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ABSTRACT 

Grain growth and hardness variation occurring in high temperature Heat Affected Zone (HAZ) during the 
welding processes are two thermal dependant aspects of great interest for both academic and industrial research 
activities. This paper presents an innovative Finite Element (FE) model capable to describe the grain growth and 
the hardness decrease that occur during the Gas Metal Arc Welding (GMAW) of commercial AISI 441 steel. The 
commercial FE software SFTC DEFORM-3DTM was used to simulate the GMAW process and a user subroutine 
was developed including a physical based model and the Hall-Petch (H-P) equation to predict grain size variation 
and hardness change. The model was validated by comparison with the experimental results showing its reliability 
in predicting important welding characteristics temperature dependant. The study provides an accurate numerical 
model (i.e. user subroutine, heat source fitting, geometry,…) able to successfully predict the thermal phenomena 
(i.e. coarsening of the grains and hardening decrease) that occur in the HAZ during welding process of ferritic 
stainless steel. 
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model, Heat affected zone. 

 

 



NOMENCLATURE 

 

C0  numerical constant 

C1  numerical constant 

D  current grain size 

D0  initial grain size 

FE  finite element 

FEM finite element method 

FZ  fusion zone 

GMAW gas metal arc welding 

GTAW gas tungsten arc welding 

HAZ heat affected zone 

H-P Hall-Petch 

HV  hardness Vickers 

IRC infra-red camera 

Q  activation energy for grain growth 

R  gas constant 

T  current temperature 

TIG tungsten inert gas 

a  heat source parameter 

b  heat source parameter 

c1  heat source parameter 

c2  heat source parameter 

d  average grain size 

k  numerical constant 

ky  numerical constant 

k0  numerical constant 

σy  yield strength 

σ0  numerical constant 

m  numerical constant 

t  time 

 

 

INTRODUCTION 

The welding process is one of the most important 
material joining method among the various 
manufacturing processes. Although its simplicity of 
execution, usually involving the deposition of molten 
filler metal and the localized heat input, the weld 
region close to the welded joint experiences complex 

thermo-mechanical cycles due to localized heating 
and cooling steps. Generally, these result in non-
uniform expansion (heating phase) and shrinking 
(cooling phase) sequence of the region between the 
base metal and the welded material leading to 
distortion [1-4] particularly detrimental for the 
functional performance and service safety of the 
component. 
For this reason, an accurate knowledge of the thermo-
mechanical aspects featuring the joining procedure 
and its evolution during the process execution is 
required with the aim to identify, control and 
minimize problems to achieve the desired and reliable 
outputs. Besides, considering the important role of the 
FE modeling as predictive tool, the research focused 
on welding process made significant efforts both in 
the experimental and numerical fields investigating 
several aspects of the joining process: distortion, 
residual stresses [5, 6], clamping system [7, 8], 
temperature fields, heat source modelling [9, 10]. J.J. 
Xu et al. [11] carried out an uncoupled 3D thermal and 
mechanical analysis by SYSWELD, a commercial 
software code for welding simulations, to predict and 
analyse temperature and residual stress during a single 
weld bead deposition on AISI 316L austenitic steel by 
Tungsten Inert Gas (TIG) welding. The heat source 
was modelled through the heat source fitting tool 
considering a double ellipsoid heat source model and 
the measured welding temperatures. Subsequently, 
the authors validated the developed numerical model 
comparing the simulated bead boundaries profiles, 
temperature fields and predicted residual stresses with 
the experimental outcomes. Moreover, they observed 
that the influence of the clamping restraint on the 
residual stresses profile was not so significant. S. T. 
Prabakaran et al. [12] investigated the mechanical and 
metallurgical effects of TIG welding of INCONEL 
718 plates by an experimentally validated numerical 
model. A deep analysis of the thermal stress 
distribution, the HAZ size and the hot cracking 



