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Abstract

Laser transmission welding is one of the various welding techniques used to join thermoplastics. Low heat introduction into the
welded parts and a high welding speed are the reasons why laser transmission welding established itself in the plastic processing
industry. In all welding processes for thermoplastics, residual stresses occur due to the thermal expansion during heating and its
resetting during subsequent cooling. These thermally induced residual stresses impair the mechanical properties of the welded
components. To estimate the residual stresses and therefore to improve the process setup and understanding of the welding
process, a thermo-mechanical simulation model for the laser transmission welding is developed at the IKV. In a linked simulation,
the temperature distribution and mechanical stresses are calculated parallelly for each time step. The material, a polyamide 6.6, is
modeled with elastic, elastoplastic, and linear viscoelastic behavior. After cooling, residual stresses of a realistic magnitude are
calculated. However, as the yield point of the polyamide is exceeded in the welding process, the tensile/compression ratio in the

welded component is only mapped correctly for the elastic-plastic material model.

Keywords Heat-affected zone - Laser transmission welding - Residual stresses - Simulation - Temperature distribution

1 Introduction

Due to their versatile properties and continuous development,
plastics are found in a wide range of consumer and industrial
applications [9, 40, 48]. Plastic products are also increasingly
used in areas with high requirements such as electrical, auto-
motive, or aerospace technology and this leads to increasing
demands on the manufacturing process [22, 28]. The joining
process is usually one of the last steps in the manufacturing
process and often determines the functionality of a component
[4, 35].

An industrially established joining process is the laser
transmission welding of plastics, in which a laser-transparent
welding partner and a laser-absorbing welding partner are
joined together in a material-locking manner [9, 23, 45].
Since the weld is often a weak point and thus a potential
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failure point in the component, the weld strength is re-
quired for the mechanical design of laser-welded compo-
nents. In addition to the basic strength of the welded ma-
terials, this is largely dependent on the welding process and
cannot be estimated with sufficient accuracy on the basis of
the process parameters used. Welded components are
therefore designed in an iterative process in which both
the welding parameters and the actual geometry of the
welding zone are adapted in accordance with guidelines.
In order to significantly reduce the design effort and to
extend the understanding of the process, a multi-scale sim-
ulation for the numerical description of the welding
strength of welded components is to be developed using
laser transmission welding as an example (Fig. 1).

In the first step, a three-dimensional model for the thermal
description of the laser transmission welding process is devel-
oped. This provides the time-dependent and spatial tempera-
ture field in the welding zone, which forms the basis for fur-
ther calculations. The strength distribution in the welding zone
can be described by simulating the interdiffusion processes on
the molecular level on the basis of the reptation model of de
Gennes [10]. The welding zone strength is initially a local
mechanical parameter. However, the strength of a weld in a
component or assembly is also influenced by the residual
stresses in the welding zone induced thermally during the
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Fig. 1 Concept for the numerical
description of the weld strength in
welded components
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welding process. Based on the thermal calculations, a
thermomechanical model for determining the residual stress
distribution in the weld seam as a function of the welding
parameters is therefore to be developed. A simulative deter-
mination of both the strength and the residual stress distribu-
tion makes it possible to map the structural behavior of welded
components.

2 Laser transmission welding

In laser transmission welding, two welding partners are
positioned one on top of the other without gaps using a
welding device and a welding pressure p is applied. The
process principle is shown in Fig. 2. Ideally, the laser beam
passes through the laser-transparent welding partner facing
the focusing optics without loss and is absorbed close to
the surface by the laser-absorbing welding partner facing
away. The laser-transparent welding partner is then also
heated by heat conduction, so that both welding partners

Validation of the simulated

component strength

are plasticized. Due to interdiffusion processes in the heat-
affected zone (HAZ), the welding partners are joined to-
gether under the external and internal welding pressures
resulting from the expansion of the melt [8, 37, 41, 52].

