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The paper describes the approaches to theoretical investigation and mathematical models of physical processes running 
in the anode layer of high-current (~ 102 A) electric arcs, burning in inert gas at atmospheric pressure. Numerical studies 
of anode processes in electric arcs with nonevaporating (water-cooled) anode, as well as in welding arcs (arcs with 
evaporating anode) were performed. It is shown that anode potential drop in the considered arcs is negative, having an 
essentially nonuniform distribution in the region of anode attachment of the arc. The latter circumstance largely deter-
mines the pattern of electric current flowing and energy transfer between arc plasma and anode (arc contraction on the 
anode or discharge distributed over anode surface). A procedure of calculation of effective anode drop in electric arcs is 
proposed, allowing for the above change of anode potential drop along the anode surface. 32 Ref., 1 Table, 15 Figures.
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Fusion arc welding now is one of the main technolog-
ical processes of producing permanent joints of me-
tallic materials. Arc welding methods the most widely 
used in industrial production are consumable elec-
trode welding in inert and active gases or in their mix-
tures (MIG/MAG), as well as inert-gas nonconsum-
able electrode welding (TIG), applied in fabrication 
of critical structures. Here we can also mention plas-
ma welding as a variety of nonconsumable electrode 
welding, which allows an essential increase of pen-
etration depth and thickness of metal being welded, 
respectively, due to application of a constricted arc. 
For effective application of electric arc as the welding 
heat source, it is necessary to have valid information 
about its thermal, electric and dynamic impact on the 
electrodes. In particular, at realization of the above 
welding methods, the anode processes have a quite 
important role, namely processes of interaction of arc 
plasma with electrode metal drop, which is the arc an-
ode in the case of MIG/MAG welding, and with weld 
pool metal, which is the anode in the case of TIG and 
plasma welding. In the first case, the above process-
es determine wire melting, formation and transfer of 
electrode metal drops, and in the second case — pene-
tration of the metal being welded and weld formation. 
As experimental determination of such important in 
terms of technology characteristics of the welding arc 
as electric current density and heat flow on the sur-
face of the drop and the weld pool is difficult, because 
of high values of arc plasma temperature and molten 
metal surface temperature, smallness of geometrical 
dimensions of the arc attachment region and a number 
of other factors, theoretical study of anode processes, 

in particular by mathematical modeling, seems to be 
very relevant.

There are many approaches and models for nu-
merical study of anode processes in free-burning and 
constricted (plasma) arcs (see, for instance, [1–8]). 
In the majority of them, however, arc plasma is as-
sumed to be single-component, i.e. containing atoms 
and ions of shielding or plasma-forming, most often, 
inert gas. Plasma of the real welding arcs, is, as a rule, 
multicomponent, as, alongside the gas particles, it 
contains atoms and ions of evaporated material of the 
electrodes, primarily, of the anode [9]. Thus, the mul-
ticomponent nature of arc plasma should be taken into 
account at construction of an adequate mathematical 
model of anode processes in welding arcs.

Another important characteristic of such a model 
should be the possibility of allowing for the intercon-
nection of physical processes running in the anode 
body, on its surface and in anode layer, with the pro-
cesses in arc column. It should be noted that in the 
majority of works on complex modeling of electric, in 
particular, welding arc, quite simplified models of the 
anode region are used [10–15], whereas in the works 
devoted specifically to investigation of near-electrode 
phenomena (see, for instance, review [16] and litera-
ture cited there), processes running in the arc column, 
are given insufficient attention.

This study is devoted to description of self-con-
sistent mathematical models and numerical study of 
physical processes, running in near-anode plasma of 
high-current (~ 102 A) electric arcs, burning in inert 
gas at atmospheric pressure, in particular welding 
arcs (allowing for anode material evaporation), for the 
conditions of MIG, TIG and plasma welding.© I.V. KRIVTSUN, 2018
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Before beginning description of the above mod-
els, we will consider the characteristic distribution of 
electric potential by the length of atmospheric pres-
sure high-current arc, which is shown in Figure 1. 
Electric arc can be conditionally divided into three re-
gions: near-electrode layers of nonequilibrium plasma 
(cathode and anode) and arc column, where plasma is 
in the state of local thermodynamic equilibrium [17]. 
Here, total arc voltage U can be presented as a sum of 
voltage drops in cathode Uc and anode Ua layers, as 
well as in arc column Up:
	 U = Uc + Uр + Uа.	 (1)

Special attention should be given to the fact that in 
the considered arcs, in particular, welding arcs, anode 
potential drop, determined as Uа = φа – φра, where φа 
is the potential of anode surface, φра is the potential of 
arc column plasma on the boundary with the anode 
layer, is negative [2, 18–20]. Moreover, in view of the 
high conductivity of metallic materials, the anode sur-
face is practically equipotential. Therefore, the anode 
electric potential φа can be considered constant with 
good approximation, and can be selected equal, for 
instance, to zero, as it was done in Figure 1. Then, 
considering the distributions of anode temperature 
along its surface and near-anode plasma characteris-
tics, determining local values of anode drop, it can 
be stated that the potential of arc column plasma on 
the boundary with anode layer also is nonuniform in 
the region of arc anode attachment, i.e. it depends on 
the coordinate along the mentioned boundary [21]. 
This leads to appearance of the component of elec-
tric potential gradient and, accordingly, component of 
current density along the anode layer boundary, that 
largely determines the pattern of electric current flow-

ing between arc plasma and anode. The noted facts 
are quite nontrivial and will be considered in detail in 
this work.

