
Chapter 7
Arc Welding and Hybrid Laser-Arc
Welding

Ian Richardson

Abstract Laser-arc hybrid welding has developed into a viable industrial tech-
nology in recent years with a number of technological applications. The physics of
the underlying interactions between the laser beam and arc plasma is quite complex
and, in order to explore the relationships involved, it is useful first to consider
important aspects of arc and laser welding separately. The physics of laser welding
has already been examined in Chaps. 4 and 5. A generic description of welding arcs
is therefore provided here, which forms a basis for interpretation of laser-arc
interactions and the hybrid welding conditions discussed in the final section of this
chapter.

7.1 The Structure of the Welding Arc

Arcs belong to the class of self-sustaining reversible electrical discharges, which are
characterised by plasma temperatures significantly above room temperature, high
current densities at the electrodes (in comparison to other types of self-sustaining
reversible electrical discharges, such as glow discharges) and relatively low volt-
ages, of the order of a few volts to a few tens of volts. Arcs may operate over a wide
range of currents from a few tens of milliampères, defining the lower boundary
between arc and glow discharges, to currents of mega-ampères and above.

Arc properties and behaviour are very difficult to define precisely because of the
large range of phenomena encompassed by the term. Various definitions have been
proposed including the following descriptive example by Guile [1]:
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An arc is a discharge of electricity between electrodes in a gas or in a vapour from the
electrodes which has a voltage drop at the cathode of the order of the excitation potential of
the electrode vapour (viz: only of the order of 10 volts) and in which the current flowing
can have any value almost without limit, above a minimum, which is about
100 milliampères.

Welding arcs are generally subject to additional limitations including the need
for spatial and temporal stability. The subject of arc welding has been studied
extensively for many years; nevertheless numerous works on the subject indicate
that observation and experiment often fail to show simple or well defined beha-
viour, but instead provide a multitude of sometimes seemingly contradictory
interdependencies, which vary enormously with prevailing conditions [1]. The
physical mechanisms governing arc welding operations are numerous and involved,
both within the arc and at the electrodes. Some of the observed behavioural vari-
ations can be directly ascribed to changes in conditions within the structure of the
arc. Behaviour at the electrodes is known to have a major influence on arc char-
acteristics and stability, although the exact nature of many of the interactions has
yet to be fully explored.

From a macroscopic point of view the arc may be regarded as an energy con-
verter. Energy is supplied in a controlled manner in the form of electrical input and
is converted into heat and a broad range of electromagnetic radiation. The nature of
the conversion process and the subsequent behaviour of the arc are determined to a
large extent by the prevailing physical conditions (gas type, electrode composition,
geometry etc.). In order to gain some perspective on arc behaviour it is useful to
consider the main gaseous discharge characteristics required for welding operations.

The following discussion will focus on the types of arc commonly employed in
welding, that is, collision dominated, stable point-plane arcs burning between a
rod-like welding electrode and a planar work-piece electrode. The notation
employed to describe arc and hybrid laser-arc welding is provided in Table 7.1.

7.1.1 Macroscopic Considerations

Like all gas discharges, the welding arc can be described with reference to three
principal regions, the cathode fall zone, the plasma column and the anode fall zone
(Fig. 7.1). These regions are not distinct but merge in a physically continuous
manner. The dimensions of each of the electrode zones are of the order of 10−6 m.
In contrast the plasma column can be several millimetres long.

The anode and cathode fall zones are characterised by net local space charges
within a few microns of the electrode surfaces. The discharge contracts, giving rise
to high current densities, of the order 108–109 A m−2 at the cathode surface and
107 A m−2 at the anode surface, whilst in the plasma column the mean current
density is of the order 106 A m−2. Differences in current density coupled with the
self-induced magnetic field generate electromagnetic forces, acting from regions of
high to low current density. These pump gas through the body of the discharge
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Table 7.1 Table of notation

Symbol Units Meaning
Latin symbols

a m Constant
ao m Bohr radius (= 5.3 × 10−11)
A A m−2 K−2 Thermionic emission material constant
Aul s−1 Transition probability
Aω V m−1 Laser beam electric field amplitude
b m Constant
B T Magnetic flux density
c m s−1 Speed of light
cf,r m Constant
cp J kg−1 K−1 Specific heat capacity at constant pressure
C – Inertial coefficient
C1 m−3 Constant (7.66)
C2 W Material constant (7.12)
Cμ – Eddy viscosity proportionality constant (= 0.09)
d m Material thickness
da m Dendrite arm spacing
dj m−1 Concentration gradients diffusion
Damb m2 s−1 Ambipolar diffusion coefficient
De m2 s−1 Electron diffusion coefficient
Dij m2 s−1 Ordinary diffusion coefficient

Dx
AB m2 s−1 Combined ordinary diffusion coefficient

DP
AB

m2 s−1 Combined pressure diffusion coefficient

DT
AB

m2 s−1 Combined temperature diffusion coefficient

Di
T m2 s−1 Thermal diffusion coefficient

D(Es, W) – Electron tunnelling probability
e C Charge on the electron
E V m−1 Electric field strength
Ea V m−1 Induced electric field
Ec V m−1 Complex electric field strength amplitude
Ee V m−1 Applied electric field
E1 J First ionisation energy
EH J Ionisation energy of hydrogen (= 13.6 eV)
Eiu J Energy of the upper excited state
En J Discrete energy level of an atom
Eo V m−1 Electric field strength amplitude
Es V m−1 Electric field strength at a surface
ff,r – Fractional power to front and rear of Goldak ellipsoids
fl – Liquid fraction
fs – Solid fraction

(continued)
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Table 7.1 (continued)

Symbol Units Meaning
Latin symbols

Fj N Force
Fp m Focal length
gA m−2 s−1 Mean number flux of gas A
gi m−2 s−1 Number flux of ith species
giu – Statistical weight of the upper excited state (7.9)
gl – Liquid volume fraction
gn – Degeneracy of states of energy En

gz m s−2 Acceleration due to gravity
g ̄ðν, TÞ – Average Gaunt factor
g(ν, u1, u2) – Gaunt factor
h J s Planck’s constant
h, hl J kg−1 Enthalpy
HL J m−3 Latent heat of fusion
I A Current
I(x) W m−2 sr−1 Radiance
Io W m−2 sr−1 Radiative power density, laser power density
Iν(r, Ω) J m−2 Specific intensity at a position r, frequency ν in the direction Ω

Ioλ ðrÞ W m−3 sr−1 Plank function

Ioν ðrÞ J m−2 sr−1 Plank function

J A m−2 Current density
JT A m−2 Thermionic current density
k m2 s−2 Turbulent energy
k, kn m−1 Wave vector
kB J K−1 Boltzmann’s constant
m – Complex refractive index
mA,B kg Mass of gas A (or B)
me kg Mass of an electron
Mi,j kg Mass of an ion
ṁv kg s−1 Mass flux of vapour
M kg mol−1 Molar mass
n m−3 Number density
n – Principal quantum number (7.20)
na m−3 Number density of unionised atoms
ncr m−3 Critical number density
ne m−3 Electron number density
ne, LTE m−3 Equilibrium electron number density
ni m−3 Number density of species i
nIm – Imaginary part of the refractive index

(continued)
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Table 7.1 (continued)

Symbol Units Meaning
Latin symbols

n ̇i m−2 s−1 Number flux of particle species
np m−3 Aerosol particle number density
nRe – Real part of the refractive index
nT m−3 Number density of atoms + ions
N(W, Ts, φ) J−1 m−2 s−1 Supply function
P N m−2 Pressure
p1 – Constant (7.66)
p(x’) kg m s−1 Electron momentum
Pa N m−2 Arc pressure
Pi,arc,laser W Power
Pp N m−2 Vapour recoil pressure
Po N m−2 Ambient pressure
Pr – Prandtl number
Prt – Turbulence Prandtl number
Ps W Input power
Pv N m−2 Saturation vapour pressure
q C m−3 Charge per unit volume
qf, r W m−3 Goldak power density distribution
qr
rad W m−2 Radiative flux

Q W m−2 Power density
Qarc W m−2 Arc power distribution
Qlaser W m−2 Laser power distribution
QT W m−2 Sum of laser and arc power densities
r m Radius
ra m Arc radius
rb m Laser beam radius
rmax m Maximum aerosol particle radius
rmin m Minimum aerosol particle radius
Rij,Rji s−1 Rate coefficients
si – Stoichiometric coefficients
S W m−2 Time averaged laser beam energy density
Sf m2 Laser focal spot area
St s−1 Strain rate

t s Time
T K Temperature
Te K Electron temperature
Ts K Surface temperature
u m s−1 Velocity
uE m s−1 Velocity due to electric field

(continued)
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Table 7.1 (continued)

Symbol Units Meaning
Latin symbols

um m s−1 Metal surface velocity
ur m s−1 Radial velocity
us m s−1 Surface velocity
ut m s−1 As the characteristic turbulent velocity
uT m s−1 Thermal velocity
uv m s−1 Metal vapour velocity
uw m s−1 Welding speed
uz m s−1 Axial velocity
U W m−3 Radiation source strength
V V Voltage
Vr m s−1 Relative velocity vector between liquid and solid phases
Vw, Vsheath V Sheath voltage
W J Electron energy
Wa J Energy of an electron inside a metal
x m Distance to arc axis (7.8)
xj – Number density ratio of jth species
yref m Characteristic boundary layer length
Zi – Partition function
Zj,Zi – Charge number
Z – Ionic charge
zi Degree of ionisation, net effective charge
Greek symbols

α – Fine-structure constant (= 1/137) (7.18)
α m2 s−1 Thermal diffusivity
αo m Bohr radius
β m3 K−1 Volumetric expansion coefficient
γ N m−1 Surface tension coefficient
γg – Euler-Mascheroni constant
γk – Quantum yield
γi – Quantum yield
δ(z) m−1 Dirac delta function
Δh J kg−1 Heat content per unit mass
ε m2 s−3 Turbulent energy dissipation

ε(r) W m−3 sr−1 Radial emission coefficient
εo A2 s4 kg−1 m−3 Permittivity of free space (= 8.854 × 10−12)
εr – Dielectric constant
ε ul W m−3 sr−1 Emission coefficient on electron transition between states

u and l
(continued)
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Table 7.1 (continued)

Symbol Units Meaning
Latin symbols

εω – Relative complex dielectric permittivity of a plasma at
frequency ω

η – Process efficiency
κ W m−1 K−1 Thermal conductivity
κK – von Karman’s coefficient (= 0.4)
κλ, κω m−1 Spectral absorption coefficient
κν m−1 Radiative absorption coefficient
κν
bf m−1 Bound-free absorption coefficient
κν
ei m−1 Electron-ion absorption coefficient
κν
eo m−1 Electron-atom absorption coefficient
λ m Wavelength
λL N m−2 Lagrange multiplier
μ N s m−2 Dynamic viscosity
μB N s m−2 Coefficient of bulk viscosity
μF J Fermi energy
μo kg m s−2 A−2 Permeability of free space (= 4π × 10−7)
μt N s m−2 Turbulent viscosity
ν Hz Frequency
νeo Hz Electron-neutral collision frequency
νul Hz Photon frequency
ρ kg m−2 Density
ρma kg m−2 Aerosol mass density
ρ∞ kg m−2 Ambient gas density
σ Ω−1 m−1 Electrical conductivity
σc m2 Electron-atom collision cross section
σi m2 Photo-ionisation cross section
σM,a m2 Mie absorption cross section
σM,s m2 Mie scattering cross section
σR,a m2 Rayleigh absorption cross section
σR,s m2 Rayleigh scattering cross section
σT m2 Thomson scattering cross section
φ V Work function
τa Pa Shear stress
χ’ m3 s−1 Recombination coefficient
ω s−1 Angular frequency
ωp s−1 Plasma frequency
Abbreviations

GMA Gas metal arc
GTA Gas tungsten arc
HAZ Heat affected zone
LTE Local thermal equilibrium

(continued)
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contributing to the characteristic bell shaped point-plane arc which arises (partly) as
a result of colliding anode and cathode jets (Fig. 7.2).