Influences on the weld seam quality are the laser
source used, the process control, and the properties of
the molded part (design boundary conditions) or the ma-
terial used. On the material side, the optical and thermal
properties are decisive. The optical properties are the
transmittance, reflectance, and absorption coefficient for
the laser radiation used and the transmission behavior in
the material (change in the laser intensity distribution).
Thermal material properties include specific heat capaci-
ty, thermal conductivity, and density. In the process set-
tings, laser power, irradiation time, welding pressure,
power density distribution of the laser radiation, and the
process variant used are relevant influencing variables on
the weld seam quality. This is assessed on the basis of
the strength and uniformity of the seam width, tightness,
reproducibility, and HAZ [23, 28, 29].

Fig. 2 Process principle of laser
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Since the mid-1990s, various research institutions have
been presenting approaches for the analytical calculation of
the temperature distribution in the heating phase of laser trans-
mission welding [24-27, 46]. The modeling is based on a
number of simplifying factors regarding the material proper-
ties or the intensity distribution of the laser beam.

Furthermore, different approaches for the numerical calcu-
lation of the heating process using the finite element method
(FEM) are pursued [1, 3, 5, 7, 11-13, 15, 21, 26, 32-34, 50,
54]. As a numerical approximation method, the FEM makes it
possible to model the welding partners from small (finite)
elements [49]. This makes it possible to observe more com-
plex and three-dimensional geometries, in which analytical
methods quickly reach their limits [49]. The listed works differ
in the type of modeling as well as in the input parameters used.
Both literature values and own measurements serve as input
data, whereby the measuring methods used vary. Challenges
arise with the temperature dependence of the material proper-
ties, the characterization of the intensity distribution, the ex-
perimental validation of the calculated temperature distribu-
tions, and the deviations between simulation results and ex-
perimentally determined results.

Potente et al., Zoubeir and Elhem, and Gupta and Pal pres-
ent first results for thermomechanical calculations of contour
welding [18, 43, 54]. Potente et al. calculate temperatures up
to 250 °C and, after cooling, tensile residual stresses in the
transmission direction up to 25 MPa using an elastic-
viscoplastic material model for polycarbonate (PC).
However, it seems questionable that the calculated tensile
stresses after cooling decrease with lower scanning speed of
the laser and thus higher temperatures in the welding process.
Zoubeir and Elhem calculate temperatures up to 700 °C,
which appear very high. The temperatures result in residual
stresses up to 30 MPa using an elastoplastic material model for
polypropylene (PP). Since the von Mises equivalent stress is
considered, it is not possible to make any statements about the
tensile/compression ratios. Zoubeir and Elhem calculate tem-
peratures up to 700 °C, which appear very high. The temper-
atures result in residual stresses up to 30 MPa using an
elastoplastic material model for polypropylene (PP). Gupta
and Pal calculate temperatures of up to 480 °C that result in
residual tensile stresses up to 2 MPa in the scanning direction.
Information on the mechanical material model for the poly-
amide 6 (PA 6) under consideration was not provided and
residual stresses in other directions were not considered.
Labeas et al. present a simulation model for the calculation
of residual stresses during contour welding of composite parts
[31]. Temperatures of 320 °C are calculated, which lead to
residual stresses of 14 MPa. In the calculation, however, sim-
ple, purely elastic material behavior is assumed for both com-
ponents of the composite. Furthermore, all previous work on
thermomechanical simulation has in common that no detailed
validation of the simulation results has taken place.

The aim of the subsequent investigation is therefore the
realistic numerical description of the temperature distribution
in the welding zone and the thermally induced residual stress-
es in the simultaneous welding process as a function of the
welding process parameters. For this purpose, temperature-
dependent material models for elastic, elastoplastic, and vis-
coelastic mechanical behavior are considered and evaluated.

3 Thermal simulation
3.1 Simulation model for simultaneous welding

In the presented study, the process variant of simultaneous
welding for a polyamide 66 (PA 66) of the type Ultramid
A3W of the manufacturer BASF SE, Ludwigshafen,
Germany, with 0.3 wt.% carbon black at the laser-
absorbing welding partner is considered. Two T-shaped
test specimens are welded as shown in Fig. 2. In the simul-
taneous welding process, the entire seam contour is joined
at the same time with one or more laser sources. In this
investigation, the process parameters laser power and irra-
diation time are varied. The FEM program Abaqus from
Dassault Systémes SE, Vélizy-Villacoublay, France, is
used for the simulation.

