T∞ is the room temperature.

Concerning the welding boundary condition, the heat flux, q′′(x, y, t), is given by a homogeneous heat surface distri-
bution limited by a circular area with a radius R on the top surface, as detailed below:

q′′(x, y, t) =
Q(x, y, t)

πR2
, (4)

where Q is the gross heat rate, and R is the weld radius. The region for which the welding heat flux is applied moves at a
constant velocity u in x direction.

More specifically, the thermal efficiency η considered was based on the following empirical relation (Arul and Sella-
muthu, 2011):

η = 71.8 + 0.006I + 0.36U, (5)

where I and U stands for the electrical current and voltage, respectively.
Also, in Eq. (4) the welding heat source radius R was established by the equality below (Arul and Sellamuthu, 2011).

R =

√
3.29 + 1.01× 10−2IU − 0.04U

π
. (6)
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Thus, to find the solution in Eq. (1) the thermal energy transfer equation was discretized by means of the finite volume
method. Then, this equation was integrated in time using the first-order explicit Euler method, and its diffusive term was
approximated by the central difference scheme.

In addition to the critical temperature, time is an important factor for microstructure analysis in welding processes.
This is due to phase transformation being not instantaneous, which means that if austenitization does not happen, new
phases can not be formed and the initial microstructure will not change.

In order to quantify the microstructure change in the welding process, Krüger (1993) and Zhang et al. (2002b) proposed
the modified Johnson–Mehl–Avrami (JMA) equation to qualitatively determine the phase transformation rates under a
thermal cycle for steel:

f = 1− exp

[
−

{
m∑
i=1

k0 exp
(
− Q

RTi

)
∆t

}n]
, (7)

where f stands for the transformed γ phase fraction after time m∆t, Q is the activation energy of the α → γ transfor-
mation, n and k0 are model coefficients, R is the universal gas constant, ∆t the time step, Ti the temperature at ith time
step, and m indicates the total number to discrete time steps. According to Zhang et al. (2002a), for a low carbon steel,
Q = 117.07 kJ/mol, n = 1.62 and k0 = 1.24× 105.

2.2 Welding simulation parameters

The simulation of the autogenous TIG welding process was performed in an "in house" MATLAB algorithm with a
non-uniform mesh. A total of 328, 972 elements was applied to the simulation grid, for which the length of the most
refined element is given by ∆lmin = 2.5 × 10−4 mm. Mesh refinement was applied in the region near the heat source.
Figure 3 displays the mesh used in numerical simulations whose greater refinement is in plate center. Moreover, the time
step for time integration was ∆t = 5.0 × 10−4 s. The numerical domain was set to have the same dimensions as the
experiments. Then, an autogenous welding process was simulated on a carbon steel plate, similar to SAE 1020, with
length Lx = 250 mm, width Ly = 100 mm and thickness Lz = 6.42 mm. Therefore, the welding source path is given by
a straight line starting at (x, y)init = (0, 50) mm and ending at (x, y)end = (245, 50) mm.

In this work, the process parameters considered are given by Tab. 1. The welding power P can be calculated mul-
tiplying current I by voltage U , since both are near constant. Using the values of Tab. 1 the power was calculated and
resulted in P = 2300 W. The initial plate temperature attributed in the simulation was T0 = 25 ◦C. In addition, the
physical properties of steel material were adopted based on Li et al. (2016) work. Considering the carbon steel material,
its emissivity is given by ε = 0.5 and its melting temperature Tm = 1538 ◦C. By Tab. 1 the thermal efficiency in Eq. (5)
and heat source radius in Eq. (6) are calculated, resulting in η = 0.77 and R = 2.86 mm, respectively.

Table 1. Welding parameters.

Welding current (I) 200 A
Welding Voltage (U ) 11.5 V
Welding Speed (Vs) 15 cm/min

2.3 Validation

To validate the numerical model, an experiment was conducted with the same parameters specified in Sec. 2.2,
through a multiprocess IMC Digiplus A7 welding power source. A robotic manipulator SPS Tartílope V4 was used to
control the welding speed. Argon was selected as shielding gas. The tungsten electrode was doped with 2% Thorium,
had a 3.2 mm diameter and 30 ◦C tip angle. Transversal sections were prepared using a metallographic procedure that
includes sandpaper classifications of 80, 320, 400, 600 and 1200, besides 1.0 µm alumina polishing. Nital 10% was used
during 7 s to reveal HAZ.