susceptibility of the weld joint was carried out using 
Finite Element Method (FEM) solution. K. R. 
Balasubramanian et al. [13] developed a FEM to 
simulate the laser beam welding of AISI 304 stainless 
steel sheet. The experimental campaign of about 81 
tests, varying the beam power, the welding speed, the 
beam angle and the gas flow rate, was carried out to 
validate a robust numerical model able to simulate the 
bead profile. M. Zubairuddin et al. [14] analysed the 
residual stress and distortion occurring in a modified 
9Cr-1Mo steel plates when conducting gas tungsten 
arc welding (GTAW). The authors developed a 3D 
FEM able to predict accurately the residual stress 
profile across the fusion zone (FZ), the thermal cycles 
and the component distortion. The comparison 
between numerical and experimental results 
confirmed the better accuracy of the large distortion 
theory in welding thin plates. S. K. Panda et al. [15] 
proposed a numerical model to predict the formability 
of DP980 steel sheets when performing laser welding. 
The authors found that both the strength and the 
ductility of laser welded blanks decreased due to the 
softened outer-HAZ: the higher the softened HAZ the 
lower the strength of the material. A. A. Deshpande et 
al. [16] showed a FE modelling of heat source and 
distortion in TIG-welded butt joint of SS304 sheets. 
The FE model was firstly validated by comparison 
with experimental macrographs of the weld bead, the 
thermal cycle and the residual distortion. 
Subsequently, the authors used the model to 
investigate the effects of natural and forced 
convection, of the constraint release time and of the 
welding path sequence. R. Konar et al. [17] studied 
the residual stresses of dissimilar weld joint of 
austenitic X5CrNi18-10 and ferritic S355J2H steel by 
numerical simulation. The FE analysis of the weld 
joint also proved to be a valid tool for thermal and 
hardness prediction. V. V. Narayanareddy et al. [18] 
developed a FEM of the TIG welding during joining 
316L stainless steel. After modelled and validated the 

heat source based on Goldak’s shape, the authors 
investigated the influence of welding process 
parameters (i.e. current, voltage and weld speed) on 
the heat energy input. A significant effect of the 
process parameters on the peak temperature on FZ 
and HAZ extension and shape was also observed. Coz 
et al. [19] compared the type of distortion and the 
magnitude induced by TIG welding on austenitic and 
duplex stainless steels through the FE simulation. The 
authors showed that the material properties affected 
the final deformed shape. 

The literature analysis showed that the 
microstructural alteration within the HAZ has 
significant effects on the final properties of the part. 
For this reason, it is useful to develop an adequate FE 
numerical model able to predict and control the 
thermo-mechanical phenomena that occur during the 
investigated process since they are fundamental for 
the mechanical performances and the quality of the 
final product. 

This work wants to scientifically contribute to 
deliver a novel numerical model that takes into 
account the grain size evolution to predict the 
microstructural changes and the hardness variation in 
the HAZ during GMAW of AISI 441 ferritic stainless 
steel. The innovative aspect of this work is 
represented by the use of the commercial FE software 
SFTC DEFORM-3DTM, designed to analyse metal 
forming, heat treatment, machining and mechanical 
joining processes. A customized user sub-routine that 
allows the numerical model to predict the grain 
growth and hardness variation during the investigated 
process was developed and implemented in the 
commercial FE software. Moreover, the numerical 
procedure for the heat source definition: geometry and 
movement is also reported. Finally, a comparison 
between the numerical results and the corresponding 
experimental data was carried out to validate the 
model. The effectiveness of the proposed numerical 
tool to measure and control the grain size evolution 



and the related hardness variation, characterizing the 
HAZ is shown. It is important to highlight that the 
present work represents a first attempt to simulate the 

welding process by using DEFORM 3D FE code 
developed to analyse other types of processes. 

 

 

Table 1 AISI 441-Material chemical composition (weight %) 

Elements Cr C Mn Si Al Ti Nb Mo Fe 

Weight % 17.83 0.01 0.24 0.60 0.006 0.13 0.55 0.01 Balance 

 

Table 2 AISI 307-Material chemical composition (weight %) 

Elements Cr C Mn Si P S Ni Mo Fe 

Weight % 20.30 0.08 3.3 0.90 0.04 0.015 8.50 1.5 Balance 

 

a) b) c) 
Fig. 1 Sample geometry a), clamping setup b) and c) 

 

 

