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The following thesis examines the comparison of welding simulations performed in Abaqus
and Simufact Welding using a bead-on-plate case study on a thin plate made of structural
steel. The simulations use a moving Goldak, double-ellipsoid heat source. In particular, the
research is focused on identifying the main differences in welding-induced temperature field,
residual stresses and distortions in the performed simulations, also considering user
experience and computational efficiency of both software. In this work, the following
research methods were applied: literature review, case study and numerical, finite element
analysis, including the DFLUX subroutine implementation in Abaqus. Then, the results
obtained from thermal and mechanical simulation analyses were compared between Abaqus
and Simufact Welding, indicating the importance of user expertise, model setup and input
parameters. Thus, the features influencing the software selection were derived as engineering
application, available expertise, required control and result accuracy. This thesis addresses
the lack of research regarding comparison of welding simulations in dedicated software, as
well as creates a base for the future research under different and more complex case studies
and welding-induced phenomena.
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SYMBOLS AND ABBREVIATIONS

Roman characters

c specific heat capacity [J/kgK]

h heat transfer coefficient [W/(m?K)]
I current [A]

k thermal conductivity [W/m-K]

Q heat input [kg/m’]

q heat flux [W/m?]

T temperature K]

t time [s]

U voltage [V]

Greek characters

€ strain [m/m]
€ emissivity factor

n efficiency

p density [kg/m’]

o Stefan-Boltzmann constant [W-m2-K™*]



Abbreviations

CAE

CwWwM

DFLUX

FEA

FEM

GMAW

GTAW

TEP-FEM

Computer-Aided Engineering
Computational Welding Mechanics
Distributed Flux

Finite Element Analysis

Finite Element Method

Gas Metal Arc Welding

Gas Tungsten Arc Welding

Thermal Elastic-Plastic Finite Element Method
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1. Introduction

Welding is the process of joining objects (specimens) made of the same or close to the same
type of homogenous materials, by applying heat, pressure or both, depending on welding
process type and welding tools used (Messler, 2008). This is one of the oldest and most
widely used joining methods in engineering, the history of which goes back to the ancient
times. However, the modern welding, as we know it now, goes back to the 19th century; the
first historical record of an arc welding is found in 1890, when Charles L. Coffin — an
inventor from Detroit, the United States, made an arc welding process patent, in which he
described the molten filler metal deposit process from the electrode into the weld bead to
make a joint (Miller Welding, 2025). During the following century, welding industry kept
evolving; new welding methods, techniques and processes such as gas welding (GTAW and
GMAW), stud welding, submerged arc welding, plasma arc welding, electron beam welding,
inertia welding and laser welding were introduced massively during the 20th century (Miller
Welding, 2025). Nowadays, these welding processes are still being upgraded by the means
of advanced process and energy efficient equipment, as well as, automation means, such as
robots, and robotic arms and manipulators, which enable to produce highly accurate welds,

impossible to achieve by human hands.

During welding, highly localized thermal cyclic loads are produced, which cause complex
temperature fields, residual stresses and structural distortions in welded structures. In order
to ensure the structural integrity, dimensional accuracy and safety considerations of welded

structures, it 1s essential to calculate and predict those effects accurately.

1.1. Background and motivation

Modern computational tools allow the user to estimate and potentially minimize welding
effects such as distortions and residual stresses based on the provided input data such as,
initial environment conditions, material properties, heat input and other parameters (Goldak
& Akhlaghi, 2005). This kind of analysis is known as Computational Welding Mechanics
(CWM).



The thermal elastic-plastic finite element method (TEP-FEM) is the progenitor of modern
CWM — which is the basis for solving the complex welding effects, enabling the simulation
of temperature distribution and its mechanical and structural consequences during welding
processes (Ueda et al., 1995). While the TEP-FEM framework for welding simulation is well
established, there are a wide range of different commercial software packages implementing
this framework in different modelling ways. Software such as Abaqus and Simufact Welding
are commonly used for welding simulations. Recent studies demonstrate that, i.e., Abaqus
can accurately predict welding-induced deformations if appropriate heat source model and
material properties are applied (Young-Hwan et al., 2024). At the same time, Simufact
Welding provides predefined welding workflows, thus reducing modelling effort while

maintaining acceptable accuracy (Min, 2018).

Abaqus requires user-defined heat source models and precise control over the procedure of
analysis; Simufact, on the other hand, provides built-in welding modules with predefined

assumptions.

As shown in Han et al. (2024) and Jiménez-Xaman et al. (2024) recent Abaqus-based studies,
the accuracy of the welding simulation majorly depends on modelling inputs and
conditioning inputs such as type of heat source, welding parameters and boundary
conditions. In addition to Abaqus-based studies, Simufact Welding can also provide reliable
predictions of welding-induced phenomena, with more efficient model preparation and
practical applicability (Bielik, 2020). However, it remains unclear how these results,
achieved from different welding simulation software compare with each other when using
and analyzing the same welding case study. Particularly, research on the direct comparison
between general-purpose FEM software and specialized welding simulation tools under

identical predefined conditions is limited. (Jiménez-Xaman et al., 2024)

1.2. Scope and focus

The present thesis compares finite element simulations of the arc-welding process using a
moving heat source model in a simple, bead-on-plate case. The aim is to demonstrate and
compare the capabilities and results of two simulation software packages: Abaqus and

Simufact Welding.
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The simulation is developed as a sequentially-coupled thermo-mechanical analysis of the
bead-on-plate, arc-welding process of a thin plate made of common structural steel, where
the heat flux is represented by the Goldak double-ellipsoidal model. Additionally, some
physical effects such as welding-induced surface radiation and convection are included in
the model setup in order to maintain a comparable modelling framework between two
software. The material model assumes temperature dependent elastic-plastic behaviour of

steel properties, and the welding process parameters remain constant along the welding path.

The thermo-mechanical analyses presented in this thesis are compared in terms of
temperature distribution, residual stresses and welding-induced distortions, as well as user

experience and computational efficiency.