Laser transmission welding is modeled as a 3D heat
conduction problem using the Fourier differential equation
[28, 42]. The Fourier differential equation is shown in
Eq. 1 [6]:

JE

= £V VE=VOWVT) + Q (1)

With & =2 (p(T)-cp (T)-T(t)) (change of the internal
energy)

V#VE (convective energy flux)
V(A - VT) (diffuse energy flux/heat conduction)

Q (absorbed volume heat flux)

E corresponds to energy in [J], ¢ to the time in [s], V' to the
flow velocity in [m/s], A to the thermal conductivity in
[W/(mK)], T to the temperature in [K], Q " to the absorbed
volume heat flux in [J/(s'm>)], p to the density in [kg/m’], and
cp to the specific heat capacity in [J/(kg'K)]. Since for the
specimens used there is only a minimal melt flow in the direc-
tion of the weld seam in experimental welds, no melt flow is
implemented in the simulation to simplify matters. Equation 2
results without the convective energy flux [28]:

& (pTyer (7)) =VOVT) +Q ©)

Q" represents the volume heat flux applied by the laser
radiation and is implemented in Abaqus via a Fortran
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subroutine. The calculation of the volume heat flux is shown
for the transparent welding partner in Egs. 3—6:

., dQ"

Q= (3)
w_ 49"
- s (4)
q" = Ir(x, z)'diyar(y) )
d d ey

dfyar(}/) & [(1=Rr)-(1=e=)] (6)

= (1-Rr)-e e

Q corresponds to the heat in [J], ¢ to the time in [s], ¢ to the
heat per volume [J/m®], V to the volume in [m?], /7 to the
intensity distribution of the laser when hitting the transparent
joining partner in [W/m?], R to the unitless reflection factor,
and ¢ to the extinction coefficient in [m™']. The location is
determined by the path coordinates x, y, and z in [m]. With
Eqgs. 3 and 4 assumed, the calculation of the volume heat flux
for the absorbing welding partner is carried out according to
Egs. 7 and 8:

" d
q9 = IA(X7Z7€7PA)'d_yO‘A(y) (7)
d d
- — )| — . (d)
& ax(y) & [1 e } ace (8)

pa corresponds to the unitless surface reflection at the ab-
sorbing welding partner and « to the absorption coefficient in
[m']. Altogether, the input parameters for the model are the
thermal material properties (thermal conductivity A, density p,
specific heat capacity c,), the optical properties (absorption
coefficient «, extinction coefficient e, surface reflection py,
reflection factor Ry) and the properties of the laser intensity
profile I7(x, z), and the intensity profile of the transmitted laser
radiation I4(x, z, €, pa, R7).

In order to limit the complexity of the simulation, the tem-
perature dependence of the optical material properties, the
thermal radiation emitted by the component to the environ-
ment, and an anisotropy of the materials are not taken into
account. Furthermore, an ideal heat transfer is assumed be-
tween the two welding partners, which is achieved by a very
high heat transfer coefficient of 10° W/(m? x K). It is thus
presupposed that the heat flow at the contact surface between
the two welding partners is not attenuated.

