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Abstract
Cold metal transfer (CMT) is a variant of gas metal arc welding (GMAW) in
which the molten metal of the wire is transferred to the weld pool mainly in
the short-circuit phase. A special feature here is that the wire is retracted dur-
ing this strongly controlled welding process. This allows precise and spatter-
free formation of the weld seams with lower energy input. To simulate this
process, a model based on the particle-based smoothed particle hydro-
dynamics (SPH) method is developed. This method provides a native solution
for the mass and heat transfer. A simplified surrogate model was im-
plemented as an arc heat source for welding simulation. This welding simu-
lation model based on smoothed particle hydrodynamics method was aug-
mented with surface effects, the Joule heating of the wire, and the effect of
the electromagnetic forces. The model of metal transfer in the cold metal
transfer process shows good qualitative agreement with real experiments.

KEYWORD S
cold metal transfer (CMT), free surface deformation, gas metal arc welding (GMAW), simulation,
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Abstract
Kaltmetalltransfer-Schweißen (CMT) ist eine Variante des Metallschutzgas-
schweißens, bei welchem das geschmolzene Metall des Drahtes hauptsächlich
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in der Kurzschlussphase in das Schmelzbad übertragen wird. Eine
Besonderheit dabei ist, dass bei diesem stark gesteuerten Schweißprozess der
Draht zurückgezogen wird. Dies erlaubt eine kontrollierte, spritzerfreie Aus-
bildung der Schweißnähte mit geringerem Energieeintrag. Um diesen Prozess
zu simulieren, wird ein Modell auf Basis der geglätteten partikelbasierten hy-
drodynamischen (SPH) Methode entwickelt. Für die Masse- und Wärmeüber-
tragung stellt die geglättete partikelbasierte hydrodynamischen Methode nati-
ve Lösungen dar. Ein vereinfachtes Ersatzmodell wurde als
Lichtbogenwärmequelle implementiert. Die Oberflächeneffekte, die Joule-Er-
wärmung des Drahtes und die Wirkung der elektromagnetischen Kräfte
schließen den Kreis der physikalischen Phänomene der Simulation ab. Das
Model der Metallübertragung bei dem Kaltmetalltransferprozess zeigt eine
gute qualitative Übereinstimmung mit realen Versuchen.

S CHLÜ S S E LWÖRTER
geglätteter Partikel-basierter hydrodynamischer Ansatz (SPH), Kaltmetalltransfer (CMT),
Metallschutzgasschweißens, Oberflächenverformung, Simulation

1 | INTRODUCTION

Industrial production has seen numerous shifts and changes
since the onset of the industrial age, with each development
introducing a new strategy or technique that has sig-
nificantly altered manufacturing procedures. One such de-
velopment is the emergence of complex regulation techni-
ques of the gas metal arc welding (GMAW) process,
including mechanical and electrical parameters [1]. A suc-
cessful variation of digital control of the gas metal arc weld-
ing process is the so-called cold metal transfer (CMT). As an
emerging technology originating in industry in the early 21st
century, this technique brought a new dimension to welding
practices, addressing a range of limitations commonly asso-
ciated with traditional methods [2]. This technique is an ad-
vanced bi-directional wire control (BDWC) process with a
mechanically assisted droplet transfer [1].

The concept of cold metal transfer is characterized by
its unique wire movement; in contrast to conventional
welding methods, the wire in cold metal transfer recoils
during the short-circuit stage, a feature that helps to pre-
vent spatter formation and categorizes it as a low heat
input process. Compared to the superordinated gas met-
al arc welding process its characteristic can be partic-
ularly beneficial when dealing with thin sheets and dis-
similar metals, which have previously proven
challenging for traditional welding methods. Further,
the lower heat input minimizes distortion and thermal
stresses, contributing to welds of a high standard [2,3].

This study aims to scrutinize the physical occur-
rences during the bi-directional wire control welding

technique, the formulation of these processes, the
challenges encountered during this modeling, and the
recent computational modeling frameworks utilized in
these simulations. It should be emphasized that the pres-
ent work is limited to the consideration of the bi-direc-
tional wire control process, which concentrates on the
regulation of mechanical and electrical parameters in
the short-circuit phase [1].

The central objective of this work is the creation of a
model for this controlled welding variant specific mass
transfer using smoothed particle hydrodynamics (SPH),
considering the influencing factors of the corresponding
physical phenomena.

