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ABSTRACT

Laser-assisted double-wire deposition welding is a welding process developed at LZH to increase the
deposition rate with the minimum degree of dilution of the surfacing layer. The use of the laser beam
serves to locally heat up the molten pool and substrate surface and, thanks to a smaller wetting angle,
leads to improved bond to the substrate, which causes a wider and deeper weld pool. The aim of this
paper is to investigate the basics of this process using numerical methods. The free surface of the
deposition layer, the mass flow of the melting wires in the weld pool, as well as interphase mass
exchange (e. g. evaporation), laser absorption and interphase heat balance were calculated. Two different
simulation methods Eulerian finite volume method (FVM) and Lagrangian smooth particle
hydrodynamics (SPH) were used to build the model. This paper deals with the model construction as
well as the precision and computational effort of these methods. The results of both methods agree with
each other. Conclusions were drawn about the advantages and limitations of both methods

Keywords: Laser-assisted double-wire deposition welding, simulation method, FVM, SPH, Eulerian,
Lagrangian

INTRODUCTION

Laser assisted double wire welding with non-transferred arc (LDNA) is a process
developed by Laser Zentrum Hannover (LZH) for metal deposition and surfacing. In this
process, the arc is ignited between two continuously fed wire electrodes. The wire
electrodes melt and the droplets fall onto the substrate surface. This process offers not
only a low degree of dilution, but also a high deposition rate.
The droplets, depending on the size, temperature and velocity and their falling
trajectory, can affect the weld pool hydrodynamics. Heat and volume of dripped metal
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adds heat into the weld pool. Size, velocity and direction of the molten droplets lead to
additional momentum into the welding pool.

To improve the connection of the cladding layer, a laser beam oscillates transversely to
the welding direction. This oscillation leads to an improved wetting angle on the sides
with local heating of the weld pool, especially at the edges, and avoids the undercut
formation (Fig. 1).

Because of the local heating of the laser beam, the melt evaporates partially on the
surface of the melt pool. In addition, this heating affects the local temperature of the melt
pool surface and thus the surface tension, which in turn causes additional convection due
to the Marangoni effect. The absorption of the laser beam depends on the angle of the
incident beam and the temperature of the free weld pool surface. The physical phenomena
are shown in the Fig. 2.
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Fig. 1 Left, falling droplets and local heating by laser during the LDNA process, captured
transvers to weld direction by thermal camera, colours represent different temperatures.
Right, the solidified weld seam topology with laser scanning microscopy (LSM), the colours
illustrate the height of deposited layer

Mass, momentum und heat supply through
| the molten droplets: size, temperature and
velocity as inputs data

| Free surface of weld pool

Evaporation of molten metal | y g Hydrodynamic, Navier-Stokes, Marangoni
g effect, gravity force

Conductive and convective heat transfer

Radiation from the surface of base material

Laser absorption an the molten pool

and weld pool
surface, depending on angle and
temperature
* «— ,_‘ Conductive heat transfer |
Weld pool
| Heat conduction in|the base material | @
Base material Welding direction

Fig. 2 Schematic cross section, explanation of all to be simulated phenomena of the process

For the simulative investigation of the LDNA process two different models based on
differing approaches are developed. The first one, finite volume method (FVM), as an
Eulerian method, implemented in ANSYS CFX® is compared with the Lagrangian
method Smoothed Particle Hydrodynamics (SPH).
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The SPH is a mesh-free Lagrangian method, which in recent years has received
growing attention for the investigation of fluid dynamics problems. SPH is particularly
well suited for the modelling of free surfaces, since those are handled implicitly by the
discretization technique, which makes it an appealing method for the investigation of
welding simulations. In this work the open source SPH frameworks SPlisHSPlasH [1] is
used. The framework has an extended library to allow heat transfer, physical surface
phenomena, viscous fluid behaviour and simplified solidification calculations. It has
previously been used for the simulation of manufacturing processes, especially the
problem of fluid mass and heat transfer in [2, 3]. It allows the development of a
simulation model of the LDNA process.

Furthermore, the aim is that the algorithms developed for this work will be integrated
into the main SPlisHSPlasH framework.

STATE OF ART

In order to experimentally investigate the process, number of experimental tests, which
have been described earlier in [4-8], were carried out. The physical phenomena that occur
in this process have not been determined in a simulation so far. This investigation is the
computer-aided description of this process. However, there are various simulative tests
for other similar welding processes. Often equivalent heat sources are used for thermal
modelling of deposition welding, for example, Amal et al. [9] used equivalent heat source
to calculate the residual stresses in "Wire arc additive manufacturing” using commercial
software Simufact. Zheng et al. [10] built up numerical model for regulation of heat input
and Nikam et al. [11] tried the thermal analysis of multilayer metallic deposition during
plasma arc based additive manufacturing. Chai et al. [12] implemented the laser powder
interaction in a thermal analysis with cellular automaton in laser cladding process.
Although their results show good geometric agreement with the real process, they cannot
precisely determine the temperatures in cross-sections. Han et al. [13] investigated on
hybrid laser and submerged arc cladding, and simulated the resulting residual stresses.
Zhang et al. [14] considered the hydrodynamic and microstructure evolution in laser
cladding process using a coupled model of FEM and cellular automaton.