Welding arcs are characterised by the transfer of mass between the electrodes. In
consumable welding, the mass motion involves the transfer of molten metal from
one electrode to another. The direction of motion is dependent on the mode of arc
operation. In both consumable and non-consumable welding, gaseous products are
transported through the arc. The forces generated depend on prevailing conditions
near the electrodes as well as environmental conditions and boundary conditions at
the edges of the discharge.

Gas flow is an important factor in welding due to its influence on process
stability and resultant weld integrity. The structure and behaviour of the discharge is
dependent on many factors including energy transport within the discharge, energy
transfer efficiency at the electrodes, chemical reactions, species diffusion, and
impurity entrainment.

To date, no comprehensive description of the physics of welding arc discharges
has been constructed; the majority of approaches are based on simplifications,
describing non-consumable arcs under equilibrium conditions [2]. Under such
conditions the following continuity equations apply:

Fig. 7.1 Schematic of a point-plane welding arc structure showing order of magnitudes of
dimensions, current densities, and electric field strengths in the different arc regions

Table 7.1 (continued)

Symbol Units Meaning
Latin symbols

pLTE Partial local thermal equilibrium
TIG Tungsten inert gas (same as GTA)
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(1) Mass must be conserved

∂ρ

∂ t
+∇. ρuð Þ=0, ð7:1Þ

where ρ is the mass density and u the velocity.
(2) Charge must be conserved

∂q
∂t

+∇.J=0, ð7:2Þ

where q is the charge per unit volume and J the current density.
(3) A generalised Ohm’s law applies

J= σ E+u×Bð Þ, ð7:3Þ

here σ is the electrical conductivity, E the electrical field strength and B the
magnetic flux density.

Fig. 7.2 Photograph of a 150 A argon gas tungsten arc burning on a stainless steel anode. The
characteristic bell shape arises in part due to collision of a strong cathodic and a weak anodic
plasma jet [110]
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(4) Maxwell’s equations apply

∇×B= μo J + μoεo
∂E
∂ t

∇×E= − ∂B
∂ t

, ð7:4Þ

where μo is the magnetic permeability of free space and εo the permittivity of
free space.

(5) Momentum is conserved, described by the Navier-Stokes equation for incom-
pressible flow

ρ
∂u
∂t

+ u.∇u
� �

= −∇P+ μ∇2u+ J×B+ ρ− ρ∞ð Þgz, ð7:5Þ

where P is the pressure, μ the dynamic viscosity, ρ∞ the gas density outside the
discharge and gz the acceleration due to gravity. Here inertial terms are
balanced by a pressure gradient, viscous stress, electromagnetic forces and a
buoyancy force. The assumption of incompressibility requires the divergence of
the flow to be zero, and is acceptable provided changes in velocity do not have
a significant influence on the internal energy (temperature).

(6) Energy is conserved, thus

ρu.∇ h+
u2

2

� �
−∇. − κ∇Tð Þ+U = J.E, ð7:6Þ

where κ is the thermal conductivity, h the enthalpy and U the radiation source
strength (energy per unit volume). Here the energy generated by the flow of
electric current is balanced by enthalpy, radiative and conductive terms.

In this description density, viscosity, thermal conductivity, enthalpy and radia-
tion source strength are thermodynamic quantities, and hence functions of tem-
perature and pressure only for any given material.

Simultaneous numerical solutions of (7.1) to (7.6) may be used to predict the
first order behaviour, structure and energy exchanges occurring in the arc column,
provided the arc is reasonably stable and that some equilibrium conditions are
satisfied. Boundary conditions for the solution of a stationary axisymmetric dis-
charge are given in Fig. 7.3 (see for example [3, 4]) and typical numerical solutions
for a stationary tungsten inert gas (TIG) arc operating in an argon environment are
shown in Fig. 7.4. In the simplest case, the axial current density at the cathode may
be assumed to be constant, although better agreement between prediction and
measurement is found if the cathodic current density follows a prescribed (for
example a Gaussian) distribution, or is preferably calculated directly from appli-
cation of the governing equations to the body of the cathode.

The magnetohydrodynamic description outlined above does not take account of
the non-equilibrium conditions occurring in the electrode fall zones, and the

198 I. Richardson



Fig. 7.3 Typical boundary conditions for numerical solution of the conservation equations
governing a stationary, axi-symmetric point-plane arc. Subscript c refers to the cathode and amb to
ambient conditions; ℓ is the distance between the cathode tip and anode plane

Fig. 7.4 Calculated a temperature b velocity and c pressure distributions for a stationary argon
TIG arc. Reproduced by kind permission of the late Prof. P.D. Kapadia
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description breaks down rapidly in the absence of partial local thermal equilibrium,
where a multi-fluid or rate equation based approach may be better suited.

In cases where incompressibility cannot be ignored, i.e. the divergence of the
flow is non-zero, the Navier-Stokes Eq. (7.5) must be modified to include extra
viscous dissipation terms and takes the form

ρ
∂u
∂t

+ u.∇u
� �

= −∇P+ μ∇2u+ J×B+ ρ− ρ∞ð Þgz +2∇μ.∇u

+∇μ× ∇× uð Þ+ 1
3
μ∇ ∇.uð Þ− 2

3
∇.uð Þ∇μ

+ μB∇ ∇.uð Þ+ ∇.uð Þ∇μB

ð7:7Þ

where μB is the coefficient of bulk viscosity, which is assumed to be zero in the
Stokes approximation [3].

7.1.2 Arc Temperatures and the PLTE Assumption

Knowledge of an arc temperature distribution provides an indication of the structure
of the arc and also of the validity of the magnetohydrodynamic description. Pre-
dicted temperatures from the model of Lowke [4] are found to be in good agreement
with temperatures measured by Haddad and Farmer [5] (Fig. 7.5). Maximum
temperatures close to the cathode of a gas tungsten arc discharge exceed 20,000 K
and temperature contours mirror the visible shape of the arc shown in Fig. 7.2. In
this example, temperatures were measured by means of non-invasive emission
spectroscopy, employing the Fowler-Milne method [6].

A number of spectroscopic temperature measurement techniques are available
based on the relationship between the measured radiance I(x) and the radial
emission coefficient ε(r). Assuming an optically thin, cylindrically symmetric
plasma, the radial distribution of the emission coefficient can be found from the
Abel inversion of measured radiance

εðrÞ= − π − 1
ZR
r

dIðxÞ
dx

x2 − r2
� �− 0.5

dx, ð7:8Þ

where x is the perpendicular distance between the line of observation and the axis of
symmetry, r the radius and R the outer limit of the source. The intensity of a spectral
line emitted upon transition of an electron from an upper to a lower energy level is
proportional to the population density of the upper energy level and the transition
probability. If equilibrium is assumed to hold, in other words a Boltzmann distri-
bution is valid, then [7]
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εul =
1
4π

Aulhνul
ni
Zi
giu exp −

Eiu

kBT

� �
, ð7:9Þ

where subscripts u and l refer to the upper and lower energy levels respectively. Aul

is the transition probability per unit time, h is Planck’s constant, νul is the frequency
of the emitted photon, ni the number density of the ith species, Zi the partition
function of the species calculated at temperature T, giu the statistical weight of the
upper excited state Eiu the energy of the upper excited state and kB is Boltzmann’s
constant.

In principle, when the emission coefficients have been measured experimentally,
the temperature can be determined from (7.9); however, although frequencies,
degeneracies and energy levels are often known with some precision, transition
probabilities, partition functions and number densities are not always known with
sufficient accuracy. To overcome difficulties with calculation of absolute line
intensities, measurements may be based on relative intensities of two or more lines.
In this case the ratio is independent of number densities and partition functions such
that

ε1
ε2

=
A1ν1g1
A2ν2g2

exp −
E1 −E2

kBT

� �
. ð7:10Þ

Fig. 7.5 Temperature
contours of a 100 A, 5 mm
long argon TIG arc. Dashed
curves indicate experimental
results [5], and solid curves
calculations. © 2002 IoPP
reproduced with permission
from [4]
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One problem with this approach is that the separation between the upper levels
of the lines is generally of the same order or smaller than the thermal energies (kBT),
making the emission coefficient ratio relatively insensitive to changes in tempera-
ture. Taking neutral argon lines at 425.94 and 430.01 nm for example, an increase
in temperature from 10,000 to 20,000 K alters the ratio ε1/ε2 by only 15% [8].
Improved accuracy can be obtained by measuring several line intensities and
forming a Boltzmann plot [9], which yields a slope proportional to the inverse
temperature, viz:

ln
ε

νAg

� �
= −

E
kBT

+ ln
hni
4πZi

� �
. ð7:11Þ

Here the second term on the right hand side is independent of the transition lines
observed. Unfortunately, this method requires measurement of a large number of
transition lines, significantly increasing the time required for experimental obser-
vation, and is only feasible for highly stable discharge configurations.