The renowned and established finite element method
(FEM) is deliberately bypassed in the present concept.
The finite element method approach reliably provides in-
sights into profound physical effects, which are not in
the foreground for an industrial application and thus do
not need to be captured in the high accuracy typical for a
finite element method calculation. Therefore, the com-
pensation models and surrogate models are relied upon
in combination with the Lagrangian smoothed particle
hydrodynamics method to produce results faster and
with reduced computational demand.

2 | STATE OF THE ART

The bi-directional wire control welding technique uses a
sequence of detailed physical processes that are distinct
from traditional welding methods. Regulated by inverter
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power sources, this process manages the welding current
and voltage, along with wire speed and movement direc-
tion, Figure 1. The welding wire, upon contacting the
base material, initiates a short-circuit. The welding cur-
rent then decreases. Afterward, the wire recoils, termi-
nating the short-circuit and reigniting the arc. This re-
peated process results in a lower average temperature
and heat input compared to traditional welding meth-
ods, possibly improving the weld quality and broadening
the potential material choices [4].

The bi-directional wire control technique has two
characteristic modes: the arc phase and the short circuit
phase. The sequence pictures 1, 4, 5 and 6 depict the arc
phase with a high energy input and a wire direction to-
wards the melt pool, Figure 1. During this phase the
wire tip, poled as anode, and the base material, cathode,
are heated by the processes in the electrode layers. When
the material of the electrodes is in contact, the short cir-
cuit phase sets in, sequence pictures 2 and 3, Figure 1.
The energy input in this phase is reduced to a minimum,
on the one hand to ensure the liquid state of the contact
region. On the other hand, the electrical current induces
the Ampère’ effect that is the main force for the occur-
ring metal transfer. A simultaneous wire retraction pro-
motes droplet detachment and thus enhances metal
transfer. It should be emphasized that the metal transfer
only takes place during the short-circuit phase. These
physical occurrences, resulting among others from com-
binations of welding parameters, are pivotal in determin-
ing the quality of the weld. For instance, variables such
as the wire feed velocity, welding speed, and current - all
of which can be tailored according to the specific materi-
al and thickness combination - can significantly alter the

weld bead shape, the heat-affected zone (HAZ), and the
mechanical attributes of the weld.

The complex physical phenomena at play in the bi-
directional wire control welding make understanding
and conceptualizing these processes a significant chal-
lenge. Throughout the years, numerous models have
been proposed with the aim of simulating the gas metal
arc welding with dynamic feeding. These models can be
broadly categorized pursuing two main goals: structure
simulation and process simulation. While the structure
simulation aims at determining stress states as well as
distortion, the process simulation investigates the proc-
esses of heat input as well as arc connection.

An established standard technique in structure simu-
lation for the consideration of the heat input by the arc
is the usage of an equivalent heat source at the cathode
[5]. The heating of the anode in these cases is mimicked
by the introduction of liquid droplets without the consid-
eration of the whole physical process of melting and
droplet detachment [5]. A disadvantage of this method is
an unrealistic temperature distribution. In addition, this
approach results in non-self-consistent models where the
heat source and current source are not connected. This
creates the need to recalibrate the model for each param-
eter change.

On the other hand, a detailed consideration of phys-
ical phenomena in process simulation delivers a deeper
insight in the heat transfer, fluid flow, and solidification
during the welding process, providing a comprehensive
understanding of the procedure [6]. A significant chal-
lenge of this approach is the computational cost. High-
fidelity models using the finite element method (FEM)
or the finite volume method (FVM) that can accurately
portray the bi-directional wire control technique often
demand substantial computational resources. This high
computational demand constrains the models’ applic-
ability for real-time control and optimization of the
welding procedure.

While considerable progress has been made in mod-
eling of dynamic feeding welding variant, various chal-
lenges remain. A primary hurdle is accurately represent-
ing the dynamic characteristics of the bi-directional wire
control technique. The reciprocating wire movement and
periodic short-circuits, essential features of the dynamic
feeding welding method, make it difficult to model the
transient heat transfer and metal transfer accurately. The
movement of the wire, if taken into account, is typically
preset by a frequency according to measured frequencies
in experiments [6]. In contrast, the model presented in
this work has an open interface and can incorporate real
control data as input parameters.