3.2 Sensitivity analysis
The laser transmission welding process is subject to many

influencing variables which, especially in the form of the input
data in the preceding simulation models, lead to challenges
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both in the determination and in the type of implementation [1,
3,5,7,11-13, 21, 25, 34, 46, 54]. In order to test the influence
of the different input data on the simulation results with a
justifiable calculation effort, a sensitivity analysis for the sim-
ulation is carried out as a simplified 2D model by Kreimeier
[28]. In the joining area, elements with a size of 10 x 10 um?
are used. In the sensitivity analysis, the thermal model is cal-
ibrated using literature data for the input parameters. The lit-
erature data obtained for the starting temperature of 23 °C are
presented in Table 1. The density and the specific heat capac-
ity are implemented temperature-dependently up to the melt
range. Even if the thermal conductivity fluctuates for different
temperatures, it is not possible to define an unambiguous
course over the temperature due to the scattering of currently
available measuring systems [28]. The thermal conductivity is
therefore assumed to be constant. Furthermore, a change of
the optical properties is to be expected in the melt range.
However, currently available measurement methods only al-
low the optical properties to be determined at room tempera-
ture, which is why temperature-independent properties are
also assumed here.

Calculations are performed by increasing the input pa-
rameters by 20% to determine which parameters the model
is particularly sensitive to [53]. In this way, it is shown to
what extent an exact determination of the input parameters
is necessary. According to Eq. 2, the data considered are
the specific heat capacity cp, the thermal conductivity A,
the density p, and the volume heat flux Q" introduced. In
the second step, the influence of the optical properties is
analyzed as part of the subroutine for the volume heat
flux. These are the absorption coefficient «, the extinction
coefficient ¢, the surface reflection at the absorbing
welding partner p,4, and the reflection factor at the trans-
parent welding partner Rz Sensitivity analysis is per-
formed with a laser power of P, =50 W and an irradiation
time of #,=0.75 s for constant welding parameters. The
target value is the size of the HAZ in [mmz], which is

Table 1 The literature data obtained for the starting temperature of
23°C

Input parameter Unit Value Reference
Thermal material properties

Density, p' kg/m® 1155 [39]
Specific heat capacity, cp] Jikg x K) 1591 [38]
Thermal conductivity, A W/(m x K) 0.33 [39]
Optical material properties

Absorption coefficient, o m! 18.181 [46]
Extinction coefficient, & m' 137.21 [2]
Surface reflection, p4 - 0.0539 [44]
Reflection factor, Ry - 0.61295 [2]

! Temperature-dependent modeling
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approximated as an ellipse with width W in [mm] and
height H in [mm] (Eq. 9). The results of the sensitivity
study are shown in Figs. 3 and 4.

HAZ = g-W-H 9)

It can be seen that the heat flux has the highest influence on
the HAZ. The thermal properties describe how the energy of
the heat flux is absorbed and distributed in the component. An
increase in one of the thermal material properties always re-
sults in a reduction of the HAZ. The specific heat capacity
describes the amount of energy required to increase the tem-
perature. An increase in the heat capacity therefore means that
a lower maximum temperature is reached with the same ener-
gy. This results in a smaller HAZ. The effect of thermal con-
ductivity is also negative. Due to the increase in thermal con-
ductivity, the heat in the material is dissipated more quickly in
all directions. The energy required to melt the plastic is not
available in the welding zone, so that less plastic is melted and
a smaller HAZ is produced. The negative effect of density is
directly related to the specific heat capacity, which is calculat-
ed per mass. An increase in density means that there is more
mass in the same volume. This requires more energy to melt
the volume and reduces the size of the HAZ. The interactions
between the individual factors are minimal. The greatest inter-
actions are between the heat flux and the specific heat capacity
as well as the volume heat flux and the density. Since these
factors have the greatest effect on the HAZ, the resulting in-
teractions are also most pronounced.

Compared with the thermal material properties, the optical
properties exhibit significantly less pronounced effects and
interactions. Only the extinction coefficient shows a clear in-
fluence. This describes how much energy reaches the welding
zone. An increase means that more energy is already absorbed

Fig. 3 Effects and interactions on

or reflected before the welding zone. Thus, the extinction co-
efficient has a negative influence on the HAZ. Since it can be
assumed that the radiation reaching the absorbing welding
partner is almost completely absorbed over a thickness of
2 mm, there is no major influence of the degree of absorption
on the size of the HAZ. It is to be expected that a higher degree
of absorption leads to a near-surface absorption and thus to a
larger width and lower height of the HAZ. However, width
and height were not considered separately in the sensitivity
study. For the surface reflection of the absorbing welding part-
ner, there is no clearly pronounced effect, since the reflected
radiation has only a very small share compared with the
absorbed radiation. The reflection factor of the transparent
welding partner is only used for the transparent welding part-
ner to calculate the volume heat flow applied by the laser
(Egs. 5 and 6). Since the significantly larger volume heat flux
in the absorbing welding partner is calculated using the ex-
tinction coefficient (Eqs. 7 and 8), the reflection factor is not
used here and thus does not show a clearly pronounced effect
on the size of the HAZ.