1.3. Research problem and questions

The aim of this thesis is to address the lack of a structured comparison between a general-
purpose FEM software, such as Abaqus, compared to a specialized one, such as Simufact
Welding, in terms of user experience and accuracy of the results. Therefore, the study
compares the above-mentioned finite element simulation software for welding simulations
with a moving heat source. Focusing on differences in temperature fields, residual stresses,
distortions, user experience and computational efficiency, the following research questions

are addressed in the thesis:

1) How do modelling effort, user control and computational efficiency differ between

Abaqus and Simufact Welding?

2) How do the simulations’ outputs compare in terms of temperature field, residual

stresses, and distortions?

3) What are the pros and cons of using Abaqus and Simufact welding, and how do they

influence the final results?
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1.4. Research methods

To answer the research questions, the work will use literature review as main method for
secondary research data collection. Literature review will provide an overview of relevant
research theories, existing knowledge, gaps and problems in existing research of welding

simulation.

Another research method utilized in this work will be case study. Primary data will be
collected to quantitatively compare simulation output results from two welding simulation

software: Abaqus and Simufact Welding.

The welding simulation in Abaqus will require the use of the Distributed Flux (DFLUX)
subroutine, which is implemented via the file of FORTRAN code type that contains user-
defined heat flux that moves across the welding surface with time. (Sattarpanah Karganroudi

etal., 2021)

1.5. Research structure

The thesis is structured into five main chapters. After the introduction, there is chapter two,
which introduces the theoretical framework of the topic, reviewing the literature to build the
foundation of the study. It covers the computational welding mechanics principles, TEP-
FEM and moving heat source models, analyzed welding-induced phenomena and simulation
software being used in this study. Then, chapter three introduces the case study overview;
there, the geometry, material properties and welding parameters are introduced
quantitatively and described qualitatively, as well as welding parameters and boundary
conditions of the welding simulation and model setup in both software are introduced.
Practical part with the follow up results is presented in chapter four for welding simulation
in Abaqus and Simufact Welding. The chapter contains welding simulation analysis results
and discussion on the performed thermal and mechanical analyses, as well as the practical
experience working in both software. Finally, chapter five concludes the research and

discusses on pros and cons of using each software.
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2. Theoretical framework and literature review

The theoretical framework of this study is based on CWM, which combines thermal and
mechanical analyses to predict welding-induced phenomena such as temperature fields,
residual stresses and distortions. The welding simulations typically rely on Computer-Aided
Engineering (CAE) tools and the Finite Element Method (FEM), where the thermal and
mechanical analyses are coupled to witness the evolution of stresses and strains during

heating and cooling cycles. (Goldak & Akhlaghi, 2005)

This chapter reviews the fundamental concepts required for understanding and modelling
welding processes, such as CWM, TEP-FEM, welding simulation tools, moving heat source

models and material response to thermal loading.
2.1. Thermo-mechanical elastic-plastic finite-element analysis

The CWM is an engineering framework that uses numerical simulation methods such as
FEM (Ueda et al., 1995) to analyze and predict the behaviour of physical phenomena of
welding (temperature field distribution, residual stresses and distortions) without the actual
welding experiments (Goldak & Akhlaghi, 2005). This framework is typically based on the
TEP-FEM. This method considers temperature loading and demonstrates the stresses and
deformations of weld, based on time; the analysis is divided into two stages: transient

thermal analysis and mechanical analysis (Han et al., 2024).

A transient thermal analysis is performed to determine the temperature distribution in the
welded material, where the heat conduction inside the model is governed by the following

equations:
aT
= _V-g+ 1
pco; q+0Q (1)

q=—k-VT ©)

where p is density [kg/m®], ¢ is specific heat capacity [J/kg'K], T is instantaneous
temperature [K], ¢ is time [s], V - q is the divergence of heat flux (scalar field) [W/m?], q is
heat flux (vector field) [W/m?], k is thermal conductivity [W/m:K], VT is gradient of
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temperature [K/m] and Q is the internal heat input [W/m?], i.e., the heat generated by the
welding source (Han, 2024).

Along with transient heat conduction, thermal analysis often includes several thermal
boundary conditions such as radiation and convection, and the heat loses these conditions
cause. Radiation and convection are not mandatory to include in thermal analysis; however,
they serve as additional parameters that increase the precision of simulation outcomes but
increase the computational time. The heat losses [W/m?] caused by convection (g.) and

radiation (q,-) are described by Equations 3 and 4 respectively. (Marques et al., 2022)

qc = h(T —Tp) (3)
qr = €a(T* = Tg) “)

where h. is convective heat transfer coefficient [W/(m?-K)], € is emissivity factor, o is the
Stefan-Boltzmann constant [W-m™K™], T is instantaneous temperature of the welding

surface [K] and T, is ambient temperature [K].

The temperature field resulting from the thermal analysis is transferred to the following
mechanical analysis, where the total strain increment of the material, Ae [m/m], is a
superposition of elastic (e), plastic (p), thermal (7), phase transformation (p#), and creep (c)
effects, as in Eq. (5). (Han, 2024)

As = Ae® + AeP + Aet + AeP™ + Ae€ (5)

The thermo-mechanical one-way coupling is the key characteristic of welding simulations,
where temperature changes in the material directly influence its thermal and mechanical
properties, induce thermal expansion and contraction, and cause complex stress-strain states
and plastic deformations, which results into the formation of residual stresses and distortions

after the cooling process. (Marques et al., 2022)

According to Ueda et al. (1995), the early stages of CWM development were based on
simplified thermo-elastic-plastic models, which were later expanded to cover the nonlinear
material behaviour and more realistic welding conditions. As computational methods have
evolved and computational power has increased, FEA has become the dominant tool in

welding simulations.
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In the present study, well-established CWM concepts implemented via TEP-FEM provide
the framework for predicting the welding-induced effects and comparing various numerical

tools, such as Abaqus and Simufact Welding.

2.2.Moving heat source models

In welding simulations, the heat source is determined via two methods — experimentally and

mathematically.