EXPERIMENTAL PROCEDURE 

GMAW experiments were performed on AISI 441 
ferritic stainless steel (Table 1) by a fully automated 
torch movement. The welds were conducted on two 
plates (248HV0.01 and 1.5mm thick) and the geometry 
and the clamping setup are reported in Fig. 1. 
Furthermore, three parts were welded to statistically 
assess the process. The welding process parameters 
were 220A current, 11.9V voltage, 13.33mm/sec weld 
speed and 12.2mm/min filler material speed 
deposition (AISI 307 with a diameter of ϕ=1mm, 
Table 2). Pure Argon with a flow rate of 15L/min was 
used as shielding gas. After welding, a sample of 

30mm length (welding direction, Fig. 1a) was cut, and 

the cross section was mounted with cold resin for the 

metallographic analysis and hardness measurement. 

The metallographic preparation consisted of 

mechanical polishing and then etching with the 

Keller’s reagent (92ml of distilled water, 6ml of nitric 
acid, 2ml of hydrochloric acid, 2ml hydrofluoric 

acid). The cross section was analysed by an optical 

microscope to characterise the weld bead geometry, 

the HAZ extension and the grain size evolution 

measurements. Fig. 2 reports the micrograph obtained 

by the optical microscope: the weld metal (melted 

part), the HAZ and the base metal (unaffected 

material) are clearly distinguishable. The HAZ size 

was found approximately equal to 450±50µm. The 

measurement was determined by measuring and 

comparing both the grain size evolution and the 

hardness change. The micro-hardness (HV0.01) was 

investigated by an instrumented micro-nano indenter. 



 
Fig. 2 Transverse section metallographic analysis 

 

Fig. 3 shows the grain size evolution along the 

different zones obtained by welding process. In 

particular, Fig. 3a reports the grain size of the 

unaffected zone, representing the base material with 

an average value of 35µm.  Fig. 3b shows the grains 

of the HAZ that are coarser (72µm) than the ones 

reported in Fig. 3a due to the temperature increase that 

triggered the grain growth. Fig. 3c represents the 

grains of the weld metal with an average value of 

10µm. Despite the size difference, the grain 

maintained an equiaxial shape in all the investigated 

zones. 

 

a) b) c) 

Fig. 3 Transverse section grain size a) base metal, b) HAZ and c) weld metal 

 

The micro-hardness was measured considering an 

indentation matrix (22x3 points) as reported in Fig. 

4a. As reported in Fig. 4b, the hardness significantly 

decreased from the base metal (248HV) to the HAZ 

(215HV) with a reduction of 33HV (-13%). On the 

other hand, a hardness value of 295HV was measured 

on the weld metal, with a significant increase of 80HV 

(+37%) when compared with the HAZ, and of 47HV 

(+19%) when compared with the base metal. 

Therefore, the thermal phenomena effects on the HAZ 

softening with a consequent material strength 

reduction due to both hardness decrease and grain 

growth are quite evident. Indeed, the material 

strengthening is an inverse function of the square root 

of the grain size: the coarser the grain size, the lower 

is the strength according to Hall-Petch effect 

(Equation 1) 𝜎𝑦 = 𝜎0 + 𝑘𝑦√𝑑 (1) 

Where σy is the yield strength, ky is the 

strengthening coefficient, σ0 is a material constant and 

d is the average grain size. 

 



a) b) 

Fig. 4 a) Hardness indentation matrix and b) 

transverse section indentation measurement 

 

The thermal field was acquired by a FLIR A655sc 

Infra-Red Camera (IRC), therefore the temperature 

profiles of the welded surfaces of the specimens were 

evaluated. A range temperature acquisition of 100-

650°C was set, leading to analyse the cooling step of 

the process that, for its duration, is considered the 

main reason for the distortion. The thermal analysis 

allowed to evaluate the cooling temperature-trend 

focusing on three points located at the beginning, the 

centre and the end of the weld bead, respectively as 

shown in Fig. 5. 

 

 

 
Fig. 5 Cooling temperature trend 

 

The temperature profiles reported in Fig. 5 were 

used to calibrate the model by an iterative trial and 

error procedure. Moreover, the same approach was 

used to evaluate the temperature and the convection 

coefficient of the heat exchange windows 

implemented in DEFORM to model the welding heat 

source. 