Additionally, the multiscale aspect of the welding
process adds another layer of complexity. The bi-

F I G U R E 1 A typical sequence in a bi-directional wire control
process: highly regulated course of the current, voltage and wire
feed speed [4].
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directional wire control technique involves a multitude
of phenomena occurring on different scales - from mi-
croscale phenomena at the arc and droplet level to mac-
roscale heat transfer and solidification. This necessitates
the creation of models that can accurately depict these
processes at varying time and space scales. A widely
used technique for resolving the free surface of the weld
pool or the droplet form is the level set method [6]. Its
drawback is the need of a high-resolution grid in phase
change areas.

The described challenges define requirements to the
modelling process which cannot be met with the estab-
lished mesh-based methods and thus cannot be appli-
cable for real-time control and optimization of the weld-
ing procedure.

Smoothed particle hydrodynamics (SPH), a relatively
nascent method in the realm of welding simulations,
brings advantages on this field regarding the calculation
time, in solving fluid flow and mass transfer problems
and especially in the resolution of phase change inter-
faces. This mesh-free method is particularly suitable for
modeling large deformations and free surfaces, such as
the molten pool and droplet formation. Smoothed par-
ticle hydrodynamics operates by representing fluid as an
aggregation of particles, with physical quantities calcu-
lated based on the characteristics of these particles. De-
signed for astrological calculations it was adopted to flu-
id flow simulation [7–10]. This approach offers an
innovative perspective for understanding and predicting
the welding procedure. This method has already been
successfully used for different welding processes [11–13].

However, to the best of the authors’ knowledge, there
are no reported studies on the application of smoothed
particle hydrodynamics for any variant of digitally con-
trolled gas metal arc welding simulations. Given the po-
tential advantages that smoothed particle hydro-
dynamics can offer, such as its ability to handle large
deformations and free surfaces, it presents a promising
avenue for future research [14, 15]. The exploration and
development of smoothed particle hydrodynamics for bi-
directional wire control techniques simulations could
provide insights that further enhance the comprehension
of this exceptional technology and its applications.

3 | MODEL DESCRIPTION

To model the bi-directional wire control process, it is
necessary to detect the two characteristic phases because
they define which physical processes must be considered
subsequently. This is done by a clustering algorithm that
detects two different parts in the arc phase and only one
contiguous part in the short-circuit phase.

When the actual process phase is determined follow-
ing assumptions and models are applied:

Arc phase, Figure 2:

– arc heating of the anode and cathode
– resistive heating in wire
– wire feed to the melt pool with a velocity maximum

according to the wire feed rate and a non-uniform
movement at the turning points

– electromagnetic forces are neglected in this phase

The electromagnetic forces are neglected in this
phase because no droplet separation takes place at the
anode in the real process and therefore no computing
power should be used to determine a quantity that does
not have a high impact on the overall process. The main
task of the surrogate model in the arc phase is the heat-
ing of the anode and cathode. This is the main focus. In
the cathode region, consisting of the liquid molten pool
and the forming weld, the influence of the electro-
magnetic forces on the liquid flows and thus also on the
shape of the weld is of high importance. Currently, how-
ever, no method for simulating the electromagnetic
fields using smoothed particle hydrodynamics (SPH) is
available, since every physical quantity in smoothed par-
ticle hydrodynamics (SPH) requires a carrier mass and
the area of the arc is currently a mass-free space. It is
planned to integrate the effect of electromagnetism as
external forces resulting from Euler calculations for sta-
tionary geometry configurations as boundary conditions
in the smoothed particle hydrodynamics (SPH) model.

F I G U R E 2 Arc phase in the bi-directional wire control
process, considered physical phenomena.
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Short-circuit phase, Figure 3:

– resistive heating in wire and droplet detachment area
– consideration of the Lorentz force
– wire retraction with a non-uniform movement at the

turning points
– no arc heating

The simulation model is implemented in Python.
A C/C+ + based open-source framework named
SPlisHSPlasH is used to solve the governing equations.
SPlisHSPlasH can be operated via a graphical user inter-
face (GUI) or Python. This framework is capable to solve
fluid flow and heat transfer problems and also includes
methods for viscosity and surface tension consideration.