3.3 Optimization of a three-dimensional simulation
model

Based on the sensitivity analysis carried out, it can be deduced
that a precise characterization of the input data is indispens-
able for a realistic simulation. The determination of the spe-
cific heat capacity, the thermal conductivity, and the density as
well as the extinction coefficient in the transparent welding
partner are of particular importance. For the development of a
three-dimensional model, the input data for the material used
are determined experimentally. To determine the density and
the thermal conductivity as a function of temperature, the pvT
measuring device pvT100 from SWO Polymer-technik

the change of HAZ in the 100 Effects Interactions
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Fig. 4 Effects and interactions on 100
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GmbH, Krefeld, Germany, is used. The temperature-
dependent specific heat capacity is determined using a differ-
ential scanning calorimetry device of the type DSC Q2000
from TA Instruments Inc., New Castle, USA. The optical
properties are determined using a Lambda 1050 spectrometer
from PerkinElmer Inc., Waltham, USA. The experimentally
determined input data compared with the literature data from
Section 3.2 are shown in Table 2.

Both for the literature-based simulation and for the simula-
tion based on the experimentally determined input data, the
accuracy is checked for various welding process points. The
experimental welding tests are carried out with a fiber-coupled
diode laser of type LDM 400-40 from Laserline GmbH,
Miihlheim-Kérlich, Germany, with a wavelength of 940 nm
and a linear focus of 27 x 1.5 mm?. For validation, the HAZ is
determined using a DM 4000M transmitted light microscope
from Leica Microsystem GmbH, Wetzlar, Germany. The re-
sults are shown in Fig. 5.

As expected, a higher energy input in the form of increased
laser power P, or irradiation time #; leads to increased HAZ

both in experimental welds and in the simulations. It can be
seen that the simulation with experimentally determined input
data for all considered combinations of laser power and irra-
diation time leads to calculated HAZ that is closer to the HAZ
of experimental welds. Nevertheless, the HAZ is clearly
overestimated in both simulations.

The reason for this is the determination of the extinction
coefficient ¢ using the Lambda 1050 spectrometer. For the
measurement, a measuring beam with parallel directed, mono-
chromatic light with a wavelength of 940 nm is generated via
various lamps, monochromators, and mirrors. An Ulbricht
sphere integrated in the instrument serves as the measuring
unit. The schematic structure of the measuring system is
shown in the left of Fig. 6. Next to an opening for the reference
measuring beam, there is a measuring port on which a plate-
shaped specimen of 2-mm thickness is positioned. The diffus-
ing and highly reflective BaSO4 coating of the inner sphere
surface distributes all incident light through the ports, both
directional and diffuse radiation, evenly over the surface.
Photodetectors locally detect the photovoltage induced by

Table 2 The experimentally
determined input data compared
with the literature data

Input parameter Unit Value (literature) Value transp. Value abs.
(measured) (measured)

