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Abstract The state-of-the-art on arc welding research is considered, with unresolved
questions and future directions highlighted. Both diagnostics and modelling are discussed.
The focus is on the arc plasma, and its interactions with the electrode and workpiece, in
tungsten—inert-gas and metal-inert-gas welding. Areas in which the need for further work
is identified include development of techniques to measure current density distributions,
calculation of the distribution of different gasses in the arc plasma (for example vapours of
different metallic elements when welding alloys), computational methods for modelling
metal transfer, and treatments of the sheath regions. It is shown that a thorough under-
standing of the arc is important in welding research and development. For example, reli-
able calculation of the heat flux to the workpiece requires the interactions between the arc
and electrodes to be considered. Computational models of welding that take into account
these interactions can already predict the shape and depth of the weld pool. Extensions of
these methods would enable the determination of important properties of the welded metal,
such as microstructure, residual stress and distortion, raising the possibility of the devel-
opment of a “virtual manufacturing” capability.

Keywords Arc welding - Thermal plasmas - Computational modelling - Diagnostics -
Virtual manufacturing

Introduction

Arc welding is fundamentally concerned with joining metals. Indeed, the great majority of
arc welding research is directed towards the properties of the metals—for example,
changes to the microstructure and development of residual stresses as a consequence of the

P< Anthony B. Murphy
tony.murphy @csiro.au

' CSIRO Manufacturing Flagship, PO Box 218, Lindfield, NSW 2070, Australia

@ Springer



472 Plasma Chem Plasma Process (2015) 35:471-489

heating and cooling that occurs during the welding process. In this article, however, my
focus is on the arc plasma, although it extends to the influence of the arc plasma on the
metal.

The first question to be considered is whether the arc plasma is in fact worthy of
attention. The answer, from today’s perspective, is an unequivocal ‘yes’. But if the same
question had been asked 20, even 10, years ago, the answer would have been heavily
qualified.

Initial studies of the arc plasma were largely determined by what was possible at the
time. This in most instances meant that the object of study was a free-burning arc in pure
argon, typically between a conical tungsten cathode, doped with a rare-earth oxide such as
thoria, and a flat water-cooled copper anode. The configuration is, apart from the water
cooling, appropriate to tungsten—inert-gas (TIG) welding. It was chosen because the
electrodes do not melt, so there is negligible contamination of the arc from metal vapour,
and because it is possible to form a steady arc whose parameters are essentially constant in
time. The preferred diagnostic was emission spectroscopy, and the parameter that was
usually measured was the arc temperature.

In assessing the value of such measurements, it is interesting to quote from a paper
presented by Thomas Eagar of MIT in 1989 [1]:

“If asked to develop a sensor to control the arc welding process, a physicist will
quickly decide that one can use spectroscopy to measure the temperature of the arc.
While this is in fact true, the fatal flaw in this reasoning is the assumption that the
temperature of the welding arc has a primary effect on the process — it does not ...
the bulk of the heat to the anode from an electric arc is due to the flow of current into
the metal ... only 20% of the heat is carried by conduction from the hot gases ...
Nonetheless, many people still concern themselves with measurement of the tem-
perature of welding arcs.”

So were the measurements of arc temperature worthless? At the time, in terms of their
direct relevance to the melting of the metal in arc welding, they were to a large extent. But
viewed as a step towards today’s capabilities, in both measurement and modelling of arc
welding, much less so. The measurements were critical in developing diagnostic capa-
bilities, in obtaining an understanding of arc physics, and in validating the computational
models of the time. It is not difficult to trace the evolution of the measurements and models
of the 1980s and 1990s to those of today, which, as stated above and set out below,
unequivocally demonstrate the importance of the arc.

I will start by briefly describing the arc welding techniques of interest to this article. I
will then consider diagnostics and modelling separately. In each case, I will discuss the
state of the art, and point out unresolved questions and future directions for research.
Finally, I will return to the question of the importance to arc welding of studying the
properties of the arc.

Arc Welding Techniques
Arc welding has many variants; the reader is referred to books such as those by Lancaster
[2] and Norrish [3] for detailed descriptions. Here I focus on the two types that are most

widely considered in the plasma science literature, tungsten—inert-gas (TIG) welding (also
known as gas—tungsten arc welding or GTAW) and metal-inert-gas (MIG) or metal—
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active-gas (MAG) welding (the latter two being also known collectively as gas—metal arc
welding, or GMAW). Schematics of these two types of welding are shown in Fig. 1.

I will, for the most part, use standard welding nomenclature, in which the upper elec-
trode is referred to simply as the ‘electrode’, and the lower electrode—the metal pieces that
are welded together—is referred to as the workpiece. The molten region of the workpiece
is called the weld pool. Only when the polarity is relevant will I refer to the electrodes as
the cathode and the anode.