During experimental approaches, the relevant welding parameters, such as current, voltage,
welding speed, etc., are measured for further research and analysis of the welding outcome.
Various postprocessing techniques and equipment can be used to measure, e.g., cross-

sections, weld pool surface, and droplet transfers. (Goldak & Akhlaghi, 2005)

Mathematically derived models, on the other hand, are made to predict the behaviour of the
welding process via models that are based on energy equations. Various forces, such as
Lorentz, Maragoni, hydrostatic, pressure and shear forces, as well as surface tension and
droplet transfer into the weld pool can also be included in the heat source model. (Goldak &

Akhlaghi, 2005)

According to Goldak & Akhlaghi (2005) there are several generations of heat source models,
which were developed to break down the backside complexity of welding physics into
several more manageable levels, allowing to achieve accurate, approximate solutions, while
making assumptions and neglecting some physical phenomena. The following subchapters
will briefly describe the generations of heat source models, as well as introduce the heat
source model utilized in this study. The heat source classification presented here does not
include recent models developed for advanced welding processes, thus focusing on well-

established models that are suitable for arc-welding simulations.

2.2.1. Five generations of heat source models

There are five generations of heat source models according to Goldak & Akhlaghi (2005),
starting from the oldest and simplest models and progressing to the most recent and complex

ones.
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First Generation heat source models, such as model proposed by Rosenthal and Rykalin,
follow the early analytical approaches of heat transfer, which represents the heat source as a
point or line. The point type heat source determines the position of the weld and the heat
input coming from the weld source, while the line type heat source determines the line
segment along which the power of heat input is uniformly distributed (Goldak & Akhlaghi,
2005). These models are used with very simple geometries, such as infinite plates and only
straight or spiral time-dependent weld paths, and is based on strong simplifying assumptions,
including constant material properties and infinite temperatures at the heat source (Goldak
& Akhlaghi, 2005). As a result, this makes First Generation heat source models unable to
accurately describe temperature fields near the weld pool, while offering very time-efficient

and simple welding predictions (Kollar & Kovesdi, 2019).

Second Generation heat source models introduce distributed heat sources. Surface heat
source models better represent the physical phenomena of the welding process. Complex
geometry and nonlinear, temperature-dependent parameters, such as conductivity, specific
heat and surface radiation can be considered (Goldak & Akhlaghi, 2005). However, since
the heat input is still applied only at the surface, the penetration of heat into the material, the

temperature distribution, and the three-dimensional nature of the weld pool are not directly

modelled. (Goldak & Akhlaghi, 2005)

Third Generation heat source models make a transition to volumetric heat source models.
The model considers Stefan problem and liquid-solid weld pool producing a more realistic
case of energy absorption and heat flow within the material (Goldak & Akhlaghi, 2005). A
volumetric heat source model requires pressure distribution, mass flow rate and surface
tension of the weld pool as input data in order to predict the geometry of the weld pool.
Additionally, Third Generation models neglect some of the forces used in mathematically

derived models, such as Lorenz and Marangoni forces (Goldak & Akhlaghi, 2005).

Fourth Generation heat source models are volumetric models including fluid dynamics and
relevant Navier-Stokes equations. Furthermore, these models consider Lorenz and
Marangoni forces, as well as buoyancy and droplet flow (Kollar & Kovesdi, 2019).
However, the price to be paid for the increased complexity of the models are high

computational costs (Kollar & Kdvesdi, 2019).
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Fifth Generation heat source models aim at a comprehensive representation of the welding
process. This generation introduces electromagnetism problem by adding the magneto-
hydrodynamics equations (Goldak & Akhlaghi, 2005), thus posing highly complex
mathematical problems. This limits the use of Fifth Generation models to advanced research

applications (Kollar & Kovesdi, 2019).

2.2.2. Goldak double-ellipsoidal heat source model

The double-ellipsoidal heat source model classifies as a Third Generation model. It was
proposed by Goldak in 1984, and, since then, due to its ability to demonstrate accurately
distributed heat into the melted weld pool, this model became the most widely used heat
source model in CWM for predicting welding-induced phenomena in arc welding processes,
.e., in GMAW process (Bielik, 2020). The volumetric heat source described by Goldak is
modelled as shown in Figure 1; the heat source is divided into front and rear ellipsoids to
represent the asymmetry and inconsistency of heat distribution during the movement of the
heat source, and energy deposition in thickness direction during arc-welding process (Cui et

al., 2020; Jafarzadegan et al., 2022).

Heat flux g(W/m)

Figure 1. Goldak double ellipsoid heat source model (Yuan & Sumi, 2013).

Equation (6) and (7) demonstrate the distribution of power density g [W/m?] inside the front
(f) and the rear (r) quadrants respectively (Goldak & Akhlaghi, 2005).
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— 2 _ 2 _ _ 2
qf(x,y,L t) =m < 3x )exp( 3y >exp< 3(Z+U(T t)) > ©)

ex
abc,m\m P\"a b? ct
( N 6V3f.Q <—3x2> <—3y2> -3(z+v(r - t))z N
XY, Z = —=¢€Xx ex ex
qT‘ y abczn\/E p az p b2 p C%

Where x, y and z are local coordinates of the moving heat source [m], a, b, ¢; and c; are the
parameters of the shape of the welding arc [m], O (defined as Q = nUI, where 7 is efficiency,
U is voltage and [ is current) is the power input from the welding source [W], f- and f; are
the fractions of the heat deposited in the front and rear quadrants of the welding arc (f, +
fr = 2), vis the welding speed [m/s], T is a coefficient of the initial place of heat source and

tis time [s].

2.3. Welding-induced phenomena

During welding, the material undergoes highly localized and transient thermal heat input
resulting in complex thermo-mechanical responses, which in combination with rapid heating
and cooling cycles lead to thermal expansion and contraction of the material. This generates

internal stresses and permanent deformations in the welded structures.

Typically, three welding-induced phenomena are analyzed: temperature fields, residual
stresses and distortions, which all are strongly interrelated to the thermo-elastic-plastic

behaviour of the material.

2.3.1. Temperature fields

The temperature field is a primary outcome of the thermal analysis and is essential in welding
simulations. The evolution of temperature during welding is described by transient heat
conduction equation (Equation 1), and the aftermath of this thermal analysis along with
temperature fields are various subsequent mechanical responses such as thermal and residual

stresses, distortions and fatigue. (Das et al., 2022)
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Temp. (°C)

+1.240e+03
+1.118e+03
+9.960e+02
+8.740e+02
+7.520e+02
+6.300e+402
+5.080e+02
+3.860e+02
+2.640e+02
+1.420e+02
+2.000e+01

Figure 2. Example of temperature field over the specimen (Hyde et al., 2009).

