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Abstract: The process of laser beam welding is simulated using the Weakly-Compressible
Smoothed Particle Hydrodynamics (WCSPH) and the Incompressible SPH (ISPH) meth-
ods. The presented models consider significant physical effects such as heat conduction,
temperature-dependent surface tension with wetting, the phase transitions melting and
solidification, and an evaporation-induced recoil pressure. Here, particular emphasis is
placed on the modeling differences between the WCSPH and ISPH methods. Then, both
methods are evaluated in terms of their accuracy and performance in the simulation of
deep penetration laser beam welding with oscillating laser power.
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1 INTRODUCTION

Laser beam welding is a joining technique that is gaining popularity due to its high
welding speed, low thermal distortion, and ease of automation. However, the process
becomes easily unstable and weld defects such as pores or spatter can occur that reduce
the weld seam strength. To better understand all the physical effects leading to the weld
defects, numerical simulations are often used as experimental observations are limited due
to inaccessibility. The simulation of the laser beam welding process is demanding due to
the rapidly changing interfaces between the solid metal, liquid melt, and vapor. In contrast
to mesh-based methods, the Smoothed Particle Hydrodynamics (SPH) method is able to
intrinsically capture the complex interface due its mesh-free nature. The SPH method can
be divided into the Weakly-Compressible SPH (WCSPH) and the Incompressible SPH
(ISPH) method. In the current state of the art, both methods demonstrate promising
results in the application to laser material processing as shown in [1, 2, 3].

In this work, the laser beam welding model in [4] based on the WCSPH method is
extended to be simulated with ISPH. The presented models are applied to deep penetra-
tion laser beam welding with sinusoidal laser power oscillation. The aim of this work is
to examine the modeling differences between the WCSPH and ISPH methods, as well as
their accuracy and performance for the simulation of laser beam welding. Furthermore,
the influence of an oscillating laser power on the laser welding process is investigated for
the first time with the SPH method.
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2 MODELING APPROACH

The modeling of laser beam welding requires the consideration of the laser-material
interaction, and the fluid and thermodynamics. The laser-material interaction is modeled
by coupling the SPH method with a ray tracer as described in [5]. Based on the laws of
geometrical optics, the ray tracer calculates the spatially absorbed intensity distribution
on the capillary surface by taking into account multiple reflections of the laser beam
within the capillary. The fluid and thermodynamics is modeled using the SPH method
as described in the following. First, the SPH model for laser beam welding based on the
approach in [4] is briefly presented. Next, the modeling differences between WCSPH and
ISPH for the simulation of laser beam welding are outlined.

2.1 SPH Model

The SPH method is a mesh-free Lagrangian particle method commonly used in hydro-
dynamics. In the SPH method, the fluid is described by a set of freely moving interpolation
points, so-called particles. To determine the fluid movement, the incompressible Navier-
Stokes equations are applied and represented by a sum over neighboring particles using
a smoothing kernel function. The main advantage of the SPH method is its Lagrangian
and mesh-free nature, which allows to describe arbitrary and rapidly changing interfaces
and free surfaces.

For laser beam welding, the SPH equations guaranteeing the kinematics, conservation
of mass, momentum (incompressible Navier-Stokes equation), and energy are given by

dr,

—, — Yg, 1
dpa my
E = Pa Zb: E (’Ua - ’Ub) -V Wap , (2)
dv, Pa + Db {u 9 }
= — m VaWa + < =V +ag,+ agq, 3

dt zb: " Papp S R G (3)
dT, 1

= = A 2T .sa .ra 4
G~ e, AV T+ oot dva) (4)

where t is the time, r the position, p the density, v the velocity, m the mass, W the
smoothing kernel function, p the pressure, p the dynamic viscosity, a, and as the acceler-
ations due to gravitational and surface forces, T'is the temperature, c, the heat capacity,
and A the heat conductivity. The surface forces are modeled using the Continuum Surface
Force (CSF) method and include the temperature-dependent surface tension with wetting
and the evaporation-induced recoil pressure. Furthermore, the terms pV?v/p describe the
viscous force, AV?T the heat transfer by heat conduction, ¢ the absorbed heat of the laser
beam, and ¢, the heat losses of the evaporated material.
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2.2 Comparison of the WCSPH and ISPH Model

In the following, the modeling differences between ISPH and WCSPH for the simulation
of laser beam welding are presented.

