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1. Summary

The welding arc is a gas with a surprising property: it conducts electricity. This is not a
common property; we pass in front of electrical outlets many times a day, without fear that
current is going to jump from the outlet and harm us. How does the gas become conductive?
The gas becomes conductive because it has a significant amount of lose electrons that

conduct electricity, in this aspect, the gas has some resemblance to metals. Normal gases
keep their electrons tightly, and they are insulators. When gases have a significant number
of loose electrons, they become a plasma, which is called a “fourth state of matter,” beyond
gas.
The reason some electrons are loose is that the plasma in the welding arc is very hot.

Temperature is a measure of kinetic energy in the atoms, and high temperatures mean high
velocities. Atoms behave like an apple tree, if we shake them hard enough, some apples (i.e.
electrons) will fall (become loose). How hot is the plasma in welding? It is of the order of
10000 K to 20000 K; the surface of the Sun is at approximately 6000 K, corresponding to a
peak of emissions in the visible range. At the high temperatures of the welding arc, radiation
peaks in the ultraviolet, which can break DNA chains and induce skin cancer.
When the plasma is conductive at atmospheric pressure, the electrons and ions (in this

case, atoms that lost an electron) bounce against each other as they conduct electricity. The
resistance to the flow of electrical current causes heating by Joule effect, which is the source
of the high temperature in the arc. Much of the energy of the arc is dissipated in the form
of intense UV radiation, making PPE such as the welding mask, leather apron, and gloves
one of the distinguishable traits of the welding trade. Interestingly, once the welding arc
is started, it is self-sustaining for as long the current is maintained, but before the arc is
started, even the high open-circuit voltage cannot break the insulation of the non-ionized
gas. We see that the start of the arc is a non-trivial process, and much effort to make a
reliable arc start is embedded in commercial welding machines.
The flow of electricity through the arc causes a magnetic field, and the interaction between

this magnetic field and the current creates forces. These forces are ubiquitous in machines
using electricity and we do not see significant effects; however, the case of the welding arc
is less common, because these forces are applied to a fluid (the plasma). The effect of these
forces is the creation of a plasma jet, which is the source of “stiffness” of the arc. The
plasma jet is intense, involving velocities of the order of 300 ms−1. This velocity is higher
than the cruise velocity of a passenger jet, and of the order of the speed of sound at room
temperature. The welding arc, however, is typically subsonic, because the speed of sound at
the temperature of the arc is much faster than at room temperature. The study of fluid flow
induced by electromagnetic fields is the discipline of “magnetohydrodynamics,” pioneered
by Hannes Alfvén, and for which he received the Nobel Prize in Physics in 1970.
When welders hold a torch, they hold something hotter than the surface of the Sun, faster

than a jet plane, and that involves physics worthy of a Nobel prize.
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2. Basic Concepts

2.1. Parts of the welding arc

The welding arc in all arc welding processes has the same three main parts, illustrated in
Figure 1:

• Arc column

• Anode (with positive polarity)

• Cathode (with negative polarity)

It is important to keep in mind that the term “electrode” has different meanings in praqc-
tical welding and in electricity. From the point of view of electricity, all anodes and cathodes
are “electrodes” regardless of whether they are consumable or not, attached to a torch, or
part of the base metal. In practical welding terms, “electrode” typically means what to what
is manipulated (e.g. torch, rod, etc.) and never means the base plate.
Welding polarity then tells us which is the anode and which the cathode. “Electrode

positive” (EP) means the electrode (in welding terms) is the anode (typical of GMAW).
“Electrode negative” (EN) means the electrode is the cathode (typical of GTAW).
With this knowledge we realize that very different welding processes such as the delicate

GTAW or the intense SAW share the same fundamentals. We can now use a small set of
fundamental concepts to answer many important questions in arc welding, such as how does
deposition rate vary with polarity? why GTAW-EP can melt the electrode? and many more.