The computational method adopts the fluid flow gov-
erning Navier-Stokes equations and the heat transfer
governing Fourier equation to the smoothed particle hy-
drodynamics formalism. In smoothed particle hydro-
dynamics the fluid is divided into many small particles
that can move relative to each other depending on their
position and the surrounding particles. The particles are
sample points of the underlying fluid mass and the fluid
properties are represented by the particle properties. The
determination of a quantity AðxiÞ at the position xi is ap-
proximated using following summation over the neigh-
boring particles j:

AðxiÞ ¼ Sj2Nxi

mj

1j
Aðxj WÞ ðxi � xj; hsmoothÞ (1)

mj is the mass and 1j is the density of a particle at the
position xj. Here Wðxi � xj; hsmooth) denotes the kernel
function with smoothing length hsmooth and Nxi denotes
the set of particles within the compact support radius
around xi. Since the kernel function is a continuously

differentiable function and additionally fulfills a set of
other properties this approximation can be used for the
calculation of differential operators:

riAðxiÞ ¼ Sj2Nxi

mj

1j
Aðxj riWÞ ðxi � xj; hsmoothÞ (2)

Thus, the derivative of a quantity is formed by the de-
rivative of the kernel function [7,8]. The presented mod-
el is built upon the bases developed for TIG welding and
droplet impact in thermal spraying [11,14].

3.1 | Surrogate model for the arc
heating effect

The concept describes the heat input into the anode and
cathode. The arc is assumed to be axisymmetric. Phe-
nomenological processes in the arc and in the layers can
be based on the models of Simon and Semenov [16,17].
The consequence of these models is that the heat input
happens in layers by recombination. These models are
necessary for the quantitative agreement of the overall
process model. However, they require consideration of
both the layer processes and the simulation of arc plas-
ma. Since the present work aims to demonstrate the
mass transfer in the short-circuit phase with the smooth-
ed particle hydrodynamics method, it is not intended to
cover the arc phase to such high accuracy. Thus, instead
of these correlations, a strongly simplified surrogate
model will be used. As a simplification, the global heat
input is plotted for both the cathode and the anode using
the same concept:

q
0 0

¼ jj j
wf
e

(3)

where q
0 0

is the surface heat input, j is the electric cur-
rent density, wf is the work function, e is the electron
charge. It is assumed that the electric current density is
evenly distributed within the layers, Figure 4. Based on
the ideas from the work of Semenov and Simon, an ef-
fective current density is derived, which can be used to
determine the effective areas of the cathode and anode
regions [16, 17]. The distribution in the fictitious cathode
and anode regions are projected onto real edge particles
in the region of the droplet (anode) and the molten bath
(cathode). This results in a conformal mapping to the
edge particles.

The next computational task is to convert the surface
heat density into a volumetric heat source distributed
among the particles in the boundary layer. For this pur-
pose, a smoothed particle hydrodynamics specific, so-

F I G U R E 3 Short-circuit phase in bi-directional wire control
process, considered physical phenomena.
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called color function cf is used. This function delivers
values between 1 and 0, which characterize the filling of
an imaginary volume within the support radius with
particles. A value of 1 means that a particle with the cor-
responding support radius is located in a fully dense re-
gion. The closer the particles are to the surface, the low-
er the values of the color function are. This is because
the imaginary volume inside the support radius contains
less particles in sum when moving out of the material.
Numerically this concept uses the gradient of the color
function resulting in the detection of the maximum gra-
dient magnitude for the determination of the surface
line.

This rough simplification is compensated with
weighting factors using the smoothed particle hydro-
dynamics formalism. The weighting is taking into ac-
count the distance of the particles to a reference point,
factor Fi;D, the orientation of the corresponding surface
normal in relation to the wire feed direction, factor Fi;O,
a factor for the exclusion of interior particles, Fi;S and at
least a limitation factor for a maximal particle temper-
ature, Fi;T . A particle in the calculation domain obtains
an energy increment according to the following
equation:

Qi ¼ q
0 0

� rcf � Vi � Fi;D � Fi;O � Fi;S � Fi;T (4)

where Fi;D is a kernel based approximation of a Gaussian
distribution accounting for the distance from the refer-
ence point (representing the solid wire tip) to the eval-
uated point on the workpiece, Figure 4. It is calculated
as following:

Fi;D ¼ s

1 � 6q2 þ 6q3; 0 < q � 0:5

2 1 � qð Þ3; 0:5 < q � 1

0; otherwise

8
>>><

>>>:

(5)

Fi; D is a cubic distance factor with:

q ¼
kxi � xjk
hsmooth

(6)

Fi;O establishes a main arc direction by the following sca-
lar product:

Fi;O ¼ ~rN;feed �~rN;surface (7)

For example, particles located on the perimeter of the
wire have the biggest angle difference between their nor-
mal and the wire feed direction, thus the energy input
on the wire perimeter is very low, Figure 4.