2.2.1 Pressure Calculation

The fundamental differences between the WCSPH and ISPH methods are the treatment
of density and the calculation of pressure in Eq. (3). In the WCSPH method, small density
changes are allowed, and the pressure is related to the density by an artificial equation of
state [6]. In this work a simplified equation of state is used

Pa = Cg (pa — pO) ) (5)

where ¢q is the numerical speed of sound, and py the reference density. The WCSPH
approach is simple to implement and parallelize. However, the WCSPH method requires
additional numerical improvements, which are described in the next section.

In the ISPH method, the density is kept constant by enforcing the incompressibility
condition V-v = 0. To relate the unknown pressure to the velocity, the projection method
is applied that projects an intermediate velocity field v* onto a divergence-free space [7].
The pressure is then obtained by solving the pressure Poisson equation

1 1
V- =Vptat) = —V.o*. 6
(p p AV (6)

In contrast to the fully explicit WCSPH method, the ISPH method is semi-implicit.
The pressure is solved implicitly, while the velocity is calculated explicitly. Due to the im-
plicit solution procedure, the ISPH method requires additional effort to solve the pressure-
Poisson equation, but also allows larger time step sizes compared to the WCSPH method.

2.2.2 Numerical Stability

In its standard formulation, the WCSPH method suffers from spurious numerical oscil-
lations in the density field and particle clumping. To overcome these problems, correction
techniques such as artificial viscosity [8], artificial stress [9], and -SPH [10] are applied.

In contrast, the ISPH method does not require any of the above correction techniques.
Typically, only the particle shifting technique is applied to ensure a uniform particle
distribution by shifting the particles slightly away from the streamlines [11]. However,
in the simulation of laser beam welding, spurious interface flows are observed. These
interface flows are a well-known problem of the CSF method which is used here for the
calculation of the surface forces. Since the physical viscosity is not sufficient to damp the
interface flows caused by numerical effects, an increased numerical viscosity is applied at
the solid-liquid interface and at the free surface as suggested in [12].
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2.2.3 Thermal Expansion and Convection

In the WCSPH method, volumetric thermal expansion is modeled according to [13] by
simply introducing a temperature-dependent reference density into the equation of state
in Eq. (5) as

Pa = Cg (/Oa — Po (Ta)) . (7)
Since the pressure is now related to the temperature, the particles change their ‘volume’
depending on the temperature. In addition, the formulation accounts also for convection
caused by density variations due to temperature.

In the ISPH method, thermal expansion is not considered because the density is con-
stant there. However, thermal convection is taken into account by the temperature-
dependent buoyancy using the Boussinesq approximation as proposed in [3]

a’g (Ta) :g<1_B[Ta_TO]> ) (8)

where g is the gravitational acceleration, 8 the thermal expansion coefficient, and T the
reference temperature. Note that the Boussinesq approximation can also be applied in
the WCSPH regime instead of the previously mentioned approach.

2.2.4 Thermoelastic Material Behavior

The SPH method can be used not only to solve hydrodynamic problems, but also to
simulate the elastic deformation of solid bodies [6]. To model elastic material behavior,
the pressure in Eq. (3) is replaced by the Cauchy stress tensor

ol — —pad¥ + S (9)

where 0¥ is the Kronecker delta, and S% the deviatoric stress tensor. Since the same
equation of state in Eq. (7) can be used for the pressure evaluation in Eq. (9), the extension
of the WCSPH model to elastic material behavior is rather simple. For this reason,
thermoelastic material behavior is additionally considered in the WCSPH model. In
contrast, the solid phase is modeled using fixed fluid particles with zero velocity and
acceleration in the ISPH model. Once the melting temperature is reached, the velocity
and acceleration of the particles are calculated.