In TIG welding, the electrode is usually the cathode, and is a cylinder of tungsten,
sharpened to a conical tip. The tungsten is usually doped with a rare-earth element such as
thorium or lanthanum to reduce the work function, thus decreasing the temperature at
which thermionic emission of electrons can occur. TIG welding has been extensively
studied by plasma researchers, since it is a relatively simple process. By water cooling the
workpiece, as noted above, it is possible to produce a free-burning arc that is stable over
periods of tens of minutes (this being limited only by the gradual erosion of the tip of the
electrode) with negligible metal vapour contamination, simplifying both measurements and
modelling. Standard shielding gases are argon, helium and argon-helium mixtures; small
quantities of hydrogen are sometimes added.

MIG/MAG welding is much more widely used industrially, but is a significantly more
complex process, and only recently has it been studied widely by plasma researchers. The
electrode in this case is usually the anode, and is a metal wire. The tip of the wire melts,
forming droplets of liquid metal that pass through the arc to the weld pool. The wire is
continuously fed to replace the molten tip. In MIG welding, the shielding gas is usually
argon; in MAG welding, an ‘active’ gas, either oxygen or carbon dioxide, is added to
the argon; pure CO, is also used. In addition to the formation of droplets, which means that
the arc is not steady-state, large amounts of metal vapour are formed from the tip of the
electrode, so even in MIG welding, the arc is not in a pure gas. The presence of droplets
means that the top of the weld pool is not even approximately flat, and further that the arc
must be continuously translated with respect to the workpiece; this is of course the case in
all real arc welding processes, but in scientific investigations of TIG welding, a stationary
arc can be used.

There are other types of arc welding that are used for different purposes. For example,
plasma arc welding is similar to TIG welding, but uses an additional gas flow around the
shielding gas, giving a highly focussed arc that leads to deep weld pools, often forming a

Fig. 1 Schematic showing a TIG and b MIG/MAG welding. From [4]. © IOP Publishing. Reproduced by
permission of IOP Publishing. All rights reserved
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‘keyhole’—a narrow hole in the workpiece. Submerged arc welding and flux-cored arc
welding both use flux materials to protect the workpiece from the atmosphere; in the
submerged arc welding, the arc is struck beneath a covering layer of granular flux, while in
flux-cored arc welding, the flux is contained within the wire electrode. Several tandem
welding processes, in which two electrodes are used together, and hybrid processes, in
which for example an arc is coupled with a laser, have also been developed. However, as
noted above, the focus here is on TIG and MIG/MAG welding, which feature most strongly
in the plasma science literature.

Diagnostics
Arc Temperature

For a long time, diagnostics of the arc in arc welding have been focussed, as Eagar noted,
on measuring the arc temperature. Eager was correct to insist that this has little value as an
approach for controlling the welding process, since the current density is much more
important in determining the distribution of the heat transfer to the workpiece. Never-
theless, temperature measurements have proved invaluable in benchmarking computational
models of arc welding. As will be discussed in the Section entitled “Current Density and
Heat Flux”, it has not yet been possible to measure current density in MIG/MAG arcs, and
measurements in TIG arcs require special set ups. Further, the temperature distribution in
the arc is closely coupled to the current density distribution through the electrical con-
ductivity, so accurate temperature profiles allow calculation of the current density distri-
bution. If the boundary region between the arc plasma and the workpiece is treated
correctly, then a model that predicts temperatures and current densities will also predict the
energy transferred to the workpiece.

The two main methods for measuring the temperature and species densities of the arc
are emission spectroscopy and laser scattering. The former is relatively simple and inex-
pensive, but has the disadvantage that it is not a local measurement—the emission from the
arc is measured along a line. For a radially-symmetric arc, this can be dealt with by taking
measurements along a number of parallel lines and performing an Abel inversion. In the
absence of radial symmetry, more complicated tomographic approaches are required. A
further problem is that, for most emission spectroscopy methods, it is necessary to assume
LTE to obtain a temperature. This is reasonable in the central regions of the arc, but
substantial deviations can occur close to the electrodes and in the fringes of the arc. Stark
broadening can be used to determine electron densities, but this relies on accurate data for
the Stark width [5].

Several laser scattering approaches can be used. All have the advantage that they
measure the properties at a point (defined by the intersection of the laser beam and the
measurement axis). Thomson scattering (scattering from free electrons) allows, in prin-
ciple, the temperature and densities of both electrons and ions to be determined. However,
unless the laser power density is maintained at a low level, the electrons are heated [6], so
the signal-to-noise ratio is typically low. Measurement of the ion properties requires very
sophisticated equipment, since the bandwidth of the laser beam has to be very narrow to
resolve the ion feature [7]. Other approaches, in which the spectrum of scattered light is not
resolved, have been used successfully to measure heavy-species temperatures [8].
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Optical diagnostics of MIG/MAG welding arcs are more difficult than those of TIG
arcs. The presence of droplets, and the consequent rapid variation of the arc properties,
mean that time-dependent measurements are necessary. Further, the increase in height of
the weld pool means that the arc must be moving with respect to the workpiece, or a special
arrangement such a hole in the workpiece centre must be introduced. Fortunately, at typical
welding speeds, the arc is usually approximately axisymmetric, so that an Abel transform
can be used for spectroscopic measurements.