The expression for the radial emission coefficient (7.9) may be written in a
simplified form

εðTÞ=C2
nðTÞ
ZðTÞ exp −

Eiu

kBT

� �
, ð7:12Þ

where C2 is a constant depending only on the properties of the radiating species.
The function passes through a maximum at the normal temperature when the
increase due to the exponential term is balanced by a reduction of the particle
density with temperature, resulting from both reduced density and transformation
due to species ionisation. Provided the axial arc temperature exceeds the normal
temperature, the off-axis maximum in the radial emission coefficient can be used to
calibrate the radial intensity distribution. This method, known as the Fowler-Milne
method [6], eliminates the need for transition probabilities and absolute equipment
calibration, although the temperature dependent number density and partition
function must be known. The former can be calculated from the Saha equation [7]
which implicitly assumes quasi-neutrality in the plasma,

neni
ni− 1

= 2
ZiðTÞ

Zi− 1ðTÞ
2πmekBT

h2

� �3 ̸2

exp −
Ei− 1

kBT

� �
. ð7:13Þ

Here ne is the electron density, me the electron mass, ni the species density and
i denotes the degree of ionisation of the species. The partition function is defined as

ZiðTÞ= ∑
n
gn exp −

En

kBT

� �
, ð7:14Þ

where gn is the degeneracy of states of energy En. The number of discrete energy
levels of an isolated atom is infinite. For a plasma, the ionisation energy is reduced
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due to polarisation effects of neighbouring charged particles, thus only energy
levels below the reduced ionisation limit need be included. Unfortunately, there are
no experimental measurements of reduced ionisation potentials, and differences in
calculated particle densities arise as a result of different criteria chosen to truncate
the partition function series [9].

Despite the inherent reliance of numerical models and many experimental
measurement techniques on the existence of local thermal equilibrium (LTE), or at
least partial local thermal equilibrium (pLTE) for which a Boltzmann distribution
exists amongst the excited states of the plasma, the existence of such a condition
has been questioned from both a theoretical and experimental perspective. Cram
et al. [10] calculated the population density of excited states from a
collisional-radiative model. Under kinetic equilibrium conditions

∑
j≠ i

njRji − niRij
� �

=0, ð7:15Þ

where ni(r) is the population density of state i at position r. Rij is the rate coefficient,
comprising terms in spontaneous emission, stimulated emission and excitation and
de-excitation due to particle collisions. A solution of the radiative transfer equation
provides values of the net radiative (Biberman-Holstein) coefficients,

∂Iνðr,ΩÞ
∂l

= − κνðrÞ Iνðr,ΩÞ− Ioν ðrÞ
� �

, ð7:16Þ

where Iν(r, Ω) is the specific intensity at a position r, frequency ν in the direction
indicated by the vector Ω. The absorption coefficient κv involves continuum and
line absorption terms and the source term Iν

o(r) is given by the Planck function

Ioν ðrÞ=
2hν3

c2
exp

hν
kBTe

� �
− 1

� 	− 1

, ð7:17Þ

where c is the speed of light, and Te the electron temperature. Differences between
the population densities calculated using the LTE assumption and those of the
collisional-radiative model have been found in the outer regions of the arc for
electron temperatures below 8,000 K and associated electron densities below
1021 m−3. This is attributed to enhanced excitation of higher atomic states by intense
radiation emitted from the core of the arc. Strong excitation of the 4s levels occur
when electron collisions are insufficient to maintain an equilibrium population due to
Ar I resonance lines. Similarly, photo-recombination is responsible for exciting the
ground state of the Ar II ions and the associated resonance lines enhance excitation
of the excited Ar II states [10]. The electron density is below the level required for
equilibrium between the ground state and excited states [9, 11]. At best, equilibrium
can apply only between excited states, i.e., partial local thermal equilibrium.

Greim [7] indicates that the following condition on the electron density ne must
be satisfied for LTE to apply:
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ne ≥ 5
8π0.5

α
ao


 �3
E1
EH


 �3
kBT
EH


 �0.5
≥ 9.2 × 1023 E1

EH


 �3
kBT
EH


 �0.5 , ð7:18Þ

where α is the fine-structure constant, ao is the Bohr radius, EH the ionisation
energy of hydrogen and E1 the plasma (first) ionisation energy. For an argon plasma
with E1 = 2.52 × 10−18 J and (7.18) reduces to

ne ≥ 3.6 × 1021T0.5, ð7:19Þ

which is not attainable under welding arc conditions at atmospheric pressure.
For pLTE, the electron density condition is given by the approximation [7]

ne ≥ 7 × 1024
z6

n8.5
kBT
EH

� �0.5

, ð7:20Þ

where z is the number of effective charges and n the principal quantum number.
Electron densities for a given principle quantum number should meet or exceed the
calculated limit to ensure that 90% of the population in that state is in equilibrium
with higher discreet states and with the free electrons. Particle number densities for
an argon plasma, based on the data provided in [12] are shown in Fig. 7.6.

Fig. 7.6 Argon plasma
particle number densities
plotted from the data in [12]
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Experimental evidence for departures from pLTE has been presented by several
authors [13–18]. Farmer and Haddad [13], determined argon atom number densities
from experiments involving Rayleigh scattering and compared the associated
temperatures with those derived by the Fowler-Milne spectroscopic technique.
Significant differences, attributed to the breakdown of the Boltzmann distribution,
were reported for temperatures below 9,000 K. A comparison of the maximum
value of the normalised radial emission coefficient (for a 5 mm long, 200 A argon
TIG arc) as a function of axial position [14], showed that although the radial
emission coefficient remains constant close to the anode, departures are seen within
1.5 mm of the cathode, where the maximum value falls as the cathode is
approached.

Degout and Catherinot [17] determined electron density distributions in an argon
TIG arc from spectroscopic measurements of Stark broadening and compared
results with absolute and two line spectroscopic methods. They concluded that
pLTE did not hold anywhere within the column of a 4 mm long argon arc in the
current range 25–35 A. Supporting results are reported by Thornton [9, 18] who
measured the temperature of a 100 A, 5 mm long argon TIG arc using the
Fowler-Milne method and found that temperatures within 1 mm of the cathode vary
by up to 4,000 K dependent on the emission line employed, whilst variations of
more than 1,000 K exist within the body of the discharge (Fig. 7.7). Thornton
suggests that departures from pLTE within 1 mm of the cathode could be related to
the reduction in electron density at temperatures exceeding 17,000 K, assuming
ionisation equilibrium.

The presence or absence of pLTE in welding arc discharges has not yet been
definitively established, either theoretically or experimentally. Based on the avail-
able evidence, it is certain that LTE is violated almost everywhere and it appears
highly likely that significant departures from pLTE exist close to the cathode. For
the remaining body of the discharge, pLTE departures, if present, are likely to be
small and limited to arcs with currents of a few tens of ampères. Under these

Fig. 7.7 a Temperatures on the axis of a 100 A, 5 mm long argon TIG arc measured for different
spectral lines using the Fowler-Milne method [9] and b a partial energy level diagram for neutral
argon
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conditions it is convenient to consider such departures as errors in the derived
temperature, and to model the arc based on a pLTE assumption; however, it should
be noted that this may not always yield a physically relevant description of arc
behaviour.

7.1.3 Multi-component Plasmas

Arc temperatures and local thermal equilibrium considerations have been discussed
so far with reference to a monatomic gas. In practical welding applications, the
plasma is inevitably a mixture of atomic and molecular species, the composition of
which can be influenced by a number of factors including (i) the choice of shielding
gas mixture; (ii) evaporation of material from the weld pool, governed primarily by
weld pool chemistry, thermal distribution on the pool surface and fluid flow within
the pool; and (iii) entrainment of atmospheric contaminants into the arc jet, which is
a function of the shielding geometry, the momentum of the cold gas flow and
velocity distribution of the arc plasma.

The local composition of a multi-species plasma is influenced by diffusive
separation of component species, the plasma cannot therefore be assumed to adopt a
uniform compositional distribution. For a plasma close to thermal equilibrium, the
distribution function of species is assumed to be Maxwellian, perturbed by forces
arising from concentration, pressure, temperature and electric field gradients asso-
ciated with transport phenomena. The resultant redistribution leads to de-mixing,
which in turn can influence the structure of the arc and the associated heat transfer
properties.

When considering a plasma with q species, ½(q2−q) linearly independent
ordinary diffusion coefficients and (q–1) linearly independent thermal diffusion
coefficients are required to characterise the diffusion behaviour. The diffusion
coefficients have to be calculated for each temperature and gas composition in the
plasma, leading to (q–1) species conservation and momentum conservation equa-
tions [19, 20]. In this context, a species is defined here to include electrons and any
molecule, atom, or ion exhibiting a distinct structure. The large number of species
present in welding plasmas means that calculations are time consuming and com-
plex, and have yet to be reported for many welding arc compositions. Treatments
can be greatly simplified if diffusion is described in terms of the gases rather than
the many species present. Such an approach has been developed for a binary gas
mixture by Murphy [20–23] where the ½(q2 + q–2) diffusion coefficients are
replaced by four combined coefficients representing (i) a combined ordinary dif-
fusion coefficient; (ii) a combined pressure diffusion coefficient; (iii) a combined
thermal diffusion coefficient, describing diffusion of the two gases due to concen-
tration, pressure, and temperature gradients; and (iv) the electrical conductivity,
describing diffusion of charged particles due to the applied electric field.

The number flux gi of species i relative to the mass-average velocity in the
presence of a temperature gradient, is given in [21] as
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gi ≡ niui =
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j=1
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DT
i

mi
∇ ln T , ð7:21Þ

where ni is the species number density, ui the diffusion flux of species i relative to
the mass average velocity, ρ the mass density, T the temperature and mj the mass of
the jth species. Dij is the ordinary diffusion coefficient and Di

T the thermal diffusion
coefficient. The term dj describes the diffusion forces due to gradients in concen-
tration xj = nj/n, pressure P and external forces Fj
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Identifying the external forces with applied Ee and induced Ea electric fields to
account for ambipolar diffusion yields

dj =∇xj + xj −
ρj
ρ

� �
∇ lnP−

njZje
nkBT

Ee +Eað Þ, ð7:23Þ

where Zje is the charge on the particle. The induced electric field E
a arises due to the

tendency of electrons to diffuse more rapidly than ions and acts to slow electron
diffusion whilst speeding up ion diffusion.

