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with or without a filler metal, are widely used in the manu-
facturing industry. Recently, welding principles have been
applied in solid freeform fabrication (SFF). Arc welding
combines many complex physical phenomena. A better
understanding of heat and mass transfer in arc welding is
essential for process optimization and quality improvement.
A numerical predication of the welding properties provides
an alternative to the actual experiments that could cut costs
and avoid the welder’s exposure to the harsh welding envi-
ronment. Moreover, mathematical modeling reveals some
complex transport phenomena that may be impossible to
obtain by experiment.

Gas tungsten arc welding (GTAW) and gas metal arc
welding (GMAW) have been two of the most dominant
welding processes in industry. Some modeling efforts have
been put on other arc welding processes such as plasma
arc welding”. However, the majority of the modeling
research has been focused on GTAW and GMAW. To limit
the scope of this paper, GTAW and GMAW based welding
processes will mainly be discussed. Also, the intent of this
paper is not to review all the recent developments in the
modeling of arc welding processes.

2. Modeling of GTAW

2.1 Heat and mass in the weld pool

GTAW is an arc welding process that uses an arc
between a non-consumable tungsten electrode and the weld
pool. In view of the significant effect of the weld pool con-
vection on the microstructure and properties of the resul-
tant weld, numerous investigators have attempted to calcu-
late the heat transfer and fluid flow in the weld pool of
GTAW:'», Most of these investigators have used either the
flat-surface assumption*® or the stepwise approximation*®
for the weld pool surface. A boundary-fitted coordinate was
used to describe the irregular pool surface shape® %,

For GTAW, convection in the weld pool is driven by a
combination of forces that include surface tension force,
buoyancy force, electromagnetic force, and arc drag force.
Kim et al.? investigated the effect of various driving forces
on heat and mass transfer in GTA weld pool. In most cases,
the fluid flow and heat transfer in the weld pool are con-
trolled by the surface tension force”. It is indicated that arc
drag force also plays an important role affecting convection
in the weld pool>®. Choo® and Chankraborty® considered
turbulence in the simulation of fluid flow in GTA weld pools
and showed it can affect the pool depth significantly. The
surface active element was proved to affect the flow pattern
in the weld pool and was used to increase the depth of pen-
etration'”.

In addition, some works have been conducted on the
heat transfer and fluid flow in the GTA weld pool with full
penetration. The full penetration is complicated by the cou-
pling of the free surface on the bottom of the pool, the top
pool surface deformation, and the temperature distribution.
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Fan et al." simulated the dynamic movement of the molten
pool from partial until full penetration. Cao™ incorporated
full penetration, and free top and bottom surfaces in a three-
dimensional (3D) steady model. A 3D transient model was
developed by Zhao et al.'" to investigate the dynamical
behaviors of a fully penetrated GTA weld pool with surface
deformation.

2.2 Transport phenomena in arc plasma

Modeling heat transfer and fluid flow in the arc plasma of
GTAW has been well documented'*'®. These studies all
dealt with the arc plasma between a tungsten electrode
(cathode) and a water-cooled copper plate (anode). The
anode was represented as a flat surface. It has been
observed that the surface of the weld pool becomes
markedly depressed at high current levels, and the assump-
tion of a flat surface is no longer valid™'®. Although Choo
and Szekely" presented a model of high current arcs with a
deformed anode surface, the specified weld pool shapes
have been approximated as a stepwise one, and the cathode
tip shape was limited to be flatended. Experimentally, Lin
and Eager"™ measured the arc pressure with different elec-
trode shapes, and showed that the sharp cathode produces
a higher arc pressure than the blunt one. That is, the cath-
ode shape is an important factor influencing the welding arc
characteristics and the transferring phenomena on the base
plate. It should also be emphasized that in most studies on
heat transfer and fluid flow in the arc plasma, a current den-
sity profile has to be assumed over the surface plane of the
cathode®®, and it has been found that the theoretical pre-
dictions are sensitive to the current density at the cathode .
The model without any assumption of the current density at
the cathode surface was presented in?*. The distribution
of current density was calculated with the combined arc
plasma-cathode system. The anode temperature and the
distribution of arc pressure and current density along the
anode surface were investigated in22, Further, Fan et al.*®
used a similar model to describe the heat and mass transfer
in the pulsed GTA welding arc. Using a boundary-fitted
coordinate, Kim et al.*® addressed a pointed tip cathode and
a pre-deformed weld pool surface; the current flux and the
heat flux to anode calculated for various cathode and anode
shapes were compared.

