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Detailed theoretical analysis of force interaction of welding current with self-magnetic field under the conditions of 
nonconsumable electrode arc welding was performed. Electromagnetic force (Lorentz force) is presented as a sum of 
vortex and potential forces, from which only the vortex component is capable of exciting the movement of plasma or 
molten metal. Centripetal vortex force generates magnetic pressure in arc plasma and weld pool metal. The gradient of 
this pressure induces magnetic force, oriented predominantly in the axial direction. The magnitude of this force is the 
greater the higher the current density in near-anode region of welding arc (on weld pool surface). Depending on the 
nature of electric current spreading in the arc column, three possible scenarios of arc plasma movement are considered: 
by the schematic of right and inverse cone, as well as in the form of two vortices, excited by current channel compres-
sion in near-cathode and near-anode regions of the arc. Presented theoretical postulates are illustrated by numerical 
calculations of distribution of magnetic pressure and magnetic forces in arc column plasma and in weld pool metal. It 
is established that electric current contraction on the anode intensifies hydrodynamic flows of molten metal, and, there-
fore, also convective energy transfer from central zone of weld pool surface to its bottom part, promoting an increase 
of penetrability of the arc with refractory cathode. 14 Ref., 1 Table, 12 Figures.

K e y w o r d s :  arc welding, nonconsumable electrode, molten metal, hydrodynamic flows, arc current, magnetic field, 
arc penetrability

In arc welding, electromagnetic force, arising as a re-
sult of interaction of arc current with self-magnetic 
field, has an essential influence on the processes of 
transfer of mass, pulse and energy, both in welding arc 
column, and in weld pool. In arc plasma Lorentz force 
is the dominating force factor, determining the struc-
ture and intensity of plasma flows. In principle, the 
nature of gas-dynamic flow of plasma in arc column 
can vary, depending on its length and transverse di-
mensions of the regions of arc cathode and anode at-
tachment, which determine the magnitude of ponder-
omotive force in near-electrode zones of arc column, 
and, accordingly, structure of gas-dynamic flows of 
arc plasma as a whole. In the weld pool, alongside 
electromagnetic force, three more forces are applied 
to the melt, namely Marangoni thermocapillary force, 
due to temperature dependence of surface tension fac-
tor, and force of viscous friction of arc plasma flow 
against molten metal surface, acting along weld pool 
free surface, as well as buoyancy (Archimedean) 
force, arising due to nonuniformity of the melt tem-
perature field. The latter is the least significant factor 

in formation of molten metal flows, compared to Lo-
rentz force, Marangoni force and friction force. Dom-
inating role of one of these three force factors depends 
on welding mode, properties of metal being welded, 
weld pool dimensions, size of arc attachment region 
on pool surface, and other welding process character-
istics.

As is known, bulk density of electromagnetic force 
F


 is found from the following formula F j B= ×
 



, 
where j



 is the vector of electric current density; B


 
is the vector of magnetic induction. In such a form, 
electromagnetic force is taken into account in nu-
merous studies (see, for instance, [1–8]), devoted to 
simulation of the processes of mass, pulse and energy 
transfer in the arc discharge and in weld pool metal. 
The given formula for calculation of electromagnetic 
force allows quite adequate determination of welding 
current influence on plasma movement in arc column 
and weld pool hydrodynamics. At the same time, vec-
tor field of electromagnetic forces, determined by this 
formula, does not allow a priori estimation on quali-
tative level of possible structure of these gas(hydro)
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dynamic flows. The latter can be revealed only a pos-
teriori, after performance of respective calculations of 
the characteristics of plasma and molten metal flows, 
initiated by electromagnetic force. This drawback of 
standard expression for bulk density of electromag-
netic force, is due to the fact that this force, similar 
to bulk force of any other physical nature, is repre-
sented as a sum of potential and vortex components, 
from which only the vortex component of the force 
is capable of exciting the movement of the medium. 
Therefore, it is of interest to isolate the vortex com-
ponent from total electromagnetic force F



, and on 
this basis to uncover the mechanism and features of 
action of this important component of the force on arc 
column plasma and weld pool molten metal. This is 
exactly the standpoint from which detailed theoretical 
analysis of force interaction of welding current with 
self-magnetic field is performed in this paper. This 
analysis is confirmed by specific calculations of spa-
tial distributions of electromagnetic field characteris-
tics (electric current density, magnetic field intensity, 
bulk density of vortex component of Lorentz force, 
magnetostatic pressure) in arc plasma column and in 
weld pool metal, made for characteristic conditions of 
nonconsumable electrode welding.