Song et al. [15] investigated on the internal molten flow convection on evolution of the
solidification. They also believe that the Marangoni effect has a magnificent influence on
the cladding layer.

Eulerian methods are very common for the simulation of arc welding processes and
have been used since the advent of computational welding simulation. A common
difficulty in these methods is the calculation of free surface flows. There are several
numerical approaches which are commonly used for the description of these free surface
flows. They can be divided into two main groups [16]. The first group includes the so-
called Front Capturing Methods (FCM) in which a fixed Eulerian computational mesh is
employed and a free surface is”expanded” along the volume of a certain layer. The
thickness of this layer corresponds to several lengths of a computational cell. The most
popular FCM are Volume of Fluid (VOF) [17, 18] and Level Set (LS) [19] methods.
There also exists a number of other approaches where the free surface is considered as a
sharp interface between two media, e.g., [20-22]. There the Arbitrary—Lagrangian—
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Eulerian method (ALE) is used, which allows the deformation of the mesh, but it does not
allow to solve problems with significant topological changes, like flow-splitting.
However, most common arc welding processes involve a melting, detachment and an
impingement of a filler material into a weld pool. Both the approaches, the VOF/LS and
the ALE are only limited satisfactory to accurately capture the process. Due to its
strengths in modelling free surfaces as well as considering discontinuities and large
topological changes and deformations, the SPH method became an interesting approach
for modelling arc welding processes. However, a very little is known yet about the
guantitative performance for the calculation of conductive/convective heat transfer
compared to the established Eulerian methods, in the context of arc welding processes.

SMOOTHED PARTICLE HYDRODYNAMICS FOR WELDING PROCESS SIMULATION

The smoothed particle hydrodynamics (SPH) method was originally proposed by Lucy
[23] and Gingold and Monaghan [24] in the field of Astrophysics. Since then it has been
adopted for many different applications, including the simulation of weld pool dynamics.
The mesh-free nature of SPH enables the simulation of large deformations, free surface
motion and coupling of many physical processes, which makes it an attractive method for
many real-world problems.

Das and Cleary [25] use SPH in three-dimensional arc welding simulations in order to
study temperature distributions, flow patterns and plastic strain in the filler material and
residual thermal stresses in the work piece. Ito et al. [26] perform full simulations of
tungsten inert gas (TIG) welding using the SPH method and show results for different
material properties due to different sulphur contents and evaluate the flow patterns and
the shape of the weld pool.

Trautmann et al. [27] similarly perform weld pool simulations using SPH for a TIG
welding process. They consider buoyancy, viscosity and surface tension as flow driving
forces and the arc pressure, shear and all relevant thermal effects were parameterized
using experimental studies. The penetration profiles of three different welding currents
were compared to experimental results and decent agreement was shown. A hybrid
approach is investigated by Komen et al. [28], who use an Eulerian grid and Lagrangian
particles in conjunction, in order to simulate gas metal arc welding (GMAW). Molten
metal is simulated by means of SPH, while the arc plasma and gas are simulated on a
grid. The methods are then weakly coupled and executed iteratively.

Komen et al. [29] also simulate the GMAW process under consideration of droplet
formation and compare the weld pool shapes against experimental results. In order to
visualize results more easily, they use an ensemble averaging in order to transfer particle
data onto a regular grid. These types of simulations are difficult to validate, as they
describe very complex systems with many interacting components, and this is evident
with Trautmann et al. [27] being one of the few works which attempts to validate their
results using experimental data. In this paper, we choose to compare our proposed SPH
method against Eulerian simulations, as a proof of concept which shows that SPH is able
to obtain very good agreement in the resulting weld pool shapes, as well as temperature
and velocity distributions. Similar comparative studies were conducted by Jeske et al. [2,
3]. In [2] excellent results of the SPH method when compared against the Eulerian VOF
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method for the simulation of droplet impacts in thermal spraying were obtained. In [3] the
Eulerian and SPH methods were compared regarding the simulation of flows arising
under the action of the Lorentz force with variable distributions of electric current density
during tungsten electrode welding. A remarkable agreement between the melt pool
shapes, which are highly dependent upon these forces, is shown. This allows to justify the
usage of SPH to obtain physically meaningful results, especially for cases that pose more
difficulty for Eulerian methods, for instance when considering free surfaces. The studies
carried out confirm the qualitative accuracy of the proposed method as well as the SPH
method in general for such applications.

MODEL

GENERAL MODEL ASSUMPTIONS

Both variants of the model are based on the following general assumptions:

e Molten metal is a Newtonian, incompressible, laminar fluid

e The Arc is not transferred to the molten metal in the LDNA process, therefore,
the electromagnetic forces and arc are not modelled. The focus lies on the droplet
behaviour during falling, without consideration of formation of the droplets in the
arc.

e Droplet behaviour (spatial velocity, temperature, size) has been measured using a
thermal camera.

e Gravity and its influences on the falling droplets and on natural convection in gas
phase as well as in molten metal is considered.

e The solidification is modelled using the enthalpy porosity method.

e For the evaporation, mass loss is excluded. (Euler's method can account for mass
loss, but the SPH method needs further development for this goal)

Some differences at a glance:

e In Euler’s method, the molten metal is in interaction with surrounding gas phase.
In SPH, the gas phase was excluded.

e The scattering of the laser beam in Euler's method is isotropic, but was not taken
into account in SPH.

e The Marangoni effect as a result of the temperature dependent surface tension
was taken into account in Euler's method but not in the SPH because of the
constant surface tension with corresponding SPH development status.

e The hydrodynamics in the melt pool was taken into account in both models, but
in Euler's method it is a result of the droplet momentum and the density variation
with temperature, but in SPH the density is considered constant, therefore the
hydrodynamics are only affected via droplet momentum.