For description of arc plasma adjacent to anode 
surface, we will use the approach proposed in works 
[1–3], in terms of which the near-anode plasma can 
be conditionally divided into several zones, as shown 
in Figure 1 on the right. The first zone directly adja-
cent to the anode surface is a layer of space charge 
(Sheath), where the condition of plasma quasineutral-
ity is disturbed and the part of potential drop between 
the plasma and anode is formed. This layer can be 
regarded as collisionless with sufficient accuracy, as 
at the pressure close to the atmospheric pressure, and 
plasma temperature values characteristic for the con-
sidered conditions T ~ 1 eV [1, 2], this layer thickness 
LSh commensurate with Debye radius rD ~ 10–8 m, is 
essentially smaller than the free path of near-anode 
plasma particles l ~ 10–7–10–4 m (respective values of 
characteristic paths for atmospheric pressure Ar-plas-
ma are given in Figure 2).

The second zone on the right in Figure 1 — the 
ionization layer or prelayer (Presheath), is the region 
of nonisothermal quasineutral multicomponent plas-
ma, where the charged particles are generated due to 
plasma electrons ionizing the gas atoms, desorbing 
from the anode surface, and the evaporating atoms 
of anode material. The ions forming here are accel-
erated towards the anode surface by the electric field 
created by more mobile electrons, and recombine 
near this surface. Thus, the conditions of local ion-
ization equilibrium are violated within the prelayer, 
i.e. concentrations of charged plasma particles ne ≈ ni 
differ from equilibrium concentration nSa, calculated 

Figure 1. Distribution of electric potential along arc length: φc — cathode surface potential; φpc — potential of arc column plasma on 
the boundary with cathode layer; L — arc length (for other designations see the text)
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using Saha equations. In addition, a noticeable drop of 
near-anode plasma potential occurs here, which can 
be greater with its change in the space charge layer 
(see Figure 1).

The outer boundary of the anode layer runs at the 
distance from anode surface La, equal to several free 
paths of heavy plasma particles. The third zone starts 
behind this boundary, being the gas-dynamic region of 
arc plasma or the arc column, where local thermody-
namic equilibrium is established. Note here that this 
region, in its turn, can be conditionally divided into 
two zones: layer of nonisothermal ionization-equilib-
rium plasma, the thickness of which is determined by 
value lea (see Figure 2), and within which equalizing 
of the temperature of electrons Te and heavy particles 
Th with plasma temperature in arc column T occurs, 
and the arc column proper (see Figure 1).

As under the considered conditions anode layer 
thickness La ~ 10–4 m, as a rule, is by an order of mag-
nitude smaller than the curvature radius of the surface 
of the anode (drop of electrode metal or weld pool) 
R ~ 10–3 m, it can be considered almost flat at descrip-
tion of the processes, running in this layer. On the oth-
er hand, as La is much smaller than the characteristic 
scale of the change of parameters of arc plasma in 
gas-dynamic region, when considering the processes 
in arc column, the plasma anode layer can be regarded 
as infinitely thin. Thus, in terms of mathematical de-
scription of physical processes occurring in near-an-
ode plasma of the welding arc, it can be divided into 
two regions: anode layer of nonequilibrium plasma, 
including the prelayer, as well as the layer of space 
charge, and arc column, for which the first region ac-
tually has the role of rupture surface.

Let us first consider the model of anode layer of a 
high-current arc, burning in inert gas at atmospheric 
pressure, provided that anode metal evaporation can 
be neglected. In this case, near-anode plasma can be 
considered one-component, containing atoms (a), sin-
gle-charged ions (i) and electrons (e) of gas. We will 
neglect presence of multicharged ions in near-anode 
plasma that is a good enough approximation up to its 
temperature values of ~ 1.5 eV [22]. Moreover, we will 
assume that the heavy particles of plasma (atoms and 
ions) have common temperature Th, which differs from 
electron temperature Te (two-temperature model).

Following paper [23], we will use one-dimension-
al model of the anode layer. We will direct the x axis 
of the Cartesian coordinate system away from the an-
ode into the plasma, and will regard the anode surface 
as flat and located at x = 0. Then, the basic equations 
of the model can be written as follows.

Continuity equations for electrons, ions and atoms 
of near-anode plasma:

	
, , , .

d
e i ad x

Ja
a a == ω

	
(2)

Here Ja = naυa is the flow density of particles of α 
species, where na and υa are the concentration and 
velocity of the respective particles; ωa is the rate of 
change in the concentrations of plasma particles, ow-
ing to ionization-recombination reactions. As in atmo-
spheric pressure discharges ionization occurs mainly 
through collision of electrons with atoms, and the 
dominating recombination mechanism is three-parti-
cle recombination involving an ion and two electrons, 
we can write

	
2 ,a e a r ei i ie k n n k n nω = ω = −ω = −

	
(3)

where ki, kr are the constants of the processes of ioniza-
tion and recombination, respectively. Adding up conti-
nuity equations for ions and atoms, and subtracting the 
respective equations for ions and electrons, we get
	 Ji = –Ja; Ji – Je = ja/e,	 (4)

where ja is the density of electric current in the anode 
layer; e is the elementary charge.

The first condition reflects the law of conservation 
of heavy particles of plasma, and the second — the 
continuity of electric current within the anode layer. 
It should be noted that relationships (4) can be used 
instead of any two continuity equations (2).