Main theoretical postulates. In arc plasma and 
in molten metal, magnetic induction vector B



 is con-
nected with magnetic field intensity vector H



 by rela-
tionship 0B H= m m

 

 where μ0 is the universal magnetic 
constant; μ is the magnetic permeability of conduct-
ing medium. Then, the formula for bulk density of 
electromagnetic force can be rewritten as

	 0 ( ).F j H= m m ×
 



	
(1)

In the stationary case the following relationship is 
in place that relates self-magnetic field intensity H



 
with electric current density j



	 .rot H j=




	 (2)
At relatively low speeds of arc movement charac-

teristic for nonconsumable electrode welding, electro-
magnetic field in arc plasma can be taken to be ax-
isymmetric with good approximation. Such a nature 
of distribution of field characteristics is preserved also 
in the volume of metal being welded near the region 
of anode attachment of the arc. In the cylindrical sys-
tem of coordinates (r, θ, z) for axisymmetric electro-
magnetic field we have { ,0, }, {0, ,0}r zj j j H H

θ
= =




It follows from equation (2) that

	

( )1;r z

H rH
j jz r r

θ θ
∂ ∂

− = =
∂ ∂ 	

then

	
0

1 ( ) ,r z

H
F H rH e H er r z

θ
θ θ θ

∂ ∂
= −m m + ∂ ∂ 



 

	

where { , }r ze e   are the unit vectors in the direction of 
the respective coordinate axes. We will transform the 
resulting expression to the following form

	

2
2

0
1 .2 grad r

H
F H er

θ
θ

 
 = −m m +
 
 





	
(3)

By Helmholtz theorem, any vector field can be 
represented in the form of a sum of two vector fields 

potF


 and rotF


, the first of which is the potential and 
the second one is the vortex field. In keeping with (3), 
potential and vortex components of Lorentz force are 
expressed as follows in terms of the square of azi-
muthal component of magnetic field intensity:

	

2
2

0 0
1 , .2 gradpot rot r

H
F H F er

θ
θ

= −m m = −m m
 



	
(4)

Let us consider the equation of movement of vis-
cous incompressible liquid in the field of electromag-
netic force F



	
,grad

DV P V FDtr = − + ηD +


 

	
(5)

where ρ is the density; V


 is the vector of medium 
movement velocity; /DV Dt



 is the substantial deriva-
tive; P is the hydrodynamic pressure; η is the dynamic 
viscosity coefficient. Taking (4) into account, in the 
case of axisymmetric electromagnetic field, equation 
(5) can be written in the following form

	
.grad rot

DV P V FDt
′r = − + ηD +



 

	
(6)

Here msP P P′ = + , where 2
00,5msP H

θ
= m m  is the mag-

netostatic pressure. A similar representation for pres-
sure also holds for equations of magnetic gas dy-
namics of arc plasma. It follows from (6) that in an 
axisymmetric electromagnetic field the movement 
of liquid (plasma) proceeds solely as a result of 
action of centripetal vortex component of force 

2

rot r

H
F er

θ= −


 . Now, the action of potential force potF


 
is limited to creation of magnetostatic pressure P in 
moving substance volume, compensating the poten-
tial component of the force, and not preventing the 
medium movement under the impact of mass force 
of another physical nature, for instance, the buoyancy 
force. Note, that magnetostatic pressure is distributed 
in a complex manner through the volume of electri-
cally conducting medium.