Figure 2 illustrates an example of temperature distribution along the specimen during a bead-
on-plate, simplified welding simulation, where heat is introduced via a moving Goldak heat

source.

2.3.2. Residual stresses

Residual stresses are stresses that are created within the material due to non-uniform thermal
expansion, inhomogeneous plastic deformations, heating and cooling cycles in the fusion
and heat affected zones of the base material. These stresses remain in the material even after

the welding process has ended. (Marques et al., 2022)

During the welding process, the base material undergoes a significant expansion in the heat
affected weld pool zone, while the surrounding cooler region is less affected by the
expansion. When the welding process ends and the cooling process begins, weld region
undergoes contraction, however, this process is constrained by the surrounding material in
the cooler zone. As a result, tensile residual stresses are developed in the weld pool zone,

and compressive residual stresses in the remaining cooler regions. (Marques et al., 2022)
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Stress (Pa)
+6.720e+08
+5,704e+08 )\

+4.688e+08
+3.672e+08
+2.656e+08
+1.639e+08
+6.233e+07
-3.928e+07
-1.409e+08
-2.425e+08
-3.441e+08

Figure 3. Example of residual stress distribution over the specimen (Hyde et al., 2009).

Figure 3 illustrates the residual stress distribution over the topside of a bead-on-plate

specimen, where the weld path undergoes tension, and the outer regions compression.

As highlighted by Goldak & Akhlaghi (2005), welding simulations aim to compute and
evaluate the evolution of stresses throughout the whole welding process, and not some

specific or final values.

2.3.3. Distortions

Distortions are permanent deformations of the welded structure, and as well as residual
stresses, they are visible consequences of thermal expansion and plastic strain accumulation.
The four common types of distortions are transverse shrinkage, angular distortion,
longitudinal shrinkage and longitudinal bending (see Figure 4), and the parameters that
usually determine which of these is present in the structure and what is its magnitude are
usually stiffness, elastic modulus, thickness and yield stress of the material. (Marques et al.,

2022)
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Longitudinal Shrinkage

Welding Direction
—_—
Bending Distortion

Transverse Shrinkage

Figure 4. Four different types of distortions (Pal et al., 2007).

U, U3
6.430
E 5702
1.975
1247
3520
25792
2.065
1.337
0,610
0,118
10,845
1572
27300

Figure 5. Example of a specimen affected by distortions (Liang et al., 2009).

Figure 5 illustrates an example of a specimen affected by out-of-plane distortions. As shown
in the figure, distortions appear in the thickness direction, are distributed along the surface

of the specimen and has different, positive and negative magnitudes.

2.4. Welding simulation tools

This chapter introduces two welding simulation software that are going to be used and

compared in this study.
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2.4.1. Abaqus

Abaqus, first released in 1978, is a general-purpose finite element analysis (FEA) software,
which is a part of SIMULIA simulation software block of products developed by Dassault
Systemes (n.d.). The Abaqus system package includes several products: Abaqus/Standard,
Abaqus/Explicit, Abaqus/CFD, and the one that will be used in this study — Abaqus/CAE
(Dassault Systemes, 2016). This software is widely used in engineering applications for
solving and simulating complex real-world problems, involving nonlinear material

behaviour, heat transfer and thermo-mechanical analysis (Chang & Wang, 1982).

In the context of welding simulations, Abaqus does not provide, openly available, dedicated
welding module, which means that the user is responsible for defying the geometries and
welding processes manually by implementing an appropriate modelling strategy, for
example, by importing a user-defined DFLUX subroutine to model a moving heat source

(Mir et al., 2022).

Mir et al. (2022) highlighted both advantages and disadvantages of Abaqus. According to
Mir et al. (2022), the flexibility of Abaqus allows precise user control over all aspects of the
simulations, as well as offers modelling freedom, making it highly suitable for applications
with customization requirements. On the other hand, the freedom and user control offered
by the software increase modelling effort and required expertise, resulting in time-

consuming setup and simulations.

2.4.2. Simufact Welding

Simufact Welding is a specialized finite element-based simulation software developed for
modelling elastic-plastic material behaviour, welding and heat treatment processes. It is a
part of Simufact suite, originally initiated and developed by German automotive industry in

2005-2006 (Hexagon, 2020).

Unlike general-purpose FEM tools, Simufact Welding offers a working environment with
predefined welding simulation workflows, such as predefined templates for welding process
type, integrated heat source models, automatic definition of welding passes, simplified setup

of boundary conditions and an integrated database with up to 30 materials (Hexagon, 2020).
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Simufact Welding also allows user to utilize its advanced features such as automatic

meshing, distortion prediction and optimization tools (Hexagon, 2020).

Simufact Welding requires less effort from users, as modelling and process definition steps
are automated; it makes the software more suitable for both general users and experts in the
field of welding. However, the downside is that it cuts on flexibility and customization
because the software may limit user control over the automated modelling, process

definition, and other steps. (Min, 2018)
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3. Case study overview and methodology

This chapter introduces the case study and the methodology used in setting up the numerical
simulations in Abaqus and Simufact Welding. The study investigates arc-welding-induced
thermo-mechanical effects on a thin steel plate. The objective is to simulate a bead-on-plate
welding process to observe the resulting temperature field, residual stresses and distortions,
as well as to evaluate the user experience and challenges in modelling a relatively simple

case study in the considered software.

3.1. Case study

This chapter introduces main parameters of the case study: geometry, material and welding

parameters, boundary conditions, as well as model setup stages.

3.1.1. Geometry

Figure 6 shows the solid plate with dimensions of 100 x 100 x 2 mm in length, width and

thickness directions, respectively, used for the bead-on-plate welding simulation.