Metal Vapour

Spectroscopic measurements played a critical role in the recognition of the importance of
metal vapour in welding arcs, particularly in MIG arcs. In these arcs, large amounts of
vapour are produced from the tip of the electrode, and the strong downwards convection in
the arc ensures that metal vapour mass fractions are of order 50 % in the arc centre. Several
authors [5, 9, 10] have reported two dramatic effects caused by the metal vapour—a very
significant decrease in arc temperature throughout the arc, and the presence of a local
temperature minimum on the arc axis. This has important ramifications for the welding
process, since it reduces the transfer of heat to the workpiece, leading to a shallower weld
[11]. The main reason for the decreased temperature is the strong radiative emission from
metal vapour.

Recent laser-scattering measurements of an arc with aluminium electrodes have con-
firmed the overall temperature decrease, but did not show a local temperature minimum
[12]. A comparison between measured temperature distributions for iron and aluminium
electrodes is shown in Fig. 2. The absence of a local temperature minimum on axis for
aluminium electrodes can be explained in terms of the lower radiative emission coefficient
of aluminium vapour, compared to that of iron vapour, leading to a weaker cooling of the
arc core [11]. Nevertheless, the results underline the desirability of a confirmation of the
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Fig. 2 Measured temperature distributions in MIG arcs with aluminium electrodes and iron electrodes. The
aluminium data are from laser scattering measurements for an arc current of 400 A and at a vertical position
5.5 mm above the workpiece [12], and the iron data are from emission spectroscopy measurements, for an
arc current of 326 A and at a vertical position 6 mm above the workpiece [9]
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existence of a local temperature minimum on the arc axis for iron electrodes. Two can-
didates are laser scattering measurements of electron or ion temperature, and measure-
ments of the current density distribution at the workpiece. Iron vapour is optically thick at
the laser wavelength used for the laser-scattering measurements of the arc with aluminium
electrodes (532 nm), so it will be necessary to find a suitable laser for measurements in a
wavelength range not dominated by iron lines. Current density measurements will be
considered in the next subsection.

Current Density and Heat Flux

Current density is, as pointed out by Eagar in the quotation reproduced in the introduction,
a critical parameter in determining the heat transfer to the workpiece. In the case of MIG
arcs with steel electrodes, it is predicted that the occurrence of a local temperature
minimum on axis will also lead to a local minimum of the current density [13], so
measurements of the current density distribution at the workpiece could be used to confirm
the presence of the local temperature minimum. However, there have been no reported
measurements of current density distributions in MIG arcs. A split-anode method, in which
the workpiece is split into two parts by an air gap, has been developed for TIG arcs [14,
15]; this is shown schematically in Fig. 3. By measuring the current through each half as
the arc is translated across the gap, and using an Abel transform, the radial distribution of
current density can be obtained. This approach is not applicable for MIG/MAG arcs, since
the droplets quickly bridge the gap unless it is too large to give useful measurements.
Measurements of the heat flux distribution in the workpiece have also been performed
using the split-anode method in the case of TIG arcs [14]. The unsuitability of the split-
anode method to MIG/MAG arcs is not as large a problem in this case, since alternative
methods have been developed; for example, thermocouples arranged on the surface of or
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Fig. 3 Schematic showing the principle of the split-anode method: a set-up, b representation of the currents
measured in each side of the anode as the arc is moved. From [15]. © IOP Publishing. Reproduced by
permission of IOP Publishing. All rights reserved
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within the workpiece can be used, in association with inverse calculations, to determine
temperature distributions and the heat flux [16]. Nevertheless, the accumulation of droplets
on the workpiece that occurs if the electrode is not moved along the workpiece means that
measurements will be unrealistic, since the arc length will decrease rapidly.