By the theorem of total current, magnetic field in-
tensity H0(r, z) can be represented in the following 

form 
( , )( , ) 2

I r zH r z rθ
=

π , where 
0

( , ) ( , )
r

zI r z j r z r dr′ ′ ′= ∫  is the 
electric current flowing within a circle of radius r, in 
arbitrary axial section z. Thus, vortex component of 
Lorentz force rotF



(r, z) and magnetostatic pressure 
Pms can be expressed as current I(r, z) in the following 
form:
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4

( , )( , ) .
8

rot r

ms

I r zF r z e
r

I r zP r z
r

= −m m
π

m m
=

π





	

(7)

Near the axis of symmetry I(r, z) = 0(r2), so that 
( , ) 0,rotF r z →



 Pmag(r, z) → 0 at r → 0. Formulas (7) 
are similar to those used at description of pinch-ef-
fect. At relatively small welding currents (of the order 
of 100–200 A) arc discharge compression (pinch-ef-
fect) is weak, and the action of centripetal force rotF



 
is realized by excitation of axial flow of arc plasma 
or weld pool metal. For qualitative analysis of the 
mechanism of action of force ( , )rotF r z



 on gas(hydro)
dynamic flows, let us turn to equations of magnetic 
hydrostatics. Neglecting inertia and viscosity forces 
in (5), we will have

	 0.grad P F′− + =


	 (8)
In terms of pressure P´(r, z) the system of equa-

tions (8), taking into account (3), is written as

	

2

0 ;

0.

HP
r r
P
z

θ
 ′∂ = −m m ∂

′∂ = ∂ 	

(9)

In the context of magnetostatics equations (9), 
pressure P´(r, z) created by vortex component of Lo-
rentz force, can be interpreted as magnetic pressure, 
so that further on we will denote it as Pmag(r, z) = 
P´(r, z). Let us integrate the first of equations (9) in 
the range of [r, ∞), assuming that P´(r, z) vanishes at 
r → ∞ (due to the fact that lim ( , ) 0

r
H r z

→∞
= ). We have 

the following expression for Pmag(r, z)

	

2
(0)

0
0

( , )
( , ) ,

r

mag mag

H r z
P r z P drr

θ
′

′= −m m ′∫
	

(10)

where 
2

(0)
0

0

( , )
(0, )mag

H r z
P z drr

∞
θ

′
′= m m ′∫  is the magnetic pres-

sure on system axis. Magnetic field gradient creates 
force ( , )gradmag magF P r z=



, which is distributed in a 
complex way in the bulk of electrically conducting 

medium. Note that the second of magnetostatics equa-
tions (9) is satisfied only when jr ≡ 0 in the current 
channel. In the general case of axisymmetric Lorentz 
force, defined by equation (3), the impact of force 

magF


 is balanced in equations of magnetic hydrostat-
ics (8) (or equations of magnetic gas(hydro)dynam-
ics) by forces of non-magnetic origin, in which the 
pressure resulting from dynamic velocity head can 
have the dominant role.

Force impact of magnetic field of welding 
current on arc plasma. Intensity and direction of 
gas-dynamic flows in arc plasma, excited by vor-
tex component of Lorentz force, depend on the ra-
tio of dimensions of current-conducting channels in 
near-electrode regions of the arc. Let us analyze three 
characteristic scenarios of plasma flow movement 
(Figure 1), differing by the nature of electric current 
spreading in arc column.

Scenario 1. Let us consider straight polarity non-
consumable electrode welding. Let Ra be the radius of 
anode attachment of the arc; Rc is the radius of cath-
ode attachment. At Ra > Rc electric current in arc col-
umn spreads by «right» cone schematic, so that vortex 
component of Lorentz force rot  and magnetic pres-
sure Pmag reach the greatest values near the cathode 
(see Figure 1, a), where current density is maximum, 
and decrease towards the anode. This results in an ax-
ial gradient of magnetic pressure in arc column plas-
ma, which causes plasma flow in the axial direction 
(from cathode to anode) with subsequent formation of 
bell shape of the arc column.