2.3 Three-dimensional modeling of GTAW

The arc movement introduces three-dimensionality in the
weld pool. Such effects were addressed by Kou and Wang *.
Zacharia et al.?” considered the same configuration but
included a number of additional effects, such as the curva-
ture of the weld pool free surface and a turbulence model.
Dutta et al.® considered the non-axisymmetric boundary
conditions in the calculation of Lorentz forces for moving
GTAW. Reddy et al® used the finite element method to
simulate three-dimensional (3D) heat transfer in pulsed
GTAW: the fluid flow in the weld pool was not included in
the model. Cao'™ and Zhao™ present 3D models to simu-
late surface deformation using a boundary-fitted coordinate.
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Fig. 1. Temperature and velocity distributions for GTAW with feeding wire

Fan and Kovacevic® present a 3D dynamic model
describing the GTAW with feeding wire. The problem is
complicated by the following physical phenomena: wire
moves in the feeding direction and moves with the heat
source; the feeding wire interacts with the free surface of
the weld pool; and the volume of the weld pool is increased
due to the addition of wire. Figure 1 is the side view show-
ing the temperature and velocity distribution. The highest
temperatures appear on the surfaces of the base metal and
wire that are near the arc center. The shapes of isotherms
in the leading part of the weld pool are much thinner than
the isotherms in the trailing part due to the heat accumula-
tion in the trailing part. The solidus temperature is drawn
in the velocity distribution to show the boundary of the
weld pool. The rate of increase in the weld pool size
decreases as the time increases, since the pool size is clos-
er to its quasi-steady state condition.

2.4 Unified models

The studies of heat transfer and fluid flow in the weld
pool have been an area of active research and have made
great progress in recent years. For the effective usage of
these models on weld pool, accurate information about the
welding arc influencing the molten pool is a prerequisite.
The transport phenomena of arc plasma are critical because
they yield critical information on the arc pressure, arc drag
force, and heat input to the workpiece. Unified models
including cathode, arc plasma and anode are believed to be
the trend for the modeling of arc welding processes.

As mentioned above, most investigators have concentrat-
ed on representing weld pool behavior on the one hand and
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the modeling of welding arc on the other, with relatively lit-
tle attention being paid to the interfacial regions. Haidar®”
presented a unified treatment of the arc, the anode, and the
cathode, and included a detailed account of the sheath
effects near the electrodes; the free surface of the anode
was handled using the volume of fluid (VOF) method. The
whole region of the stationary GTAW process, namely,
tungsten cathode, arc plasma, and stainless steel anode is
treated in a unified model by Tanaka” and Ushio®. The pre-
dicted weld shape, heat intensity, and current density as a
function of radius at the anode agreed well with experimen-
tal results. However, the anode surface deformation and
the effect of full penetration were not addressed.

Fan and Tsai* developed a unified model to describe the
transport phenomena in GTA welding with full penetration.
In the modeling of the welding arc, a pointed tip cathode
that fits with the actual situation is addressed. The distribu-
tion of current density that is determined primarily by the
welding current and cathode shape is calculated with the
combined arc plasma-cathode system?. In the modeling of
the molten pool, the heat transfer and fluid flow of the weld
pool have been calculated at different welding times until a
full penetration occurs, considering the influence of electro-
magnetic force, buoyancy force, arc drag force, and surface
tension. In the modeling, difficulties associated with the
irregular cathode shape, the deformation of top and bottom
weld pool surfaces, and the moving liquid-solid interface
have been overcome by adopting a boundary-fitted coordi-
nate. The two-way interaction between the welding arc and
the molten pool is considered: the free surface shape used
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Fig. 2. Temperature contours of welding arc and molten pool with full penetration.

in the modeling of the welding arc is transiently deduced
from the computed result of molten pool, while the surface
profile of the molten pool is distorted by arc pressure, buoy-
ancy, and surface tension forces acting on the weld pool. In
addition, transport phenomena from the welding arc, such
as arc drag force, heat flux, and current fluxes, are intro-
duced into the molten pool in terms of boundary conditions
on the interface. Here, we only show the temperature con-
tours calculated for the welding arc and molten pool in
Figure 2 as an illustration. In the region of the welding arc,
the typical bell shape of arc periphery is clearly observed.
In the region of the molten pool, the radial outward fluid
flow transport heat from the center of the weld pool to the
periphery; the shape of temperature contours shows the
significant influence of the fluid flow on the temperature
distribution. It is also indicated that the top surface depres-
sion increases due to the free bottom surface when the
workpiece is fully penetrated.