By the application of the factor Fi;S,the heat is added
to the outer layers of particles, that discretize the compu-
tational domain, and propagates by conduction into the
interior. The selection of the surface particles is made by
the coverage normal [9]. The normal vector bni shows in
the direction of the lowest particle density in the particle
neighborhood, Figure 5. Particle i is classified as a sur-
face particle if there is no other particle j in the direction
of bni in a cone with an angle of f ¼ 35� [11]. The energy
input into the particles lying inside is thus eliminated as
follows:

Fi; S ¼
1; f ¼ 35� < cos� 1 bni �

ðxj � xiÞ
kxj � xik

� �

0; otherwise

8
<

:
(8)

A limitation factor Fi;T controls the heat input by ac-
counting for the evaporation temperature of the material
TV . It is calculated as:

F I G U R E 4 Definitions for the surrogate model for the arc
heating effect.

F I G U R E 5 Coverage-normal, detection of surface particles
[11].
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Fi; T ¼
TV � Ti

TV

� �

0 < Fi;T � 1 (9)

When the material is heated up to the evaporation
temperature, no heat is added to the metal.

3.2 | Resistive heating

The heat generation is based on the Joule’s heating
through resistivity of materials when the current flows
through them. Therefore, a tabulated specific electrical
resistivity is used. The current density in the wire is cal-
culated by the distribution of the preset welding current
on the cross section. The maximum value of the electric
current density is assumed for the straight piece of the
wire:

j ¼
I

Swire
(10)

After the wire, the current density experiences an in-
verse proportionate drop.

jfield ¼
j

1þ ðxreference point � xjÞ
rwire

� � (11)

The particle resistance is approximated using sphere
geometries with the assumption of current flowing
through spherical particles:

Rparticle Tð Þ ¼ 1specific Tð Þ �
Lconductor
Sconductor

(12)

The characteristic length of the conductor is approxi-
mated by the particle height:

Lconductor ¼ 2 � rparticle (13)

The conductor cross-section is approximated by a cir-
cular area corresponding to the particle diameter:

Sconductor ¼ p � r2
particle (14)

Thus, the additional energy is distributed in the sys-
tem by Joule Heating as follows:

Eparticle ¼ j2field � Rparticle Tð Þ �
Dt

mparticle
(15)

This energy is than added to the volume occupied by
the discretization particle raising its temperature.

3.3 | Compensation model for the
electromagnetic forces

The Ampère’s force law acts as the driving force for
droplet detachment, and consequently, for metal trans-
fer. Simply put, this effect is produced by the attraction
or repulsion between two wires carrying current, influ-
enced by the self-induced magnetic field generated by
the electric current passing through these wires. In the
generalized formulation the wires can be represented by
abstract streamlines of the electric current. In the specif-
ic context of bi-directional wire control mass transfer
curved current lines create an even more interesting
configuration of acting forces, Figure 3. By vectorially
decomposing the local Lorentz forces, which are perpen-
dicular to the current streamlines, forces acting along
the main metal transfer direction and in radial direction
when assuming an axisymmetric metal transfer bridge,
can be created. Adding up the forces in the main metal
transfer direction form a resultant force that pulls on the
liquid metal and detaches the wire from the weld pool.
In the narrowest cross-section the Ampère’s force law
causes a constriction of the liquid metal bridge by the ra-
dial force components. In the presented model, these ra-
dial components are not considered to keep the compu-
tational effort low and because the effect is small,
although for some configurations very important. The
approach followed has the goal to first generate a good
match with a global process flow with the simplified var-
iant.

In the presented model, the curvature of the stream-
lines corresponding to the change in cross-section is ap-
proximated by the ratio of the radii of the successive lay-
ers, Figure 6. These pictures represent the raw format of
the results where the field variables are stored within the
discretization particles. The resulting Lorentz force FL is
calculated according to equation [18]:

FL ¼
I2 � m

4 � p log
rm
rmþ1

(16)

where I:2 is an actual current value, m magnetic constant
and rm the radius of the layer.

The layered force model divides the droplet and the
molten metal in the short-circuit phase in 10 layers,
Figure 6. The ratios of the cross-section radius of the ad-
jacent layers are determining the magnitude of the force
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acting on the fluid, whereby, depending on the ratio, a
compressive force that counteracts the detachment can
also arise. In the first two images of the sequence the
force at the wire tip is acting in the melt pool direction
because of the convex shape of the droplet, Figure 6. As
the molten metal topology changes to a concave shape,
the force acting in the melt pool direction acts under the
narrowest cross-section, sequence 4 and 5, Figure 6.