The Electrode, Workpiece and Droplets

Measurements of the properties of the metal (the electrode, workpiece and, in MIG/MAG
welding, the droplets) are of great importance in understanding the arc welding process,
and in benchmarking models. All such measurements are complicated by the strong ra-
diation from the arc. Several approaches have been developed to deal with this [17].
Shadowgraph techniques using laser illumination can be used to visualize droplet de-
tachment and passage through the arc. Surface temperatures of the electrode, droplets and
weld pool can be measured using two-colour pyrometry, although this is limited to low
currents, when the arc is less bright. A method has been developed for TIG arcs in which
the arc radiation is measured spectroscopically, and subtracted from the radiation emitted
by the electrode [18]. The arc can also be interrupted and electrode temperatures then
measured since the plasma species cool much more rapidly than the metal.
Measurements of the electrode and workpiece properties can be made using a stationary
arc for TIG welding. For MIG/MAG welding, a stationary arc can also be maintained by
using a donut-shaped workpiece to avoid build-up of the reinforcement region, with the
droplets passing through the central hole [17]. However, this approach is clearly not
appropriate when measuring weld pool properties, so for MIG/MAG weld pool mea-
surements, the arc and electrode must be moved with respect to the workpiece,
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Fig. 4 Profiles of the interfaces between the weld pool and the solid workpiece, obtained by blowing out
the liquid metal, and the weld pool and the arc, for MIG welding of iron with different wire feed rates. Both
profiles were obtained by a laser triangulation scanner. The average arc current is increased from 91 to
215 A as the wire feed rate increases from 2 to 6 m min~'. From [17]. © IOP Publishing. Reproduced by
permission of IOP Publishing. All rights reserved
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complicating the alignment of optical systems. Further, both the arc radiation and any
illumination used are reflected from the weld pool and workpiece surface.

Nevertheless, methods have been developed that provide information on the surface
temperature and the shape of the weld pool. For example, by synchronizing the shutter of a
fast CCD camera with pulsed laser illumination, and by using a narrow-band filter with
pass band centred on the laser wavelength, time-resolved measurements of the shape of the
weld pool reinforcement were possible in fast MIG welding [19]. The extent of the weld
pool surface, and of the keyhole, formed in plasma arc welding were measured using a fast
CCD camera equipped with a narrow-band filter with pass band in the near infrared [20].
The shape of the bottom of the weld pool has been obtained using techniques that cast out
the molten metal, for example using a jet of argon gas to blow out the metal [17], or by
tipping out the metal [21]. Profiles of this interface obtained using the former method are
shown in Fig. 4, together with profiles of the top of the weld pool obtained by laser
scanning.

The techniques noted above are only a sample of the many ingenious approaches that
have been developed. Continuing improvements in charge-coupled device (CCD) sensor
technology will allow more rapid measurements with increasing spatial resolution and
dynamic range. Ideally, researchers will develop methods that allow simultaneous mea-
surement of electrode, droplet, arc and weld pool properties, so giving a true dynamic
picture of arc welding.

Modelling

Twenty years ago, arc modelling and welding modelling were essentially separate sub-
jects—arc models considered the arc, with the electrode and workpiece included as
boundary conditions, while welding models considered the workpiece, with the arc in-
cluded as a boundary condition. Today, the most complete models include the electrode,
arc and workpiece self-consistently.

Modelling of a welding arc requires the solution of coupled equations of fluid dynamics
and electrodynamics, as for other thermal plasmas. The flow can be treated as incom-
pressible and laminar, since both the Mach number and Reynolds number are low. It is
usual to assume local thermodynamic equilibrium (LTE), although some approaches dis-
pense with this assumption.

Most of the difficulties in the models arise from the interactions between the arc and the
electrode and workpiece. These include vaporization of the wire and workpiece, the for-
mation of droplets in the case of MIG/MAG welding, the deformation of the weld pool
surface, and treatment of the boundary regions between the arc and the wire and
workpiece.

Metal Vapour

An outstanding success has been the development of models of the production and
transport of metal vapour in welding arcs [4]. These have provided evidence to support the
experimental observations of a local temperature minimum in the centre of MIG welding
arcs, and the substantial overall temperature decrease in such arcs. Further, they have
explained these effects in terms of the increased radiative emission from the metal vapour
component, and the strong flux of relatively-cold vapour into the arc plasma. A further
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effect, important in both MIG and TIG arcs, is the extension to lower temperatures of the
electrically-conducting regions of the arc, due to the lower ionization energy of metal
atoms. This leads to an expansion of the conducting region of the arc, and therefore a

temperature - gaseous phase [K]

[ JE I
“&Q 5QQQ @QQ '\@Q %QQQ qQQ’Q\QQQQ\\QQQ\""QQQ\"’QQQ\“QQQ\."Q@\@@\'\Q@\‘bQQQ

15

time=3ms

P Py L}
—t———

ISR S TRT
+ —t—+

s 8 o] | s e s e e e e e
-10 -5 0 S5 10 -10 -5 0 5 10

Fig. 5 Droplet shapes at four different times during a period of decreasing arc current immediately following
a 420 A pulse. The shapes were calculated using the volume-of-fluids method (fop four graphs), and are
compared with measured droplet shapes (outlined in red in the lower four graphs), for MIG welding with an
iron electrode and argon shielding gas. The calculated arc temperatures are also shown in the top four graphs.
The four times correspond to arc currents of 390, 160, 150 and 55 A, respectively. The axis scales are in mm,
with the region shown in each figure being 20 mm horizontally by 10 mm vertically. From [24]. © IOP
Publishing. Reproduced by permission of IOP Publishing. All rights reserved (Color figure online)
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decrease in the current density. Since, as noted in the “Introduction” Section, and dis-
cussed further in the Section entitled “Arc—Electrode Sheaths”, most of the heat flux to the
workpiece is due to the flow of current, this causes a decreased heat flux density to the
workpiece, and therefore a shallower weld pool.