Figure 6. The geometry and dimensions of the thin plate.
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The material used in this case study is a common structural steel S235. The temperature-

dependent material properties of which were obtained from the Simufact Welding material

database and implemented consistently in Abaqus environment.
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In the first row of Figure 7 thermal temperature-dependent material properties are illustrated,
there are density [kg/m?], thermal conductivity [W/m-K] and specific heat capacity [J/kg-K],
from left to right, respectively. In the second row there are temperature-dependent
mechanical properties, i.¢., the elastic modulus [MPa], and the thermal expansion coefficient
[105/°C]. It also demonstrates the plastic behaviour of the material by showing the yield

stress [MPa] versus plastic strain flow curves at different temperatures.

3.1.3. Welding parameters

The welding process parameters used in this study are summarized in Table 1; these
parameters define the heat input applied to the plate and include voltage, current and

efficiency of the arc, as well as the speed of the welding process.

The following parameters summarized in Table 2, are the parameters of the Goldak-double
ellipsoidal heat source, where the variables denoted as a, b, ¢; and c> are those presented in

Figure 1.

Table 1. Heat input parameters

Voltage 25V
Current 100 A
Efficiency 0.8
Welding speed 5 mm/s

Table 2. Goldak heat source parameters

a 2.5 mm
b 0.8 mm
ci 2 mm
c2 4 mm
Jr 1.4

fr 0.6
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Table 3 summarizes additional parameters relevant to the welding simulations. These are

absolute zero temperature, emissivity and Stefan-Boltzmann constant, used for taking into

consideration surface heat radiation, and convective heat transfer coefficient related to heat

convection.

Table 3. Other relevant parameters and constants

Ambient temperature 25°C

Absolute zero temperature -273.15°C
Convective heat transfer coefficient 20 W/(m*K)
Emissivity 0.6

Poisson’s ratio 0.3
Stefan-Boltzmann constant 5.669-108 W-m2K*

3.1.4. Boundary conditions

Boundary conditions are relevant only for the mechanical part of the analysis, as the thermal

analysis performed separately do not produce results of stresses and distortions within the

specimen, which are, therefore, covered by mechanical analysis.

(X.Y,2)=0

Figure 8. Bead-on-plate welding boundary conditions.
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As illustrated in Figure 8, rigid body motion of the plate was prevented using a minimal 3-
2-1 constraint scheme. One corner node was fully constrained in the X, Y, and Z directions
to eliminate translational motion. A second node, located along a diagonal edge, was
constrained in the Y and Z directions, while a third node on the opposite diagonal edge was

constrained in the Z direction only.

3.2. Model setup

This section describes model setup steps performed in Abaqus and Simufact Welding to

obtain simulation results from thermal and mechanical analysis.

3.2.1. Abaqus

In Abaqus, the modelling procedure followed a sequential workflow through the different

modules of the software.

In the “Part” module, the thin-plate geometry was created, and a 6-mm wide cell partition
was added in the middle of the specimen, representing the weld path and the area where the

DFLUX subroutine will be assigned later; see Figure 9.

Then, in the “Property” module, the S235 material was created and the material properties
illustrated in Figure 7 were added under “General>Density”,
“Mechanical>Elasticity>Elastic”, “Plasticity>Plastic and Expansion”, and
“Thermal>Conductivity and Specific Heat”. The section was created using the existing thin-

plate geometry, and the created S235 material was assigned to this section.

In the “Assembly” module, the instance was created and moved to the origin coordinates, so
that the welding path direction is in positive X direction and specimen’s thickness is in Y

direction as shown in Figure 9.
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Welded area

4

Figure 9. Global coordinate system location on the welding specimen.

In the “Step” module, the first differences between model setup for thermal and mechanical
analysis appear. For thermal analysis there are two steps: welding step (20s) and cooling step
(280s), both of which were defined as transient heat transfer procedures. For the mechanical
analysis, on the other hand, the two processes, welding and cooling, can be combined into a
single step of the same duration of the thermal analysis, i.e., 300s. The type of mechanical
analysis was selected as “Static, General” procedure. For both analyses non-linear geometry
was not included. The number of increments and, therefore, the computational time, and the
incrementation settings are shown in Figures 10 and 11 for the steps in thermal and

mechanical analyses, respectively.

Type: © Automatic () Fixed
Maximum number of increments: | 1000000

Initial Minimum  Maximum

Increment size: | 0.1 1E-10 1
() End step when temperature change is less than:
Max. allowable temperature change per increment: 350

Max. allowable emissivity change per increment: | 0.1

Figure 10. Incrementation settings for welding and cooling steps in thermal analysis.
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Maximum number of increments: | 1000000
Initial Minimum  Maximum

Increment size: | 0.1 1E-10 20

Figure 11. Incrementation settings for step in mechanical analysis.

Then, in module “Interaction”, convection and radiation were applied to the simulation to be
active during the thermal analysis only. Both interactions surface film condition and surface

radiation were applied to all the free surfaces of the specimen.

In the “Load” module, the load type was defined for the welding process. For thermal
analysis, the load type for welding step is a body heat flux with magnitude of 1 and connected
to the user-defined DFLUX subroutine. This load is distributed over a partition cell created
in the “Load” module. Additionally, a predefined field was created and applied for the whole
model to impose an initial ambient temperature of 25 Celsius degrees. For the mechanical
analysis the full loading condition was defined via predefined fields. In this case, the nodal
temperatures from the thermal analysis .odb file were used as load input over both steps. In
addition, in this module it was necessary to define the boundary conditions, as shown in

Figure 8.

In the next module “Mesh”, the mesh of the geometry was created. The mesh created in this
study has three elements through the plate’s thickness, 50 elements in welding path direction,
six elements in the partition cell along the width direction, and the elements in the direction
perpendicular to the welding path are decreasing in size as they are moving towards partition
cell sides from the specimen’s sides as illustrated in Figure 12. The smallest element has a
size of 1 mm, while the largest has a size of 2 mm. Overall, 13668 nodes and 9900 elements

are generated.
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Figure 12. Mesh in Abaqus.

For thermal analysis, the element type was the 8-noded “Heat transfer” DC3D8, and for
mechanical analysis, the 8-noded “3D stress” C3D8R. Further details on these element types
can be found in Dassault Systemes (2016a).

The last step of this modelling procedure is the “Job”” module. The job dedicated to thermal
analysis should include the path to the DFLUX subroutine file. The DFLUX subroutine used
in this study is available in Appendix 1.