Figure 1: Three key parts of the welding arc: arc column, cathode, and anode
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2.2. Ionization, dissociation, and recombination

The process of ionization (losing electrons) follows different paths depending on the type of
gas. At the temperatures typical of the welding arc, a significant amount of gas atoms lose
one electron (first ionization), and in some cases the there is also presence of smaller amounts
of second ionization. Third ionizations and beyond are seldom of relevance in welding.
Inert gases, such as Ar or He are monoatomic, and they just lose electrons from their

outermost orbit. Using Ar as an example, the chemical reaction of ionization is

Ar
ionization
−−−−−→ Ar+ + e–

ionization
−−−−−→ Ar2+ + 2e– (1)

Diatomic gases such as O2 tend to dissociate before they ionize. The two species after
dissociation are the same:

O2
dissociation
−−−−−−→ 2O

ionization
−−−−−→ O+O+ + e–

ionization
−−−−−→ O+ +O2+ + 2e– (2)

Equation 2 involves the uncommon ions O+ and O2+. This ion does not mean another
element is oxidizing the oxygen, it only means the outer electrons are loose and able to
conduct electricity.
Molecular gases such as CO2 also experience dissociation and ionization. Because after

dissociation there are two or more different species, dissociation and ionization is more
complex than in diatomic gases; ionization and new dissociations can happen simultaneously,
as illustrated in Figure 2. One of the sequences for CO2 dissociation and ionization is the
following:

CO2
dissociation
−−−−−−→ CO+O

ionization
−−−−−→ CO+ +O+ e–

ionization
−−−−−→ CO+ +O+ + 2e– (3)

In addition to dissociation, recombination over a range of temperatures might also be
present, for example, after CO2 dissociates into CO+O, between 2000 K and 4500 K, some
of the atomic oxygen recombines:

2O
recombination
−−−−−−−−→ O2 (4)

For mixtures of non-noble gases, the recombinations might lead to new molecules. The
determination of chemical species present requires thermodynamic analysis.

2.3. Local thermodynamic equilibrium

The ions and electrons in the plasma collide among themselves and with each other. At
atmospheric pressure and above, and far enough from solid or liquid surfaces, the ions and
the electrons share their kinetic energy through their collisions. Since kinetic energy and
temperature are equivalent terms, equalling kinetic energy indicates thermal equilibrium, in
which all particles are at the same temperature. Also, the charge of ions matches the number
of electrons and at each at each point in space containing enough particles (there is charge
neutrality). This situation is called “Local Thermodynamic Equilibrium” (LTE), and it is a
good approximation for the condition of the plasma in the arc column.
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Figure 2: Dissociation, ionization, and recombination in the plasma of a mixture of Ar and
CO2 at atmospheric pressure [1].

At pressures of the order of 10% of atmospheric pressure and below, the volumetric density
of particles is so low that the collisions between ions and electrons are less frequent and their
kinetic energy does not become equal. In these conditions, at the same point in space,
two different temperatures can be assigned, one for the ions (typically low) and one for the
electrons (typically high). The enthalpy (heat content) of the plasma is given the temperature
of the ions, because the mass of the electrons is negligible, and the plasma in this conditions
can transmit electricity, despite being “cold.” An example of this type of plasma is that inside
a fluorescent tube, where the inner gas is at approximately 0.3% of atmospheric pressure.
Current can flow although the ions are near room temperature; this is because the electrons
are at temperatures of the order of 104 K. When the fast electrons impact against the
fluorescent coating inside the tube, they generate then light we see. If we ever intend to
perform arc welding in the CO2 atmosphere of Mars, with a pressure of 0.6% of that of the
Earth, the system might be quite different from what we are used to, since the arc might
not be able to be hot enough to melt metal. In this case, the plasma is said to be in “non
Local Thermodynamic Equilibrium” (non LTE).
Near the cathode or the anode at atmospheric pressure (within the mean free path of

electrons), the plasma is also non LTE. The reason for this is that electrons can move fast
towards or away from the electrodes (from the point of view of the plasma, the plate is also
an electrode), while the heavier ions cannot.
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The non-LTE area near all electrodes in welding (in the electrical sense) have two regions:
a presheath region and a a sheath region, illustrated in Figure 3. The sheath is very thin
of the order of 10 nm (approximately the Debye lengh, in which the electrostatic forces of
the charge imbalance are balanced by thermal agitation). The presheath is much thicker,
although still very thin from the point of view of dimensions associated with welding. The
presheath thickness is of the order of 0.1 mm, approximately the diffusion length of an
electron.
Significant voltages and energies are associated with the non LTE regions of the electrodes

which have enormous practical importance to assess the allocation of welding energy towards
the plate or consumable.

Figure 3: Non-LTE area near the electrodes. ne and ni are the volumetric density of electrons
and ions in each region, while Te and Ti are their corresponding temperatures [1].