An important simplification that has been made in almost all cases is that the vapour is
composed of one metal only. In reality, the electrode and the workpiece are made of alloys,
and different components of the alloys can have very different vapour pressures. In alu-
minium alloys, for example, magnesium has a much higher vapour pressure than alu-
minium. It has been observed that, even for aluminium electrodes containing a few percent
magnesium, MIG arcs are dominated by magnesium vapour. The case of stainless steel, in
which manganese is much more volatile than chromium or iron, was addressed in a non-
self-consistent manner by calculating the production and transport of manganese,
chromium and iron separately in TIG welding of stainless steel, but the interaction of the
different vapours was not considered in determining the diffusion coefficients [22]. The
most accurate approach for modelling the diffusion of a vapour in an arc is the combined
diffusion coefficient method; this has recently been extended to mixtures of three gas-
es [23]. This opens up the possibility of self-consistent modelling of the production and
mixing of two different metal vapours in a MIG or TIG arc. The extension of the combined
diffusion method to four gases is straightforward, so three metal vapours would also be
feasible.

Droplets

Droplets are of critical importance in MIG welding, since they transport mass, energy and
momentum to the weld pool. The mass transport leads to the reinforcement of the weld,
and can change the weld pool composition if the wire is composed of a different alloy from
the workpiece. The energy and momentum transported by the droplets lead to a hotter and
deeper weld pool. The most accurate approach for modelling droplets is the volume-of-
fluids method, which allows the full ‘life history’ of droplets, including their formation,
detachment from the wire electrode, and entry into the weld pool, to be tracked. Results of
a volume-of-fluids calculation, showing good agreement between predicted and measured
droplet shapes, are shown in Fig. 5. This method is, however, difficult to implement and
requires long computing times, since the maximum time step cannot be greater than the
time taken for the metal boundary to cross one mesh element.

Computational time can be saved by calculating the droplet shape using a two-
dimensional axisymmetric geometry [24], or by limiting the coupling of the arc and droplet
models [25]. Nevertheless, the calculations are still numerically-demanding.

This has led to the development of less accurate methods, for example based on the PSI-
cell (particle source in cell) approach [26, 27], which can be used in steady-state calcu-
lations. In this approach, the influence of the droplets on the arc and weld pool are averaged
over time and over the cross-sectional area of the droplet path. This is a much simpler and
faster approach, but does not taken into account the large changes in arc properties as a
droplet is formed, detaches and passes through the arc. Similarly, splashing of liquid metal
in the weld pool cannot be calculated.

Clearly there is a demand for methods in which time-dependence is taken into account,
but which are computationally faster than the volume-of-fluids approach. One interesting
approach uses experimental images of the electrode and droplet as the basis the calcula-
tions. Good results have been obtained, and recently the method has been extended to
include the shape of the reinforcement, although this is based on measurements of the solid
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metal after welding has taken place, owing to the difficulty in imaging the reinforcement
during the welding process [28].

Short-circuit transfer, in which the droplets intermittently form a liquid metal bridge
between the electrode and workpiece, presents a further challenge. This mode of transfer is
widely used in welding of steel. The arc is periodically extinguished and then reignited,
which means that treatment of the arc becomes much more complicated, since the plasma
will be strongly non-thermal while the arc is being established. Further, the very large
variations in plasma properties during a cycle means that time-averaged treatments are
unlikely to be reliable.

Weld Pool Surface Deformation

Deformation of the weld pool surface is usually ignored in modelling of TIG welding, but
must be considered in MIG welding, since it determines the arc attachment point and the
depth of the weld. Similarly to droplets, the volume-of-fluids approach is the most accu-
rate, but other approaches have been adopted because they are computationally less-
intensive and can be used in steady-state calculations. The ‘equilibrium surface’ method, in
which the surface tension is balanced against forces associated with the arc pressure and
droplet pressure, and buoyancy in the molten metal, under the assumption that the surface
shape has reached an equilibrium, has been very successful in steady-state simulations of
the weld pool surface profile [11, 29]. The approach has also been applied in time-
dependent models, although without any analysis of the validity of the equilibrium
assumption.