Scenario 2. In welding over a layer of activating 
flux (A-TIG process), as a result of arc contraction on 
the anode, it is anticipated that transverse dimensions 
of current-conducting channels near the cathode and 
anode will be commensurate. Then, distribution of 
vortex component of Lorentz force by column height 
acquires two maximums, located near the cathode and 
anode. Magnetic pressure is distributed in a similar 

Figure 1. Distribution of vortex component of Lorentz force and plasma flow pattern in welding arc column: a — scenario 1; b — 
scenario 2; c — scenario 3
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fashion. Its gradient causes formation of two opposite 
vortex flows of plasma in the arc column (see Fig-
ure  1, b), directed from cathode and anode towards 
the middle (by height) part of arc column. Their in-
teraction leads to formation of barrel shape of the col-
umn. Therefore, gas-dynamic pressure of arc column, 
as a factor of deformation of weld pool free surface, is 
in place only under the conditions of scenario 1.

Scenario 3. If Rc > Ra, then current spreading pro-
ceeds by «inverse cone» schematic. In TIG welding 
such a scenario is improbable. It, however, can be in 
place in hybrid laser-arc welding, when plasma flows 
can be directed towards the cathode (see Figure 1, c).

Let us illustrate the features of distribution of vor-
tex component of electromagnetic force and magnet-
ic pressure for free-burning argon arc 3 mm long at 
current I = 200 A (TIG welding). For this purpose we 
will use the results of numerical simulation [9] of dis-
tributed characteristics of arc discharge plasma, per-
formed in keeping with arc model proposed in [10]. 
During analysis of results, we will prefer near-cathode 
region of arc column, where the current channel size 
is the smallest, and, accordingly, the greatest density 
of electric current is achieved (Figure 2). To illustrate 
electromagnetic field characteristics in this region, 
we will single out six cross-sections of arc column, 
namely: 1 — directly on the column boundary with 
cathode region; 2–6 — at distances of 0.1; 0.2; 0.3; 
0.4; 0.8 mm from this boundary, respectively (in Fig-
ures 3–5 the figures on the curves indicate the section 

number). Nature of variation of current I(r, z) flowing 
within a circle of radius r (see Figure 2), is indicative 
of the fact that in the considered case electric current 
spreading in arc column occurs by the schematic of 
«right cone» and, therefore, gas-dynamic processes in 
the arc discharge develop in keeping with scenario 1.

Modulus of vortex component of Lorentz force 

rotF


, calculated depending on I2(r, z) by formula (7), 
has a maximum (Figure 3) reached in selected arc col-
umn sections at r ≈ 1 mm, this maximum value de-
creasing rapidly, when moving away from the cathode. 
The impact of compressive force rotF



 in near-cathode 
zone of arc column induces magnetic pressure Pmag, 
the maximum value of which is achieved on the arc 
axis. Magnetic pressure rapidly decreases with in-
creasing distance from the cathode (Figure 4), result-
ing in formation of high gradient of magnetic pressure 
gradPmag = 

magF


 in near-cathode plasma, which gen-
erates force magF



 near the cathode, directed predomi-
nantly towards the anode. In terms of this calculation 
of electromagnetic field in arc discharge, axial com-
ponent magF



 turns out to be quite significant and is 
equal to more than 2∙106 N/m3.

Force magF


 excites plasma flow in arc column 
(Figure 5), predominantly directed towards the anode. 
This flow has an acceleration section at the distance of 
about 1 mm from the cathode that corresponds to the 
region of highest values of the modulus of magnetic 
pressure gradient. Velocity of plasma flow in the cen-

Figure 2. Change of current I(r) in near-cathode region of arc 
column

Figure 3. |
rotF


| distribution in cross-sections of near-cathode re-
gion of arc column

Figure 4. Distribution of magnetic pressure near the cathode

Figure 5. Distribution of velocity of plasma movement along 
the arc axis (coordinate z is calculated from the cathode region 
boundary)
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tral part of arc axial region is here equal to hundreds 
of meters per second.