3.2.2. Simufact Welding

To model the bead-on-plate welding in Simufact Welding software, a new arc-welding
process was created in Simufact Welding environment, and the initial parameters such as
ambient temperature, the number of components, constraints, boundary conditions and
robots were defined. This case study works with one component, three fixed nodes and one

robot.

Then, the plate geometry file was imported in .stl format. The geometry imported in Simufact

Welding is meshed automatically, which differs from the way it is done in Abaqus.
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Figure 13. Initial mesh in Simufact Welding.

The initial mesh of a thin plate is illustrated in Figure 13. It consists of 5202 nodes and 10400

elements.

Next, the material was created and assigned to the component and robot. As mentioned in
Section 3.1.2, this thesis uses S235 common steel, which can be found in Simufact Welding

material library, called STKM13A-SPM-sw.

Welding trajectory was created and assigned to the robot. Then the heat source welding
parameters were applied to the welding trajectory, using the values in Tables 1 and 2, as

shown in Figures 14 and 15.

Movement

Velocity: 5.0 mm/s ~

Specification

Mode:  Transient (indirect power) ~

Electrical parameters Energy per length
Current:  100.0 A i Gross: 5000.0 J/em
Voltage: 25.0 " v Net: 4000.0 J/em

Efficiency: Constant ~ 0.8

Figure 14. Definition of welding parameters in Simufact Welding.
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Heat source

Welding process: Conventional

Goldak heat source

Front length ag: 2.0 mm
Rear length ar: 4.0 mm
Width b: 2.5 mm
Depth d: 0.8 mm

Gaussian parameter M: 3.0

Heat front scaling factor: 0.666667

Figure 15. Definition of Goldak heat source parameters in Simufact Welding.

When all previous steps were performed, the model was remeshed using the build in

remeshing tool. The final mesh is showed in Figure 16.

T

Welding direction

Figure 16. Remeshed mesh in Simufact Welding.
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The last step in model setup was to define boundary conditions. The three fixed nodes added
to the process at initial step are these boundary conditions, which needs to be defined in the

model as shown in Figure 8 and described in Section 3.1.4.

The last step was to define the process parameters, where “Thermomechanical analysis” is
selected, along with a total simulation time of 300s. Simufact Welding automatically
calculates welding time from the welding speed provided and includes additional time as

cooling time to make it 300 seconds in total.
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4. Results

This chapter presents the results of the welding simulations performed in Abaqus and
Simufact Welding for the bead-on-plate arc welding case, following the parameters
introduced in Chapter 3. The objective is to evaluate and compare the thermo-mechanical
welding simulation results obtained from both software and comment on the user-experience

working in both software.

The chapter is divided into three sections. Sections one and two introduce the results
obtained from thermal and mechanical analysis, respectively, and their comparison between
software. Section three introduces the comparison of both software in terms of user-

experience and computational efficiency.

4.1. Thermal analysis

The temperature fields obtained from thermal analysis simulations in Abaqus and Simufact
Welding are compared in this section to evaluate the differences in material’s thermal
behaviour and temperature distributions over the specimen under identical welding

conditions.

NT11

+6.182e+03
+5.667e+03
+5.152e+03
+4.637e+03
+4.121e+03
+3.606e+03
+3.091e+03
+2.576e+03
+2.061e+03
+1.546e+03
+1.031e+03
+5.159e+02
+8.499%e-01

Y

A

Z X

Figure 17. Temperature distribution obtained from simulation in Abaqus.
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Tempersture I'C). .
1517.14
138149
124584
111020
974,55
838.90
70325
567.60
43195
296.30
160.65
2500

max: 5837.34
min:  25.00

Figure 18. Temperature distribution obtained from simulation in Simufact Welding.

Figures 17 and 18 show the distribution of temperature gradient in the plate during welding
at the time instance of 10 seconds. As illustrated in both figures, the highest temperatures
are concentrated in the welding heat source region, with lower but still highly localized
temperature fields around the moving heat source. The temperature decreases gradually in
the regions that the heat source has already passed through, forming steep thermal gradients
across the plate, which represent the heat input flows, following the direction of welding and

dissipated into the surrounding material through conduction, radiation and convection.

The temperature field results obtained from Abaqus, presented in Figure 17, are more
localized, with sharper gradients near the moving heat source, and the gradient transitions
being abrupt, meaning that the visual representation of temperature changes in the model is
not consistent, and the temperature representing colour change is relatively abrupt. This
behaviour does not influence the validity of the simulation results and may be influenced by

user-defined setting of the heat source and other result-visualization effects.

In contrast, the results obtained in Simufact, presented in Figure 18, show smoother and
more continuous and consistent temperature distribution. The thermal gradients within the
model seem less abrupt, and the peak-to-high temperature region of the moving heat source

is more gradually and precisely visually defined. This highlights the possibilities of Simufact
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Welding and its built-in welding models and automatic result smoothing techniques to

produce reliable welding-induced simulations with little effort.
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Figure 19. The evolution of temperature maximum in Abaqus.
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Figure 20. The evolution of temperature maximum in Simufact Welding.

Figures 19 and 20 present the evolution of maximum temperature during the welding

simulation time, including both welding and cooling cycles. Welding cycle is very sharp and

indicates rapid rise and further fluctuations of temperature as the heat source moves along

the welding path. After the heat source passes, a significantly longer cooling cycle begins,
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and the temperature gradually decreases through the time, due to heat conduction and

thermal losses, until ambient temperature is reached.

The evolution of temperature in Abaqus, illustrated in Figure 19, has sharper peeks and more
visible fluctuations during the welding cycle, while results in Simufact Welding, shown in
Figure 20, has smoother thermal data during welding cycle with more gradual transitions.
Such differences may result from different incrementation settings and time stepping

differences, as well as, differences in the numerical solvers.

The relative error between the temperature maxima computed by the two software is below
6%, however, it is worth noticing that the maxima of the predicted temperatures in both
simulations reach above 6000 Celsius degrees, which exceeds physically realistic values for
S235 grade steel and arc welding process itself. The results remain qualitatively consistent
and valid; however, such high peak temperature values indicate that the model may require

further heat source calibration and refinement for the selected geometry in both software.