2.4. Ionization energy

The energy of first ionization is the energy needed to take away the outermost electron from
an isolated atom. It is a similar concept, but not the same as the work function, in which
the atom is bonded to others instead of being isolated. There are also energies of second
ionization, third, and so on; for the welding arc, the first ionization defines most of its
practical properties. Higher ionization energies higher difficulty and higher temperatures to
ionize. In the welding arc, the term “ionization energy” typically refers to the first ionization.
Figure 4 illustrates the energy of first ionization as a function of atomic number (number of

protons in an atom). This figure shows that for each period (horizontal row) of the periodic
table, the elements in the first group (leftmost), the alkaline metals, have the lowest energy,
and the noble gases (rightmost group) the highest. For example, for the third period, the
sodium is the easiest to ionize, while argon, the most difficult. This makes sense when we
consider that the alkali metals have a single electron in its outer orbit, which is relatively
easy to “steal,” arriving to an outer electron configuration similar to the noble gas in the in
the period just above. Noble gases have a stable outer orbit configuration, much less likely
to lose an electron.
There is also a general trend in which elements in the same group have lower ionization

energies for each period. This is a consequence of the further distance between the nucleus
and the outer electrons. The larger the atom, the less strong is the bond to the outermost
electron; thus we see that the ionization energy of potassium is lower than that of sodium.
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Ionization energies have very practical implications for welding. Lower ionization energies
are associated with lower more stable arcs, easier arc starts, and slightly lower arc voltages.
For example, the use of potassium in E6011 instead of sodium in E6010 stabilizes the arc
enabling the use of line frequency (50 Hz or 60 Hz) AC welding machines which can be as
simple as a transformer, thus much cheaper than machines involving electronics. If E6010 is
used in transformer-type AC machines, the less stable arc might extinguish as the electrical
current is around zero as it changes direction. E6011 is a popular electrode in less wealthy
countries, while E6010 is nearly universal in richer applications in oil and gas.
Higher ionization energies are associated with higher voltages for a given arc length and

hotter arcs. Helium is the element with highest ionization energy, and results in intense
arcs of high voltage. In the early stages of GTAW, it was aimed at aluminum welding using
helium shielding gas and termed “Heliarc.” The high energy of the helium arc enabled to put
in energy fast enough to compensate the fast dissipation of heat due to the high conductivity
of the aluminum. Most SAW fluxes are based on oxides, but when fluorides are used, the arc
length is shorter for equivalent voltages and wire feed speeds. The higher ionization energy
of fluorine over oxygen is the likely cause of this effect.

Figure 4: Energy of first ionization for pure elements.

XXX Review plasma properties and define the “Conduction temperature” of a plasma Tc

3. Voltage in the arc

The voltage in the welding arc (between the electrode and the plate) has a profile that is not
intuitive. Voltage does not fall evenly as electricity flows through the arc; instead, voltage
has steep variations near the cathode and the anode, with a gradual variation only in the
arc column, as shown in Figure 5. These steep variations have enormous implications in
practice.
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The overall voltage in the arc is approximately independent of current above 75 A, as
shown in Figure 6. This is unexpected, since most familiar electrical phenomena involve
voltage losses that increase with current. Overall voltage, however, increases approximately
linearly with arc length for arcs longer than 1 mm, as shown in Figure 7. The overall arc
voltage in pure helium is approximately 1.7 times the voltage of argon mixtures [2, p. 5.4-6].
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Figure 5: Voltage profile between the electrode and the plate

3.1. Voltage fall in the arc column

Voltage fall in the column is the consequence of the electrical resistivity of the plasma. The
electrical conductivity of the plasma (inverse of the resistivity) increases with temperature,
as ionization also increases, supplying more free electrons for conduction. As current affects
the temperature and the width of the arc; these effects combine in a way in which the voltage
gradient in the arc column is approximately constant under typical welding conditions.

dV

dz
= 1 V mm−1 for GTAW in Ar (5)

dV

dz
= 1.7 V mm−1 for GTAW in He (6)

dV

dz
= 0.8 V mm−1 for GMAW in Ar-rich mixtures and flux-based processes (7)

dV

dz
= 1.6 V mm−1 for GMAW in He-rich mixtures (8)
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Figure 6: Total arc voltage as a function of current [3, Fig. 6.2].
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Figure 7: Total arc voltage as a function of arc length for GTAW with Ar for 3 mm pure
tungsten electrodes [3, Fig. 6.3].
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where z is a coordinate along the axis of the arc, in the direction towards the anode. The
value of 1 V mm−1 for GTAW is consistent with the slope of the linear part of the curves in
Figure 7. The value of 0.8 V mm−1 is often also considered as 20 V in−1. In the absence of
better published information, we will assume that the column voltage in all processes other
than GTAW or helium mixtures is 0.8 V/mm. The voltage gradient with pure He seems to
be approximately twice that of pure Ar [3, Fig. 6.6].
XXX Discuss effect of current

3.1.1. Arc column diameter

The diameter of the arc column near the plate increases with arc length. A very rough
approximation of this behavior is the following:

darc, plate =
√

larc (9)

More accurate predictions are in [4, 5]

3.2. Voltage fall in the anode

The interaction between the arc and the anode causes a rapid voltage fall, and also localized
heating. We will assume for now that the amount of heat generated at the anode is equivalent
to the power dissipated in the voltage fall. This is the foundation of measurements of anode
fall voltage using calorimetry [6–8]
The anode fall voltage is comprised of the work function of the anode material, the sheath

voltage, and the presheath voltage [3].