Arc-Electrode Sheaths

The treatment of the anode and cathode sheaths is critical in modelling of arc welding. The
sheaths are defined here as the regions separating the anode or cathode from the arc
column, and are usually divided into two parts—the very narrow (~ 10 nm) space-charge
sheath, in which charge neutrality is not observed, and the broader (~ 100 pm) two-
temperature sheath, in which charge neutrality is observed, but the electron temperature is
significantly greater than the heavy-species temperature.

Two main approaches to treating the sheath region have been adopted. The first, and by
far the most common, is to neglect a detailed treatment of the sheath in the model, but to
use an understanding of the processes in the sheath to develop expressions for the heat flux
at the boundary between the arc and workpiece; the heat flux is of course critical in
determining shape and depth of the weld pool. The second approach is to include a detailed
treatment of the sheath within the model. In discussing these approaches, I will consider
the anode and cathode sheaths in turn.

In the case of the anode, the heat flux due to thermal conduction is calculated directly,
but an expression for the heat transfer due to electron condensation into the anode is also
required. Different expressions have been given in the literature, although they are gen-
erally similar. The largest heating term is electron condensation j.¢,,, where j, is the
electron current density and ¢,, is the work function of the metal. This demonstrates the
importance of an accurate current density calculation when determining the heat flux to the
anode.

The main difficulty that arises in modelling the anode region is that the temperature in
the sheath is below that at which an LTE plasma is ionized. This means that the electrical
conductivity is zero, so that the charge continuity cannot be maintained. Different methods
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have been used to circumvent this problem, some of which avoid modelling the sheath
region, and some of which include a detailed treatment of the sheath. For example, the
“LTE—diffusion” method [30] requires choosing the first mesh point in the plasma in the
arc column outside the sheath region, thus avoiding the sheath completely. An alternative
approach takes into account diffusion of electrons from the arc column into the sheath
region, requiring an electron continuity equation to be solved within the sheath [31]. The
two methods give very similar results for arc temperature distributions and heat flux to the
anode for an argon TIG arc [30], demonstrating the value of the simple LTE—diffusion
method in arc welding modelling. However, the influence of metal vapour, and of mole-
cular gases, for which the anode attachment region may be much more constricted than for
a pure argon arc, have not been taken into account. Therefore, without more thorough
investigation, the LTE—diffusion method should be regarded as a useful tool for argon arcs
rather than as an accurate approach for all types of arc.

The case of the cathode sheath is more controversial. For the cathode, a distinction has
to be made between refractory materials, such as tungsten, which do not vaporize until very
high temperatures and can therefore emit substantial current densities by thermionic
emission, and other materials, such as steel and aluminium. The thermionic current density
is given by Richardson’s equation j, = AT? exp(—ed,,/kzT); for work functions ¢,, of
4 eV, as is typical for metals, temperatures of over 3500 K are required to reach the current
densities of 100 A mm~2 observed at arc cathodes. Tungsten is molten at such tem-
peratures; the addition of a rare-earth element reduces the work function to around 2.5 eV,
allowing the required current density to be produced at a temperature below the melting
point. The boiling points of iron and aluminium, respectively 3140 and 2790 K, are much
lower, and well below the temperatures required for thermionic emission to account for the
required current density. The physics of the emission process is in this case less clear. The
standard explanation is thermo-field emission—a combination of high temperature and
high electric field [32]. However, electron densities corresponding to pressures of several
bar are required to give the observed current density [33]. This may be feasible if the
electron emission is from spots on the cathode, as occurs in vacuum arcs; cathode spots are
frequently observed in MIG/MAG welding. An alternative mechanism is emission due to
the interaction of excited atoms with the cathode [33].

As a consequence of the relatively-poor understanding of the non-thermionic cathode
sheath, there is no well-established approach to modelling the sheath. Since the workpiece
in MIG/MAG welding is usually a non-thermionic cathode, an expression is however
required for the heat transfer to the cathode by the electric current. A reasonable expression
is j(V. — ¢,,), where j is the current density and V. is the cathode sheath voltage, which
takes into account the sheath voltage, which accelerates ions, and the cooling due to
electron emission. In applying this expression, the measured sheath voltage, of order 15 V
for most metals [34], is used.

For thermionic cathodes, as occur in TIG welding, there is again a strong cooling term
Je®,, due to the emission of the electrons, but sheath voltages are lower. Nevertheless, the
cathode reaches temperatures of around 3000 K. The mechanism for this heating is con-
troversial, with two distinct approaches having been developed, one neglecting and one
including a detailed sheath model.

In the first approach, the heating is mainly due to the ion flux from the arc. The ion
heating can be calculated by determining the total current density j from the current
continuity equation and j, from Richardson’s equation, and using (j — j.)¢;, where ¢; is the
ionization potential of the shielding gas [35]. In the second approach, the heating is due to
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the energy flux generated in the sheath adjacent to the cathode, with this energy being
transported both to the arc column and the cathode [36].