Equations of motion of plasma components can be 
written as [24]: 
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(5)

Here, pa = nakTa is the partial pressure of a-compo-
nent of plasma, where k is the Boltzmann constant; 
Ta is the temperature of particles of a species; za is 

Figure 2. Characteristic lengths in equilibrium argon plasma at 
atmospheric pressure: rD — Debye radius; lee, lii, lia, laa, lea — free 
paths relative to electron-electron, ion-ion, ion-atom, atom-atom 
and electron-atom collisions; lion — ionization length
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the charge of the respective particles; E is the electric 
field intensity; υaβ, μaβ = mamβ/(ma + mβ) is the frequen-
cy of collisions with pulse transfer and reduced mass 
of particles of a and b species, where ma is the mass 
of particles of a species; TRa  is the thermodiffusion 
force, defined as follows

	
( ) ,eT edT

R C n k d xa a a=
	

(6)

where ( )eCa  is the coefficient of thermodiffusion of 
particles of a species. Note that the effect of thermo-
diffusion due to heavy particle temperature gradient 
is neglected. 

Adding up equations (5) for all the components, 
we get the following relationship

	
( ) 0.i e

d p e n n Ed x− −+ =
	

(7)

Here, p p
a

a= ∑  is the total pressure of plasma.

Equations of motion (5) should be complemented 
by Poisson equation for determination of electric field 
intensity

	
( )0 ,ei

d E
d x e n n−e =

	
(8)

where ε0 is the electric constant. Combining equations 
(7) and (8), we obtain the following relationship

	
( )2

0 2 0,d
d x p E− e =

	
(9)

which means that total pressure in near-anode plasma, 
including pressure of electric field, is constant over 
the anode layer thickness.

Energy equations for electrons and heavy particles 
of plasma, neglecting convective transfer of energy 
by atoms and ions, have the following form:
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Here, qe, qh are the heat flows of electrons and heavy 
particles; keh is the frequency of energy exchange be-
tween the electrons and heavy particles; we = Uiωe – 
wrad are the energy losses of electron component of 
plasma owing to nonelastic processes and radiation, 
where Ui is the ionization potential of gas atoms; wrad 
are the radiation losses.

Ignoring the effect of thermodiffusion for atoms and 
ions, the heat flows of electrons and heavy particles of 
plasma can be represented in the following form:
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where λe, λh are the coefficients of heat conductivity of 
electrons and heavy particles, respectively; ( )eA

a
 is the 

kinetic coefficient.
Expressions given in [22, 23] can be used for cal-

culation of the rates of ionization-recombination pro-
cesses, transport and kinetic coefficients, as well as 
radiation energy losses, included into the equations of 
the described model.

Let us now go to the description of boundary con-
ditions required for solving equations (2), (5), (8), 
(10), (11) in section 0 ≤ x ≤ La. Edge conditions at x = 
= La (on the boundary of anode layer with arc column) 
are assigned proceeding from the taken assumption 
of the local thermodynamic equilibrium of plasma in 
arc column. Then, the concentrations of plasma par-
ticles on the above boundary can be determined from 
the equation of ionization equilibrium, law of partial 
pressures and condition of plasma quasineutrality:

	
2 ;e a r ei ik n n k n n=

	
(14)

	
;h he e aip n kT n kT n kT+ +=
	

(15)

	
.e in n=
	 (16)

At determination of temperatures Th, Te on the outer 
boundary of the anode layer, we will assume that plas-
ma is isothermal here, i.e. we will include the layer of 
nonisothermal plasma (see Figure 1) into the anode 
layer, and will assume that Joule heating of plasma is 
balanced by radiation losses of electron energy. In this 
case at x = La we can take
	 Th = Te; jaE = wrad(Te).	 (17)

Particle flows and electric field intensity on the 
outer boundary of the anode layer can be determined 
using relationships (4) and equations (5), allowing for 
the assumed uniformity of plasma in the arc column.

To assign edge conditions x = 0 (on anode surface) 
we will assume that all the charged particles, reaching 
this surface, are absorbed by it (partially recombine, 
and the remaining electrons form electric current in 
the anode body), and electron flow due to their emis-
sion from the anode material, is absent. Then, pro-
ceeding from kinetic considerations, the electron flow 
at x = 0 can be assigned as follows:

	
,4

e e
e

n
J

υ
= −

	
(18)

where 8e e ekT mυ π=  is the average velocity of ther-
mal motion of electrons.

When assigning the edge condition for the ion flow 
to the anode surface, we will take into account the fact 



95ISSN 0957-798X THE PATON WELDING JOURNAL, Nos 11–12, 2018

PATON 100                                                                                                                                                                                                    

                                                                                                            

that the electron temperature near the above surface 
can be quite low T ~ 0.5 eV [22] and, according to 
Figure 2, the ion free path relative to collisions with 
atoms can turn out to be smaller than the Debye ra-
dius, i.e. thickness of the space charge layer. In this 
case, the space charge layer is collisional for ions, the 
flow of which at x = 0 can be defined through ion mo-
bility in an electric field:

	
.

aia ia

i
i n

eEn
J

mν=
	

(19)

Electric field intensity near the anode surface, in-
cluded into this expression, can be calculated by substi-
tuting expressions (18), (19) into the second condition 
(4) and using Poisson equations (8). In order to deter-
mine Th, Te at x = 0, we can use conditions from [23]:
	 Th = Ts;	 (20)

	
,524 2

e e
e e e e

n
kT J kT q

υ
− = +

	
(21)

where Ts is the anode surface temperature.
This completes description of the model of anode 

layer in an atmospheric pressure electric arc with non-
evaporating anode. The model equations were solved 
numerically, and the solution algorithm is described 
in detail in [22]. Results of calculation of the charac-
teristics of near-anode plasma of argon arc in a broad 
range of anode current densities ja (5000–2000 A/cm2) 
at pressure p = 1 atm and anode surface temperature 
Ts = 1000 K are given in Figures 3–6 and in the Table.