3.4 | The wire movement

The wire is moved according to the specified feed rate
vwire:

wirepath ¼ vwire � Dt �~rN;feed � Fm, (17)

where Dt is the time step, ~rN;feed the feed direction and
Fm is the multiplier factor for reversing the movement
direction of the wire and this factor also contributes to
maintaining continuity, Figure 4. The change in wire
movement is interpolated due to the multiplier using the
following formula:

FtþDt
m ¼ Ft

m þ Fm t � Ft
m

� �
� 0:2 (18)

Thus, the change of the wire movement direction is
smoother. The multiplier target factor Fm_t is 1.5 for the
arc phase and � 1 for the short-circuit phase.

The detection of a short-circuit is deployed by a clus-
tering algorithm. Particles in different particle agglomer-
ations get different indices, when they touch each other,
a large particle cluster with a unique index for all par-
ticles is created, thus the short-circuit is fixed.

After the detection of the short-circuit, the wire is
moved up for 3 minutes. After this time, the arc phase
starts and the Fm_t factor is set to 1.5. The values for the
time and the multiplier targets have been chosen after
some pretests showing most appropriate accordance to
the real process.

4 | RESULTS

The calculations were conducted with a blind weld con-
figuration because the focus was set to investigate the
metal transfer. Using typical weld parameters, the proc-
ess was simulated for four seconds, Table 1. This param-
eter set represents averaged values and was used for test-
ing models. This is to demonstrate the plausibility of the
models used. A weld seam with a realistic temperature
distribution was calculated, Figure 7. The calculation
was carried out on a 32 cores machine and lasted less
than 20 hours.

A more detailed view is given for the droplet detach-
ment, Figure 8. The wire heating is set at a constant
height above the workpiece, representing the position of
the contact tube. The sequence of the droplet detach-
ment is in good agreement with a real process. A qual-
itatively comparable temperature distribution in the wire
was calculated throughout the detachment sequence.

F I G U R E 6 Left: layered force model, right: resulting force
magnitude.
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The comparison is made with the data collected in a
study investigating a pulsed gas metal arc welding proc-
ess [19]. A more precise comparison cannot be offered
since the lack of experimental data for the specific weld-
ing variant investigated in this study. As expected, in the
case of a short-circuit phase, a lower maximal temper-
ature was determined.

5 | DISCUSSION

The presented model describes the transfer of melted
metal from the wire to the welding pool in a bi-direc-
tional wire control process based on the simplified mod-
el for gas metal arc welding in the smoothed particle hy-
drodynamics formulation. The concept of the model is to
separate the subtle processes in the arc region from the
heat and mass transfer processes, which exhibit charac-
teristic features for gas metal arc welding. The results
presented confirm that the concept works and that the
models developed can represent the bi-directional wire
control process. The resulting modelling approach is
easily transferable to more complex joint topologies,
which follows from the intrinsic properties of the

smoothed particle hydrodynamics method. At the same
time, the separation of processes leaves room for a fur-
ther refined description and realization of the valid gas
metal arc welding arc phenomena. This consideration of
arc processes, in particular the effects of evaporation on
both plasma properties and the distribution of heat and

T A B L E 1 Welding parameters.

Parameter Units

Number of particles 316143

Process time s 4

Wire diameter mm 1

Plate thickness mm 2

Welding velocity cmmin� 1 55

Mean wire feed rate mmin� 1 7.5

Welding current A 200

F I G U R E 7 Simulated weld seam of a bi-directional wire
control welding process, surface reconstruction.

F I G U R E 8 Left: simulated characteristic of a bi-directional
wire control sequence, right: temperature in the wire centerline.
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electric current in the cathode region, may, however,
require parallel modelling with intrinsic domains.

Since the bi-directional wire control process is a high-
ly regulated operation the information concerning the
control algorithms of the current, voltage and wire fed
speed is of great importance for the mapping of quantita-
tively comparable results. This is a topic for future work.

6 | CONCLUSION

A model for the mass transfer in the bi-directional wire
control variant of arc welding is presented. The shown
results allow a qualitative evaluation of the used meth-
ods. The model is capable to reproduce typical sequences
of the arc and short-circuit phase. Despite the simplistic
consideration of the physical effects for metal heating as
well as arc coupling, the existing model is a very good
template for further development.
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