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Abstract. The inhomogeneous temperature distribution in welding processes
leads to high temperature gradients between the weld seam and the base material. A heterogeneous phase transformation takes place between the areas where
the austenitic transformation temperature is exceeded and those where it remains
below this temperature. This leads to a residual stress state which results in distortion when the yield strength is exceeded. In order to understand the thermal
history of a welded specimen and the phase transformation that has taken place,
numerical simulation is used.
This work focuses on the temperature field simulation and the resulting phase
transformation in laser beam welding. Two heat sources are combined to simulate
the weld pool. Typical models from the literature are used to represent the phase
transformation. Altogether a model is developed which can be used as a basis
for the calculation of residual stress formation due to thermal load and phase
transformation.
Keywords: FEM simulation · Residual stress · Conical heat source · Goldak
heat source · Phase transformation

1 Introduction
The use of fusion welding in manufacturing industry is wide spread. However, the
local heat input in the welding process leads to an inhomogeneous temperature distribution resulting in varying temperature gradients within the whole sample. While the
temperature surpasses the liquidus temperature in the fusion zone (FZ), resulting in
molten material and even evaporation in this area, the temperature in the heat affected
zone (HAZ) is below the solidus temperature. Areas that surpassed the austenitization
temperature decompose in the cooling step into different phases depending upon the
chemical composition and the cooling rate.
The phase transformation and the thermal shrinkage in the cooling process superpose
to residual stress or, in the case the yield point is surpassed, result in distortion of the
welded specimen.
A new approach to reduce the residual stresses is through targeted alloy composition. During the transformation from austenite to martensite the lattice elongates. This
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volume expansion ensures that compressive stresses are generated around the transformation zone. With a low-alloy material such as S235JR, the martensite transformation
takes place at about 400 °C. At this temperature compressive stresses build up until the
transformation is complete. However, as the component cools further, the tensile stresses,
generated by shrinkage, dominate the compressive stresses. By using the alloy composition, it is possible to shift the martensite start temperature (M s ) to lower temperature.
Thus, compressive stresses are induced in the tensile stress dominated weld seam, until
room temperature is reached. Because the transformation takes place at reduced temperatures, this phenomenon is called the Low Transformation Temperature (LTT) effect. In
order to understand this effect, a simulation model is generated, which shows the phase
transformation in the base material and the weld seam. For this purpose, a model must
first be created, which depicts the thermal history and the phase transformations in a
specimen.
In literature, many approaches are present using FEM simulation to describe the
formation of residual stress within a welded specimen [1–5]. However, most simulations
are used for the arc welding processes. In this work, the heat distribution of carbonmanganese steel is simulated combining a typical heat source for arc welding and beam
welding, in order to depict the distribution in a laser beam welded specimen. Furthermore,
the microstructure transformation is simulated by building a model, which describes the
phase transformations based on the heat input.