For a mixture of gases A and B the mean number flux gA of gas A is given by

gA = ∑
q

i=2
sigi =

n2

ρ
mB Dx

AB∇xB +DP
AB∇ lnP
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 !
∇ ln T , ð7:24Þ

where si are the stoichiometric coefficients and the bar indicates that the parameters
represent the gas rather than a species. The summation excludes i = 1 which refers
to the electron contribution. Defining

αi = ∑
q

j=1
njmjZjDij

β= − ∑
q

i, j=1
ZiZjnjmjDij

, ð7:25Þ

and including the influence of the electric field in the ordinary and thermal diffusion
coefficients

Da
ij =Dij + αi
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the combined ordinary, pressure and thermal diffusion coefficients may be
expressed [21] as

Dx
AB =
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Reference [24] gives the electrical conductivity as

σ =
e2n
ρkBT
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j=2
njmjZjD1j −Zj ∑

q

i=1
nimiZiDji

� �
. ð7:28Þ

The influence of diffusion-driven de-mixing in plasmas is significant under some
welding conditions, for example when welding some coated materials or when
welding with argon-hydrogen gas mixtures, and is also important for non-welding
applications such as chemical synthesis and waste destruction. Murphy [25] reports
that for a 200 A, 5 mm long TIG arc burning in an argon-helium shielding gas
containing 10% helium by mass, the helium mass fraction is increased at the arc
centre by 120–150%, and depleted in the outer regions of the arc by about 20%. The
change in composition is accompanied by an increase in plasma flow velocity of the
order 20% at atmospheric pressure [26]. This behaviour has been observed to
generate high momentum plasma flows at elevated pressures, and has been
exploited to extend the range of applicability of plasma keyhole welding to pres-
sures above 90 bar [27]. For an argon-nitrogen mixture containing 20% nitrogen by
mass, an increase of about 25% in nitrogen mass fraction is seen close to the axis of
a 200 A TIG arc due to frictional forces driven by collisions between argon and
nitrogen species. At arc radii between about 1 and 2–3 mm, a 10% mass fraction
depletion is observed whilst in the outer fringes, the nitrogen mass fraction is again
greater than in the input gas mixture. This is caused by diffusion driven by the mole
fraction gradient, which displaces nitrogen to lower temperatures below the
re-combination temperature. In general de-mixing does not have a large influence
on temperatures; however, in some cases, the change in gas composition can result
in significant changes in energy transport. For example for argon-hydrogen arcs, the
distribution of the thermal flux to the anode can be modified causing up to 50%
increased thermal flux close to the arc axis, whilst for nitrogen arcs, this increase is
of the order 10% [26].

The combined diffusion coefficient approach has been extended to describe
diffusion under non-equilibrium plasma conditions. The magnitudes of the com-
bined ordinary and thermal diffusion coefficients decrease as the plasma departs
from equilibrium [19, 28]; i.e., as the ratio of electron to heavy particle temperature
increases. This is particularly relevant close to the cathode in arc welding.
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7.2 The Arc Electrodes

The structure of an arc is determined to a significant extent by the boundary
conditions at the electrodes, which in turn are governed by a large number of factors
including electrode compositions, temperature distributions, chemical reactions,
geometry and physical state (solid, liquid, vapour), all of which can undergo rapid
and relatively large spatial and temporal variations. Local electrode conditions are
governed by the composition and by the energy balance at the electrode surface,
which includes terms describing particle collisions (neutral and metastable atoms
and charged particles), radiation, chemical reactions, Joule heating, convection,
mass transfer, conduction and vaporisation. The arc plasma changes structure close
to the electrodes to ensure continuity at the interface.

7.2.1 The Cathode

The extent of the cathode fall region can be estimated from the values of the
cathode voltage drop and electric field strength (Fig. 7.1), which imply a thickness
of the order 10−6 m; this is at most of the order of the mean free paths of the
component particle species, indicating a negligible collision rate and energy transfer
within this region [29].

The current density at the cathode surface is the sum of the ionic and electronic
terms, where the latter includes contributions from both primary and secondary
emission mechanisms. For refractory cathodes, emission behaviour is often
described by the Richardson-Dushman equation for thermionic emitters modified to
include a Schottky contribution. Taking account of secondary terms the electronic
current density J takes the form [30]

J = e∑
i
γini̇ +AT2 exp −

eφ
kBT

+
e

kBT
eE

4π εr εo

� �0.5
 !

, ð7:29Þ

where γi is the quantum yield and ni̇ the number flux of particle species i arriving at
the cathode surface (including photons), φ is the work function, A a material
constant and εr the dielectric constant. The relative influences of electric field
strength and temperature are shown in Fig. 7.8.

The high temperature at the cathode is maintained by the energy flux carried by
particles diffusing to the cathode surface, driven by density and potential gradients;
on reaching the cathode these are neutralised, absorbed or undergo de-excitation.
The particle flux required for current continuity exceeds the supply from the plasma
column and the combined cathode sheath and pre-sheath potential reflects the
energy required to generate sufficient flux in the vicinity of the cathode due to
collisions between the gas and emitted electrons.
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In order to provide an adequate model of the cathode sheath region, the popu-
lation densities, distributions and collision cross-sections of all species present
should be determined together with the energy balance equation. Several models of
varying degrees of complexity have been reported [29–36] and many factors play a
role. For example, the presence of ions close to the cathode surface leads to a two
stage resonant tunnelling process, involving metal to ion and ion to sheath steps,
which effectively lower the local potential barrier. A rate equation approach [33]
has been adopted to show that the resonant contribution significantly exceeds the
non-resonant term and that ion neutralisation and re-ionisation play an important
role in the space charge region. This observation is in agreement with the earlier
model of Hsu and Pfender [34] who indicate a sharply increasing ion flux within
10 μm of the cathode surface. The temperature is reported to rise sharply away from
the surface, increasing from the melting temperature of the electrode to 104 K over
a distance of around 5 μm [32].

For non-thermionic cathodes, similar physical considerations apply; however, it
is generally accepted that the balance shifts toward the domination of field emission
as the primary mechanism. The Murphy and Good equation is often employed [37,
38], which takes the form

J = e
Z∞

−Wa

DðEs,WÞNðW ,Ts,φÞdW , ð7:30Þ

where D(Es, W) is the electron tunnelling probability and N(W, Ts, φ) is the number
of Fermi-Dirac distributed electrons incident on the barrier per unit time per unit
area having energy between W and W + dW. The effective potential energy of the
electrons inside the metal is −Wa; Ts is the cathode surface temperature and Es the
electric field strength at the surface. The Richardson-Schottky expression is

Fig. 7.8 Current density as a
function of temperature and
electric field strength for an
arc burning on a cathode with
a 4.5 eV work function. ©
2002 IoPP reproduced with
permission from [31]
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recovered when Es → 0. The effect of ions close to the cathode surface can be
taken into account by multiplying the right hand side of the above expression by an
enhancement factor dependent on temperature, ion density and ionic charge. In the
above expression

DðEs, WÞ= 1+ exp − i
4π
h

Zx2
x1

p x′
� �

dx′

0
@

1
A

2
4

3
5

− 1

and

NðW , Ts, ϕÞdW =
4πmkBT

h3
ln 1+ exp −

W − μFð Þ
kBT

� �� 
dW , ð7:31Þ

where me is the electronic mass and μF the Fermi energy, x’ the direction normal to
the cathode surface and the integration limits x1 and x2 are defined at zeros in the
square of the momentum function [37]. This description is valid for a simple
boundary.

7.2.2 The Anode

In common with the cathode region, the arc contracts near the anode and a thin,
non-equilibrium region exists close to the electrode surface. The high current density
comparedwith the plasma columndrives an electromagnetic anode jet, which opposes
the (generally) stronger cathode jet, contributing to the typical bell shaped discharge
(Fig. 7.2). Unlike the cathode, the current at the anode surface is carried almost
entirely by electrons. Positive ions are createdwithin the anode sheath primarily due to
collisions and the sheath exhibits a concentration gradient ranging from almost zero at
the anode surface to approximately equal numbers of ions and electrons adjacent to the
plasma column. The energy balance in the sheath region, together with continuity
considerations determine the detailed structure of the sheath.

The energy flux at the anode includes terms for radiation arriving from the
plasma, radiative emission from the surface [32], collisions with neutral and
metastable particles, and electron condensation; the latter being the dominant term
[39]. The current density in the anode sheath includes a diffusion term, which
dominates at low temperatures in the absence of equilibrium, when the electrical
conductivity would otherwise be insufficient to maintain the current flow. The
current density may be expressed as.

J = − σE+ eDe∇ne, ð7:32Þ
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where De is the electron diffusion coefficient. The electron continuity equation is
dependent on the ambipolar diffusion coefficient Damb, which accounts for electron
diffusion in the local electric field, and may be written [40–42]

∇.Damb∇ne + χ′ n2e,LTE − n2e
� �

=0, ð7:33Þ

where ne,LTE is the equilibrium electron number densities and χ’ is the recombi-
nation coefficient, which takes the form given by Hinnov and Hirschberg [42, 43]

χ′ =1.1 × 10− 20neT − 9 ̸2
e m3s− 1� �

. ð7:34Þ

Some uncertainty exists over the numerical factor in the above expression; a
value of 1.1 × 10−24, derived from the same source is quoted in [42], whilst [44]
quotes 8.72 × 10−22, which includes corrections for additional terms.

Boundary conditions applied to solve (7.33) assume that ne takes the equilibrium
value at the plasma interface, whilst at the electrode surface

ne =
JT
euT

, ð7:35Þ

where JT is the thermionic emission current density and uT is the thermal velocity
where uT = 8kBT ̸πmeð Þ0.5; see [40]. Solutions of the continuity equation [45] lead
to negative electric field strengths in the anode sheath and negative effective
electrical conductivities for the diffuse anode root typically observed during
welding [32, 44–47]. For constricted arc roots, positive electric field strengths are
predicted and both positive and negative conditions have been inferred from
measurements based on Langmuir probe [46] and Thomson scattering experiments
[47].

7.3 Fluid Flow in the Arc-Generated Weld Pool

Fluid flow in the weld pool may be modelled using the same basic continuity
equations used to describe the body of the arc; see Sect. 7.1 and examples in [48–
52]. For the majority of models, a laminar flow regime is assumed. A number of
forces act on the pool; these include the Lorentz force Fem, which has a vertical
component driving flow downward from the centre of the weld pool, proportional to
JrBθ. The buoyancy force FB is given by

FB = − ρm gzβ T − Tmð Þ, ð7:36Þ

where Tm is the melting temperature of the pool ρm the density at the melting point
and β the volume expansion coefficient. The surface tension force is usually added
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as a boundary condition and is dependent on the shape of the pool surface. The
associated Marangoni-driven flow [48] may be described as

− μ
∂us
∂n

= τa +
dγ
dT

∂T
∂s

, ð7:37Þ

where us is the surface velocity and τa the shear stress acting on the base plate. The
static force balance accounting for surface deformation may be written as
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where Pa is the arc pressure and λL is the Lagrange multiplier, which is modified
between iterations to satisfy the required continuity constraints. The work piece is
assumed to act as a uniform current sink with zero potential gradient at all
boundaries except the weld pool surface; current flow due to the location of the
return connection to the welding power source, which is known to be influential in
practical welding applications, is therefore ignored. Kim and Na [48] predict out-
ward toroidal fluid flows and weld pool surface oscillations due to current pulsing
for TIG arcs operating on a 304 stainless steel substrate. The outward flow leads to
the formation of wide and shallow weld pools. For peak pulsed currents up to
160 A and a 2 mm long argon arc, the heat flux and current distribution have the
same radii and a Gaussian-like distribution, with peak values in the range 1.8–
9.3 × 10−6 W m−2 and 1.8–9.6 × 10−6 A m−2 respectively. The arc pressure
peaks at the pool centre and lies in the range 50–550 Pa, whilst the shear stress due
to the gas flow across the anode surface peaks at a radius of just over 1 mm and lies
in the range 35–90 Pa. Fluid flow velocities, both inside the weld pool and on the
surface are of the order 0.1–0.25 m s−1.