Both approaches have been applied in models of the arc. In the first approach, LTE is
generally assumed, while in the second, a two-temperature treatment is necessary, since the
sheath is a critical component of the model, being responsible for transport of power to
both the electrode and the arc column. Two main two-temperature models have been
developed; in that of Baeva et al. [37], deviations from ionization equilibrium (i.e., from
local chemical equilibrium) are also taken into account in both the sheath and arc column,
while in that of Benilov et al. [38], deviations from ionization equilibrium are only con-
sidered in the sheath. The two-temperature models were compared recently [36], and
shown to give similar results in the arc column.

There are significant differences in arc properties obtained using the two approaches.
The first approach does not predict the sheath voltage drop, but gives arc column tem-
peratures in good agreement with measurements. The second approach predicts a large
voltage drop in the cathode sheath, and a relatively low voltage drop in the arc column. The
dependence of total arc voltage on current is similar to measurements, but the predicted
temperatures in the arc column, at least within a few mm of the cathode, are lower than
measured values. The discrepancy in temperatures can be seen in Fig. 6, which compares
temperatures predicted by the two-temperature models of Benilov and Baeva with pub-
lished laser-scattering measurements in argon TIG arcs [39]. Baeva and Uhrlandt [40] have
subsequently shown that higher temperatures in the arc column near the cathode can be
obtained by artificially placing a restriction on the cathode attachment region of the arc.

There is clearly a need for a new approach that predicts both the cathode sheath voltage
and arc temperature distributions accurately. Such an approach would have to include
deviations from LTE and local chemical equilibrium, both in the sheath regions and in the
fringes of the arc. In the meantime, the first approach seems acceptable from the point of
view of predicting heat transfer to the workpiece, since it gives predictions of arc
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Fig. 6 Electron and heavy-species temperatures on axis in argon TIG arcs as a function of distance from the

cathode tip. Calculations of Baeva and Benilov were for a 10 mm long 160 A arc [36]. Laser scattering
measurements were for a 5 mm long 150 A arc [39]
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temperature distributions in accordance with measurements, and can thus be expected to
allow heat and current transfer to the workpiece to be reliably predicted.

A factor that has not been considered in models of the sheath region is the influence of
metal vapour. This is a point that requires investigation, since the presence of metal vapour
is expected to affect many parameters that influence the sheath, such as the ionization
potential of the shielding gas and the transport of electrons. Moreover, it has been
demonstrated experimentally that the production of metal vapour influence arc attachment

to both cathodes [41, 42] and anodes [43].

Virtual Manufacturing

Computational models of arc welding are now capable of predicting the weld pool depth
and shape for a wide range of welding parameters. The models are therefore useful for the
development of weld schedules for components of different dimensions, and are being
adopted for this purpose by industry.

As well as predicting the weld pool properties, such models also calculate the thermal
history (i.e., the time-dependence of temperature) throughout the workpiece as the arc
moves along the weld seam. Figure 7 shows a weld cross section, indicating the fusion
zone (the region that was molten) and heat-affected zones, and the thermal history at
different positions in the workpiece, for a lap fillet weld of aluminium sheets.

Important properties of the weld, including the residual stress and consequent distortion,
and the microstructure of the welded metal, are determined by the thermal history of the
workpiece. The localized heating and the non-uniform cooling that occur during welding
lead to complex residual stress distributions, and to unwanted distortion and deformation of
the welded metal. These effects can lead to significant, and potentially severe, reductions in
performance and reliability. There is a vast literature on residual stress and distortion; the
reader is referred to, for example, the book edited by Feng [44].

The microstructure of the welded metal is also strongly affected by the heating and
cooling associated with arc welding. In the fusion zone, a mixture of wire and workpiece
alloys is formed, while the heating and cooling of the heat-affected zone can lead to solid-

state phase transformations, and therefore changes in the microstructure of the workpiece
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Fig. 7 Calculated weld cross-section, showing a fusion zone and heat-affected zones, and b thermal
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3 mm AA5754 sheets in lap fillet weld geometry, and an AA4043 wire with work angle 60° from the
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alloy. The microstructure can affect the thermomechanical properties, and therefore the
residual stress. Further, it can be used to predict the likely behaviour of the welded
structure under loads.

Commercially-available finite element models are widely used to calculate these
properties. In such models, the arc is considered as a heat source, either a two-dimensional
source on the surface of the workpiece, or as a three-dimensional source within the
workpiece. A typical example of a three-dimensional heat source is shown in Fig. 8. The
ellipsoidal heat source has a number of free parameters, including the radii of the ellipsoid
and a coupling factor, which have to be determined by fitting the predicted temperatures in
the workpiece to thermocouple measurements of temperature. Such an approach requires
an experiment to be performed for each set of welding parameters investigated.