Vanode = Vanode,nonLTE + φanode +
3

2

kB

e
T (10)

The first term accounts for the effects of the sheath and presheath. The temperature
considered is approximately that at the edge of the presheath, which is of the order of 10,000
K for Ar. The value of Boltzmann’s constant kB is 8.617 10−5 eV K−1.
The work function component corresponds to the energy that is deposited when an electron

joins a material in a condensed phase (solid or liquid). When the energy is measured in eV,
that voltage is part of the anode fall voltage. Table 1 summarizes the work function for
selected chemical elements in solid state.
The third term in the right-hand side accounts for energy deposited by the hot electrons

when they are absorbed by the anode. The voltage fall increases slightly with current, and
we will consider for now that it is approximately independent of current.
Based on [1], the energy balance at the anode can be approximated as:

qanode = IVanode + qanode,column − qevap (11)

where the the contributions from the column and losses by evaporation will be discussed
later.
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Table 1: Work function for chemical elements in solid state
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A revision of results in [6,7] indicates that the overall anode fall voltage is approximately
4.8 V for steel in Ar-10% CO2 and 4.2 V for aluminum alloys 4043 and 5356 in pure Ar.
XXX discuss effect of current
Discuss anode voltages in SAW

3.3. Voltage fall in the thermionic cathode

The negative electrode is a cathode, and emits electrons. One of the mechanisms of emitting
electrons is thermionic emission, in which the electrons leave the surface of the metal aided
by its high temperature. The electron current density due to thermionic emission Jthermionic

is given by the Richardson-Dushman equation [1].:

Jthermionic = AT 2
cathode exp

[

(φcathode − φSchottky)
e

kB
Tcathode

]

(12)

where A is a constant that depends on the cathode (of the order of 6 105 Am−2K−2) , Tcathode

is the temperature of the surface of the cathode, φcathode is the effective work function of the
cathode surface, and φSchottky is the Schottky correction of the work function given by

φSchottky =

√

eEcathode

4πε0
(13)

where Ecathode is the electric field on the surface of the cathode. The Schottky correction
is typically of the order of 0.2 eV to 0.25 eV. The effective work function for tungsten is
approximately 4.5 eV, and much less (2.5 eV to 2.6 eV) for tungsten with rare-earth oxides
such as thoria or lanthanum oxide.
Figure 8 compares the boiling temperature and work function of different metals against

the current density predicted by Equation 12 XXX must find values of A!!XXX. Although
all metals are in theory capable of thermionic emission, at atmospheric pressure very few
metals are in a condensed phase (solid or liquid) at temperatures high enough for thermionic
emission at the current densities typical of welding ( 102 A cm−2 to 104 A cm−2). Only
tungsten, molybdenum, and zirconium would not vaporize before reaching thermionic emis-
sion, and under some circumstances, titanium could join this group. All these materials
are highly reactive with oxygen, and only tungsten (with a melting point of 3695 K) can
achieve thermionic emission in welding conditions in the solid state, thus its use as electrode
in GTAW (the melting temperature of molybdenum is 2890 K, and of zirconium is 2128 K,
both too low for use as solid electrodes). When these refractory metals are the substrate
being arc welded with electrode positive, thermionic emission is possible from hot points in
the substrate. For example in the GMAW of titanium in DCEP, the high spatter observed
at low currents has been attributed to effects caused by thermionic emission in the weld
pool [9]. Graphite, with a sublimation temperature of the order of 4000 K is also a suitable
material for thermionic electrode.
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Figure 8: Boiling temperature and work function for different metals. The lines correspond
to thermionic current density calculated from Equation 12

The Welding Arc 13



The interaction between the arc and the thermionic cathode is also associated with causes
a rapid voltage fall, and also localized heating. We will assume for now that the amount of
heat generated at the thermionic cathode is equivalent to the power dissipated in the voltage
fall.
The fall voltage is comprised of the work function of the cathode material, the sheath

voltage, and the presheath voltage [3].