Figure 3, a, b shows the distributions of arc plas-
ma characteristics over the anode layer thickness for 
two ja values characteristic for high-current electric 
arcs, burning in argon at atmospheric pressure. As 
follows from calculated data given in these figures, 
the equilibrium plasma region (arc column), where 
ne ≈ ni ≈ nSa, Te ≈ Th, is located at distance x = La ≤ 
≤ 1 mm from anode surface. Here, the ionization re-
gion, where ne  ≈ ni > nSa, Te > Th, and the space charge 
layer, where ni > ne, are well resolved within the anode 
layer. Anode layer thickness La decreases at increase 
of anode current density that is related to increase of 
plasma temperature in arc column (from 13.53 kK at 
ja = 500 A/cm2 up to 18.04 kK at ja = 2000 A/cm2) 
and respective intensification of the processes of ion-
ization and energy exchange between plasma compo-
nents. As regards electron temperature near the anode 
surface, it weakly depends on anode current density, 
and at ja changing from 500 to 2000 A/cm2 it increases 
from 4.69 kK up to 5.99 kK.

Figure 4 presents the distribution of electric poten-
tial over the anode layer thickness. Here, the anode 
surface potential was assumed to be zero. As follows 

Figure 3. Distributions of the characteristics of atmospheric pres-
sure argon arc plasma over the anode layer thickness for two val-
ues of anode current density: a — ja = 700; b — 1500 A/cm2. Solid 
curves show concentrations of electrons (ne) and ions (ni); dashed 
lines are temperatures of electrons (Te) and heavy particles (Th); 
dash-dotted line corresponds to charged particle concentration 
(nSa), calculated using Sakh equation

Figure 4. Distribution of electric potential over the thickness of 
argon arc anode layer at ja, A/cm2: 1 — 1000; 2 — 2000
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from calculated data, given in this figure, distribution 
of electric potential in near-anode plasma is essen-
tially nonuniform and has a maximum. In the maxi-
mum point the electric field associated with charged 
particles concentration gradients is equal by absolute 
value, and is directed opposite to the electric field, 
causing conduction current in the plasma. Therefore, 
this is exactly the point that can be regarded as an-
ode layer boundary x = La and, according to earlier 
accepted definition, the value of anode drop Ua can 
be calculated as the difference of anode potential ja = 
= 0 and potential value jpa on the above boundary (in 
maximum point). Dependencies of thus defined val-
ues La and Ua for atmospheric pressure argon arc with 
nonevaporating anode are given in Figure 5, a, from 
which it follows that anode layer thickness decreas-
es with increase of anode current density, and anode 
drop increases by absolute value, remaining negative 
in the entire considered range of ja, calculated Ua val-
ues being in good agreement with those measured ex-
perimentally [18].

Figure 5, b gives the dependence of thickness LSh 
of space charge layer defined as the distance between 
anode surface and point, in which the relative charge 
separation ΔSh = (ni – ne)/nes, where nes — electron con-
centration at x = 0, is equal to 1 %, as well as depen-
dence of potential drop USh across the above layer on 
anode current density. Dependencies of LSh and USh 
on ja keep the tendencies inherent in the respective 
dependencies of La and Ua (see Figure 5, a, b) with 
the difference that the thickness of space charge layer 
changes only slightly with increase of current density.

Let us now consider the heat flow qa contributed 
by arc plasma to the anode. The total heat flow can be 
represented as follows: 
	 qa = qa1 + qa2 + qa3 + qa4 + qa5.	 (22)

Here, 1a
e

e
dT
dxq = l , 2a

h
h

dT
dxq = l   are the heat flows 

due to heat conductivity of electrons and heavy particles, 
respectively; ( )3

( )

,

5
2a

e
e e e e e

i a
J kT kT n Aq a a

a=
= − υ − υ− ∑  

is the heat flow due to convective energy transfer by 
plasma electrons; qa4 = – JiUi, qa5.= (Ji – Je)ςa (where ςa 
is the work function of anode material) are the com-
ponents of heat flow to the anode, due to recombina-
tion of ions and absorption of electrons by its surface.

Dependencies of heat flow qa and its components 
on ja at ςa = 4.5 eV that corresponds to steel anode, 
are given in Figure 6. As follows from the presented 
dependencies, electron absorption by anode materi-
al makes the main contribution to the heat flow, and 
the next most important components are convective 
transfer of electron energy and the heat flow due to 

Figure 5. Anode layer thickness and anode potential drop (a); 
thickness of space charge layer and potential drop in this layer (b) 
for argon arc, depending on anode current density

Figure 6. Total heat flow, applied to the anode by argon arc plas-
ma, and its components, depending on anode current density
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heat conductivity of heavy particles. As regards calcu-
lated values of qa and its components, they are in good 
agreement with the results of calculations performed 
in [6], and results of measurements taken by the au-
thors of [18].

Completing description of the results of model-
ing the characteristics of near-anode plasma of atmo-
spheric pressure argon arc with nonevaporating an-
ode, we present a summary table of calculated values 
of anode layer thickness La, anode potential drop Ua, 
heat flow to the anode qa and volt equivalent of heat 
on the anode Va = qa/ja for atmospheric pressure argon 
arc at different values of anode current density ja.

Let us now consider a simplified model of physical 
processes in near-anode plasma of the welding arc for 
the conditions of MIG, TIG or plasma welding. Under 
the thermal impact of the arc on electrode metal or met-
al being welded (anode), the surface of the drop or weld 
pool can be locally heated up to temperatures, compa-
rable with metal boiling temperature TB. As a result of 
anode metal evaporation, welding arc plasma, as was 
already mentioned, becomes multicomponent, contain-
ing, alongside the particles of shielding or plasma-form-
ing gas also the atoms and ions of metal vapour.