The enthalpy-porosity approach [30, 31] is used in both the SPH and FVVM simulations.
This method aims to precisely model the flow during the solidification by introducing an
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additional deceleration in the Navier-Stokes equation for material between the solidus and
liquidus temperature. Because of that it is sometimes referred to as a momentum loss or
momentum sink.

The symbols used in the mathematical model are listed in the Table 1.

Table 1 Symbols used in the mathematical model chapter

Symbol Definition Symbol Definition
v Velocity vector in momentum Iy Energy of incident radiation on the
equation surface
P Pressure 1(z) Energy of transmitted radiation in
depth z
n Dynamic viscosity l Path length of transmission
A Lame constant M, Wire mass rate
f Gravity M, Droplet mass rate
Ss mass source of shielding gas Uy Wire feeding speed
Sm mass source of molten metal Ay Wire cross section area
T Temperature Ry, Radius of wire
k Heat conductivity R, Radius of droplet
C, Specific heat capacity V4 Volume of droplet
p Density Va1 Frequency of inflow of drops 1
v Velocity Vgo Frequency of inflow of drops 2
Qvol Volume heat source in energy Sa1 Switch function I/O of droplet 1
equation
Graa Volume heat source via Radiation Saz Switch function I/O of droplet 2
To Ambient temperature 0 Step function
O Volume heat source for laser beam DPm Density of molten metal
P Laser beam power fax Normalisation factor of mass for
droplet 1
u Attenuation coefficient faz Normalisation factor of mass for
droplet 2
Ua Absorption coefficient L Mass flux of droplet 1
U Scattering coefficient (Mmgy)' Mass flux of droplet 1 with irregularity
a(T) Temperature dependent absorption My, Mass flux of droplet 2
fraction
Tr Transmittance (Mmgz)' Mass flux of droplet 2 with irregularity
dy Droplet distance Cpm Specific Heat capacity of molten
metal
(dy) Droplet distance with irregularity T, Boiling temperature
Uy Drop velocity in longitudinal Ly Latent Heat of evaporation
direction (x)
2 Drop velocity in transverse M, Mass flux of evaporated metal
direction (y)
v, Droplet speed in height direction (z) ot Time increment
Vyy Diagonal drop speed in xz plane N SPH neighbourhood relation
Veyz Diagonal droplet speed N, Set of neighbours at location x
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a Droplet angel over longitudinal V; Volume of particle i
direction

Ge Heat flux of evaporation A; Arbitrary quantity A of particle i

B Droplet angel over transversal W (x; h) SPH smoothing kernel
direction

U, Droplet parallelity frequency h Smoothing radius

M, longitudinal momentum loss X Coverage angle

M, Transversal momentum loss ] Laser angle to altitudinal direction

M, altitudinal momentum loss C(x) SPH color field

c Morphological constant K curvature

Sm Activation switch for Momentum y Surface tension coefficient
Loss

U, fluid velocity in longitudinal T; Temperature of particle i
direction (x)

Uy, fluid velocity in transverse direction q Heat flux in Lagrangian approach
%

u, fluid velocity in height direction (z) 7 Heat source radius

Uy Welding speed r Distance from centre of Gaussian

P Volume of fluid of molten metal Emissivity

T Temperature of molten metal o Stefan Boltzmann constant

Ts Solidus temperature h Heat transfer coefficient

T, Liguidus temperature 7, Particle radius

W, Mass Fraction of evaporated metal n Surface normal

EULERIAN APPROACH

GEOMETRY AND BOUNDARY CONDITIONS IN EULERIAN APPROACH

The model contains two domains, the substrate (the lower one) which consists of the base
material and the cladding layer (the upper one), see Fig. 3. The cladding layer consists of
the incoming molten metal, the shielding gas and the metal vapour in a varying
combination. The base material, as fluid (see 4.2), flows through the substrate domain
with the welding velocity in moving coordinate system. The melt adheres to the contact
surface between the cladding layer and the substrate. The top and lateral sides of the
upper domain are described as open with a relative pressure of 0 [Pa] and a black body
temperature of 300 [K]. The upper surface has the unity volume fraction of gas mixture
with the shielding gas mass fraction to be 1 and the beam source of the laser as the Monte
Carlo method of boundary condition. This is a ANSYS CFX implemented method of "ray
tracing™ in which material is irradiated with a certain number (here 10000) energetic rays
and depending on the angle of incidence and the radiation properties of material
(absorption and scattering) these are absorbed or scattered.

Except for the contact surface with the coating layer, the other surfaces in the substrate
are defined as frictionless (slip wall), which loss the heat with convection (heat transfer
coefficient) and radiation (Stefan Boltzmann's law).