 

NUMERICAL MODEL 

The commercial FE software SFTC DEFORM-

3DTM was used for modeling the GMAW process of 

the commercial AISI 441 ferritic stainless steel. The 

two plates were modelled as a plastic body meshed 

with 50000 iso-parametric tetrahedral elements, while 

for the weld bead a plastic model with 32000 elements 

was considered (Fig. 6). 

 

 
Fig. 6 Finite element modeling 

 

To simulate the GMAW a three-dimensional 

Goldak’s double-ellipsoid heat source model was 

considered, where a, b, c1 and c2 (Fig. 7a) are the 

ellipsoidal heat source parameters, respectively the 

half width, the depth of penetration, the front length 

of molten pool and the rear length of molten pool, 

respectively. 

The above cited heat source model was 

implemented in DEFORM defining a series of 3D 

heat exchange windows reproducing the shape of the 

Goldak’s double-ellipsoid (Fig. 7b) and characterized 

by a movement velocity of 13.33mm/sec according to 

the experimental welding speed process parameter. 

 



a) b) c) 

Fig. 7 a) Goldak’s double-ellipsoid heat source model, b) DEFORM heat exchange windows for heat source 

modeling and c) measurements of the ellipsoidal heat source parameters a, c1 and c2 

 

All the above cited heat source parameters, the 

temperature and the convection coefficient of the heat 

exchange windows were experimentally determined 

considering the weld bead geometry, the HAZ size 

and the cooling temperature trend. In detail, the 

parameters a, c1 and c2 were measured on the welded 

component (Fig. 7c), while the parameter b, the 

temperature and the convection coefficient of the heat 

exchange windows were calibrated by an iterative 

trial and error procedure of comparison between the 

numerical and experimental HAZ size and the cooling 

profile (Fig. 8). 

 

a) b) c) 

Fig. 8 Iterative procedure to calibrate a) the heat source depth penetration, b) the temperature of the heat 

exchange window and c) the convection coefficient of the heat exchange window 

 

The thermal phenomena affecting the 

microstructure (i.e. grain size) of the HAZ was 

predicted by implementing a customized user 

subroutine involving the classic kinetic theory for 

grain growth [20, 21], Equation 1. 

 𝐷𝑚 − 𝐷0𝑚 = 𝑡 ∙ 𝑘 
(1) 

Where D is the current grain size, D0 is the initial 

grain size, m is the grain growth exponent, k is the 

kinetic constant and t is the soaking time. The grain 

growth kinetic constant k can be expressed by 

Arrhenius form as function of the temperature, 

Equation 2. 𝑘 = 𝑘0𝑒𝑥𝑝 (− 𝑄𝑅𝑇) (2) 

Where k0 is a pre-exponential constant, Q is the 

activation energy for grain growth, R is the gas 

constant and T is the temperature. Using Equation 2 

in Equation 1 it is possible to define the expression for 

the grain growth kinetics, Equation 3. 

•

𝜎 𝜀 𝜀 𝑇 𝑑 Δ𝐻𝑅𝐶
•
• 𝜀𝑐𝑟

Simulation Output: 

• Max temperature 

Modify the  

Temperature 

Calibrated Parameter 

Do the results 
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data? 

Yes 

Heat Exchange Windows 

Temperature Calibration 
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•
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𝜎 𝜀 𝜀 𝑇 𝑑 Δ𝐻𝑅𝐶
•
• 𝜀𝑐𝑟

Simulation Output: 

• Cooling rate 

Modify the  

Convection coefficient 

Calibrated Parameter 

Do the results 

agree with 
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Heat Exchange Windows 

Convection Coefficient Calibration 

𝜎 𝜀 𝜀 𝑇 𝑑 Δ𝐻𝑅𝐶
•
• 𝜀𝑐𝑟

No 



𝐷 = √𝑡𝑘0𝑒𝑥𝑝 (− 𝑄𝑅𝑇) + 𝐷0𝑚𝑚
 (3) 

 

All the values of Equation 3 are listed in Table 3. 

 

Table 3 Numerical parameters for the grain 

growth kinetics 

Q 

[J/mol] 

R 

[J/mol*K] 

m 

 

D0 

[mm] 

240000 

[22] 

8.314 

[22] 

4 

[21] 

0.035 

Exp 

 

For t*k0 it was considered a constant value, 

validated during simulations and set equal to 105. 