Thermal material properties

Density, p' kg/m’ 1155 1124 1133

Specific heat capacity, cp1 J/(kg x K) 1591 1815 1701

Thermal conductivity, A W/(m x K) 0.33 0.284 0.266

Optical material properties

Absorption coefficient, o m' 18.181 21.43

Extinction coefficient, & m! 137.21 140.92

Surface reflection, p % 5.39 5.39

Reflection factor, Ry % 61.295 79.157

! Temperature-dependent modeling
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Fig. 5 Comparison of the HAZ 1.0
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the intensity prevailing on the surface of the sphere, allowing
conclusions to be drawn about the total irradiated power. For
the measurement, a calibration is first carried out in which the
measuring beam is directed into the Ulbricht sphere without
interaction with the specimen and the photovoltage present at
the detectors is measured. The voltage is determined as a ref-
erence for a transmittance of 7= 1. The reference value for 7=
0 is determined by a measurement with the measuring beam
switched off. By interpolation between the two values, the
intensity recorded during the measurement of the specimen
is converted into the transmittance. In addition, reference mea-
surements are carried out during the actual measurement. For
this purpose, the measuring beam is alternately directed into
the Ulbricht sphere via a mirror segment chopper via the pri-
mary port and the reference port. With this additional mea-
surement, errors resulting from surface defects are

50 55 45 45 45 45

mathematically corrected. From the determined degree of

transmittance 7 at a thickness d of the test specimen, the ex-

tinction coefficient € can be calculated according to Eq. 10:
In(7(d))

e=——— (10)

A problem with the transmission measurement with the
spectrometer is the deviating focus of the measuring beam
from the line optic used for the laser source in the welding
process. On the other hand, the measuring beam is
scattered and expanded, especially when semicrystalline
materials are used, so that some of the radiation does not
reach the measuring opening of the Ulbricht sphere. The
opening thus functions as an aperture, which reduces the
transmitted measuring beam by an unknown proportion

Fig. 6 Measuring systems for the
extinction coefficient
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depending on the specimen and measuring beam. This
proportion cannot be determined or corrected exactly and
is included in the determined performance as a systematic
error. Since the measurement of the transmittance by spec-
trometer does not allow an exact determination of the in-
tensity distribution, a measuring stand is developed with
which the power is measured directly after leaving the
transparent welding partner. For this purpose, a measuring
system based on an Ulbricht sphere is set up under the
focusing optics of the welding laser (Fig. 6, right). The
transparent welding partners are placed in a holding de-
vice on the Ulbricht sphere. The holding device acts as an
aperture that only permits radiation transmission into the
Ulbricht sphere through the focused 27 x 1.5 mm? welding
surface of the transparent welding partners. The welding
laser is focused on the underside of the specimen in order
to depict the welding process as realistically as possible.
In this way, the power introduced into the welding zone
can be determined directly. The determined degrees of
transmission and resulting extinction coefficients are
shown in Table 3.

It is shown that the transmission into the transparent
welding partner is overestimated in the spectrometer measure-
ment, which explains the deviation of the simulation results
from experimental welds (Fig. 5). The simulation with the
newly determined transmittance leads to calculated HAZ for
all considered laser powers and irradiation times, which are to
be classified as very realistic (Figs. 7 and 8).

4 Thermomechanical simulation

For thermomechanical simulation, the thermal simulation
model described in Section 3 is coupled with a mechanical
simulation to calculate the residual stresses induced in the
welding process. In the coupled simulation, the temperature
distribution and the mechanical load are calculated in parallel
for each time step. The calculation is based on the thermal
expansion ¢ of the material and its resetting due to the tem-
perature gradients in the two welding partners during heating
and cooling in the welding process. The strain is calculated
using Eq. 11 [16].

e =a(T-T)p) (11)
Table 3  The determined degrees of transmission and resulting
extinction coefficients
Spectrometer Developed
Lambda 1050 measuring
system
Degree of transmission, 7 0.7544 0.6146
Extinction coefficient, & 140.92 243.38

@ Springer

The thermal expansion coefficient « is measured as a func-
tion of temperature using the thermal-mechanical analysis de-
vice TMA 2940 from TA Instruments. The calculation of the
residual stresses from the thermally induced stresses is initial-
ly based on three different temperature-dependent material
models. These are an elastic (Eq. 12, [16]), an elastoplastic
(Eq. 13, [14]), and a viscoelastic material model (Egs. 14 and
15,120, 30, 36, 47]). The mechanical properties of the material
are assumed to be isotropic in the simulation model.

o=E« (12)
0 =Eeq+0p (13)
o(t) = E(t)=(2) (14)
E() = En+ Y Eves (15)

To determine the temperature-dependent mechanical char-
acteristics for the thermomechanical calculation, the universal
testing machine type Z150 of Zwick GmbH & Co. Kg, Ulm,
Germany, is used in combination with the temperature cham-
ber type KEE250/75K from RS Simulatoren Priif- und
Messtechnik GmbH, Oberhausen, Germany. The parameters
required for the elastic and elastoplastic material model can be
derived from the stress-strain curves determined in the tem-
pered tensile tests and implemented in the model.