261



Mathematical Modelling of Weld Phenomena 13
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Opening, relative pressure 0 [Pa], Black
body Temperature 300 [K], Monte Carlo
Laser, Volume Fraction 1 for Gas mixture
and Mass Fraction 1 for shield Gas

Cladding layer
Substrat

_) Side and Top surfaces of substrate:
radiation and convection

Contact surface:no slip wall,
adhesive, adhesion angle of 75°

| 0 0.01 0.02 (m)
)

Outlet of substrate with weldi 2
| et of substrate with welding speed - -

Fig. 3 Domain geometry, meshing and boundary conditions

Droplets drop diagonally from right side to molten pool (Fig. 6 & Fig. 7), so the
hydrodynamics and solidification front would not be symmetrical. Therefore, we could
not use symmetrical geometry and meshing, and the problem should be solved in the
whole domain.

MATHEMATICAL MODEL

In this paper, the authors used FVM in multiphysics multiphase model with
inhomogeneous heat and mass transfer with consideration of hydrodynamics and
convection in the molten pool, Marangoni effect, radiation from the molten pool and
solidified cladding layer to ambient and secondary heat gained via scattered laser beam.

Although the Euler approach is suitable for implementing some phenomena like
evaporation of molten metal due to oscillating of laser beam, heat gain and loss via
shielding gas flow in and out of arc area and heat radiation of the arc on the molten pool,
these were not taken into account in the model, because the main aim of this article is to
compare the FVM Eulerian and the SPH Lagrangian method.

In order to be able to simulate both physical states of material (solid and liquid) in a
moving coordinate system, both physical states of metal are described as fluid. This type
of implementation is typical for ANSYS CFX. In addition, during and after solidification,
the increasing viscosity and enthalpy porosity result in damping the flows, so that the
solidified fluid is numerically still a fluid, but behaves like a solid.

The cladding domain consists of molten metal and gas (mixture of shielding gas and
metal vapour). These phases should be separated from each other via the free surface task.
The Volume of Fluid (VOF) method is used to calculate the free surface of the molten
metal. The volume fraction of the melt in each cell is described as follows:

* VOF = 1, there is only molten metal in the element
*  VOF =0, there is only gas (mixture of shielding gas and metal vapour) in the
element
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* 0 <VOF <1, meltfills only a part of an element, thus it forms the free surface
of molten pool.

There should be some cells between VOF 0 and 1 (Fig. 4). This requires very fine
meshing wherever the melt pool surface is formed during the process. This results in a
very high computational effort in this method. The surface tension plays an important role
and the Marangoni effect is also taken into account due to the temperature-dependent
description of the surface tension.
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Fig. 4 The schematic volume of the fraction to model the free surface between two media
[32]

The mass flux of the inflowing droplets into the domain results from the mass
conservation of the melted wires. The frequency of the mass supply of the droplets into
the domain is described on the basis of the measured droplet size and sphere shape via
thermal camera. Therefore, droplets are modelled also spherical, and defined in the model
with Gaussian mass distribution for numerical reasons.

Navier-Stokes equation for incompressible molten metal

v 6ﬁ - - - - e
p%= p(a—:+(v.V)v)=—|7p+uAv+(/1+u)l7(|7.v)+f 1)

Mass balance equation (continuity):

%=Z—’;+ Vp =55+ Sm @)
Energy equation:
Cop 2 = VAVT) ~ V(pCovT) + ooy ©
Qvot = qn + Qraa + qp )
Graa = €0(T* = Tg)8 ©
ah = h(T = T)8 ©

5= \(Vm)? (7)
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Q= 2 8)

TR

As the materials (substrate and cladding layer) are not transparent, the laser beam does
not get transmitted through the medium. Therefore, attenuation coefficient results from
the sum of absorption and scattering.

U= g+ Us ©)

u=—1In(Tr) (10)

Tr = IE—Z) = assumed as e~ * in path length 1 [mm] (11)
0

He = a(Tu (12)

ps = (1—a(M)u (13)

As already mentioned, the Monte Carlo method can take into account the angle of
incidence and the absorption and scattering properties of the medium. One can add a
temperature dependency to the Monte Carlo method by using the temperature-dependent
absorption fraction.

Mass source:

M, = M, (14)
VA =g Vy (15)

_ Uwidya
T Ay = TR} , Vq=-:mR} 16
Vyw24w2 w = Thy d_gnd ( )

Vaz = —

In order to develop drop-like mass flow, the mass source is time-modulated. The general
on/off function can be written as follows:

sa = 6(0.5Sin (2mvg, (¢ + ﬁ)) +0.5 — |sin(§)] ) (17)

Here £=64° was assumed
sa1 = 0(0.5 Sin (2mvgy (t + %ﬁi‘ig)) —04) (18)
saz = 0(0.5 Sin (2mugs (t + %ﬁi‘:g)) —04) (19)

The on/off switch function within the laser period (T=0.05 [s]) can be seen in the Fig. 5.
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Fig. 5 Switch function of first wire droplets in mass flux function

The above function turns on the mass flow source of the drops only a fraction of the
time. To ensure the mass conservation of the melted wires, the function shall be
normalized and the integration in one second gives 1: Therefore, the mass rate function is
settled with the following factor:

far = (fy sdldt)_l = 5.605 (20)
far = (Jy sdzdt)_l = 5218 1)