Table 1: Model variations used in this work

numerical thermal expansion solid phase
viscosity and convection
WCSPH artificial [8]  thermal expansion [13] elastic [6]
WCSPH red. artificial [8]  Boussinesq approx. [3]  fixed
WCSPH red., int. visc. interface [12] Boussinesq approx. [3]  fixed
ISPH interface [12] Boussinesq approx. [3]  fixed
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Figure 1: Deep penetration laser beam welding of iron with sinusoidal laser power oscillation at frequency
f = 100 Hz, an average laser power of 2.25 kW and an amplitude of 1.75 kW. The temperature distribution
is shown for liquid particles, and re-solidified particles are highlighted in dark-gray.

3 SIMULATION RESULTS

In the following, deep penetration laser beam welding of iron and aluminum is sim-
ulated. The process parameters are chosen according to the experiments in [14]. The
laser beam has a focal diameter of 0.2mm, an angle of incidence of 10°, and is moved
along the z-axis at a constant feed rate of 4m/min. Further, the laser power is oscil-
lating with an average laser power of 2.25 kW and an amplitude of 1.75kW for iron and
an average laser power of 2.5kW and an amplitude of 1.5 kW for aluminum. The iron
workpiece has dimensions 4.0 x 2.4 x 6.0 mm?, while the aluminum workpiece has dimen-
sions 7.2 x 4.0 x 5.2mm?. During the simulation, dynamic particle refinement according
to [15] with three refinement levels is applied, resulting in a particle spacing of 0.05 mm
for the finest resolution level. In order to analyze the effect of the modeling differences be-



Daniel Sollich and Peter Eberhard

[ 2500

— 2000

— 1500

l 1000

temperature in K

I 2500

— 2000

— 1500

l 1000

temperature in K

=45ms
(b) ISPH

Figure 2: Deep penetration laser beam welding of aluminum with sinusoidal laser power oscillation at
frequency f = 100 Hz, an average laser power of 2.5 kW and an amplitude of 1.5kW. The temperature
distribution is shown for liquid particles, and re-solidified particles are highlighted in dark-gray.

tween the ISPH and WCSPH methods described in Section 2.2, different model variations
are simulated. An overview of the variations is given in Tab. 1.

The simulated laser welding process is shown for a laser power frequency f = 100 Hz
in Fig. 1 for iron and in Fig. 2 for aluminum. In the simulation, a capillary is formed
within the liquid melt pool. The low frequency of the laser power oscillation results in
a non-constant depth of the re-solidified weld seam. Comparing the WCSPH and ISPH
simulations, the size of the liquid melt pool and of the re-solidified weld seam are in good
agreement. Due to the volumetric thermal expansion of the material in WCSPH, melt
protrusions at the surface are observed.

In the following, the capillary depth is plotted over time in Fig. 3 to investigate the
response of the capillary to the laser power signal. It can be observed, that the capillary
depth is oscillating due to the sinusoidal laser power signal, with the depth increasing
at high laser power and decreasing at low laser power. In addition, the oscillation of
the capillary depth is delayed compared to the laser power signal, which means that the
capillary requires additional time to follow the laser power signal.
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Figure 3: Capillary depth for sinusoidal laser power oscillation at frequency f = 100 Hz.

Comparing WCSPH and ISPH, the curves of the capillary depth agree well. However,
the maximum capillary depth is larger in the ISPH simulation. To limit the possible
causes of the deeper capillary in the ISPH simulation, the WCSPH model is modified
so that it differs only in the pressure calculation and correction techniques, see Tab. 1.
Since a deeper capillary is obtained in ISPH despite the same modeling approach for the
physical effects and numerical viscosity, these effects can be excluded as a possible cause.