Some attention has been paid to the possibility of turbulent flow in the weld
pool, which has been examined by Chakraborty et al. [52] among others, who

included a Reynolds stress term ∂ − ρu′iu
′

j


 �
̸∂xj in the Navier-Stokes equations.

Here i and j indicate directions and the prime indicates velocity fluctuations. Tur-
bulence is modelled using the classical eddy viscosity k-ε model, where the Rey-
nolds stress term is given by
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and the turbulent viscosity μt is dependent on the liquid fraction fl

μt =Cμ f 0.5l ρ
k2

ε
, ð7:40Þ
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providing a smooth transition from the solid to the liquid state. Here Cμ is the eddy
viscosity proportionality constant, k denotes the turbulent kinetic energy and ε the

turbulent kinetic energy dissipation rate. The turbulent heat flux − u′jT ′


 �
appearing in the energy balance equation is

− u′jT ′


 �
=
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∂T
∂xj

, ð7:41Þ

where Prt is the turbulent Prandtl number (taken to be 0.9). The standard governing
equations for k and ε are employed and values of k and ε have been estimated based
on a scaling analysis. The surface velocity of the weld pool is found to be

us ≈
ηQ

π r2aρcp

∂γ

∂T
1
μ

� �0.5

, ð7:42Þ

where Q is the arc power, η the process efficiency and ra the arc radius. The
characteristic boundary layer length is

yref ≈
ηQ

π r2aρcp

racp
usΔH

� �
, ð7:43Þ

where ΔH is the heat content per unit mass. In a quasi-steady state the rate of
turbulent energy production is approximately the same as the dissipation rate hence
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≈ ε, ð7:44Þ

where St is the strain rate. Defining ut as the characteristic turbulent velocity
fluctuation

ut = κKC0.5
μ us, ð7:45Þ

where ρK is von Kármán’s coefficient, k and ε are respectively

k≈ u2t = κ2KCμu2s ;
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u3t

κKyref
=C0.5

μ k
us
yref

.
ð7:46Þ

The position of the maximum dissipation of turbulent energy within the weld
pool is dependent on the prevailing surface tension gradient. In the case of an
inward toroidal flow (positive ∂γ/∂T), k and ε are reported to reach maxima near the
melt front due to the high local thermal gradients and velocities driven by
the Marangoni flow. Conversely for an outward toroidal flow (negative ∂γ/∂T),
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the turbulent kinetic energy and dissipation terms are highest close to the weld pool
edges transverse to the welding direction, again where the temperature gradients are
high. As the turbulent kinetic energy generation is proportional to the square of the
strain rate, the maximum velocities occur in the regions of highest temperature
gradients and are therefore coincident with the regions of maximum energy
dissipation.

In the case of positive ∂γ/∂T (inward toroidal flow) the weld pool penetration
reaches a maximum further away from the pool centre than is observed in a laminar
flow regime, and penetration is reduced due to the reduced momentum of the fluid
carrying heat from the surface of the pool in the downward direction. The molten
zone of the turbulent weld pool is also shorter than in the laminar case, which may
be attributed to increased thermal diffusion. For a negative surface tension gradient,
the maximum penetration is greater for turbulent flow than for laminar flow, due to
increased thermal diffusion and reduced momentum [52, 53].

7.4 Unified Arc and Electrode Models

Modelling of the welding arc is motivated by a number of goals, amongst which are
a desire to understand the physics of the arc and to explain the behaviour of the
discharge under different operating conditions. Another rationale is to predict the
performance of welding processes based on physical principles. This remains a
daunting task because of the complexity of processes involved and their widely
differing length and time scales. With the continuing improvement in numerical
efficiency and computational speed, models unifying discharge and electrode
conditions have become feasible in the past decade and some aspects of welding
process behaviour are now amenable to numerical prediction.

Some simplifications are inevitable when modelling a complex system. For
example, Zhu et al. [45] present an analysis of free burning arcs including the
electrodes with an emphasis on anode properties. The non-equilibrium sheath
region at the anode is treated by approximation in which the iteration grid size is
chosen large enough to include the electron diffusion region (estimated to be of the
order 40 μm), the electrical conductivity is assumed to be equal to that of the
adjacent plasma and the energy balance equation is solved for zero electric field
strength. Simplification of the cathode sheath structure has also been described [42]
where the energy balance equation in the sheath is neglected, as are space charge
considerations and the ionisation term due to electron acceleration in the electric
field. In this work only the electron continuity equation involving ambipolar dif-
fusion was considered together with thermal ionisation and recombination. Electron
emission is assumed to be thermionic and radiative heating of the electrodes was
neglected. Current densities are derived for the combined arc and electrode region
from the current continuity equation, without prior assumption of the current
density distribution at the cathode surface. The relative influence of several factors
on the surface temperature of the cathode are shown in Fig. 7.9 [42]. It can be seen
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that results are fairly insensitive to the heating effects of the ions and to Ohmic
heating (zero resistance). Emissivity has a notable influence and has been calculated
for the extremes of 0 and 1, whilst the largest influence is seen from the transpi-
ration (thermionic) cooling term, which is critical for the prevention of melting at
the electrode surface.

The influence of welding parameters onweld pool formation has been examined in
a number of studies [40, 54–62]. Goodarzi et al. [54, 55] employed a simplified
treatment of the cathode and anode sheaths and showed amaximum anode heat flux at
an electrode angle of about 60° for a 200 A, 2 mm long argon TIG arc; whilst for 5
and 10 mm arc lengths, the heat flux shows a much weaker tip angle dependency.
Shear stress on the anode surface due to convective gas flow is predicted to decrease
from 250 to 200 Pa as electrode tip angle increases from 10° to 60° for a 2 mm arc
length. The same trend is observed for longer arcs, although the peak shear stress,
which occurs at an arc radius of around 1.25 mm, is reduced to 210 to 175 Pa for a
5 mm long arc. The results contrast somewhat with those of Tanaka et al. [57] where a
peak shear stress of 38 Pa is predicted for a 5 mm long, 150 A argon TIG arc.
A number of factors may contribute to this discrepancy, including differences in
sheath treatments at the electrodes and neglecting buoyancy in the arc plasma in [54].

Ushio et al. [40] predict weld pool fluid flow with positive and negative surface
tension gradients, corresponding to inward and outward toroidal flows (high and
low sulphur conditions) on a 304 stainless steel. Resulting fusion zone shapes are in
qualitative agreement with experimental observations. In a later paper, the authors
examine possible mechanisms responsible for increases in weld penetration due to
the addition of a surface flux [58]. The following four mechanisms are proposed:
(i) a change in surface tension which reverses the temperature dependent surface
tension gradient to generate an inward flow; (ii) electron depletion in the outer
fringes of the arc due to liberated flux ions, resulting in an increase in current

Fig. 7.9 Predicted
temperatures on the cathode
surface for a 200 A argon TIG
arc indicating the role of
various heat-transfer
processes. Experimental
points (circles) are taken from
[60]. © 2002 IoPP reproduced
with permission from [42]
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density; (iii) reduced surface tension resulting in greater pool depression and
(iv) insulation of the weld pool surface away from the arc axis due to the presence
of an oxide layer. Mechanisms (i) and (iv) are shown to be possible contributory
factors. Electron depletion due to the ion flux (ii) was accounted for by adding
terms for oxygen—electron collisions and oxygen ion—metal atom electron lib-
eration to the electron continuity equation. The resulting calculations however
showed that this is not a significant mechanism. The limitation of the model to a flat
anode surface assumption meant that it was not possible to assess the pool
depression and arc pressure influence, although experimental observations suggest
that such an influence is small at welding currents below 150 A. This also suggests
that increases in arc velocity due to core acceleration driven by de–mixing pro-
cesses is likely to be small, although this aspect was not explicitly included in the
model.

Multi-component plasmas have been included in the unified models of Lago
et al. [61, 62] and Tanaka et al. [63]. In the former work, the mass flux ṁv from the
vaporising anode surface is represented by

ṁv =
1

1−Xi
ρDv

∂Xi

∂z
, ð7:47Þ

evaluated at the anode surface. Here Dv is the diffusion coefficient of the metal
vapour in the plasma and the Xi is the vapour mass fraction given by

Xi =
PvMm

PvMm + ð1−PvÞMp
, ð7:48Þ

where Pv is the saturation vapour pressure and M the molar masses of the metal and
plasma (subscripts m and p respectively). Metal vapour ingress into the arc is shown
to be limited to the region adjacent to the anode surface due to the dominance of the
cathode jet [61, 63]. The presence of the vapour leads to a reduction in plasma
temperature, which may be explained in terms of the lower ionisation potential
compared with the plasma.

Unified arc and electrode models offer the potential to explore the influence of
physical phenomena and boundary conditions on arcs and weld pools. To date,
most of the unified models reported assume a stationary anode surface, which is
likely to underestimate the influence of arc shear on weld pool flow. Free surfaces
have however been considered for the description of metal droplet transport in Gas
Metal Arc (GMA) welding [64–67] to describe the evolution of the metal droplet as
well as droplet absorption at the molten weld pool surface. In these models the
influence of the droplet on the plasma is considered but the plasma is treated as an
LTE fluid and vaporisation and diffusion of metallic components within the plasma,
which may be expected to have a significant influence, are generally ignored.
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7.5 Arc Plasma-Laser Interactions

The combination of a laser with an arc discharge for welding purposes was first
described by Steen and co-workers in the late 1970s [68, 69]. Since that time,
considerable attention has been paid to the experimental characteristics and possible
applications of hybrid laser-arc processes. A number of different process combi-
nations have been examined including lasers with the gas tungsten arc, gas metal
arc and plasma arc welding processes, with a range of geometries and laser
wavelengths. In the following discussion, attention will be focus primarily gas
(CO2) and solid-state (Nd:YAG) laser interactions with the welding arc.