Impact of Lorentz force on weld pool metal. To 
analyze the force impact of self-magnetic field of arc 
current on weld pool metal, let us consider the mod-
el of charge transfer in the sample being welded (arc 
anode) of thickness L, in the assumption that electro-
magnetic field in the metal preserves axial symmetry, 
inherent to arc plasma. Let φ(r, z) be the scalar poten-
tial of electric field, and let ( , ) gradj r z = −s ϕ



 be the 
density of electric current in the metal, where σ is its 
specific electric conductivity. Then, we will have the 
following equation from the law of conservation of 
electric charge 0div j =



.

	

1 0.rr r r z z
∂ ∂ϕ ∂ ∂ϕ   s + s =   ∂ ∂ ∂ ∂    	

(11)

We will integrate equation (11) in the domain of 
W  = {0 < r < R, 0 < z < L}, where we will select 
a rather large radius of calculation region R for free 
spreading of current.

Let us formulate boundary conditions. On sample 
surface z = 0, we will assign the distribution of axi-
al component of electric current density by Gaussian 
law, i.e. we will assume

	
2 2

0( , 0) exp( ),zj r j a r= −
	

(12)

where j0 is the axial value of current density. Parame-
ters j0 and a are found from the following conditions: 

0

2 ( ,0)zI j r rdr
∞

= π∫ , jz(Re, 0) = j0e
–2, where I is the assigned 

welding current; 2
eR a=  is the effective radius of cur-

rent-conducting channel on sample surface (anode).
At r = 0 and r = R we will assign the natural bound-

ary conditions as follows:

	 0
0.

r r Rr r= =

∂ϕ ∂ϕ
= =

∂ ∂ 	
(13)

On plate lower surface, assuming that the sample 
being welded is pressed tightly to the copper backing, 
we will take the potential to be constant and equal to 
zero
	 ( , ) 0.r Lϕ = 	 (14)

In order to analyze the influence of the size of cur-
rent-conducting channel in the arc anode region on 
force interaction of current with self-magnetic field, 
three effective radii of current-conducting channel 
were considered: Re = 1; 2; 3 mm. Respective distri-
butions of current density on the anode surface at cur-
rent I = 100 A are given in Figure 6.

As specific electric conductivity of metal greatly 
exceeds that of plasma, the current coming to the met-
al from arc anode region, quickly spreads through the 
metal volume. The pattern of current spreading can 
be traced by distribution of current lines in the sam-

ple being welded (Figure 7). Here, the current line re-
fers to a line, outlining the volume of metal, through 
which current of a specified value flows (Figure 7 
shows current lines I = 10; 30; 50; 70 and 90 A). Sim-
ilar patterns of current spreading in the metal being 
welded by «right cone» schematic are in place also at 
other radii of current channel on anode surface.

Let us analyze the influence of the size of anode 
current channel on distribution of electromagnetic 
field characteristics in the metal being welded. Fig-
ure 8 gives for R = 1; 2; 3 mm, radial distributions 
of azimuthal component of magnetic field intensity 
Hθ in different sections across sample thickness. In 
keeping with the theorem of total current, magnetic 
field intensity as a function of radius, first rises mono-
tonically, reaches a maximum and then decreases to 
zero at r → ∞ as 1/r. At the change of Re in the range 
of 1–3 mm, Hθ maximum on sample surface and in 
underlying sections decreases rapidly, and its position 
shifts towards larger radii.

As the vortex component of electromagnetic force 
is quadratically dependent on magnetic field intensity, 
the above-mentioned tendency also holds for | rotF



(r, 
z)| distribution in the sample volume (Figure 9) with 
the only difference that max | rotF



| decreases by orders 
of magnitude at increase of the size of effective radius 
of current-conducting channel on anode surface from 
1 to 3 mm.