For WCSPH, the different model variations in Fig. 3(a) have hardly any influence on
the capillary depth. In particular, the maximum depth decreases slightly when thermal
expansion is taken into account. The cause for this effect may be the increase in fluid
volume. Furthermore, the use of artificial or interfacial viscosity has little effect on the
maximum capillary depth. However, the interfacial viscosity smoothes out oscillations
in the capillary depth. The reason for this is that high surface tension forces, which
normally cause the capillary to collapse, are dampened by equally high viscous forces of
the interface viscosity.

Regarding the computational efficiency, the ISPH simulation is faster. The larger time
step size (2.7 times for iron and 3.9 times for aluminum) outweighs the additional effort
of the implicit solution procedure. For the simulations in iron, the ISPH method is 2.4
times faster than the WCSPH model with thermoelastic material behavior, and 2.0 times
faster than the WCSPH model without thermoelasticity. For aluminum, the speedup is
3.7. The simulations were carried out in parallel using 6 cores on a desktop PC with an
AMD Ryzen™ Threadripper™ 3960X CPU.
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Figure 4: Quasi-stationary periodic behavior of the capillary depth and absorbed power for deep pene-
tration laser beam welding of iron with sinusoidal laser power oscillation. The solid lines (——) represent
the WCSPH method, while the dashed lines (---) are simulated using the ISPH method.

In the following, another physical investigation is performed, i.e. the influence of the
oscillation frequency of the laser power is analyzed. In Fig. 4 the capillary depth and the
absorbed laser power are averaged over all periods in the quasi-stationary state for the
oscillation frequencies f = 100, 250 and 500 Hz. The results show that the capillary depth
and absorbed laser power are also oscillating for all frequencies applied. With increas-
ing frequency, the amplitude of the oscillating capillary depth and absorbed laser power
decreases. Furthermore, the increase and abrupt decrease of the depth is increasingly
delayed for higher frequencies. The abrupt decrease in capillary depth can be explained
by the decreasing laser power towards the end of each oscillation, and by the decrease in
the fraction of absorbed laser power once the capillary has collapsed.

Next, the simulation results are compared to experimental measurements in [14] in
order to evaluate the accuracy of the WCSPH and ISPH simulations. In Fig. 5, the am-
plitude ratio between the capillary depth and laser power oscillation is plotted. This value
is taken as an estimate for the ability of the capillary to change its depth in dependence
of the laser power. For low oscillation frequencies f = 100 and 250 Hz, the change rate
of capillary depth per laser power are in a similar range for iron and aluminum. For high
oscillation frequencies f = 500 Hz, the capillary depth is less capable to follow the laser
power for iron compared to aluminum. This result is independent of the applied method,
and agrees well with the experimental observations. However, the simulated values are
significantly larger than in the experiment. The reason for this may be the different
approaches for determining the capillary depth between simulation and experiment, in-
accuracies in the simulation models, or in the experimental measurements, or all of these
together.
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Figure 5: Amplitude ratio between the capillary depth and laser power oscillation for deep penetration
laser beam welding with sinusoidal laser power oscillation.

4 CONCLUSIONS

In this contribution, laser beam welding with an oscillating laser power is simulated
using the WCSPH and ISPH methods. The aim is to evaluate both methods in terms of
modeling capability, accuracy, and performance.

Regarding the modeling approach, the methods differ in the calculation of the pres-
sure, as well as in the method-specific approaches to increase numerical stability. While
most of the physical effects are modeled identically, the WCSPH method is numerically
advantageous in the modeling of thermal expansion and convection. In addition, the
thermoelastic material behavior is considered here in the WCSPH model due to the sim-
ilar structure of the algorithm. In the simulation, both models are able to represent the
main characteristics of the laser beam welding process as the formation of a capillary.
The comparison of the simulation results with experimental measurements shows good
agreement in the response of the resulting capillary depth to the oscillating laser power
signal. With both methods, the depths are overestimated, whereby the WCSPH method
is slightly closer to the experimental results. In terms of computational efficiency, the
ISPH simulation is faster. Here, the larger possible time step size of the ISPH method
outweighs the additional effort of the implicit solution method.
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