When a laser beam and a plasma interact, a number of effects are possible. From
the perspective of the laser beam, the beam may be absorbed in the arc plasma,
scattered or defocused, generally resulting in a decrease in laser power impinging
on the work piece in comparison to laser operation in the absence of the arc. From
the perspective of the arc, energy can be absorbed from the laser beam in the plasma
column, resulting in a change in electrical structure, flow field and temperature.
Laser energy may also be absorbed at the arc root, changing the structure of the
sheath, the energy transport to the work piece surface, and modifying the tem-
perature, fluid flow behaviour and metallic vapour distribution in the upstream
plasma. In the case of a cathodic work piece, laser radiation can also modify the
electron emission mechanisms, increasing thermionic emission due to a local
increase in surface temperature and will modify the ionic contribution to
thermo-field emission due to changes in the particle energy distribution in the
cathode sheath.

The balance of radiative energy gain and loss by the plasma may be expressed
by replacing the radiative source strength in the energy balance (7.6) by a term
describing the divergence of the radiative flux qr

rad. Deron et al. [70] define this term
for a one-dimensional axisymmetric plasma as
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r
d
dr

rqradf


 �
=
Z
λ− 1

dλ− 1κλðrÞ 4πIoλ ðrÞ−
Z
r′

κλðr′ÞIoλ ðr′Þ exp ð−ΘÞ dr′

r′ − rk k2
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where

Θ=
Zr′ − rk k

s=0

κλ r+ s
r′ − r
r′ − rk k

� �
ds.

Here κλðrÞ is the spectral absorption coefficient of the plasma at position r, and
wavelength λ, Ioλ ðrÞ the Planck function at temperature T(r) and s the optical path.
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7.5.1 Absorption

Laser light is absorbed in a plasma as a result of inverse bremsstrahlung due to
bound-free and free-free transitions. For typical welding arc plasmas with a Max-
wellian electron velocity distribution and relatively low electron temperatures (no
more than a few eV), the linear absorption coefficient for light of frequency ν due to
electron ion collisions is given by [71, 72]

κeiν = g ̄ðν, TÞ 2 πme

3 kBTe

� �0.5 Z2

nRe

� �
nenie6

6 c h 2πεoνð Þ3m2
e

1− exp −
hν
kBT

� �� 	
, ð7:50Þ

where nRe is the real part of the complex refractive index of the plasma Z the ion
charge and g ̄ðν, TÞ the averaged Gaunt factor. This expression is only valid pro-
vided the radiation field does not perturb the electron velocity distribution from a
Maxwellian state. The influence of the radiation can be assessed by examining the
ratio of electron velocities due to thermal and electric field contributions. The
acceleration experienced by an electron in the radiant electric field is eEosin(ωt) and
the corresponding maximum speed uE is |eEo/meω|. The electric field is related to
the intensity Io (power per unit area) by Io = ½ εocEo

2 and the thermal velocity uT is
of the order (3kBTe/me)

0.5, the ratio of electrical to thermal velocities is therefore

uE
uT

=
λ

T0.5
e

e
π c

Io
6meεoc kB

� �0.5

≪ 1 ð7:51Þ

for CO2 and Nd:YAG laser radiation at any temperature with reasonable electron
density and for laser power densities to 1012 W m−2 or higher. The averaged Gaunt
factor in (7.50) is often expressed as

g ̄ðν,TÞ=
ffiffiffi
3

p

π
ln

2
γg

 !5
2 kBTe

me

� �3
2 2εome

Ze2ν

� �2
4

3
5, ð7:52Þ

where γg is the Euler-Mascheroni constant (=1.781), and is valid provided hν ≪
kBTe, which is just about acceptable at temperatures above 104 K for CO2 laser
radiation at 10.64 μm, but is not valid for Nd:YAG laser radiation at the low
electron temperatures (≤ 2 eV) typically encountered in arcs. For the shorter
wavelength Nd:YAG radiation of 1.06 μm, the Born approximation is also invalid
at such low temperatures and a quantum mechanical description is required.

For a non-relativistic electron making a transition from speed u1 to speed u2 [71],
the Gaunt factor due to Sommerfeld is
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gðν, u1, u2Þ=
ffiffiffi
3

p
π x d

dx F iη1, iη2, 1; xð Þj j
expð2πη1Þ− 1f g 1− expð− 2πη2Þf g , ð7:53Þ

where
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A functionally equivalent form, avoiding the differential term in the above
expression was employed by Paulini and Simon [72] for numerical simplicity

gðν, u1, u2Þ=
ffiffiffi
3

p
π η2η1

expð2πη1Þ− 1f g 1− expð− 2πη2Þf g
Ψðiη1, iη2Þ
η2 − η1ð Þ , ð7:54Þ

with

Ψðiη1, iη2Þ=F2 1− iη1ð Þ, − iη2, 1: xð Þ−F2 1− iη2ð Þ, − iη1, 1; xð Þ

For a Maxwellian distribution of electron velocities, the average Gaunt factor is

g ̄ðν, u1, u2Þ= exp
hν
kBTe

� � Z∞
hν

kBTe

gðν, u1, u2Þ expð− τÞdτ, ð7:55Þ

where

τ=
E
kBT

; E= 1
2
mu21; E− hν= 1

2
mu22.

Many approximations can be found in the literature, ranging from the purely
numerical expressions to simplifications of the Sommerfeld quantum mechanical
description; see (7.53). For example, Seyffarth and Krivtsun [73] present a fre-
quency independent factor proportional to ln Tn− 1 ̸3ð Þ, Wang and Rhodes [74]
quote a factor proportional to ln T4 ̸3P− 1 ̸3

e

� �
where Pe is the electron pressure,

whereas Greim [7] indicates a ln T3λ2
� �

dependency where ω ≪ ωp, which is
invalid for CO2 and Nd:YAG lasers irradiating welding arcs for which the plasma
frequency ωp is of the order 1012–1013 s−1. A numerical approximation for the
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Gaunt factor is presented by Stallcop and Billman [75], for electron tempera-
tures ≥ 1 eV which takes the form

gðλ, TÞ = ∑
n,m

an,mðlog10 T ̸Z2Þnðlog10 Z2λÞm, ð7:56Þ

where Z is the ionic charge and coefficients an,m are given in Table 7.2. and typical
values are shown in Fig. 7.10.

A number of expressions for the absorption coefficient may be found in the
literature, which differ from (7.50) in greater or lesser detail; see for example [73–
75]. Deron et al. [70] for example present the same expression without accounting
for refractive index or the net charge the (Z2/μ) term. These authors also describe
absorption coefficients for electron-atom κeoν and bound-free κbfν contributions of the
form:

keoν =
4e2neno
3 πεohcν3

kBT
2πme

� �3
2

σcðTÞ 1− exp −
hν
kBT

� �� 	
1+ 1+
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kBT

� �2
" #

, ð7:57Þ

κbfv = 1− exp
hv
kBT

� �� 	
∑
i
niσiðvÞ,

where σc(T) is the electron-atom collision cross section [76] and σi(ν)
photo-ionisation cross-section. For CO2 and Nd:YAG laser irradiation of a gas
plasma, κbfν is small. Temperature dependent absorption coefficients for an argon
plasma are shown in Fig. 7.11.

The complex refractive index of an isotropic plasma can be expressed as the
difference of the real and imaginary components by Appleton’s equation [77, 78]

Table 7.2 Coefficients an,m
for calculation of the Gaunt
factor: see (7.56) [75]

m 0 1 2
n 0.1 μm ≤ λ ≤ 1 μm
0 1.1740 0.0662 0.0217
1 0.1982 0.4819 0.2240
2 0.3230 0.0454 −0.0831

1 μm ≤ λ ≤ 100 μm
1 1.1750 0.0789 0.1842
2 0.1812 0.5586 0.0304
3 0.3305 0.0203 0.0657
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where νeo is the electron-neutral collision frequency, ω the angular frequency of the
incident radiation and ωp the plasma frequency. The collision frequency can be
estimated from

νeo = noσc
3kBTe
me

� �0.5

; ωp =
nee2

εome

� �0.5

, ð7:59Þ

where σc is the electron-atom collision cross section [76]. The critical damping
factor γc of a plasma is related to the number density of atoms and ions nT and can
be estimated from

γc ≈ σcnT
3kBT
me

� �0.5

. ð7:60Þ

For an argon plasma, angular plasma frequencies range from 6.9 × 1012 s−1 at
10,000 K to a maximum of 2.5 × 1013 at around 16,500 K falling to
2.4 × 1013 s−1 at 20,000 K. The angular frequency of the laser radiation is

Fig. 7.10 Gaunt factors for
different wavelengths and
charges for an argon plasma.
Points are plotted from the
numerical approximation in
[72] and lines from (7.56)
[75]
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2.8 × 1014 s−1 and 2.8 × 1013 s−1 for Nd:YAG and CO2 lasers respectively. In
both cases ω > ωp, γc « ωp and the plasma is dispersive. For the CO2 laser, as ω
approaches ωp, and the plasma approaches resonance.

The real part of the refractive index remains very close to unity, whilst the
absorption coefficient κv [79] approximated by

κν =
4πnIm
λ

, ð7:61Þ

is small for Nd:YAG laser radiation and the laser undergoes minimal defocusing in
the plasma. For the longer wavelength CO2 radiation, the real part of the refractive
index also remains close to unity, whilst the absorption coefficient becomes
non-negligible, as plasma temperature increases.

Fig. 7.11 Calculated
absorption coefficients based
on (7.50) and (7.57) using
number densities from [12]
and collision cross sections
from [76]
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7.5.2 Scattering

The principal scattering mechanisms relevant to laser-arc plasma interactions are
Rayleigh scattering, involving particles much smaller than the wavelength of the
incident radiation, and Mie scattering from particles of a similar size or larger than
the incident wavelength. Thomson scattering from electrons is independent of
wavelength and has a cross-section σT [71], which is negligibly small.

σT =
8π
3

e2

4πεomec2

� �
=6.65 × 10− 29½m2�, ð7:62Þ

Rayleigh scattering occurs from particles that act as dipoles in the electric field.
For uniform spherical particles of radius r, both scattering and absorption can take
place, which is dependent on the complex refractive index m of the plasma, but not
on the internal refractive index of the scattering particles. The respective scattering
and absorption cross sections are [80]
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Greses and co-workers [81, 82] indicate that for a laser wavelength of 1.03 μm
and iron vapour with a complex refractive index m of 3.81 + 4.44i and particle
radius of 20 nm, the scattering cross-section is 6.9 × 10−19 m2, the absorption
cross-section is 5.7 × 10−17 m2 and measured beam attenuations of 4–40% are
reported for a range of Nd:YAG laser welding conditions. The linear attenuation
coefficient is the product of the cross-section and the particle density, which for an
iron vapour plume in laser welding is of the order 1018 m−3 [82]. Similar orders of
magnitude may be expected for laser-TIG and laser-plasma hybrid welding where
the laser heat source has a significantly higher surface power density than the arc
source. In the case of consumable arc welding, the particle size distribution [83] is
much broader than that measured during laser welding [82], with peak number
densities occurring for particles in the range 0.1–0.5 μm [83, 84].