Vtherm.cath. = Vtherm.cath.,nonLTE − φtherm.cath. −
3

2

kB

e
T (14)

The first term accounts for the effects of the sheath and presheath. The work function
component corresponds to the energy that is taken when an electron leaves the cathode. The
third term in the right-hand side accounts for energy taken in heating the electrons when
they leave the cathode. The temperature considered is approximately that at the edge of
the presheath, which is of the order of 10,000 K for Ar. Measurements indicate that the
cathode voltage fall seems to have no dependence at all with current.
The energy balance at the thermionic cathode can be approximated as:

qtherm.cath. = IVtherm.cath. + qtherm.cath.,column − qevap (15)

where the the contributions from the column and losses by evaporation will be discussed later.
The overall thermionic cathode fall voltage is approximately 1 V, consistent with [3, Fig.
6.42].
The voltage fall in the cathode is typically independent of current (cite Lowke Murphy

IIW presentation??)

3.4. Voltage fall in the non-thermionic cathode

The non-thermionic cathode is currently not very well understood. Instead of the diffuse
and steady attachment that happens in the thermionic cathode, the attachment to the non-
thermionic cathode is in the form of microscopic “cathode spots” of less than 10−4 s duration.
The presence of oxides tends to stabilize the arc, thus the use of small amounts of oxygen or
CO2 to stabilize the arc in the GTAW of steel. In aluminum, no oxidizing gas is added to
the shielding gas, and the cathode attachment is happens at the edge between the molten
metal and the oxidized solid surface, resulting in a cleaning action.
The mechanism for electron emission from a non-thermionic cathode is typically consid-

ered thermo-field emission, although there is no complete agreement about it. Thermo-field
emission is a combination of thermionic emission (which depends on the cathode surface
temperature) and field emission (which depends on the electric field at the cathode surface).
The interaction between the arc and the thermionic cathode is also associated with causes

a rapid voltage fall, and also localized heating. We will assume for now that the amount of
heat generated at the thermionic cathode is equivalent to the power dissipated in the voltage
fall.
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The non-thermionic fall voltage is typically analyzed as a time and space avarege as:

Vnon-therm.cath. = Vnon-therm.cath.,nonLTE − φnon-therm.cath. −
3

2

kB

e
T (16)

The first term accounts for the effects of the sheath and presheath. The work function
component corresponds to the energy that is taken when an electron leaves the cathode. The
third term in the right-hand side accounts for energy taken in heating the electrons when
they leave the cathode. The temperature considered is approximately that at the edge of
the presheath, which is of the order of 10,000 K for Ar. Measurements indicate that the
cathode voltage fall seems to have no dependence at all with current.
The energy balance at the thermionic cathode can be approximated as:

qnon-therm.cath. = IVnon-therm.cath. + qnon-therm.cath.,column − qevap (17)

where the the contributions from the column and losses by evaporation will be discussed
later.
A revision of results in [6, 7] indicates that the overall thermionic cathode fall voltage is

approximately 11 V for pure Ar, and 13.8 V for Ar-5% CO2.
The voltage fall in the cathode is typically independent of current (cite Lowke Murphy

IIW presentation??)
Discuss cathode voltages in SAW
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A. Notation XXX add charge of electron, mu0, epsilon0,

and other properties etc

Variable Unit Description

c J kg−1 K−1 Specific heat of the substrate
i J kg−1 Enthalpy of substrate
k Wm−1 K−1 Thermal conductivity of the substrate
L m Length of beam spot in direction of motion
q W Power absorbed by substrate
q′′ W m−2 Heat flux absorbed by substrate
t s Time
tR s Beam residence time
T ◦C Temperature
T0

◦C Initial temperature (preheat or interpass
temperature)

Tc
◦C Temperature of interest for calculations

¯̇
Tf

◦C s−1 Average heating rate under the beam

Ṫb
◦C s−1 Cooling rate behind the beam

Tmax
◦C Maximum temperature at a given depth

Tmax, s
◦C Maximum temperature at surface plane

U m s−1 Travel speed of the moving heat source
wHAZ m Width of HAZ
wmelt m Width of incipient melt track
wspot m Width of laser spot
x, y, z m Cartesian coordinates

Greek

α m2 s−1 Thermal diffusivity of the substrate
η - Thermal efficiency
ρ kg m−3 Density of the substrate

Superscripts
∗ Dimensionless value

Subscripts

eff Effective value

Acronyms

HAZ Heat affected zone
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