Models of arc welding that include the arc and workpiece in the computational domain
allow the physical processes illustrated in Fig. 8a to be explicitly taken into account in
predicting the thermal history, with no free parameters to be determined. Thus, ex-
periments are not required to ‘calibrate’ the model for a particular set of conditions
(although of course, as with any model, thorough benchmarking is required during its
development).

The concept of “virtual manufacturing”, whereby all important properties of the weld
(such as weld depth and shape, microstructure and residual stress and distortion) are
predicted using a computer without recourse to experimental trials, is therefore within
reach. Significant work will be required to couple an arc welding model to a residual stress
and deformation model; one difficulty is that calculations of arc properties traditionally use
computational fluid dynamics, whereas stress calculations use finite element techniques.
However, it would typically be reasonable to decouple the models, since the mechanical
work is insignificant compared to the thermal heat input [45], meaning that the stress
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Fig. 8 a The physical processes involved in the welding process, which are taken into account in state-of-
the-art models that couple the arc and the weld pool; b a ellipsoidal moving heat source, and the physical
processes, that included in typical finite element models used to predict residual stress and distortion.
Reprinted from [45], with permission from Elsevier
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calculations do not affect the thermal history. An exception would be if the predicted
distortion were large enough to alter the interaction between the arc and workpiece.

Conclusions

The past few years have seen significant advances in both diagnostics and modelling of arc
welding. Measurements of arc temperature in the presence of metal vapour, and of the
properties of the electrode, droplets and weld pool, have dramatically improved our un-
derstanding of the arc welding process. Computational models that include the arc can now
predict properties of the electrode, droplets and weld pool, as well as those of the arc. Of
particular relevance to the industrial application of welding models is the ability to predict
weld pool geometries, and thermal histories through the workpiece.

Future Requirements

Despite the progress that has been made, there is much to be done before we can claim a
thorough understanding of the arc and its role in arc welding. I have discussed several such
areas that require further investigation, which I summarize below.

e Development of methods for the measurement of current density and heat flux
distributions for MIG/MAG arcs; such measurements are critical for benchmarking
computational models and understanding the energy transfer;

e Confirmation (for example by laser scattering) of spectroscopic measurements of the
local temperature minimum caused by metal vapour in MIG/MAG arcs;

e Development of techniques to simultaneously measure the properties of the electrode,
droplets, weld pool and arc, to allow welding dynamics to be tracked with time;

e Models treating diffusion of multiple gases, such as vapours from different alloy
components;

e Fast and reliable modelling treatments of droplets and weld pool deformation;
Modelling treatments of the periodic extinction and reignition of the arc in short-circuit
transfer;

e A better understanding of the sheath, and methods of integrating the sheath into arc
models; in particular:

e Extensions of simple treatments analogous to the “LTE-diffusion” approach that
can be used reliably for shielding gases other than pure argon and when metal
vapour is present;

e An understanding of the non-thermionic cathode sheath;

A resolution of the different approaches used for thermionic cathode sheaths;

e A detailed understanding of the influence of metal vapour on the sheath.

These are of course only examples; as with any area of research, there are countless
potentially fruitful directions that can be taken.

Is the Arc Worth Studying?
I began this article with quotes from Eagar questioning the usefulness of measuring arc

temperature in order to control the arc welding process. In the limited context of process

@ Springer



Plasma Chem Plasma Process (2015) 35:471-489 487

control, Eagar is correct. But in the broader context of understanding, improving and
applying arc welding, study of the arc plasma, including the temperature, is critical.

The arc plasma is of such importance because of its interactions with the electrode and
workpiece. The factor that makes it impossible to consider the arc merely as a heat source
is that these interactions are two-way—the arc, of course, affects the electrode and
workpiece, but the electrode and workpiece also affect the arc. For example, the shape of
the weld pool surface affects the location of the arc attachment, which then affects the
current density and heat flux at the weld pool surface. As a second example, the metal
vapour produced from the electrode tip and the weld pool affect the arc temperature and
current density distribution, which in turn affect the current density and heat flux at the
weld pool surface. Clearly, it is not possible to take such effects into account without a
thorough understanding of the arc plasma and its properties. And only by considering the
two-way interactions between the arc and the workpiece and electrode is it possible to
develop a computational model that can reliably predict the heat flux to the workpiece, and
therefore the weld depth and geometry.

Computational models of arc welding that do consider the arc have now reached the
level where they can be used to predict weld depths and geometries. This means that
manufacturers are making use of such models, in conjunction with experimental trials, to
develop weld schedules for production. As I have pointed out, there is great potential to
combine such computational models with models that predict important properties of the
welded metal, such as residual stress and deformation and microstructure. If this can be
done successfully, the concept of “virtual manufacturing” will become a reality. For this
potential to be fully realized, however, it is not enough to work on integrating existing
models; it is important that our understanding of the arc is improved. The future directions
for research that I have outlined in this article are examples of approaches that will be
helpful.
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