At analysis of physical processes running in an-
ode layer of multicomponent plasma of the welding 
arc, we will assume that on the outer boundary of 
this layer arc plasma is characterized by the follow-
ing parameters: 0

en  — electron concentration; 0
Zna  — 

concentration of atoms (Z = 0) and ions (Z = 1) of 
shielding or plasma-forming gas. (a = g), atoms (Z = 
= 0) and ions (Z = 1, 2) of metal vapour (a = m); Ze – 
ion charge; 0

eT  — electron temperature; 0
hT  — tem-

perature of heavy plasma particles, assumed to be the 
same for all atom and ion species, but different from 
T0

e (two-temperature plasma model); me — electron 
mass; Ma — masses of heavy particles (atoms and 
ions) of shielding gas (a = g) and metal being welded 
or electrode metal (a = m). As was already noted, the 
anode layer of welding arc plasma can be regarded as 
flat, that is why we will consider the values of concen-
trations 0

en , 0
Zna , temperatures 0

eT , 0
hT  and normal to 

anode surface component of current density ja ≡ jan in 
the region of anode attachment of the arc, as local val-
ues, corresponding to a given point of anode surface 
and characterized by certain value of temperature Ts.

We will, as we did earlier, assume that electric 
current transfer between arc plasma and anode is car-
ried only by electrons and ions, coming from plasma 
(all the ions trapped on the anode surface, recombine 
there, and come back in the form of atoms, while the 
flow of electrons emitted by its surface, is negligibly 

small). Then, the total density of electric current be-
tween arc plasma and anode can be represented as

	 ( ), .0a e aij j j j= − >
	

(23)

Here je is the density of current of plasma elec-
trons, reaching the anode surface; 

, ; 1
i Z

m g Z
j ja

a= ≥
= ∑   is 

the total density of ion current to anode surface (for 
ions of all species and charges).

Following [25] further we will approximate the 
electron component of arc plasma within the anode 
layer as collisionless (see Figure 2), and electron tem-
perature as constant over its thickness. Moreover, as 
plasma potential on the anode layer boundary jpa is 
higher than anode surface potential ja [2, 18–20], 
electrons are decelerated by the electric field, while 
ions are accelerated towards this surface. In this case, 
electron current density between the plasma and an-
ode can be written as [2, 3]:

	

0 0
0 ,1 exp4 e

pa
e e

e

e
j en

kT

 
 
 
 

j
= υ −

	
(24)

where 0 08e e ekT mυ π=  is the thermal velocity of elec-
trons on the anode layer outer boundary.

Here, it should recalled that owing to high conduc-
tivity of anode metal, compared to that of near-anode 
plasma, its surface potential is practically constant in 
the region of anode attachment of the arc and is as-
sumed to be zero (see Figure 1).

In order to determine ion currents, it is necessary 
to consider the processes in the ionization region, 
where ion generation and their acceleration towards 
the anode surface occur. For this purpose, we use an 
approach [26], which is based on the assumption that 
ion free path relative to Coulomb intercollisions lii is 
much smaller than ionization length lion and their free 
path relative to collisions with atoms lia (see Figure 2). 
This suggests that all the ions in the prelayer are inten-
sively maxwellized and acquire a common velocity 
of directional movement, the value of which on the 
boundary of ionization region with space charge layer 
in the diffusion mode of anode metal evaporation is 
determined by the following expression [25]:

Main characteristics of the arc anode layer, depending on anode 
current density

ja∙10–4, 
А/m2

La∙10–3, 
m

Ua, 
V

qa∙10–6, 
W/m2

Va, 
V

500 1.46 – 2.13 21.5 4.30
700 1.14 – 2.36 30.3 4.33
1000 0.84 – 2.63 43.9 4.39
1500 0.56 – 2.96 67.6 4.51
2000 0.40 – 3.18 92.7 4.64
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Selecting as the boundary of the prelayer with 
space charge layer such an x = LSh, at which the con-
dition of plasma quasineutrality is disturbed [27], we 
find the concentrations of charged particles on this 
boundary [25]:
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The ion currents to anode surface can be written 
as follows:
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(27)

Knowing the electron and ion currents to anode 
surface, it is easy to find from equation (23) the plas-
ma potential jpa relative to the specified surface
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The anode potential drop Ua is more often used in 
welding publications instead of jpa value. It is defined 
as the difference of potentials between anode surface 
and outer boundary of anode layer of arc plasma. 
Considering that anode surface potential was taken to 
be zero at jpa definition, we obtain Ua = –jpa. Thus, 
as was already noted, the anode potential drop is neg-
ative in welding arcs. Moreover, taking into account 
the respective distributions of values, included into 
expression (28), along the anode surface jpa can be 
essentially nonuniform in the region of anode attach-
ment of the arc, i.e. it can depend on the coordinate 
along anode layer boundary. This may lead to appear-
ance of the component of electric potential gradient, 
and, accordingly, component of current density along 
the boundary of arc column with anode layer, the di-
rection and magnitude of which determine the pattern 
of electric current flowing between the arc plasma and 
the anode (arc contraction on the anode or discharge 
distributed over the anode surface).

Calculation of the distributions of je, jaz, jpa or Ua 
values along the boundary of anode layer with arc 
column requires knowledge of the respective distribu-
tions of temperatures 0

eT , 0
hT  and concentrations 0

en , 
0

Zna  of charged particles on the mentioned boundary, 

as well as distributions of normal to the anode surface 
component of electric current density ja. Assuming the 
multicomponent plasma in welding arc column to be 
ionization-equilibrium, the composition of such plas-
ma in each point of the mentioned boundary can be 
determined using the following system of equations: 

Sakh equations allowing for plasma nonideality
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Here h is the Planck’s constant; qaZ are the statis-
tical sums for heavy particles of a species, which are 
in charge state Z; UaZ are the ionization potentials (for 
transition of particles of a species from charge state Z 
into Z + 1); DUZ = (e(Z + 1))/rD are the reductions of 
ionization potentials, which are due to interaction of 
charged particles in the plasma [28], where
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is the Debye radius.