Mie scattering, from particles of diameter similar to or greater than the incident
wavelength, can also be treated as scattering from discrete dipoles. However, such
large particles are represented by dipole arrays instead of single dipoles. For par-
ticles irradiated by non-polarised light, the scattering and absorption cross-sections
[85] are
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The corresponding linear attenuation coefficients can be found by multiplying
the cross-sections by the particle density or, for non-uniform particle sizes, a par-
ticle distribution function np(r) (in units of m−3), which describes the number of
particles per unit volume and per unit radius as a function of the radius r. Thomas
[85] provides a simple size distribution function for aerosols with a range of particle
radii

npðrÞ=Arα expð− brγÞ, ð7:65Þ

where A, b, α, and γ are constants and the particle number density is
np =Aγ − 1b− ðα+1Þ ̸γΓððα+1Þ ̸γÞ. Mie scattering in laser welding has been studied
by Hansen and Duley [86], with particular reference to the vapour in the keyhole
during welding. These authors describe the particle density with an expression of
the form npðrÞ = C1rp1 where C1 and p1 are constants, and examined the relative
roles of scattering and absorption due to Nd:YAG and CO2 laser irradiation. The
mass density of aerosol material ρma is described by

ρma =
4πC1ρ

3ðp1 + 4Þ rp1 + 4
max − rp1 + 4

min
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4πC1ρ
3 ln rmax

rmin

h i
p1 = − 4
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where ρ is the internal density of the aerosol particles and subscripts max and min
refer to the maximum and minimum particle sizes. The linear absorption and
scattering coefficients are proportional to the ratio ρma ̸ρ and attenuation for Nd:
YAG laser radiation becomes significant when ρma ̸ρ approaches 10−4, corre-
sponding to particle number densities of 1.9 × 1014 and 1.9 × 1011 m−3 for
particle sizes of 0.5 and 5 μm respectively. These compare with particle densities of
the order 1012–1011 m−3 reported for GMA welding [82], indicating that Mie
Scattering can potentially modify the power density distribution during laser-GMA
welding. Absorption by the aerosol particles results in heating which is estimated to
be of the order 107 K s−1(ρma ̸ρ = 10−4, λ = 10.6 μm, Io = 1010 W m−2), parti-
cles therefore vaporise in less than 1 ms. The contribution of Mie scattering will
therefore be determined to a large extent by the rate of particle production. Mie
scattering in CO2 laser welding has been observed experimentally by Tu et al. [87]
using a 363.8 nm wavelength probe laser close to the edge of the plume, where
transmittance fell to below 20%, compared with over 60% in the plume centre.
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7.5.3 Absorption Measurements

Kozakov et al. [88] examined the influence of a Nd:YAG laser beam oriented
transverse to the axis of a non-consumable TIG arc. Spectral measurements for the
arc in the absence of the laser beam are shown in Fig. 7.12a, illustrating two argon
atomic lines at 810.4 and 811.5 nm. The line widths (full width half maximum) are
less than 0.2 nm are much smaller than the width of the laser in the absence of the
arc, Fig. 7.12b, which has a full width half maximum of 2.5 nm.

When the laser passes through the arc, corresponding absorption peaks are
observed; see Fig. 7.12c. Comparison of the curves shows that scattering and
refraction is negligible in comparison to absorption, as might be expected in the
absence of fumes or metal vapour. The power absorption was reported to be of the
order 16% of the incident beam power, viz. ∼59 W, corresponding to about 5% of
the total arc power, with spectral measurements indicating that absorption takes
place preferentially in the cooler outer regions of the arc (Fig. 7.13a, [88]), where
population density of the initial state of the resonant transitions is highest. The
associated change in electrical conductivity is shown in Fig. 7.13b, [89].

Fig. 7.12 Measured spectra of a a 120 A argon TIG arc, b a 367 W Nd:YAG laser and c the
combined laser and arc. Reproduced from [88] with permission of IOP Publishing in the format
Book via Copyright Clearance Center
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Spectral methods have also been employed in the study of beam absorption in
the plasma during laser welding with a CO2 laser (see Chap. 5), indicating that
absorption is dependent on the shielding gas flow rate, which in turn influences the
distribution of metal vapour in the plume [90]. Absorption was reported to decrease
from over 40% at a flow rate of 1 litre per minute to 15% at a flow rate of 8 litres per
minutes for the experimental configuration considered. Results imply that the
energy distribution during laser-arc hybrid welding is strongly dependent upon the
characteristics of the processes involved and the prevailing boundary conditions.

7.6 Laser-Arc Hybrid Welding

Various terminologiesare used to classify laser-arc interactions including laser
enhanced arc welding and arc augmented laser welding. The first of these indicates
that the majority of the power is derived from the arc discharge, whilst the opposite
is true for the latter. In the intermediate regime, the generic term laser-hybrid
welding is generally employed, which also encompasses the arc and laser domi-
nated regimes.

Steen and co-workers [68, 69] first showed that in comparison to laser welding
alone, arc augmented laser welding can deliver increased welding speeds of 50–
100% when combining a CO2 laser with a TIG arc. They also showed increased
penetration and observed that the arc root on a planar anode showed affinity for the

Fig. 7.13 a Difference between spectra measured with and without 367 W Nd:YAG laser
irradiation on an 8 mm long, 120 A argon TIG arc. The vertical axis represents the cross-sectional
plane, 4 mm above the anode surface [88]. b Electrical conductivity profile [Ω−1 m−1] for the same
arc and laser configuration. Reproduced from [89] with permission of Springer
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laser focal spot. Compared with non-augmented laser welding, a further benefit of
greater tolerance to joint geometry variations for combined process operation has
been found. The commercial development of laser-arc welding began only after the
widespread industrial acceptance of laser welding in the early 1990s, and to some
extent rested on the development of laser optics and arc welding torches suitable for
combined process applications. In recent years, a great deal of research effort has
been expended on assessment of these processes to characterise their performance
and explore potential advantages. Practical aspects of laser-arc applications are
addressed in many published works, which are reviewed for example in [91]. The
limited literature available addressing hybrid process modelling focuses either on
laser-plasma interactions or discusses the influence of combined heat sources.

In an uncoupled model of heat transfer in laser-TIG welding Chen et al. [92, 93]
describe the laser and arc as independent heat sources, with a reduction of the arc
radius to account for the influence of the laser on the arc. The laser energy is
distributed inside the keyhole according to

Qlaser = Io exp − 2
r2

r2b

� �
exp − κνzð Þ,

r2 = ðx− uwtÞ2 + y2
ð7:67Þ

where uw is the welding speed, Io the peak power density at the beam centre and rb
the beam radius. The beam power Plaser is therefore

Plaser =
Z2rb
0

ZZ
0

Qlaser2πr dr dz. ð7:68Þ

In this model, energy from the arc is assumed to be distributed over the weld
pool surface according to

Qarc =
3ηVI
πr2a

exp − 3
r2

r2a

� �
, ð7:69Þ

where V is the voltage, I the current, η the process efficiency and ra the arc radius.
The thermal distribution in the work piece was derived for prescribed heat fluxes at
the upper and lower surfaces. Predictions from this simple model indicate that at the
surface, the heating rate and maximum surface temperature for a 1 kW laser beam
(rb = 1 mm) is dominated by the laser conditions, whilst the arc has comparatively
little influence. Inside the keyhole, the heating rate due to hybrid operation rises
faster with increasing depth than that found for laser welding without arc aug-
mentation, resulting in deeper penetration. Penetration increases initially with arc
current, but decreases again at high current, which is ascribed to arc broadening due
to laser power absorption.

Numerical simulation of heat flow in conduction mode laser-GTA welding has
also been reported by Hu [94], where the arc heat source is represented by a
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Gaussian surface flux term, and the laser heat source by a Gaussian volume flux
term. The thermal gradient in the heat affected zone of a hybrid weld was simulated
using measured values of laser beam and arc root radii and energy transfer coef-
ficients as model inputs. Although fluid flow was not explicitly incorporated in the
calculation, the temperature profiles of the weld metal and heat-affected zone agree
well with measured thermal distributions and reflect the structure observed in
associated weld metal cross sections. A comparison of time spent at temperatures
giving rise to significant grain growth showed a reduction of 40% when comparing
arc and hybrid welds on a 1 mm thick low carbon steel, resulting in reduced HAZ
grain size, consistent with experimental observation. An example of the model
temperature profile and corresponding weld microstructure is shown in Fig. 7.14.

A similar study has been reported for a Nd:YAG laser and GMA arc hybrid
process by Reutzel et al. [95] in which the thermal distributions for the arc, the laser
and the hybrid condition are described by Goldak double ellipsoid volumetric terms
[96] viz:

qf , rðx, y, z, tÞ= 6
ffiffiffi
3

p
ff , rPs

abcf , rπ1.5
exp − 3

x2

a2
− 3

y2

b2
− 3

ðz+ uwtÞ2
c2f , r

 !
, ð7:70Þ

where uw is the welding velocity in the z direction, Ps the input power, a, b and cf,r
are constants, subscripts f and r refer to the front and rear ellipsoids and ff,r to the

Fig. 7.14 Predicted thermal distribution and associated microstructure for a laser-TIG weld made
on a 1 mm thick low carbon steel (FeP04) at 20 mm s−1 travel speed [94]. Numbers indicate
temperatures (/103 K)
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fraction of the total heat input assigned to each ellipsoid such that ff + fr = 2. Good
agreement was reported for the arc case; however the model predicted weld pool
widths 35% greater than those obtained from experiments for full penetration laser
welds in a 5 mm thick steel substrate. Direct combinations of laser and arc
parameters were found to be inappropriate to describe the hybrid case, which
required adjustment of the distribution parameters. These observations are in
agreement with the expectation that the combined presence of a laser and arc result
in a modified power distribution, which in turn has an influence on convective heat
transport (fluid flow) in the weld pool.