2 State of the Art
During production, each component is subject to certain environmental influences, for
example static or dynamic stress. Apart from these environmental influences, additional
conditions influencing internal stresses exist in the component. These are called residual
stresses. Residual stresses act without external loads and can at most be in the range of
the local material yield strength. If the yield strength is exceeded, plastic deformation
of the component occurs. [6, 7].
The local heat input in the welding process causes metallurgical processes in ferriticpearlitic steels, for instance in the weld pool and the heat-affected zone, [8]. As the
austenite start temperature Ac1 is reached, the base microstructure begins to transform
into austenite. As soon as the austenite finish temperature Ac3 is reached or exceeded,
the microstructure consists only of austenite. Due to the inhomogeneous temperature
distribution, the phase transformation and stress distribution is also inhomogeneous.
These processes are restricted by the surrounding cool base material, which leads to
local incompatibility [9].
Apart from experimental investigations, numerical simulation is used to numerically
visualize phenomena that otherwise take place too quickly in the welding process itself. A
significant advantage is the mathematical prediction of the residual stresses and distortion
caused by the welding process.
According to [10], welding simulation is divided into 3 areas. In the process simulation the fusion zone geometry and the temperature field are simulated. Thermal boundary
conditions are defined and thermal material characteristics are included. With the information about the temperature cycles the material simulation can be performed. Here, the
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processes that take place in the material are simulated. The phase volume fraction in the
melt zone throughout the heat-affected zone up to the base material is depicted. With the
results of the material characteristics and the thermal history, the structure simulation is
used to map the residual stresses and distortion in the component.
In order to be able to display the metallurgical processes and the stress states in the
workpiece, it is important to determine the transient temperature field as accurately as
possible. For this purpose, a so-called equivalent heat source is used to represent the heat
coupling. In this context, the heat source model according to Goldak is used in particular
[11]. The model describes a volumetric double ellipsoid Gaussian distribution of the
heat flux density and is often used for arc welding processes. For the description of the
deep welding effect in the beam welding processes, a volumetric Gaussian heat source
is also used, which describes the shape of a cone [12].
Various numerical models are used to simulate the phase transformation. For diffusion controlled transformations (ferrite, perlite and bainite) the microstructure components are described by the equation according to Johnson-Mehl-Avrami-Kolomogorov
(short JMAK or Avrami equation) [13–17]. Furthermore, the equation according to
Koistinen and Maburger is used to describe the diffusionless martensitic phase transformation as a function of the martensite starting temperature [18]. These and other
models are used to represent the boundary conditions for the numerical analysis of
phase transformations.

3 Welding Trials
The material used in this work is a low alloy carbon-manganese steel sheet (S235JR)
with the dimensions 100 × 50 × 5 mm. No filler wire was used and a bead on plate was
carried out (autogenous welding). For the welding tests, a Trumpf TruDisk 16002 disk
laser was used as beam generator, which has a maximum beam power of 16 kW and a
minimum fibre diameter of 200 µm.
The chemical composition of the base material was investigated by an OES analysis,
Table 1.
Table 1. Alloying elements of the base material (S235JR) in m%

S235JR

Fe

C

Si

Mn

Cr

Ni

Mo

P

S

98.2

0.08

0.056

1.01

0.413

0.041

0.014

0.034

0.003

To record the temperature distribution in the specimen, type K thermocouples were
tacked to the top of the component, Fig. 1. The distance between each thermocouple was
5 mm. The temperature of both sides of the weld was recorded and an average built.
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Fig. 1. Temperature measurement in the welding process with type K thermocouples

4 Numerical Simulation Model
A numerical model is a replica of the physical model. In order to realise a numerical
model an exact definition of material properties and boundary conditions is necessary.
Since the welding was performed lengthwise over the middle of the sample, only half of
the sample needs to be simulated because of the symmetry. Symmetry does not only apply
to geometry. Since the weld is made in the middle of the sample, the heat conduction
to the sides is also the same. The temperature-dependent mechanical properties as well
as thermal properties are subject to the same temperature gradients. For this reason it is
sufficient to simulate half of the sample and still get a result for the whole sample. This
is a common procedure to reduce the simulation calculation time. Thus, the simulated
dimension of the model is 25 × 100 × 5 mm with a symmetry line along the path of the
heat source.
An additional method to reduce the computing time is to adjust the mesh density.
In this context, the mesh density in the welding zone is defined very finely, since the
temperature gradients are particularly high here, and a mesh that is too coarse can lead
to errors in the calculation, Fig. 2. The mesh density reduces gradually with further
distance to the weld zone.