Figure 6. Distribution of current density over the anode surface: 
1 — Re; 2 — 2; 3 — 3 mm

Figure 7. Current spreading in the sample being welded (anode) 
at Re = 1 mm
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Before we go over to analysis of magnetic pres-
sure distribution in the metal, due to action of force 

rotF


, let us indicate two fundamental differences of 
force impact of welding current on arc plasma and on 
metal being welded. The first of them consists in that 
current flowing in arc plasma is limited by a region, 
in which electric conductivity of plasma is different 
from zero (tentatively, this current-conducting chan-
nel in the case of Ar corresponds to the region, where 
plasma temperature is higher than 5000 K), whereas 
in the metal being welded current flows freely and the 
current-conducting channel is not limited in any way. 
Second difference is connected with formation of 
magnetic pressure in arc plasma. In arc column mag-
netic pressure on the axis (see (10)) and in arc plas-
ma, as a whole, is determined by the impact of vortex 
component of electromagnetic force in the range of 
0 ≤ r < ∞, while in solid metal rotF



 impact is balanced 
by the forces of elasticity and does not in any way 
influence magnetic pressure in the weld pool. Thus, 
magnetic pressure in the weld pool forms due to force 
impact of just that part of welding current, which 
flows through the weld pool, and, therefore, depends 
on pool shape and dimensions. Taking this feature 

into account, we will transform expression (10) for 
magnetic pressure in the weld pool. Let R* = R*(z) be 
the expression, describing the pool shape at a certain 
moment of time. Integrating the first of equations (9) 
in the interval of [0, R*(z)], we will obtain the follow-
ing expression for magnetic pressure distribution in 
the weld pool

	

2*

0

( , )
( , ) .

R

mag
r

H r z
P r z drr

θ
′

′= m m ′∫
	

(15)

Let us consider this distribution, depending on 
pool dimensions and effective radius of current chan-
nel on anode surface. For qualitative analysis, we will 
proceed from the assumption that the pool has the 
shape of a hemisphere of radius Rv. Figure 10 presents 
the calculated data on magnetic pressure distribution 
in near-surface region of the pool, depending on ef-
fective radius Re of current-conducting channel at R = 
= 1; 2 mm.

As the share of welding current flowing through 
the weld pool, is increased with increase of its size, 
magnetic pressure on the pool surface and in its vol-
ume is essentially increased with Rv increase for all 
radii of current-conducting channel on the anode 
(compare the right and left curves in Figure 10). The 

Figure 8. Magnetic field intensity in the sample being welded: 
a — Re = 1; b = 2; c — 3 mm (1 — z = 0; 2 — 0.5; 3 — 1; 4 — 
2.5 mm)

Figure 9. Frot distribution in the sample volume: a — Re = 1; b — 
2; c — 3 mm (1 — z = 0; 2 — 0.5; 3 — 1; 4 — 2.5 mm)
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second conclusion which follows from calculated 
data given in Figure 10, consists in that the magnitude 
of magnetic pressure in the melt largely depends on 
the size of current-conducting channel on the anode: 
with Re increase, magnetic pressure on the pool sur-
face and in its volume decreases by an order of magni-
tude. Note that maximum magnetic pressure, reached 
on the pool surface at Re = 1 mm; Rv = 2 mm, is equal 
to 400 Pa. This value is equal to just 0.4 % of atmo-
spheric pressure and, at first glance it seems that mag-
netic pressure can be neglected. This, however, is not 
so, as shown by quantitative estimates derived from 
Bernoulli theorem for incompressible liquid. In keep-
ing with the latter, 

2

2 constmag
VP r

+ = , i.e. in this case 
magnetic pressure is balanced by velocity head rV2/2, 
where r is the metal density, V is the velocity of melt 
movement (the latter refers to axial component of ve-
locity vector). For numerical estimate, we will select 
two sections on pool axis z = 0, z = h, the first of which 
corresponds to melt surface, and the second is located 
in-depth of the melt, where magnetic pressure is small 
(P(h) ≈ 0 at h ≈ 1 mm). We will assume V (0) = 0, then 

(0)( ) 2 /magV h P≈ r , where (0)
magP  is the magnetic pressure 

in anode spot center on pool surface. Results of calcu-
lations by this formula are given in the Table.