Finally, the hardness modification depending on 

the grain size evolution was calculated according to 

the H-P equation that considers hardness evolution as 

an inverse function of the grain size (Equation 4): 𝐻𝑉 = 𝐶0 + 𝐶1√𝑑 (4) 

Where C0 and C1 are two material constants while 

d represents the average grain size. The value of C0 

and C1, were determined through the previously 

measured values of the material hardness and grain 

size of both HAZ and base metal and were set equal 

to 139.1 and 20.38, respectively. 

 

FE VALIDATION AND RESULTS 

 

The FE model was validated by comparing the 

experimental results of the cooling rate, grain size 

evolution and hardness variation with the 

corresponding numerical data. 

Fig. 9a shows the uniform and stable numerical 

temperature profile while in Fig. 9b it is reported the 

comparison between the numerical HAZ with the 

experimental metallographic analysis. 

The comparison analysis highlighted a small 

difference of about 50μm regarding the HAZ size 

prediction with a relative error of 15%. This 

acceptable difference between the numerical and the 

experimental data suggest that the developed 

numerical procedure is enough robust and confirms 

the correctness of the implemented numerical method 

in DEFORM 3D for the heat source shape modeling 

procedure. The reason of the difference between 

numerical and experimental outcomes could be due to 

i. the accuracy of the experimental data, ii. the 

calibration procedure implemented to define the 

numerical constants of the FE model and of the user 

subroutine and iii. the mesh discretization. 

 

 



a) b) 

Fig. 9 a) Numerical temperature profile and b) validation of the predicted welding zones 

 

Fig. 10 shows the prediction of the grains (region 

interested by the grain growth) and the hardness 

variation. These results higlight the reliability of the 

developed numerical model and the user subroutines 

to successfully predict the thermal phenomena that 

occur during GMAW process and the related 

metallurgical changes. In particular, due to the high 

reached temperature a new microstructure 

characterized by coarser grain size was computed and 

consequently this result affected the material 

hardness, as experimentally observed, resulting in a 

softer HAZaccording to Equation 4.  

 

a) b) c) 

Fig. 10 Numerical predicted a) grain size [mm] and b) hardness [HV0.01] and c) comparison between 

measured and predicted hardness variation c) 

 

The numerical results, in agreement with those 

experimentally found, show that after the GMAW the 

evolution of the microstructure results in an average 

grain size increase that resulted quite coarser in the 

HAZ compared with the base metal. Thus, according 

to the inverse function of H-P equation (Equation 4), 

the hardness decreases showing that the thermal 

phenomena, characterizing the GMAW process, 



cause severe microstructural and mechanical 

properties changes (Fig. 10). 

 

DISCUSSION AND CONCLUSIONS 

In this work a numerical model was developed to 
describe the grain size evolution and the hardness 
change within the HAZ during GMAW process of 
commercial AISI 441 ferritic stainless steel plates. 

The commercial FE software SFTC DEFORM-

3DTM was used for the numerical analysis and a 

customized user subroutine was implemented for 

predicting the grain size and the hardness evolution 

according to the classic kinetic theory and the H-P 

relation respectively. The present work represents a 
first attempt to simulate the welding process by using 
a FE code developed to analyse other types of 
processes. In particular, the possibility to model the 
Goldak’s double-ellipsoid heat source by a series of 
heat exchange windows tool available in the used 
software was validated. The good results obtained by 

the comparison of the predicted and the experimental 

HAZ size confirmed the effectiveness of developed 

model to properly include the heat source shape to 

predict the thermal fields. Moreover, the numerical 

results were validated by comparison with those 

experimentally found demonstrating the effectiveness 

of the customized model and the user subroutines to 

successfully predict the grain growth evolution and 

the hardness decrease within the HAZ due to the high 

temperatures induced by GMAW. Thus, the proposed 

FE strategy can be used to properly simulate the 

GMAW process of commercial AISI 441 ferritic 
stainless steel plates, allowing to consider the 

microstructural characteristics that affect the material 

performance. The developed numerical tool can be 

potentially employed during GMAW process to 

accurately monitor and control the desired 

microstructure, and consequently the mechanical 

performances, required to the welded products. 
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