To conclude, both simulations capture the essential thermal behaviour of the welding
process, showing the shape and progression of the temperature field over welding cycles,
which indicates that both Abaqus and Simufact Welding are capable of representing the

transient heat transfer utilized via moving heat source.

4.2. Mechanical analysis

The mechanical analysis was intended to evaluate the residual stresses and distortions based
on thermal data obtained in thermal analysis, produced by Abaqus and Simufact Welding.
However, the clean result comparison was not achieved in this study due to the inability to

produce reliable mechanical analyses in both simulations.

In welding simulations, generally, the mechanical analysis is the most sensitive one because
it considers more parameters and physical phenomena than the thermal analysis. In
particular, boundary conditions, strong nonlinearities, and plastic deformation can
significantly affect the structural response under thermal load. Therefore, a successful

thermal analysis does not guarantee a successful mechanical analysis.

In Abaqus, the welding simulation developed very slowly, even though the step

incrementation settings, shown in Figure 11, seemed adequate and were successfully utilized
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during the thermal analysis. The simulation running for 3 hours produced 4500 increments
and advanced only 10 seconds of the total 300 seconds, indicating that the algorithm
repeatedly reduced the time step in an attempt to achieve equilibrium. This behaviour is
typically associated with strong nonlinearities in the model, such as contact interactions,
material plasticity, large deformations, or thermal expansion effects, which make the
solution highly unstable or difficult to converge. As a result, the solver was forced into
excessive increment cutbacks, significantly increasing computational time. Eventually, the

analysis terminated prematurely for lack of convergence.

The validity of this mechanical analysis was further compromised by looking at the results
of the completed time steps, where significant and non-physical deformations occurred, as
shown in Figure 21. Given that residual stresses and distortions are evaluated after the

cooling process is completed, it was not possible to reach the intended results.

u, u2
+8.479%-05
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-6.544e-05
-8.046e-05
-9.549e-05
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Figure 21. Plate geometry changes and Y distortions obtained from simulation in Abaqus.

These issues in Abaqus may have arisen from several factors. Boundary conditions, in
particular, play a critical role in mechanical analysis performance and results. Although
similar configurations have been used in the available literature (see, e.g., Liang et al.
(2024)), the selected constraints may still have contributed to the problem, as multiple
approaches exist for applying boundary conditions to a welded component in Abaqus. In

addition, the incrementation settings may conflict with the incrementation settings defined
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for thermal analysis, or even with DFLUX subroutine settings and Goldak heat source
parameters. There are no clear instructions on how to correctly define the incrementation
settings, i.e., the initial, minimum and maximum time steps, and number of increments. In
general, fewer increments with larger time steps reduce computational time but result in
lower accuracy. On the contrary, a larger number of increments with smaller time steps
increases computational time while improving the accuracy of the results. However, if the
steps are too big, and there is a big difference in temperature change or, in case of mechanical
analysis, stress and distortion changes, Abaqus tries to decrease the time step to reach
convergency. After a large number of attempts, the simulation aborts with errors. In this
study, the incrementation settings were determined through a trial-and-error approach;

however, a suitable configuration was not achieved.

In Simufact Welding, the performed thermo-mechanical analysis completed, thus displaying
both residual stress and distortion results in addition to temperature results. At a first glance,
the residual stress gradients seemed adequate (see Figure 22); however, distortions were
visibly incorrect (see Figure 23), thus making the related stress field questionable. No
changes in the plate geometry were detected, although a V shape was expected, as shown in

Figure 24.

Maximum principal stress [MPa]

max: 316.81
min:  -3.31

Figure 22. Residual stress distribution obtained from simulation in Simufact Welding.
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Figure 23. Plate geometry changes and Z distortions obtained from simulation in Simufact

Welding.

A

Figure 24. Expected V-shape angular distortion (Granell et al., 2021).

Despite the absence of quantitative residual stress and distortion results, the analysis
indicates that mechanical simulations are more demanding than thermal ones and require

more robust numerical, incrementation, and boundary condition settings.
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4.3. Computational efficiency and user-experience

In addition to the numerical results and their comparison, an important focus of this thesis is
the practical experience of building and running models in Abaqus and Simufact Welding,

as this also plays a key role in software selection for engineering applications.

The model preparation steps are completely different in both software, as explained in
Section 3.2. In Abaqus, the simulation setup required a lot of manually defined parameters,
and the moving heat source model had to be integrated via DFLUX subroutine. Additionally,
defining temperature-dependent material properties, analysis steps, field outputs, mesh
definition and all the other significant features required additional manual effort and several
checking to ensure that everything was correctly and sequentially defined. Therefore,
Abaqus offers high flexibility and precise control over model input parameters; however, it
requires greater user expertise in finite element modelling, familiarity with the software, and

more time for model development and verification.

In Simufact Welding, in contrast, the workflow was more guided, and the overall software
environment is more user-friendly. The availability of clear technical documentation and
official tutorials with a wide variety of premade simulation examples, along with predefined
welding modules, process settings, material properties and heat source options result in faster
model preparation time with fewer implementation steps. However, this comes at the cost of
reduced control over the simulation process and limited transparency in how the solver
performs the analysis. For example, incrementation settings in Simufact Welding are less
adjustable than in Abaqus, restricting the ability to reduce computational time by increasing

the time step.

The comparison between the mechanical analyses also indicated differences in solver
robustness. High increment values and long computational time in Abaqus increased the
possibility of the software becoming unresponsive, lagging or crashing, as observed during
practical use. Identifying the exact cause of these problems was also challenging, as the user
interface provided limited guidance for troubleshooting; therefore, error logs and message
files were analyzed using Al-based tools. On the contrary, Simufact Welding never crashed
or failed to compete the analysis during practical use, except in cases where critical

parameters were incorrectly defined or missing. This further indicates the importance of
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expertise and experience when making changes in welding simulation software that offers

wider flexibility as Abaqus does.
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5. Conclusion

This thesis was focused on comparing welding simulations performed in two welding
simulation software — Abaqus and Simufact Welding. The study focused on a bead-on-plate
arc-welding case on a thin plate made of structural steel, using a moving heat source based
on Goldak double-ellipsoidal model. The motivation of the study was the lack of research
and limited availability of direct comparison between general-purpose finite element
software and specialized welding simulation software under identical case study conditions.
And the objective was to evaluate the differences between Abaqus and Simufact Welding in
terms of thermal (temperature fields) and mechanical (residual stresses and distortions)

analysis simulation results, user experience and computational efficiency.