The mass flux is found as follows:

mg = Normalising factor x time switch x droplet mass x number of droplets xmass
distribution

a1 = 83 fa1 Sa1 Pm Va1 €xp (;_2 ((x=x0)2+ (Y =y0)* + (z - Zo)z)> (22)

Maz = 8Y3 fa2 Saz Pm Vaz €XP (;—2 ((x—x02)2 + (¥ —yo)* + (z — Zo)z)) (23)
Xoz = Xo1 +dg (24)

At the beginning of the process, when the arc is ignited, the process can be unstable and
the droplets are twice as large in diameter. Therefore the droplets have eight times the
volume. In order to map this time in the simulation, we can change the mass flux and
droplet distances for a so-called irregularity time, t; as follows:

(Ma1)’ = Mg (1+70(t; — 1)) (25)
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(Mgz) = May(1+70(t; — 1)) (26)
(dg)' =dgy +0.50(t; — t) (27)

The measurement of the drop velocity (v,,) is carried out by recording a high-speed
camera (Fig. 6) and analyzing the frame rate and the distance covered by the drops. The
angles of the droplet trajectory across the transverse () and longitudinal (o) directions are
measured using two mounted cameras (Fig. 7). The projection of the droplet velocity in
the longitudinal and vertical and transvers directions is calculated using the analysis of the
recordings of the two mentioned mounted camera as follows:

Fig. 6 Droplet size and trajectories, left: over longitudinal direction (camera transverse) and
right: over transversal direction, (camera in welding direction)

z

Longitudinal X
a Height direction

direction
vxz

\Y

Transverse direction

Fig. 7 Velocity vectors in longitudinal, transversal and altitudinal directions

Uxz = Uxyz cos(B) (28)
Uy = Uxyz sin(B) = vy, tan(p) (29)
vV, = —Vy, cos(a) (30)
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Since the drops have opposite directions about the longitudinal axis, then:
VUy1 = —Uyy Sin(a) (31)

VUyp = Uy Sin(a) (32)

The angle of the drops of the respective wires to the height axis (longitudinal velocity)
varies constantly, so that the drops diverge (opposite direction) or converge and have
parallel trajectories in the course of the process.

Therefore, the angle o is sinusoidal and time-dependent as follows, in which v,
describes the frequency of how often the drops diverge or converge.

. 1
a = 5sin <2nvp <t - E>> +5 (33)
After solidification, the velocity vectors should only show the welding speed of the sheet
metal. In order to dampen the velocity vectors in the solidified layer, the enthalpy porosity
method is used as follows:

My, = —C s (uy — vy,) (34)
M, = —C sm(uy) (39)
M, = —C sp(u,) (36)

In which s is the switch to activate momentum loss function for temperatures below the
melting point and volume fractions above 0.5:

Sm = 0(¢pp —0.5)0(Ts — T,) (37)

For the representation of evaporation, the mass and heat balance of evaporation should be
implemented as mass and heat source. Mass fraction of the vaporized metal from
temperatures above the boiling point results from the ratio of the absorbed enthalpy to the
latent heat:

We = Cp,m(Tm - Tb)Q(Tm - Tb)/Lb (38)

The evaporation mass flux results from the mass fraction of the vaporized metal and the
available molten metal mass per volume in the cell (product of density and volume of
fraction) divided by time:

Me = WphmpPm /6t (39)

The evaporation is calculated from the evaporation mass flux and the latent heat of
evaporation:

Ge = MLy (40)
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SMOOTHED PARTICLE HYDRODYNAMICS

The smoothed particle hydrodynamics method was adapted to the problem of fluid
dynamics by Mauller et al. [33]. It is a mesh-free method, i.e. it does not require
connectivity information between discretization points. The absence of explicit
connectivity information through a mesh lifts one of the major limitations of mesh-based
methods, namely the limitation of possible movement of the discretization points. In
contrast to mesh-based methods, mesh-free methods allow for free movement of the
discretization points. This, in turn enables movement of the discretization points
according to the velocity field, i.e. enabling a Lagrangian treatment of the underlying
fluid.

SPH is one of the most widely adopted Lagrangian methods, where physical quantities
are discretized onto a set of freely mobile discretization points. Each of these points
carries the physical quantities associated with it as it moves according to the velocity
field. The points are often thought of and visualized as particles by associating a certain
spatial extent with each discretization point, hence the name smoothed particle
hydrodynamics. In lieu of a mesh for connectivity information and since interactions
between “close” points are necessary for a physically accurate simulation, SPH makes use
of a neighbourhood relation V. Complete pairwise interactions between all particles in a
simulation is computationally infeasible, therefore SPH typically utilizes an efficient
search structure to determine neighbourhoods such as the one presented in [34], as well as
limiting the sizes of these neighbourhoods.

In SPH an arbitrary quantity A(X), that was discretized onto particles can thus be
computed by interpolating the local neighbourhood V' of the sample point ¥:

A@) = Sjen, VA WE = T3 h) (41)

This kernel function is used as a weighing scheme for particles depending on their spatial
relation to the sample point. Generally particles that are further away from the sampling
point, have a lower contribution to the quantity A(x), than nearer particles. This weighing
results in a smoothed field A(X), hence the name smoothed particle hydrodynamics. A
well-known function that could be used as a kernel would be the Gaussian function.
However, it has one disadvantage, namely that it has infinite support, which means all
particles in the simulation would add small contributions to any interpolation. As noted
before the number of contributing particles should always be large enough for good
interpolations, but as small as possible such that the interpolation is efficiently
computable. Therefore, the most frequently used kernel functions have a finite support
and are scaled according to the smoothing length parameter h, such that only a small
number of particles, namely those for which ||X — X;|| < h, need to be considered for the
interpolation. In this paper the cubic spline kernel [35] is used.