3. Results and Discussion

The weld profile resultant from the developed code considering two methodologies for HAZ delimitations are shown
in Fig. 4. In (a), the HAZ was limited using only the critical temperature Tc, with peak temperatures above 727 ◦C, and
in (b), using the austenitization phase fraction f .

For the critical temperature criterion, the HAZ starts at 5.77 mm from the weld center line. However, austenitization
reaches 1% at 5.76 mm from the weld center line and ends (99%) at 4.61 mm from the weld center line. Although the
criterion usually applied considering the critical temperature is sufficient to limit the largest region where microstructure
changes could occur, Zhang et al. (2002a) kinetics equation enables the calculation of phase transformation percentile,
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Figure 3. Mesh used in numerical simulation.

Figure 4. Simulated weld profile. (a) Temperature field. (b) Austenitization field.

and as a result, know the regions that were more affected by the heat. However, it was noted a 0.01 mm difference relative
to the critical temperature criterion when the austenitization criterion was adopted, which is not relevant in practice. On
the other hand, the identification of regions with a lower and higher degree of austenitization is important for welding,
since if the component is subjected to a steep cooling rate between 800 ◦C and 500 ◦C, the percentile of brittle phases
such as martensite is proportional to the austenite phase fraction. In this temperature range, austenite transforms to lower
temperature transformation products. This can be verified in Rafieazad et al. (2019) work. In spite of being a low carbon
alloy, martensite was formed in the HAZ. The amount of this phase was not large since steep cooling rates happened just
in the α + γ region of the Fe-C diagram, where just part of the microstructure transformed to γ, originating Localized
Brittle Zones (LBZ). Considering the situation were cooling rates happened in the 100%γ region, the entire microstructure
would be fragile.

The definition from O’Brien and Guzman (2007) and Lippold et al. (2015) cover the HAZ as a region where mi-
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crostructure changes happened but do not specify a quantitative criterion for that. Kou (2003) states that the microstructure
changes must be significative, but neither suggests a minimum value for phase transformation. Despite this value is not
available in the literature, based on the developed code, it is possible to identify regions with a higher and lower degree
of austenitization. To qualitatively validate the code, the simulated weld profile was compared with the experimental one,
shown in Fig. 5.

Figure 5. (a) Experimental weld profile showing the HAZ boundary relative to the weld center line. (b) Experimental
weld profile showing the points where austenitization starts (1%) and ends (99%) relative to the weld center line.

In Fig. 5 (a), the HAZ starts at 6.49 mm from the weld center line. Therefore, the model can predict the HAZ boundary
by 89%. Assuming this as a systematic error, the points relative to 1% of austenite phase fraction and 99% of austenite
phase fraction are located at 6.47 mm and 5.18 mm from the weld center line in Fig. 5 (b), respectively.

Based on the above discussion, the austenite phase fraction can be used with the critical temperature to delimit the
HAZ considering the value of 1% of austenitization as the start value, but there is not a significant difference in practice
when using only the critical temperature criterion. Therefore, the implementation of the JMA equation in a numerical
model is more relevant to identify the regions subjected to a higher degree of phase transformation, and the consequently
higher probability of brittle phases, than to delimit the HAZ boundaries.

4. Conclusions

This paper proposed a methodology to estimate the HAZ region from the TIG process based not only on the critical
temperature of 727 ◦C but also on the austenite phase fraction f from transformation kinetics. The following conclusions
can be drawn:

• The austenite phase fraction can be used with the critical temperature to delimit the HAZ considering the value of
1% of austenitization as the start value, but there is not a significant difference in practice (0.01 mm) when using
only the critical temperature criterion.

• The implementation of the JMA equation in a numerical model is more relevant to identify the regions subjected to
a higher degree of phase transformation and the consequently higher probability of brittle phases than to delimit the
HAZ boundaries.

• The comparison of experimental and numerical results allowed the validation of the “in-house” Finite Volume code
developed. The model could predict the HAZ boundary by 89%.
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