Fig. 2. Meshed model with high mesh density in the welding zone and a total geometry of 25 ×
100 × 5 mm
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The 3D finite element mesh was generated in ABAQUS CAE using the eight-node
linear heat transfer brick element (DC3D8) totalling over 32.428 nodes and 27.930
elements. The smallest element size measures 0.5 × 0.5 × 0.5 in the weld zone. For the
volumetric heat flux the subroutine DFLUX is used. The subroutine used for the phase
transformation is UMAT with solution dependent variables (SDV).
4.1 Heat Source Model
The primary objective of the temperature field simulation is to determine the geometrical
characteristics of the melt pool, as well as the temperature cycles in the melt pool and in
its immediate vicinity (HAZ). The heat source is used to apply the thermal load in the
weld zone. In this study a combination of a spherical and a conical heat source model is
used to describe a transient heat source model, Fig. 3.

Fig. 3. Combined spherical and conical heat source model

The spherical heat source is suitable for modelling the heat input into the width of
the weld seam. However, the geometrical description is not sufficient to describe the heat
input into the depth of the workpiece. For this reason, the cone heat source is added.
(1)

Equation 1 describes a Goldak heat source with geometric variables defined to be
equal in size, thus representing a sphere with the radius Rg . This serves to simplify
the equation and to reduce the variables in the numerical model. The beam power is
described by the Parameter Q where by Q = UIkeff ; defined by the acceleration voltage
U, the beam current I and the efficiency coefficient k eff . The Parameter Ψ describes the
portion of the conical heat source and is ≤1. This means for example with a  = 0.7
the conical part is effective at 70% and the spherical part at 30%. The movement of the
heat source is described by the expression u = x − vt. Here t is the welding time and v
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the welding speed.
(2)
⎧
⎨ 0 if H − y < 0.0
step =
1 if H − y > 0.0
⎩
0.5 if H − y = 0.0
Equation 2 is used for the conical heat source. The geometrical contour of the cone
is described by the radius R0 and the cone height H. In addition, a term is provided in
which the inclination of the cone flanks is described. The energy density distribution in
the direction of the weld depth is regulated by the dimensionless step-function. The stepfunction is a simulation specification so that the heat input in y-direction never exceeds
the cone height H. If y > H, the step-function is set as 0. If y < H, the step-function is
set as 1. If y = H, the function is set to 0.5.
To represent the total heat source, the conical and spherical heat sources are added
up, Eq. 3.
QLB = QSpherical + QConical

(3)

In order to carry out the thermal analysis, it is necessary to define the thermo-physical
properties of the weld plate and initial temperature distribution.
4.2 Phase Transformation Model
The kinetics of a phase transformation in the heating and cooling cycle are described by
the JMAK-equation, Eq. 4.

VA =
Vi0 (1 − exp(−bi t ni ))
(4)
i

Where VA describes the austenite fraction, Vi0 constitutes an initial fraction of ferrite
(i ≡ F), pearlite (i ≡ P) and bainite (i ≡ B), while the constants bi and ni are material
parameters and t the time.
The base material (S235JR) consists in its initial state of around 94% of ferrite and
6% of pearlite phase fraction. The kinetics of the phase transformation in the heating
cycle from pearlite to austenite (P → A) and ferrite to austenite (F → A) have to be
considered. Both transformations take place by nucleation and growth processes. The
mathematical modelling of a P → A transformation was introduced by [19] and it can
be adopted to the base material. With this, Eq. 5 describes the austenite volume fraction
from pearlite dissolution Vγ P during the continuous heating.


T 4π
P
(5)
Vγ = VP0 1 − exp
Ṅ G 3 T 3 dT
4
3
Ṫ
Ac1
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Where VP0 is the initial pearlite fraction. The nucleation rate Ṅ and the growth rate G
were expressed as a function of the activation energies QN and QG . Equation 6 describes
the activation energies as follows:
Ṅ = fN exp −

QN
QG
& G = fG exp −
kT
kT

(6)

The parameter k is the Boltzman constant, whereas f N and f G are functions representing the influence of the structure and the heating rate on the nucleation growth rates
respectively.
[19] and [20] proposed the kinetics of ferrite to austenite transformation. Equation 7
shows the proposed relationship:


⎧
⎪
5.6Ṫ
⎨ Vα0 1 −
, TC < T < TD
6×10−12 Vα0 (T −TC )5.6 +5.6Ṫ

 2
(7)
Vγα =
α
Vα0 −VD Ṫ
⎪
⎩ Vα −



,
T
≥
T
D
α
2
2
−3
0
2
Ṫ +1.2×10

Vα0 −VD (T −TC ) −(TD −TC )

Here, Vα0 is the initial ferrite fraction, T C is the starting temperature of ferrite to
austenite transformation and T D the end of this transformation. These temperatures are
determined by means of dilatometric analysis.
The fraction of martensite formed below the martensite start temperature M s is
calculated by using the Koistinen-Marburger formula, Eq. 8.



(8)
Vm = Vγ 1 − exp −b(Ms − Mf )
Where V m is the martensite volume fraction, V γ is the existing austenite fraction.
The martensite start and martensite finish temperatures are expressed by M s and M f
respectively. The parameter b is the evolution coefficient and is usually taken as 0.011.

5 Results and Discussion
Subsequently, the results of the temperature field simulation and the phase simulation
are examined and discussed.
In order to validate the simulation model, the temperature profile of the simulation
and the measured values of the welding trials are compared, Fig. 4. The temperature was
evaluated in identical locations for the experiments and simulations.
Table 2 shows the comparison of the maximum temperatures at the three measuring positions. Additionally the percentage of agreement is calculated. In this study, a
deviation of about 10% is considered as acceptable. By comparing the measured and
simulated temperature, it becomes clear that the greater the distance to the weld seam,
the more accurate the temperature plotting becomes. Due to the high temperatures in
the weld seam, an exact temperature recording in this area is not possible with Type K
thermocouples. Since the numerical model is an approximation of the welding source,
the area inside the weld is subject to a certain degree of uncertainty. This explains why
a temperature comparison shows a higher deviation especially in the immediate vicinity
of the welding source.
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Fig. 4. Temperature profile of the simulation and the welding process

Table 2. Comparison of simulated and measured maximum temperature values

Temperature Weld [K]
Temperature Simulation [K]
Percentage of Agreement [%]

T1
1476.15
1670.76
88.35

T2
644.95
722.63
89.25

T3
505.35
531.44
95.1

In addition to the comparison of the temperature profiles, the geometry of the
simulated weld seam and HAZ is verified with a cross section, Fig. 5.
With the comparison of the cross section, it becomes clear that the geometric reproduction of the melt pool also lies within an acceptable range. The HAZ begins with the
austenitizing temperature Ac1 (at 723 °C) and ends at the melting temperature T m (at
1520 °C). The fusion zone can be read from the fusion line of the weld in the cross
section. The HAZ can be identified by the changed morphology in contrast to the base
material.
With the results of the thermal history the volume fraction within the fusion zone of
each phase is calculated, Fig. 6.
Before the welding process the material consists of 96% ferrite and 4% pearlite.
While the heating of the material starts and the temperature exceeds the austenite finish
temperature Ac3 the material consists completely of austenite. During the cooling phase,
the fraction of austenite gradually decreases, so that the material consists of almost 85%
martensite.
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Fig. 5. Comparison of the welded cross section with the simulated thermal results

Fig. 6. Volume fraction of the phases and calculated temperature profile within the weld seam

Altogether, a numerical model for the simulation of the temperature distribution and
finally the phase transformation is created with the presented numerical correlations. The
model is still under development and has to be further extended by the bainite phase.
Furthermore, a verification of the calculated phase components is necessary. As soon as
this has been done, the next step will be the simulation of residual stresses and distortion.
Ideally, the model should be extended to include hardness and grain size distribution. In
addition, the aim is to incorporate the thermo-mechanical properties of an LTT material
into the model so that the residual stress distribution can be represented as a function of
different phases in the base material and the weld seam. Further work is done to improve
the model.
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