It is important to note that the SPlisHSPIlasH library itself is an ongoing research
project in active development. As such there are many physical phenomena that are not
yet taken into account, either due to lack of existing implementations within
SPlisHSPlasH, or a lack of well-founded methods for their modelling in SPH in general.
As such simpler compensation models were developed and applied for the LDNA SPH
simulation. Despite these, often rather crude compensation models, we were able to show
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remarkable results for the SPH simulation of the LDNA process including very good
agreement with the simulation in ANSYS CFX.

Since SPH has been adapted to the problem of fluid dynamics, a large number of
methods have been proposed for various phenomena, typically associated with fluid
dynamic simulations, e.g. pressure, viscosity and surface tension solvers. Beyond that
however, there are several important physical phenomena that arise in welding
simulations, which are not part of the typical SPH repertoire. This includes thermal
effects, such as heat in- and outputs, thermal conduction and a solidification/melting
model, electromagnetic effects, such as Lorentz forces for droplet detachment and melt
pool flows.

Nonetheless, they are crucial and some treatment of these phenomena is necessary to
obtain accurate welding simulations.

BOUNDARY CONDITIONS IN SPH AND MOVING DOMAIN OF MASS AND HEAT FLUX

In contrast to Eulerian approaches, where the need to discretize and solve the entire
domain generally places quite significant restrictions on the potential, the domain in SPH
is theoretically and practically unbounded (Fig. 8 & Fig. 9). This is due to the fact, that
equations are only solved at particle locations, i.e. only where material exists. As a
consequence, large but sparse and potentially even unbounded domains are very feasible.
On the other hand, many boundary conditions that are easily formulated in an Eulerian
frame are more complicated to realize in a Lagrangian one, most importantly here are
mass in- and outlets. As such mimicking the welding movement by a mass inlet and outlet
parametrized by the welding speed, as it was done in the FVM simulation, is not a very
natural formulation for the SPH simulation.

Rather in SPH it is much more appropriate and easier to keep the substrate fixed, and
moving the wire mass source according to the welding speed instead. The relative
movement between substrate and wire mass source remains the same, however the
absolute frame of reference differs between the simulations.

Furthermore, this means that many other effects are defined relatively to the mass
source, such as droplet acceleration and the position of the laser. In the moment this
movement is a uniform horizontal movement for both wires along the weld direction as
specified by the welding speed.

As already stated the SPH interactions are only calculated between particles, therefore
SPH boundary conditions are free-slip by default, unless additional effects, that change
boundary behaviour, are specified. As this was the condition for FVM there was no
reason to change it in the SPH simulation.

Since SPlisHSPlasH currently forbids movement of any particles below the melting
temperature, gravity does not affect the solid material.
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7.5 mm

== offset
laser

Fig. 9 Side view of simulation geometry. ¢ and laser offset are variable parameters

Molten material with a temperature of T (In this case 2100 K, according to
experimental measurements) drops on the surface, which constitutes mass and energy
addition into the cladding layer. Secondly, the laser/heat-source constitutes another
energy input into the substrate and cladding layer. Lastly convection between material
and air, as well as thermal radiation at the material surface constitute an energy loss of the
system.

DENSITY

Arguably the biggest limitation of the framework for the purpose of welding simulations
is the lack of variable density. Currently, a material can have a single density,
independent of its temperature. However, since density is closely related to the pressure
solver of SPH, the implementation of the temperature dependant density is under
development in the current solver. In the current state of the simulation framework, either
mass or volume will deviate from observed values. Whether mass or volume are
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determined accurately and whether over- or underestimates of the other are made is up to
the user, depending on the values and compensation models used. Treating mass correctly
was deemed to be of higher priority, such that accuracy regarding energy models is
retained. As such the entire material is assumed to have a density of molten steel
(6793.7 kg/m®) and the push speed of the welding wire is adjusted upwards by a factor
around 7948.9 / 6793.7 = 1.17, such that mass gain of the simulation is correct. This
results in correct mass and volume for molten regions, but an overestimation of volume
by roughly 15 % for the solidified welding seam. Even if the consideration of the density
change is algorithmically possible, this assumption is often used for the simulation of the
flows in the melt pool, since the correct consideration of the density change causes
massive additional calculation work.

WIRE MASS SOURCES AND MOVEMENT

As stated previously that the wire mass sources are the moving reference points. Since the
domain in SPH is not restricted, it is also entirely feasible to initialize the entire mass that
will be introduced over the course of the simulation at the initial time step. Over the
course of the simulation this material is pushed over the wire mass source with the wire
feed speed. This treatment allows the use of the easier and generally more robust particle-
particle surface tension and viscosity formulas instead of particle-boundary formulas,
since there is always a layer of solid particles to interact with above the layer currently
passing the mass source point.