The hydrodynamic processes in a weld pool have been considered
semi-analytically by Zaĭkin et al. [97]. Radial fluid velocities on the surface of the
weld pool were measured by direct observation, whilst axial velocities were
inferred by scaling the radial values by the pool depth divided by the pool radius.
The average vapour recoil pressure ⟨Pp⟩ is estimated from

⟨Pp⟩=Po +
umuv
Sf

, ð7:71Þ

where um is the velocity of the metal, uv the velocity of vapour expansion and Sf the
focal spot area. Changes in mean vapour recoil pressure due to a measured fluid flow
velocity of 0.75 m s−1 are in the order 1 kPa. Variation in mass transport within the
weld pool results in periodic changes of the vapour recoil pressure due to oscillation
of the volume of the keyhole. For a CO2 laser power density of 2 × 1010 W m−2,
experimentally measured oscillation frequencies in the range 102–103 Hz were
found, which satisfy the condition gρ ̸γkn ≪ 1, where ρ is the density, γ the surface
tension and kn the wave number, and hence may be described as capillary waves. It is
possible that such waves form due to the periodic absorption and defocusing of the
laser by the plasma jet, the properties of which then oscillate due to the periodic
change in metallic vapour concentration expelled from the keyhole.

The influence of synergistic interactions between a laser and an arc has also been
studied semi-analytically by Paulini and Simon [72] who examined the energy
balance at the anode for a laser-TIG process. Their model assumes a Gaussian
current density distribution at the work piece surface, with an arc radius of 2 mm.
The laser power distribution is also assumed to be Gaussian, with a radius of
0.1 mm, and absorption takes place due to inverse bremsstrahlung and Fresnel
processes (see Sect. 7.1) for perpendicularly incident light. Latent heat and fluid
flow are neglected and it is assumed that the weld pool surface is substantially
unaffected by the laser beam; i.e., that no keyhole forms. The problem then reduces
to finding a solution for the stationary heat conduction equation with a summed
laser and arc power distribution QT(x, y)

uw
∂T
∂x

= α∇2T +
QTðx, yÞ
ρCp

δðzÞ, ð7:72Þ
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where α is the thermal diffusivity, uw the welding speed and δ(z) the Dirac delta
function. For a work piece of finite thickness d, and a boundary condition of zero
thermal gradient at the lower surface of the plate (z = −d), an analytical solution
can be found of the form [98, 99]
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where κ is the thermal conductivity and the heat sources are moving in the positive
x direction. The minimum arc power required to make a full penetration weld
occurs when the melting isotherm intersects the lower surface of the work piece at a
single point. For typical welding speeds of a few millimetres per second and in the
absence of a laser, arc powers in the range 200–500 W are required to penetrate a
1 mm thick steel sheet, and surface temperatures lie in the range 1900–2100 K,
well below the vaporisation temperature, which is of the order 3000 K. Some
constraint is required to specify arc and laser powers uniquely for laser enhance-
ment of the TIG arc, and this is chosen as the condition under which the weld pool
surface (z = 0) reaches the vaporisation temperature. Upon vaporisation, metal ions
are released into the arc, altering the arc structure and modifying the energy density
at the work piece surface. For a minimal full penetration condition, the laser power
required to achieve surface vaporisation is substantially independent of welding
speed and for a steel work piece is 65 W for a Nd:YAG laser and 130 W for a CO2

laser. For aluminium alloys, the minimum laser powers increase by a factor of 6
whilst for copper, the minimum requirement is over 2 kW at 10.6 μm and over
3 kW at 1.06 μm [72]. The threshold laser powers are strongly dependent on the
chosen arc and laser radii and on the temperature averaged material properties
employed, and neglect laser absorption and scattering from the arc plasma. How-
ever, they indicate that for welds made on steel, changes in arc structure and energy
transport may be expected at relatively modest beam powers.

Experimental measurements indicating changes in arc structure due to laser
enhancement have been reported by Hu and den Ouden [100] who show direct
photographic evidence of arc contraction due to metal vapour liberation and report
calorimetric measurements of heat transfer to the work piece in laser, arc and hybrid
welds. The heat dissipation measurements show no difference in heat transfer
between the sum of the laser and arc sources acting separately and a hybrid process
operation. However, the melting efficiency, defined as the percentage ratio of power
required to heat and melt the weld volume obtained per unit time to the total power
transferred to the work piece per unit time, is found to be 30–50% above the melting
efficiency for the equivalent laser and arc conditions where the processes operate
separately. These observations are consistent with the role of metal vapour in the
arc plasma and have been confirmed by Langmuir and surface probe measurements
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made in TIG arcs with and without laser addition, which show a decrease in the
conductive radius and increase in current density in the laser-arc condition.

The interaction between a laser beam and the arc plasma column has been
examined by Dowden and Kapadia [101] by means of an analytical energy balance
approach, where consideration is given to extreme conditions. Ohmic heating
dominates at the plasma temperatures occurring in an arc without laser irradiation,
producing sufficient heating for ionisation and current flow. At low laser powers the
laser acts to stabilise the plasma and helps to define the arc path, but provides only a
small fraction of the energy required for ionisation. In contrast, at high plasma
temperatures and laser powers, inverse bremsstrahlung provides a significant con-
tribution to the energy required for current continuity. Under such conditions,
inverse bremsstrahlung can dominate, opening a high conductivity path for current
flow. However, laser powers, of the order several tens to hundreds of kilowatts are
necessary to achieve such a condition and these lie above the limits usually
available for welding applications.

Plasma interactions at laser powers of up to 1.5 kW have been examined by
Startsev et al. [102] for a co-axial and axi-symmetric hybrid plasma configuration,
involving a cylindrical hollow cathode. The interaction was modelled by inclusion
of an absorption coefficient in the energy balance equation, which—cf (7.6)—took
the form
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where Pr is the Prandtl number and Qlaser the incident laser power density. The
propagation of the laser is treated as a quasi-planar electromagnetic wave propa-
gating in the z direction, thus
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where Ec is the complex amplitude of the electric field, k the wave vector, ne the
electron number density, ncr the critical electron number density. The first term in
right most parentheses, involving electron density ratio describes refraction, whilst
the second term describes absorption. The plasma is assumed to be in pLTE and the
electron density is therefore derived from the Saha equation. The electric field
amplitude is related to the laser power density Qlaser by

Qlaser =
1
2

εo
μo

� �0.5

E2
c , ð7:76Þ

and the argon plasma radiation is related to the temperature by
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where P is the pressure and z the degree of ionisation. The laser beam profile is
assumed to be Gaussian with a focal spot radius of rf at a focal plane z = FP (in the
absence of a plasma) and the spatial distribution of the complex amplitude of the
electric field is defined as
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This system of governing equations has been solved numerically for suitable
boundary conditions using an iterative technique whereby a solution for the arc is
sought, followed by a solution for the laser propagation; see (7.76). The process is
repeated until all the required convergence criteria are satisfied.

The results indicate a significant temperature rise in the core of the arc. For a
cathode with a 4 mm internal diameter and 6 mm external diameter, an arc length
of 5 mm and an argon plasma, the core arc temperatures are 10,000–12,000 K for
currents of 50–200 A, in the absence of the laser. With the 1.5 kW CO2 laser, the
core temperature rises to 18,000–21,000 K, which is accompanied by enhanced
ionisation and hence greater electrical conductivity. As a result, the current density
at the anode increases from 7 × 106 A m−2 to 4.5 × 107 A m−2 for a 100 A arc
and the voltage drop in the arc column decreases by 25–50%. Whilst the current
path changes, the gas flow is only weakly affected, with axial and radial velocities
changing by less than 5%. The absorption coefficient and refractive index of the
plasma are dependent on temperature and show significant spatial variation within
the arc column. Increasing current results in increased absorption, but also in
increased refraction due to the temperature dependence of the dielectric perme-
ability, which governs the refractive index; see for example (7.58) and (7.59). For a
200 A arcing condition, this results in self-focusing of the beam on the arc axis and
enhanced beam intensity in comparison to laser conditions in the absence of the arc.

A drop in arc voltage due to the impingement of a co-axial laser beam has been
observed experimentally by Mahrle et al. [103] for a 40 A plasma arc irradiated by a
200 W fibre laser. Voltage drops of between 5 and 10% were noted dependent on
substrate material and operating conditions. The voltage differences reported for
co-axial irradiation differ from those reported for transverse irradiation, where
changes of the order a few millivolts [88] to a few tens of millivolts [89]
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are reported, the differences being attributable to the absence of electrode influences
in the latter case.

Reisgen et al. [104] have examined the change in TIG arc plasma properties
under conditions most often employed in practice; i.e., perpendicular laser beam
impingement on a work piece surface and angled TIG welding torch with a small
lateral offset in position. The arc continuity equations were solved, including a term
κωS for the laser irradiation in the energy balance equation, where κω is the inverse
Bremsstrahlung coefficient and S is the time averaged beam energy density deter-
mined from the complex amplitude of the electric field of the beam in the absence
of the plasma Aω viz:
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Here k is the wave vector, and εω is the relative complex dielectric permittivity
of the plasma at a radiation frequency of ω. The beam energy density [W m−2] is
given by
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2
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Aωj j2. ð7:81Þ

For a 150 A TIG arc, absorption results in an increase in axial plasma tem-
peratures of about 4,000 K and 13,000 K for CO2 laser beam powers of 500 W and
1500 W respectively. The axial temperatures were increased throughout the arc,
however substantial radial differences were limited to radii of less than about 1 mm,
governed by the laser beam profile. Laser absorption resulted in a 50% increase in
current density at the anode for a 500 W beam and more than 150% increase for the
1500 W beam, with corresponding increase in axial energy density at the anode
surface.

A number of works consider the influence of laser-arc hybrid welding on various
aspects of the resultant weld. For example, Piekarska et al. [105] address phase
transformations in a butt-welded structural steel, taking account of the fluid flow in
the weld pool and accounting for latent heat due to solid phase changes as well as
state changes. The kinetics of phase transformations were calculated on the basis of
the Johnson–Mehl-Avrami (JMA) model and the volumetric fractions of phases
from the Koistinen-Marburger (KM) equation. The trailing conduction mode laser
component acted mainly to increase material penetration depth, as evidenced by a
modified velocity distribution in the weld pool. Predictions of martensite phase
fractions showed reasonable agreement with the measured phase profile of the
welded joint. Cho et al. [106] simulated the weld bead shape and alloying element
distribution in CO2 laser–GMA hybrid welding of a structural steel with a stainless
steel consumable. In this case a laser-keyhole condition was described with a
laser-leading configuration. The model successfully describes the irregular partial
penetration bead profile, attributed to a clockwise-rotating vortex with alternating
high and low alloying element content resulting in a region of imperfect mixing.
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Again predicted and experimental results show good first order agreement. Output
from these models, [105, 106] together with a number of others [107–109], describe
various aspects of the dynamic flow development in the weld pool and (where
applicable) in the keyhole. These numerical approaches are based on summing the
heat source terms separately, without accounting for the changes in arc and laser
beam power density distributions due to mutual interactions. Nevertheless, despite
the inevitable assumptions required to maintain numerical tractability, the results
show good first order agreement with experimental observations, indicating that for
prediction purposes, such an approach can often be appropriate.
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