The viscoelastic material model is able to describe the ef-
fects caused by creep or relaxation, i.e., the time-dependent
mechanical behavior of the material. Kiisters developed a
method for the determination of viscoelastic properties by
strain-controlled short-term tensile tests [30]. A scheme of
the procedure is shown in Fig. 9.

Due to low elongation in the welding process, linear visco-
elasticity is assumed and a 2-parameter approach is used. The
equation of the 2-parameter approach is:

o(e) = Ege,(1-€ %) (16)

Here, E, is the origin modulus of elasticity and &, is the
relaxation strain. In the stress-strain diagram, relaxation strain
describes the strain at which the straight line of E intersects
the line of the maximum component stress. Since this calcu-
lation must be repeated for each temperature and strain rate, a
Microsoft Excel macro was developed as part of Kiisters’
dissertation, which automatically determines these parame-
ters. Subsequently, the parameters can be shifted over a large
time range using the time-temperature shift principle and com-
bined to form a master curve.

A Prony fit is performed for both parameters to generate a
young modulus master curve. The Prony-Fit models visco-
elastic material behavior by means of a parallel connection
of several spring/damper elements. With a sufficient number
of row links, the material behavior can be realistically
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Fig. 7 Comparison of the HAZ 1.0
areas from the simulations with 0.9
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mapped. The model is called the generalized Maxwell model
[51]. The relaxation modulus based on the Prony series is
calculated according to Eq. 14. For the determination of the
Prony parameters, tensile tests with each combination of the
strain rates 10, 100, 1,000, and 10,000%/h and the tempera-
tures — 20, 0, and 20 °C are performed. For the Prony-Fit, six
row links are determined for the range from 107 to 10" s, and
the resulting master curve is implemented in the material
model.

Figure 10 shows the signed von Mises stress over time
during heating and cooling in the laser welding process. For
the marked finite element, the curves for the three material
models with a laser power P; of 70 W and an irradiation time
t; of 0.5 s are displayed. In order to reduce the calculation

50 55 45 45 45 45

times, the two axes of symmetry of the test specimens are used
in the simulation. The marked element is therefore the element
which lies exactly in the middle of the weld and thus reaches
the highest temperatures. Looking at the signed von Mises
stress, it becomes clear that increasing compressive stresses
are initially formed in the simulation during heating due to the
thermal expansion with increasing temperature. During the
subsequent cooling process, these form back completely for
the elastic and viscoelastic material model. Significant differ-
ences between elastic and viscoelastic material models do not
form during the cooling process. Only the elastoplastic mate-
rial model is capable of mapping the plastic strain components
resulting from exceeding the yield point. These prevent a
complete resetting of the material and thus result in the
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Fig. 8 Validation of the thermal simulation model based on the optical appearance of the HAZ
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Fig. 9 Calibration of a linear
viscoelastic material model
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expected tensile stresses in the weld during cooling. The fluc-
tuations of the residual stresses in the range of the cooling time
between 2 and 4 s are caused by the time-shifted sign changes
of the main stresses o and o, which the signed von Mises
stress cannot meaningfully represent (Fig. 11). However, the
curves of the individual main stresses are continuous. Overall,
only the elastoplastic material model leads to a realistic tensile
compression ratio during the welding process. Therefore, only
the elastoplastic material model is considered in the further
investigations.