Condition of multicomponent plasma quasineu-
trality
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Law of partial pressures
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Here, p is the plasma pressure near the anode sur-

face; 
2

0 0 2
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D = + ∑   is the pressure 

lowering, because of plasma nonideality [28].
In order to close the system of equations (29)–(31), 

one more condition is required, which determines the 
distribution of the concentration of heavy particles 
(atoms and ions) of metal vapour along the anode 
layer boundary. In the diffusion mode of anode metal 
evaporation, assuming that the rate of vapour diffu-
sion in arc plasma is small, i.e. vapour state is close 
to saturation, we can select as such a condition the 
equality of local value of partial pressure of evaporat-
ed metal heavy particles on the above boundary to the 
saturated vapour pressure ps over the metal surface, 
having the respective temperature value Ts:

	

0 0
0

0
,1 1expm Z sh

Z B s
n kT p p T Tk

ν

≥

  
      

l
= ≡ −∑

	
(32)



99ISSN 0957-798X THE PATON WELDING JOURNAL, Nos 11–12, 2018

PATON 100                                                                                                                                                                                                    

                                                                                                            

where p0 is the atmospheric pressure; lv is the work 
function of anode metal atom; 0

hT  = Ts.
As an example, Figure 7 gives the thus calculat-

ed values of anode potential drop Ua as a function 
of 0

eT , ja and Ts under the conditions, characteristic 
for TIG welding of low-carbon steel (Fe is the evap-
orating element) in argon. As follows from calculated 
data presented in this figure, the values of anode po-
tential drop are negative, increasing by absolute value 
with increase of electron temperature of plasma near 
the anode, as well as its surface temperature (see Fig-
ure 7, a, c), and somewhat decreasing with ja increase 
(see Figure 7, b). Value Ua for the considered condi-
tions falls in the range from –1 to –4 V, that correlates 
quite well with the experimental data of [18], and in 
the case of small values of anode surface temperature, 
when evaporation of its material can be neglected, 
with the results of calculations made in [22] for non-
evaporating anode.

Let us now consider the processes of energy trans-
fer in anode layer of multicomponent plasma of the 
welding arc. Heat flow qa from near-anode plasma to 
the surface of metal being welded can be represented 
as follows:
	 qa = qe + qi,	 (33)

where qe, qi are the flows of potential and kinetic ener-
gy, carried by plasma electrons and ions, respectively.

Expression for qe can be written in a simplified 
form as [2, 18]:
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Considering the initial energy of ions on the outer 
boundary of space charge layer, as well as their ad-
ditional acceleration in this layer, we can write for qi

	

2

, ; 1 1
,1

2
Sh

Z

ai Z ZSh
m g Z Z

iM V
q j UZZe

a

a a ′
a= ≥ =′

 
 
 
  
 

= j + + − ζ∑ ∑
	

(35)

where 
01( ) 2Sh Sh pa
ekT

L ej ≡ j = j −  is the potential of arc 

plasma on the boundary of space charge layer (see 
Figure 1).

Expression (33) can be rewritten as 

	 qa = jaVa,	 (36)

where Va is the value of volt equivalent heat, released 
on the anode, which, unlike the respective value of 
anode drop Ua, is always positive (see Table). Consid-
ering (33)–(35) for calculating Va we find
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Figure 8 shows the results of calculations of the 
heat flow to the anode as a function of 0

eT , ja and Ts 
under the conditions, characteristic for TIG welding 
of low-carbon steel in argon. As follows from the giv-
en calculated dependencies, value qa increases with 
electron temperature in plasma anode layer, normal 
component of anode current density and its surface 
temperature, this tendency being the strongest in 
qa(Ts) dependence (see Figure 8, c).

Figure 7. Dependencies of anode potential drop on electron tem-
perature on anode layer boundary (a), anode current density (b) 
and its surface temperature (c) under the conditions, characteristic 
for TIG welding of low-carbon steel in argon: a — Ts = 2472 K 
(1 — ja = 2∙106; 2 — 5∙106; 3 — 107 A/m2); b — Ts = 2472 K (1 — 

0
eT   = 6∙103; 2 — 7∙103; 3 — 8∙103 K); c — 0

eT  = 7∙103 K (1 — ja = 
= 2∙106; 2 — 5∙106; 3 — 107 A/m2)
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Let us now consider the distributions of near-anode 
plasma characteristics along the boundary of anode 
layer with welding arc column for the conditions of 
TIG welding of low-carbon steel in argon atmosphere. 
For calculation of the temperature and composition of 
multicomponent plasma on the mentioned boundary, 
determining the respective distributions of values jpa 
or Ua, ja and qa over the region of anode attachment 
of the arc, we will use the proposed in [29] and mod-
ified in [30] self-consistent model of the processes of 
energy-, mass- and charge-transfer in the column and 
anode region of an electric arc, burning between a re-
fractory cathode and flat evaporating anode.

We will consider two characteristic variants of 
thermal state of the anode, namely diffusively evap-

orating anode (Fe is the evaporating element) and 
water-cooled (nonevaporating) anode with surface 
temperature Ts = 500 K. In the first case, we assume 
that the anode surface temperature in the region of 
the arc anode attachment changes by an exponential 
law Ts(r) = (Ts0 – T∞)exp(–a2r2) + T∞ and in the center 
of this region it reaches value Ts0, not exceeding the 
temperature, at which evaporation goes into the con-
vective mode [25]. Here, r is the radial coordinate, 
calculated from the arc axis; T∞ = 500 K is the surface 
temperature at considerable distance from the axis, 
and concentration rate a is defined so that the radius 
of molten zone on steel anode surface was equal to 
2.5 mm [21].