The literature review showed that modern welding simulations are based on the principles
of CWM and the TEP-FEM, which enables the prediction of welding-induced phenomena
caused by highly localized heating and cooling cycles during welding. Additionally, the
literature review indicated that among the available heat source generations and models, the
Goldak double-ellipsoidal heat source model, being the Third Generation model, remains
one of the most widely used heat source models for arc welding simulations due to its balance
between provided realism and computational efficiency. Finally, the literature review
summarized information on what are the welding-induced phenomena analyzed in this study
and what causes their appearance during welding, as well as introduced and described the

welding simulation software used in this study: their history, features and using purpose.

The thermal analysis performed in Abaqus and Simufact Welding demonstrated that welding
simulation software are capable of reproducing the essential thermal behaviour of the
welding process, providing reliable results within reasonable time. In both cases, the
obtained results showed localized peak temperatures near the moving heat source, strong
temperature gradients and realistic cooling trends, despite non-physical temperature peaks.
The qualitative result comparison showed that both software packages produced reliable
temperature evolution trends and temperature gradient distribution, resulting in negligible

difference between the thermal analyses performed in Abaqus and Simufact Welding.

The mechanical analysis revealed the main challenge of this study. In Abaqus, severe

simulation convergence problems, excessive time step increment reductions and non-
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physical deformations prevented successful completion of the mechanical analysis
simulation. In Simufact Welding, the thermo-mechanical analysis completed successfully,
however, the predicted distortions were visibly incorrect and no visible plate deformation
appeared. Consequently, the direct comparison of residual stresses and distortions results
was not possible to perform. These findings are consistent with previous literature and
research, stating that mechanical analyses are considered more sensitive than thermal
analyses in welding simulations, due to nonlinear material behaviour, plasticity and

boundary conditions.

From a practical perspective, major differences between software were observed in terms of
user experience. Abaqus required significantly more manual model setup stages, including
geometry preparation, mesh definition, material properties definition, step and increment
settings and implementation of DFLUX subroutine. This provided high flexibility and
control over the setup and simulation, whilst requiring greater preparation and computation
time, as well as expertise and proficiency working with finite element software. Simufact
Welding, in contrast, offered a guided workflow with welding process selection tool,
material library, simple and fast model preparation steps, which improved user experience
and reduced model setup time; however, this comes at the cost of reduced transparency of
the results and fewer advanced customization options, such as control over time step

increment changes and element formulations.

Therefore, the first research question can be answered by stating that Abaqus offers greater
modelling freedom but requires more effort and expertise, whereas Simufact Welding offers
faster and more accessible model preparation with reduced user control. The second research
question can be answered by noting that thermal results were comparable in both software
packages, while reliable structural comparison could not be fully achieved due to limitations
in the mechanical analyses. The third research question is answered by concluding that the
advantages and disadvantages of each software directly influence both the modelling process

and the reliability of final results.

Future research should be focused on improving the moving heat source calibration and the
set-up of the mechanical analysis, investigating alternative boundary conditions. In addition,
experimental validation is needed to evaluate the reliability of the numerical analyses.
Further software comparisons may include more complex weld geometries, multipass

welding, and different materials in the case study.
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In conclusion, it is worth noting that neither Abaqus nor Simufact Welding can be considered
universally superior, as Abaqus is more suitable for experienced users requiring high
modelling flexibility and customization in their applications, while Simufact Welding is
better suited for industrial applications where the priority lays in rapid setup and user-
friendliness of the software. The most appropriate choice, of course, depends on the

engineering application, available expertise, required simulation control and result precision.
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Appendix 1. DFLUX subroutine Fortran code

SUBROUTINE DFLUX(FLUX,SOL,KSTEP,KINC, TIME,NOEL,NPT,COORDS,
1 JLTYP,TEMP,PRESS, SNAME)

C
INCLUDE 'ABA PARAM.INC'
DIMENSION FLUX(2), TIME(2), COORDS(3)
CHARACTER*80 SNAME
C Coordinates
X = COORDS(1)
Y = COORDS(2)
Z = COORDS(3)
C Heat source center (moving in X with time)
X0 = 0.0 + 0.005 * TIME(2)
Yo = 0.0D0
Z0 = 0.0D0
C Goldak parameters (in meters)
AF =2 / 1000.0
AR =4 / 1000.0
B =2.5/ 1000.0
C=0.8/ 1000.0
FF = 0.6D0
FR = 1.4D0
PI = 3.1415D0
C Heat input parameters
eta = 0.8
V. = 25.0
I = 100.0
Q =-eta*VvV*I
XR = X - XO
YR =Y - YO
ZR = Z - Z0
Qr = (6.0D0 * SQRT(3.0D@) * Q * FR) / (AR * B * C * PI * SQRT(PI))
Qf = (6.0D0 * SQRT(3.0D@) * Q * FF) / (AF * B * C * PI * SQRT(PI))
C Rear half

IF (XR .LE. ©.0D@) THEN
IF ( (XR**2)/(AR¥*2) + (YR**2)/(B**2)

1 + (ZR**2)/(C**2) .LE. 1.6D® ) THEN



FLUX(1) = Qr * EXP( -3.0D0 *
( (XR**2)/(AR**2) + (YR**2)/(B**2)
+ (ZR**2)/(C**2) ) )
ELSE
FLUX(1) = ©.0D0
ENDIF
Front half
ELSE
IF ( (XR*¥*2)/(AF**2) + (YR**2)/(B**2)
+ (ZR**2)/(C**2) .LE. 1.0D0 ) THEN
FLUX(1) = Qf * EXP( -3.0D0@ *
( (XR**2)/(AF**2) + (YR**2)/(B**2)
+ (ZR**2)/(C**2) ) )
ELSE
FLUX(1) = ©.0D@
ENDIF
ENDIF
FLUX(2) = ©.0D@

RETURN
END
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