It follows from the data given in the Table, that 
velocity of melt movement towards weld pool bottom 
part essentially depends on anode current density and 
weld pool dimensions, i.e. flow velocities grow with 
reduction of the radius of current-conducting channel 
on the anode and the greater, the larger the pool vol-
ume.

The above estimates are very approximate, i.e. 
they are based on unidimensional consideration of 
liquid metal movement (Bernoulli equation, hy-
draulic approximation). More accurate calculations 
should take into account the fact that magnetic pres-

Figure 10. Distribution of magnetic pressure in the weld pool: 1 — z = 0; 2 — 0.15; 3 — 0.35; 4 — 0.5 mm

Velocities of melt flows, at which velocity head balances magnet-
ic pressure in the weld pool

Re, mm Rv, mm (0)
magP , Pa V, cm/s

(0)
, ,mag zF

 
N/m3

1 1 292 27 1.09 106

1 1.5 369 31 1.26 106

1 2 400 32 1.31 106

2 1 32 9 7.0 104

2 1.5 55 12 1.15 105

2 2 74 14 1.45 105

3 1 7 4 1.11 104

3 1.5 14 6 2.11 104

3 2 21 7 3.09 104
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sure gradient creates a complexly distributed bulk 
force , ,{ , }mag mag r mag zF F F=



 in the melt. In keeping 
with the first of equations (9), Fmag.  r component is 

equal to 
2H

r
θ− , and Fmag. z component is presented as 

,
mag

mag z

P
F z

∂
=

∂ .
Let us consider the influence of weld pool and cur-

rent channel dimensions on the magnitude of axial 
component of force Fmag. z (Figure 11). Similar to mag-
netic pressure (see Figure 10), axial component of 
magnetic force magF



 is maximal in anode spot center 
and rises with increase of current density on anode sur-
face, as well as with increase of molten metal volume 
(see the last column in the Table). This component of 
the force has a quite considerable magnitude: at Re = 
= 3 mm it is comparable with bulk density of gravita-
tional force (Fgrav = 7.64 N/m3), applied to the metal, 
and at Re = 1 mm it exceeds the gravitational force by 
more than an order of magnitude. Fmag. z component 
decreases rapidly as the function of radius, so that its 
magnitude at r > 1 mm is negligibly small compared 

to axial values. Contrarily, radial component Fmag, r, 
rises monotonically at increase of radius and reaches 
its maximum value (comparable with Fmag. r by order 
of magnitude) at r ≈ 1 mm. Thus, magnetic force Fmag, 
being predominantly axial by its direction, has a cen-
tripetal component, which, unlike consideration of the 
hydrodynamic process in Bernoulli approximation, is 
capable of increasing the velocity of molten metal 
flow towards the weld pool bottom part.

In conclusion, one can say that arc plasma interac-
tion with the metal being welded in nonconsumable 
electrode welding is realized through the arc anode 
region that determines (see, for instance [9, 10]) such, 
important in terms of weld formation, characteristics 
as density of heat flow into the anode and density of 
anode electric current. Heat flow density distribu-
tion in the anode is responsible for heat conductivi-
ty mechanism of energy transfer in the metal being 
welded. It was from exactly such positions that N.N. 
Rykalin constructed [11] the theory of thermal pro-
cesses in welding, not taking into account the con-

Figure 11. Distribution of Fmag in the weld pool: 1 — z =0; 2 — 0.1; 3 — 0.3; 4 — 0.5 mm
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vective mechanism of heat transfer in the weld pool. 
Contrarily, the law of current density distribution 
in the anode, which determines the force impact of 
arc current on the molten metal, is responsible for 
the magnitude and direction of hydrodynamic flows 
in the melt, and, therefore, also for convective heat 
transfer in the weld pool. To increase the penetrabil-
ity of the arc with refractory cathode, it is important 
to organize sufficiently intensive melt flows, directed 
from overheated near-anode zone of weld pool sur-
face to its bottom part. As shown above, such a na-
ture of liquid metal flow is provided by compressive 
action of vortex component of Lorentz force. Size of 
current-conducting channel on anode surface also has 
an essential influence on magnitude of magnetic force 
and velocity of downward flow of the melt: the high-
er the electric current contraction on the anode, the 
greater the magnitude of axial component of magnetic 
force, and the higher the speed of melt movement (see 
Table). This leads to a conclusion, important in terms 
of practical applications: to increase the arc penetra-
bility in nonconsumable electrode welding, it is nec-
essary to find technological means to reduce the size 
of current-conducting channel, and to increase anode 
current density, respectively.