3. Modeling of GMAW

3.1 Modeling of droplet formation and detachment

GMAW is an arc welding process that uses an arc
between a continuous, consumable electrode and the weld
pool. Due to.the wide use of GMAW in industry, numerous
models have been developed to study the metal transfer
process®, A theoretical description of droplet formation
in GMAW is complicated by the following effects: the
dynamic nature of droplet growth. thermal phenomena in
the wire, and heat transfer from the arc. Two major models
developed to describe the droplet formation are the static
force balance theory (SFBT)® and the magnetic pinch
instability theory (PIT)*. Models based on SFBT are usu-
ally used for the prediction of droplet dimensions at low
currents in the globular model of metal transfer. Allum?®
investigated the PIT and found good agreement between
predicted and experimental droplet dimensions at currents
corresponding to the spray transfer. However, both the

SFBT and the PIT have been unsuccessful in predicting the
transition from the globular transfer mode to the spary
transfer model with an increasing arc current. Kim and
Eagar®® compared predictions both from SFBT and from
the PIT with the experimental measurements for the
droplet diameters and suggested modifications for the
SFBT to include the effects of the tapering of the electrode
tip in the spray transfer model. Nemchinsky® developed a
steady state model to describe the equilibrium shape of a
pendant droplet, accounting for surface tension and mag-
netic pinch force. A simple approximation for the current
density distribution in the droplet was used. Simpson and
Zhu®” developed a one-dimensional model considering the
forces acting on the droplet. The model made the predic-
tions of droplet shape as a function of time. Haidar and
Lowke® and Haidar® developed a time-dependent two-
dimensional (2D) model for the prediction of droplet forma-
tion that included the arc. The surface tension, gravity, and
magnetic pinch forces were considered; the model did not
consider the arc drag force. Further, Choi et al.*** consid-
ered the effect of the welding arc under the assumptions of
a uniform and linear current density on the droplet surface
for globular, spray and short-circuit transfer modes and
pulsed-current GMAW. However, the work did not include
a description of thermal phenomena; rather, it assumed that
the droplets were isothermal. Wang and Huang et al. © sim-
ulated the transition from the globular to spray transfer
mode by assuming a Gaussian current density distribution
on the free surface of the drop. Wang and Hou et al. ** pre-
dicted the geometry of the melting interface. However, the
model assumed electrical and thermal fluxes along the
droplet and ignored the effect of Marangoni and the drag
effects on the droplet surface.

3.2 Transport phenomena in molten pool and arc

plaéma

Compared with the GTA welding pool, however, the
GMAW molten pool is less studied from both experimental
and theoretical aspects due to the interaction between the
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droplet and base metal. The impingement of molten metal
droplets into the weld pool in GMAW affects the shape of
the free surface and the convective heat transfer in the weld
pool. Tsao and Wu™ presented a 2D stationary weld pool
convection model for GMAW that assumed the weld pool
surface to be flat, and took into account the thermal energy
exchange between the metal droplets and weld pool. In a
study by Fan and Kovacevic* ", the droplet formation,
detachment, and transport phenomena are considered
together with the weld pool. An approximation was used to
get the current density and heat distribution along the sur-
face profiles of the droplet and weld pool. Wang and Tsai*®
used another non-isothermal model to simulate the droplet
impingement on the weld pool surface and the consequent
fluid flow in the weld pool. While their paper focused on
the interaction between the droplet and the weld pool, the
mechanism of droplet formation and detachment was not
studied. .

In GMAW, the simulation of arc plasma was more chal-
lenging since the anode (droplet) and cathode (molten
pool) are free surfaces; furthermore, the effect of droplet
flight in arc plasma had to be addressed. Compared with
GTAW arc plasma, the modeling of GMAW arc plasma was
far less addressed. A 2D steady-state mathematical model
was developed by Jonsson™ to predict electric potential,
temperature, and velocity. However, the electrode was
assumed no melting, so the effects of the electrode shape
and droplet on the arc plasma were not considered.

3.3 Three-dimensional modeling of GMAW

Using boundary fitted coordinates, Kim™ presented a 3D
quasi-steady model for the moving bead-on-plate GMAW
process. The size and profile of the weld pool were predict-

~ ed, but the dynamic interaction between the droplet and the

weld pool free surface was not considered. Ushio and Wu™
approximated the effect of the droplets on the weld pool as
a constant force acting on the weld pool free surface;
although, the impingement process is not a continuous
process. The transient development and diminution of the
weld pool at two periods after the arc ignites and extin-
guishes were analyzed quantitatively by Wu and Yan®; the
time for the weld pool shape to reach the quasi-steady state
and the time for the weld pool to solidify completely were
predicted. Wu's model assumed the surface of the molten
pool to be flat. Wang and Tsai* used the VOF algorithm to
simulate the impingement of droplets in 3D moving
GMAW,; the size of the droplet was pre-determined, and the
distribution of the heat and current density on top of the
surface were assumed.