Calculations of spatial distributions of tempera-
ture, composition and other characteristics of near-an-
ode arc plasma were conducted at the following pa-
rameters: arc length L = 3 mm; arc current I = 200 A; 
anode surface temperature Ts0 in the center of arc at-
tachment region was varied in the range from 500 up 
to 3065 K. Results of calculation of γa(r), Tpa, φpa(r), 
ja(r) and qa(r) distributions for different thermal states 
of the anode are given in Figures 9–13. Here, param-
eter γa = nm/(ng + nm), where nm, ng are the summary 
concentrations of heavy particles (atoms and ions) of 
metal and shielding gas, characterizes metal vapour 
content in near-anode plasma; Tpa is the temperature 
of plasma on the outer boundary of anode layer, and 
the other quantities were defined earlier. Curves 1–3 
in the mentioned figures correspond to the following 
Ts0 values: 2700, 3000; 3065 K (evaporating anode), 
dashed curves show the respective dependencies for 
an arc with nonevaporating anode at Ts = 500 K.

As follows from Figure 9, maximum content of 
metal vapour in arc plasma is achieved on anode layer 
axis, increasing with Ts0. Here, the maximum value 
of the rate of vapour outflow from anode surface also 
increases at the specified temperature rise. So, for in-
stance, at Ts0 = 3000 K this rate can reach the value of 
more than 10 m/s. Such an intensive flow of relative-
ly cold vapour, moving from anode surface into the 
arc column, causes local cooling down of near-anode 
plasma. This effect is manifested in that part of the 
anode layer, which is adjacent to the most heated zone 
of anode surface, and the stronger, the higher is the 
surface temperature in this zone (see Figure 10).

Despite the fact that increase of the concentration 
of easily ionizable (compared to Ar) metal (Fe) va-
pour in near-anode plasma with Ts0 rise should lead 
to increase of its electric conductivity σ, and, con-
sequently, increase of electric current density, the 
above-noted effect of local cooling of plasma has a 
more essential role, causing a lowering of electric cur-
rent density in paraxial zone of the region of anode 

Figure 8. Dependencies of heat flow to the anode on electron tem-
perature on anode layer boundary (a), anode current density (b) 
and its surface temperature (c) under the conditions characteristic 
for TIG welding of low-carbon steel in argon (parameters and des-
ignations are the same as in Figure 7)
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attachment of the arc with evaporating anode, as fol-
lows from Figure 11.

The cause of such behaviour of value ja(r) in the 
case of evaporating anode is the shown in Figure 12 
local decrease of plasma potential jpa in the center of 
the region of anode attachment of the arc, associated, 
according to the data in Figure 7, a, with the respec-
tive lowering of the temperature of near-anode plas-
ma electrons (see Figure 10). Calculated dependen-
cies of jpa(r) shown in Figure 12, reveal that in case 

of evaporation of anode metal, a radial component of 

electric current density pa
ar paj r

∂j
= −s

∂  appears on the 
boundary of anode layer with arc column, where spa is 
the electric conductivity of plasma on the mentioned 
boundary. This component is directed towards the arc 
axis and increases with Ts0 rise. It leads to an essential 
lowering of current density in the center of the region 
of anode attachment of the arc with evaporating anode 
relative to the arc with water-cooled (nonevaporating) 
anode.

Density of heat flow, contributed by the arc to the 
evaporating anode (see Figure 13) demonstrates simi-
lar behaviour. Considerable lowering of qa at high tem-
peratures of the anode surface, is related to reduction 
of the convective flow of energy from the arc column, 
as a result of the respective change of gas-dynamic 

Figure 9. Radial distributions of the fraction of heavy particles of 
iron in multicomponent arc plasma (Ar–Fe) on the boundary of 
arc column with anode layer under the conditions characteristic 
for TIG welding of low-carbon steel in argon (for designations of 
curves 1–3 see the text)

Figure 10. Radial distributions of arc column plasma temperature 
on the boundary with anode layer (for designations of curves 1–3 
see the text)

Figure 11. Radial distributions of anode current density (for des-
ignations of curves 1–3 see the text)

Figure 12. Radial distributions of arc plasma potential on the 
boundary of the anode layer with arc column (for designations of 
curves 1–3 see the text)
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and electromagnetic situation in near-anode region of 
arc plasma, as well as to reduction of heat flow carried 
to the anode by electrons, owing to above-mentioned 
local reduction of ja (see Figure 11).

We will perform qualitative analysis of the effect 
of nonuniformity of distribution of jpa or Ua values 
over the region of arc anode attachment and its impact 
on the features of welding arc burning, as well as on 
the nature of penetration of the metal being welded 
in TIG welding and electrode metal transfer in MIG/
MAG welding.