Figure 12 shows the fitted signed von Mises stress in
the finite element described above for different process
parameters. For the purpose of clarity, a constant irradia-
tion time #; of 0.5 s is observed, at which the laser power
P; is varied between 50 W, 70 W, and 90 W. A higher
laser line, i.e., a stronger heating in the welding process,
leads to a higher thermal expansion in the heating process

Heating
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2 i~
.(,9)’-25
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and thus to higher compressive stresses in the finite ele-
ment under consideration. The greater thermal expansion
in conjunction with higher temperature gradients in the
cooling process in turn cause the formation of larger plas-
tic expansion components, which result in greater tensile
stresses after cooling.

In addition to the stress curve in the middle element, Fig. 12
shows the spatial stress distributions for the welding process
after 0.5 s (after heating), 1 s, 10 s, and 20 s (after cooling).
The spatial signed von Mises stresses in the drawn x-direction
after heating and after cooling are shown in more detail in
Fig. 13. After heating, compressive stresses are calculated in
the area of the weld and the immediate environment due to the
thermal expansion. The maximum compressive stress is ex-
actly centered in the weld (x=2 mm). For mechanical com-
pensation, tensile stresses are created at the edges of the mod-
el. After cooling, the expected tensile stresses form in the weld
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Fig. 10 Signed von Mises stresses during the welding process for the three material models
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Fig. 11 Main stresses during the welding process in the three directions for the elastoplastic material model

seam in reverse, which are in mechanical equilibrium with the
compressive stresses in the vicinity of the weld. As expected,
the maximum tensile stress is again in the center of the weld.
As with the temporal course of stresses in the central finite
element, an increase in tensile and compressive stresses also
occurs spatially with an increase in laser power.

The conventional method for the quantitative determi-
nation of internal stresses is the hole drilling method, with
which, however, only residual stresses up to a material
depth of 0.6—0.8 mm can be measured validly. A quantita-
tive validation of the calculated residual stresses in the
weld at a depth of 2 mm is therefore not possible with
current methods. However, since residual stresses in the
injection molding process are in the range of 5-10 MPa
[17, 19] and significantly higher temperature gradients
are present in the laser welding process, it can be assumed
that the calculated results are in a realistic order of magni-
tude. In addition, the tensile-compression ratios are
mapped correctly in the simulation.

5 Conclusion and outlook

In the presented study, a sensitivity study was performed on a
2D thermal simulation model calibrated with literature data.
By targeted variation of the input parameters, the thermal ma-
terial properties density, thermal conductivity, and specific
heat capacity as well as the extinction coefficient of the
laser-transparent welding partner were identified as particular-
ly influencing on the heat-affected zone in the simulated laser
welding process. Through a precise experimental determina-
tion of the thermal properties and a newly developed measur-
ing setup for the determination of the extinction coefficient, a
3D model could be developed, which leads to realistic calcu-
lation results for the HAZ.

Based on the thermal 3D model, a thermomechanical mod-
el with elastic, elastoplastic, and viscoelastic material behavior
was then developed. Only the elastic-plastic material model
leads to a realistic calculation of the tensile-compression ratios
of thermally induced residual stresses during the welding

Fig. 12 Fitted signed von Mises

stresses over time for the

elastoplastic material model with
laser powers of 50 W, 70 W, and
90 W and a radiation time of 0.5 s

Signed von Mises stress [MPa]

10

Time [s]
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Fig. 13 Spatial signed von Mises stresses for the elastoplastic material model with laser powers of 50 W, 70 W, and 90 W after heating and cooling

process. Even if there is currently no method for the exact
quantitative determination of internal stresses in the weld
seam, the calculation results for the elastoplastic material
model are classified as realistic.

Future work will combine the developed thermomechanical
simulation with an interdiffusion model for strength prediction
of welded components. The entire model is constructed for
other materials (polycarbonate and polybutylene terephthalate)
and validated by tensile tests with the welded specimens.
Especially with highly scattering materials and resulting larger
heat-affected zones, such as polybutylene terephthalate, it can
be assumed that a stronger melt flow also occurred for the
specimens under consideration. For such materials, it makes
sense to combine the simulation with a flow simulation.
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