In fundamental terms, the size of anode spot and 
distribution of current density in it are determined by 
a combination of factors, related to arcing conditions 
and thermal state of melt surface: welding current, 
arc length, plasma gas composition, temperatures of 
near-anode plasma and melt free surface, distribution 
of anode potential drop along weld pool surface. At 
present, welding science has a number of technolog-
ical measures in its arsenal, which allows regulation 
(reduction) of the size of current-conducting channel 
of the arc in the anode. One of such methods is A-TIG 
welding process based on application of activating 
fluxes (see, for instance, [12]). Let us give for com-
parison macrosections of welds (Figure 12, provided 
by D.V. Kovalenko) in TIG and A-TIG welding in ar-
gon of 6 mm stainless steel plate.

As follows from this Figure, at the same values 
of arc power and length, and welding speed, pen-
etration depth is two higher greater in A-TIG weld-
ing, than in TIG welding. This technological result is 
due to significantly smaller dimensions of the anode 
spot in A-TIG welding, compared to TIG process 
(current-conducting channel radius is approximately 
equal to 2.5 mm and 6 mm, respectively).

We will also point out other possibilities of increas-
ing electric current density in the region of anode at-
tachment of the arc with refractory cathode. In hybrid 
welding (TIG + CO2 laser), as shown in Reference 

[13], the nature of distribution of anode potential drop 
along weld pool surface changes, due to additional 
heating of near-anode plasma by laser radiation. This 
generates the radial component of current density in 
near-anode plasma, and leads to increase of current 
density in near-axial portions of the arc anode region.

Application of other shielding gases or their mix-
tures (He; Ar + H2) instead of Ar, also leads to reduc-
tion of the size of current channel in the arc column, 
and of the cross-sectional size of the region of anode 
attachment of the arc, respectively. There is ground 
to believe [14] that the size of anode current channel 
decreases, compared to direct current welding, also 
in welding with high-frequency modulated current. 
Penetration depth becomes greater at application of 
the above-listed technological means. Physical mech-
anisms that cause the effect of anode current contrac-
tion are different in all the considered cases, however, 
the result — increase of arc penetrability by descend-
ing melt flows — is the same.

It should be mentioned here that the force im-
pact of welding current on weld pool metal is not the 
only cause for excitation of hydrodynamic processes 
running in the pool. Note that the half-width of the 
weld in TIG welding (Figure 12) noticeably exceeds 
the penetration depth. The possible causes for such a 
weld shape can be direct thermocapillary Marangoni 
convection and viscous friction of arc plasma against 
the molten metal surface, which form melt flow di-
rected along the pool free surface, which transports 
overheated metal from the center to pool side surface. 
The arising subsurface vortex transfers «cold» met-
al from the melting front to pool center in its reverse 
flow, reducing the conductive component of heat flow 
to pool bottom part.

Analysis of the influence of force factors on weld 
pool hydrodynamics given in this paper, and per-
formed numerical estimates lead to the conclusion 
that valid calculated prediction of weld pool shape 
and thermal cycles in welded joint HAZ can be 
achieved only when convective flow of energy in the 
weld pool is adequately allowed for. Contrarily, the 
models based on heat conductivity mechanism of en-

Figure 12. Weld shapes at the same arc power P = 1400 W; arc 
length l = 1.5 mm and welding speed V = 100 mm/min
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ergy transfer, may lead to quite distorted views about 
the above-mentioned parameters.
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