3.4 Unified models for GMAW

Similar to GTAW, a unified model for GMAW combines
the electrode, arc plasma and molten pool. Haidar® pre-
sented a unified model including a detailed account of
sheath effects near the electrodes, and considered the
droplet formation. Fan and Kovacevi® developed a unified
model to describe the growth and detachment of the
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Fig. 3. Temperature contours of GMAW arc with
droplet formation, detachment and impinge-
ment.

molten droplets, the transport and interaction of the
droplets in the arc plasma, and the interaction between the
droplets and the weld pool. Two-way interactions between
the arc-metal interfaces were also addressed: the simulation
of heat and mass transfer in the arc plasma considered the
developing surface profile of an electrode and the molten
pool, also the effect of a flying droplet inside the arc plasma.
Furthermore, the heat inputs to the electrode and the
molten pool resulted from the simulation of the arc plasma.
Figure 3 depicts the transport phenomena of the arc plasma
while the droplet is formed, detached, and impinged on the
substrate.

The unified models for GMAW need to be enhanced to
describe other transfer modes such as spray transfer and
short circuiting transfer. Spray transfer, where the droplet
diameter is smaller than the wire diameter, occurs at medi-
um and high current. Short-circuiting transfer is a special
transfer mode where the molten droplet on the wire tip
makes direct contact with the surface of the weld pool. It is
characterized by repeated, intermittent arc extinguishment
and re-ignition. The unified models should be able to pre-
dict the transition between different modes more accuratly.

So far, no 3D unified model for either GTAW or GMAW
has been found in the open literature. We have discussed
3D modeling of the welding pool on the above and expect
to see 3D calculations for the welding arc in the coming
future, since so many arc properties are basically three
dimensional. For example, the welding torch is often posi-
tioned at a certain angle to the workpiece. Even though the
welding torch is positioned vertically, the phenomena of arc
blow need to be resolved. Arc blow, also called arc wander,
occurs when the arc stream does not follow the shortest
path between the electrode and the workpiece. Arc blow
can be one of two types: magnetic or thermal. Thermal arc
blow, resulting from cathode and/or anode spot wandering,
occurs because an electric arc requires hot zones on the
electrode and the workpiece to maintain a continuous flow
of current in the arc stream. Thus, the prediction of ther-
mal arc blow is relied on unified models since the hot zones
on the electrode and the workpiece are input from anode
and cathode models.
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4. Modeling of welding based SFF
and multi-pass welding

Recently, arc welding principle has been applied in solid
freeform fabrication (SFF). SFF builds up 3D objects by
successive 2D layer deposition; objects are sliced into 2D
thin layers, and each layer is built by various deposition or
forming processes. In the process of applying GTAW with
filler metal in SFF, parts are built up in a layer-by-layer fash-
ion by feeding raw material in wire form into a melt pool
that is maintained by a welding arc. For GMAW-based
SFF, droplets are deposited layer by layer to build the prod-
uct. As you can see, the principle of welding-based SFF is
similar to the multi-pass welding. While extensive docu-
mentation and experience is available on the selection and
optimization of welding parameters for the production of
welds with exceptional joint quality, this information cannot
be successfully applied for the SFF process since the crite-
ria for a “good weld” and a “good prototyped layer” differ
significantly. For example, the requirements for build-up
height, penetration depth into the previous layer, and the
ratio of these two variables are very different for welding
and SFF by welding. The key issue in applying welding
techniques for the SFF of metallic parts is to control the
heat and mass transfer caused by molten wire or droplets
onto previously deposited layers. Understanding the trans-
port phenomena is critical to the product quality. For the
extending usage of welding technologies, the research for
the modeling of arc welding will have to pay more attention
to 3D multi-layer welding processes. Actually, 3D models
for GTAW with filler metal® and GMAW with droplets™
would be used to model multiple layers. The challenge will
be the solidification and re-melting of previous layers, and
the maintenance of the weld surface profile. More investi-
gation on these issues will be needed to make modeling
results have a reasonable agreement with experiments.