Mass is pushed past the mass source point as specified by the direction parameter and
feed speed parameters. Currently the wires are arranged in a 45° angle from the height
axis (see, with two different, but constant over time, feed speeds for the first and second
wire, determined from the mass fluxes m,, and my,, quantitatively same as realized in
the FVM approach.

DROPLET DETACHMENT PROCESS

The simulation framework does not contain any models relating to electricity and its
effects. This means that electromagnetic effects are not taken into account, specifically
those relating to the electric arc. To facilitate droplet detachment without a physical
treatment of the electromagnetic forces, droplet particles are periodically accelerated to a
sufficient velocity for regular, uniform droplet detachment as observed in experiments.
The detachment frequency was chosen at 100 Hz according to experimental data.
Secondly, the energy gain in the wires by current running through them is also not
modelled. Instead particles close to the tip of the wire have their temperature simply set to
2100 K, which conforms roughly to temperature observations of the droplet at 170 A.
Through these two mechanisms orderly droplet formation and detachment are achieved.
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DETERMINATION OF SURFACES

A prerequisite for the application of various boundary conditions is a determination of
surfaces, mainly which particles belong to a surface, and are thus subject to these
boundary conditions. While SPH is very well suited for the simulation of free moving of
the particles, the actual extraction of these is a widely known problem, for which
numerous differing approaches have been proposed. A very robust approach, that strikes
the balance between high quality results and computational efficiency, is the so-called
coverage technique [36]. First for all particles, the local coverage vector at a point X can
be calculated as

(42)

Fig. 10 Classification of surface particles using the coating method. The green particle (left)
is classified as surface particle and the red particle (right) is classified as internal (not surface
particle). [3]

In fully occupied regions this vector will be close to zero as all conditions are
cancelled. This vector will be significantly different from 0 only in partially unoccupied
regions and will be directed towards the region of the local lowest particle density. Thus,
it acts as a geometric estimate of the normal vector for the local neighbourhood. The cone
defined by the particle location, this local coverage vector and the angle y can then be
checked for the presence of particles. If no particles are detected within the cone, the
particle is classified as a surface particle. (Fig. 10). The angle y remains a parameter of
the method, in experiments it was found that y = 30- leads to excellent classification
results, so this value was used in all simulations.

SURFACE TENSION

To model the surface tension of the fluid, the method from [33] was used. There the
surface normals are estimated using the gradient 77 = VC of the so-called color field,
defined as

C() = Tjen, Y W(E — T h) (43)

The color field is a simple SPH interpolation without the discretized quantity in the
equation, meaning that quantity is implicitly 1 for all particles.
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The resulting field is 1 in fully occupied regions, 0 in empty regions and between 0 and 1
in partially occupied regions. The gradient of this field, always pointing in the direction of
maximum color gain, can be treated as a stand-in for the surface normal.
From the normals it is possible to estimate the curvature as
= -v2c
(17|

(44)

Given a surface tension coefficient vy, the force arising due to surface tension can then
be calculated as

fs = yxii (45)

Note that the used surface tension force in the actual version of simulation solver is not
dependent upon temperature. This limits the model somewhat for the use in welding
simulations, where temperature gradients, and associated surface tension gradients occur.

VISCOSITY & COHESION

To model the viscosity, the model presented by Weiler et al. [37], with the adaption of
temperature-dependency, was used. Additionally cohesion and XSPH [38] models were
integrated into viscosity model. The cohesion force acts in a similar way to the surface
tension, but differs in the algorithmic formulation. Through cohesion all particles add an
accelerating contribution to their neighbourhood based on the velocity difference between
particles. In fully dense regions the cohesive force should equalize to 0. The XSPH
method is used to alleviate noise in the particle velocities, which can be introduced by a
multitude of sources, e.g. by unfavourable neighbourhoods. To avoid unwanted effects
from noisy velocities, they are slightly smoothed over the neighbourhood. Note that
XSPH does not add or remove momentum, it simply redistributes it over the
neighbourhoods.

Both of these models were found to lead to more stable results, especially for droplets
in flight, which are subject to much higher velocities than the rest of the material.

RADIATION & CONVECTION

Models for radiative and convective heat transfer are implemented. Losses through
thermal radiation for a surface particle i, as determined by the coverage approach, are
implemented in the same way as by the Eulerian approach with the equation [6], but each
particle will be addressed in the SPH-method as

G =eo(T*—TH (46)

A heat flux between the environment and the material for a surface particle i, again as
determined by the coverage approach is implemented as

q=hT —To) (47)
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To apply these heat fluxes an estimation of the exposed surface area is needed.
Unfortunately, there is no model implemented within SPlisHSPlasH at the moment that
can determine the exposed area of a surface particle. Such a model would require careful
design, testing and an evaluation of its correctness, and would thus likely constitute a
scientific contribution on its own. Therefore, both convection and radiation currently use
a constant estimate of A = (2r,,)?, i.e. a squared particle diameter, for the exposed surface
area per particle. This estimate is accurate for flat regions, but an overestimate for
concave regions and an underestimate for convex regions. Here we argue that the sue of
this estimation is appropriate, since the error introduced by it, is negligible, and other
parameters such as the coefficients ¢ and h, which were not subject to careful adjustment,
have a far more significant impact on the final result.