Figure 14 schematically shows two possible distri-
butions of electrical characteristics of arc plasma near 

the surface of metal being welded (anode), under the 
conditions, characteristic for spot TIG welding (weld 
pool is assumed to be axisymmetric, and its surface to 
be flat). Figure 14, a presents a situation, when distri-
bution of electric potential on the boundary of anode 
layer with arc column jpa(r) is an increasing func-
tion of radius (distance from arc axis). In this case, 
the radial component of current density on the above 

boundary pa
ar paj r

∂j
= −s

∂
 is negative, and accordingly, 

anode current density turns out to be smaller than that 
in arc column, and the transverse dimension of cur-
rent channel is greater, that corresponds to a discharge 
distributed over the anode. In the opposite case, when 
∂jpa/∂r < 0 (see Figure 14, b) anode current density in-
creases, and current channel radius becomes smaller, 
i.e. arc contraction on the anode ( ) ( )

R R
b a

a a<   is observed 
(see Figure 14, a, b). As a result, the electromagnetic 
force, applied to molten metal of the weld pool in its 
paraxial zone, turns out to be greater, than in the first 
case ( ) ( )

F F
b a

em em>  [31]. This leads to a more intensive 
convective heat transfer from the most heated central 
part of pool surface to its bottom, thus increasing the 
depth of penetration of the metal being welded (see 
Figure 14, a, b).

In the case of MIG/MAG welding, as shown in 
Figure 15, two variants of arc attachment to electrode 
metal drop are also possible. In the first case (see Fig-
ure 15, a), when distribution of electric potential on 
the boundary of anode layer with arc column jpa(S) 
is the increasing function of coordinate s, measured 
from top of the drop along the generatrix of its sur-
face, the tangential component of current density on 

the mentioned boundary 
pa

as paj s
∂j

= −s
∂  is negative, 

and, accordingly, current density on the drop sur-
face turns out to be smaller, than in the arc column, 
and area of arc anode attachment is larger than the 
cross-sectional area of its column, respectively. In the 
case, when ∂jpa/∂s < 0 (see Figure 15, b), the tangen-
tial component of current density on the anode layer 
boundary is directed away from the drop top to arc 
periphery, that is manifested in arc contraction on the 
drop surface. As a result, ( ) ( )

S S
b a

a a< , and, according-
ly, electromagnetic force applied to the drop turns 
out to be greater in the first case, than in the second 
case ( ) ( )

F F
a b

em em>  [32]. This leads to the drop size being 
smaller in the first case (see Figure 15, a) than in the 
second case (see Figure 15, b).

The above-noted nonuniformity of anode poten-
tial drop along the anode surface requires determina-
tion of integral (effective) value of anode drop <Ua>, 
which summed up with appropriately determined 

Figure 13. Radial distributions of heat flow applied by the arc to 
the anode (for designations of curves 1–3 see the text)

Figure 14. Schematic representation of electrical characteristics 
of near-anode plasma of the welding arc and process of metal pen-
etration in TIG welding: a — discharge distributed over the anode 
surface; b — arc contraction on the anode
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cathode potential drop <Uc> and column voltage 
<Up> should, according to (1), yield total arc volt-
age U = <Uc> + <Up> + <Ua> As the potentials of 
the surface of metal anode and cathode can be con-
sidered constant with sufficient accuracy (because of 
the high electric conductivity of metal), arc voltage 
can be defined as the difference of potentials of the 
surface of anode and cathode, i.e. U = φa – φc can be 
assumed (see Figure 1). However, such a generally 
accepted definition of voltage as an integral electrical 
characteristic of the arc discharge is not applicable for 
calculation of cathode and anode drops, as plasma po-
tential on anode layer boundary jpa, as well as plasma 
potential on cathode layer boundary jpc are variable 
along boundaries Гpa and Гpc, separating the anode and 
cathode layers from the arc column.

We will introduce the concept of effective voltage 
drop as an integral electrical characteristic of cur-
rent-conducting medium with nonisopotential bound-
aries [21]. As electric current density in arc column 
plasma is defined by expression j

  = –σ∇φ, the fol-
lowing balance relationship follows from equation 
div j
  = 0:

	

2

,n

j
dV j dS

Ω Γ
= − js∫ ∫



	
(38)

where Ω is the region taken up by arc column plasma; 
Γ is its boundary; jn is the projection of current density 
vector on outer normal n  to Г.

We will present boundary Г in the following form: 
Γ = Γpa + Γpc + Γpe, where Γpe is the part of boundary 
Γ, through which the current does not flow (jn|Γpe

 =0). 
Then, from (38) we obtain
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where n n′ = −
  . The expression in the left-hand part 

of (39) is the thermal power released in the arc col-
umn. In keeping with integral Joule–Lenz law, we 
will write:
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where by <Up> we will mean effective voltage drop 
in arc column,
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As surfaces Γpa and Γpc are nonisopotential, we will 
introduce the concepts of effective values of potential 
Фpa and Фpc for them as follows:
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(40)

Then from (39) the voltage drop on arc column 
can be defined as the difference of effective values 
of potentials Φpa and Φpc, i.e. <Up> = Φpa – Φpc can 
be assumed. Using (40) we will define the effective 
anode <Ua> and cathode <Uc> drops in the following 
form: <Ua> = φc – Φpa, <Uc> = Φpc – φc. Within these 
definitions, we can obtain a standard expression for 
arc voltage in the form of the sum of voltage drops in 
separate portions of the arc discharge:
	 U = <Uc> + <Up> + <Ua>,	 (41)

where one should bear in mind that the effective an-
ode voltage drop is negative.

Figure 15. Schematic representation of electrical characteristics 
of near-anode plasma of the welding arc and process of electrode 
metal drop formation at MIG/MAG welding: a — discharge dis-
tributed over the anode surface; b — arc contraction on the anode
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Finally, in terms of the thus introduced effective 
values of voltage drops the total power balance of arc 
discharge components can be written similar to (41):

	 P = <Pc> + <Pp> + <Pa>,	 (42)

where P = IU, <Pc> = I<Uc>, <Pp> = I<Up>, <Pa> = 
= I<Ua>.

Note here that thermal power released in the arc 
column and cathode layer exceeds IU by value |<Pa>|, 
consumed for maintaining the anode layer. 
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