Another promising welding technology used for SFF is
called Plasma Powder Deposition (PPD). A transferred
plasma arc exists between the torch and the substrate, and
generates a molten pool on the surface of the substrate.
The metal powder is fed into the molten pool by the carrier
gas (argon) through the powder feeding coaxial nozzle. As
the plasma arc moves forward, the molten metal -solidifies
to form a deposited layer. Zekovic® developed a model for
gas-powder flow in laser-based direct metal deposition
(DLMD). Compared with DLMD, PPD is more complex
since the arc plasma is a high-temperature electromagnetic-
induced gas flow. Similar to unified models for GTAW, the
PPD modeling will be divided into two coupling steps. The
first step is to simulate the arc plasma with powder.
Compared with GTAW, much work needs to be done to
describe the distribution of powder in the arc plasma, and
the in-flight heating and melting of powder in the arc plas-
ma. In the modeling, the Eulerian-Lagrangian approach™
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can be used to simulate the plasma-powder flow. The sec-
ond step will consider the addition and the impingement of
powder on the molten pool. The changing surface profile of
the molten pool will be also coupled with the simulation of
the arc plasma in the first step.

5. A whole-process model and
advanced computational tech-
nologies

It is well known that multi-layer welding produces a high-
er thermal stress and distortion. PPD is capable of creating
functional graded materials depending on the powder feed-
ing system’s parameters such as the flow rate and mixing
rate of different powders. All of these summon a whole-
process model that includes thermal, fluid, mechanical, and
chemical sub-models to predict the molten pool size, resid-
ual stresses, and microstructure, and to optimize the
process parameters accordingly. In the whole-process
model, the temperature and fluid flow are calculated based
on the thermal-fluid analysis such as the above-mentioned
unified models. Thermal stress induced by the cooling rate
will be calculated after the thermal-fluid analysis. The con-
servation equation of species to describe the distribution of
chemical composition such as carbon will be added and
used as an input to the microstructure evolution. The solid-
ified microstructure from the molten pool will be predicted
based on the thermal history and chemical history from the
thermal-fluid-species calculations. Of course, it will take
much more effort to develop a whole-process model.
Recently, Caterpillar Inc. and Battelle Memorial Institute
have made some progress on a loosely coupled model con-
sidering thermal, fluid, stress and microstructure™.

The modeling of arc welding is becoming more and more
comprehensive. The dynamic models such as the unified
model for GMAW have already taken lots of computation
time on a single_powerful workstation. Fortunately, the
availability of parallel computing provides an opportunity
for solving increasingly complex problems. With the price
of PCs declining and becoming more and more powerful, it
is no surprise to see that Linux and Windows clusters have
been widely applied to mathematical modeling. To cut cost
and be efficient enough for industrial use, welding model-
ing will be moving to this direction, too. The combination
of functional decomposition and domain decomposition fits
very well with unified models for welding: the arc plasma
model, anode model, and cathode model can be different
model components. Each model component can be
thought of as a separate task, to be parallelized by domain
decomposition. While each component may be most natu-
rally parallelized using domain decomposition techniques,
the parallel algorithm as a whole is simpler if the system is
first decomposed using functional decomposition tech-
niques. With the power of parallel computing, the goal is to
incorporate solid mechanics, microstructure evolution and
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fluid mechanics into one arc welding model.

So far, most of the research is about bead-on-plate weld-
ing. Using a boundary-fitted coordinate, DebRoy*™ devel-
oped a 3D steady model for GMA fillet welding that is char-
acterized by a V-shaped joint geometry. Finer meshes were
put along the interfaces among the cathode, arc plasma,
and anode®. To gradually push the welding modeling to
industry, 3D models with techniques such as unstructured
mesh and adaptive mesh to handle more complicated shape
will be needed. Adaptive meshing is used to refine the
mesh to regions with large gradients. Thus, increased
computational efficiency can be obtained without sacrificing
accuracy. Typically, a fine mesh region is moving with the
heat source.

6. summary

Unified models are believed to be the trend for the mod-
eling of arc welding processes. 2D unified models have
been developed to simulate the arc and the weld pool until
full penetration. 3D unified models will be needed to
address the 3D welding properties such as arc wandering.
3D modeling of multi-pass welding processes with feeding
wire, droplet, and powder will be also beneficial to the new
welding-based SFF technologies. A tightly coupled 3D
whole-process model will be the ultimate goal for the mod-
eling of arc welding processes. Parallel computing will be
more widely used in the modeling of welding processes.
More advanced meshing techniques such as unstructured
mesh will replace boundary-fitted coordinate and stepwise
approximation to better describe the complex geometry
shape. In summary, with the continuing growth in comput-
er capability and computational techniques, and increasing
effort on the research about the science of modeling, the
contributions of modeling to industrial welding processes
will be more and more promising.
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