LASER EFFECT

In the SPH simulation the laser is defined using a projective 2D approach. First a
projection plane, from which the effect originates, is defined by an extent and a normal
direction, defining the direction in which the effect is applied. For all these particle
positions, multiple conditions are checked, namely are they within the dimension of the
plane, i.e. can be reached from the plane by following the normal, are they in the correct
direction from the plane, are their normals and the heat source normal oriented opposite,
and finally are they a surface particles as determined by the coverage method [36]
described above. In this manner it is possible to calculate all particles that should be
effected by the heat source through local conditions, without differentiating between
cladding layer and substrate particles.

Lastly the strength of the heat source influence can be defined as any two dimensional
function, that exists in the plane defined at the start. After having identified all relevant
particles, it is possible to project them into this plane, to calculate the point from which a
ray following the normal would have originated, and evaluate the function there.

In this work the function that gives the energy distribution is an isotropic two
dimensional Gaussian with the radius r;. The energy flux for a particle i, whose projected
point has a distance of r to the center of the Gaussian is therefore computed as

. 3P —372
q; = —exp( - ) (48)

2
Ty 1

Currently, there is no variable absorption of the power based on the angle of incidence,
however there is a general absorption scaling factor, currently set to 50 %.

The laser is defined in terms of a source and target point. The beam originates from the
source point and is targeted toward the target point. Initially the target point is located on
the substrate surface with a parametrized laser offset (see Fig. 9). The source point is
located 300 mm away according to the angle o, in accordance with the arrangement of the
real process. These two points are defined relative to the wire mass source, so they move
at the welding speed. Additionally, the target point oscillates sinusoidal with a frequency
of 10 Hz and an amplitude of 6.6 mm along the y-axis during the simulation.
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RESULTS AND DISCUSSION

The simulations in both approaches were performed on a single node on the RWTH
CLAIX-18 cluster made up of two Intel Xeon Platinum 8160 “SkyLake” Processors (2.1
GHz, 24 cores each).

The LDNA simulation with FVM model used a mesh with 690K elements, 722K
nodes. The smallest size of elements is 0.15 [mm] in the free surface area. Numerically,
the model becomes more stable over time and the convergence of liquid and gas
improves. The Root Mean Square (RMS) for convergence of fluid medium fluctuates
around le-4 and around le-6 for the shielding gas.

In the FVM approach, 0.5 [s] of the process were simulated in 84h, 18m or 4046 core-
hours. The wall time was not used only for calculation. This time results from 8.5%
variable updates and 0.7% for writing 2500 output data and 90.8% for miscellaneous
including calculation.

The SPH model consisted of 607K particles with a radius of 0.1 [mm], which were
simulated for 4 [s] of LDNA process. The SPH simulation for the first second of the
process took 09h, 21m on the specified hardware, simulating the entire process took 30h,
20m.

In both cases (Fig. 11), FVM (left) and SPH (right), the falling droplets into the weld
pool can be seen.

The surface in the FVM is defined as VVolume of fluid of 0.5. With very fine meshing,
the boundaries of the VOF 0.5 and 0.9 can be close. However, in this case the need for a
very fine mesh greatly increases the computation effort.

Both approaches can be used for simulating the LDNA process and show good
qualitative agreement, both between SPH and FVM methods and between simulation and
Experiment. For the quantitative agreement, the other parameters, including in particular
surface tension and density as well as angle-dependent absorption coefficients in SPH,
still have to be calibrated. The deformation of the melt surface due to the droplet
momentum can be represented very well in the Euler approach. The current version's SPH
approach needs to be further developed for surface effects.

For more complex droplet detachment topologies, the SPH method is better suited than
the FVM. Since SPH natively ensures mass conservation and due to its mesh-free
formulation, simulation of next passes in multilayer deposition welding would not lead to
a significant additional computational effort.

The evaporation process is an important part of the LDNA process in reality. As such
quantitative agreement between a simulation and reality would require a model in this
regard. The sub-model of evaporation can be described as a combination of mass, heat
loss and momentum gain. The phenomenon of heat, mass and momentum change through
evaporation can be implemented very well in the Euler approach. For SPH, the decrease
in heat and increase in momentum during evaporation can be taken into account, but there
is currently no such model in the SPlisHSPlasH framework. The development of an
evaporation model dealing with heat, mass and momentum change for SPlisHSPlasH is a
further aim.
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Fig. 11The simulation results for the FVM (left) and SPH (right) methods

CONCLUSION

Both approaches offer the possibility to simulate the LDNA process. We can note a
qualitative agreement, both between SPH and FVM method and between simulations and
experiments. The computational resources needed for the FVM method is larger than that
for the SPH method by about a factor of 17. The FVM method provides a more accurate
representation of the process with physical phenomena such as evaporation, as well as
surface formation and modification by the local forces present. The FVM method should
be used for higher accuracies or for a fine description of surface phenomena.

The SPH method offers significantly faster simulation times for processes where flow
is the dominant phenomenon, while still producing results with close agreement to FVM.
It is especially suited for processes with discontinued flows. As the SPH formulation
explicitly only discretizes the fluid and solid metal, the environment and its various
effects are neglected.

If neglecting the effect of the protective atmosphere is acceptable for a simulation case,
the simulation results for such processes could be available in a significantly shorter time
and with comparable agreement.
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