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EFFECT OF CURRENT
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The method of mathematical modeling was used for investigation of the effect of current and length of atmospheric
pressure argon arc with refractory (tungsten) cathode on heat, electromagnetic and gas-dynamic characteristics of arc
plasma, including the characteristics of its thermal, electric and dynamic (force) impact on the anode surface. A short
review of the mathematical models used for this purpose is given. The temperature fields and patterns of current flow
in the arc column are illustrated with corresponding isotherms and current lines. Analysis of force effect of arc current
on its column plasma is based on calculation data on distribution of magnetic pressure in arc plasma and corresponding
magnetic force acting on plasma. Peculiarities of distribution of total pressure and velocity of plasma movement in the
arc column are also analyzed. The calculation data are given on distribution of density of electric current and heat flow
on the surface of water-cooled and evaporating anode, as well as on distribution of plasma potential along the boundary
of anode layer depending on current and arc length. The concepts of effective values of anode and cathode potential
drop are introduced. Proceeding from the calculation value of heat flow into the anode and experimental watt-ampere
characteristic of an argon arc with a refractory cathode, the data were obtained on the value of effective efficiency of
such an arc in the current range of 50-300 A for an arc of 1.5; 2 and 3 mm length. Dependence of the dimensions of
current channel and zone of thermal impact of the arc on the anode on current value and arc length was determined.
26 Ref., 22 Figures.
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For effective application of electric arc as the heat
source in fusion welding, it is necessary to have val-
id information on the thermal, electric and dynamic
(force) impact of arc plasma on the metal being weld-
ed, depending on the welding process and mode. In the
case of nonconsumable electrode welding, when the
metal being welded is the arc anode, such an impact is
determined by the set of processes of energy-, mass-
and electric charge transfer in the plasma column and
anode region of the arc, and its characteristics depend
on current, arc length and shielding gas composition.
As experimental determination of the characteristics
of thermal, electromagnetic and gas-dynamic pro-
cesses in arc plasma, as well as its thermal, electric
and dynamic impact on the weld pool surface is diffi-
cult, the objective of this work is detailed quantitative
study of the above characteristics by mathematical
modeling methods. We will consider as an object of
investigation the axially symmetrical argon arc with
a refractory cathode, the scheme of which is shown
in Figure 1, in the range of currents / = 50-300 A

and following values of arc length L = 1.5; 2; 3 mm.
These are exactly the arc discharge parameters which
are characteristic for inert-gas nonconsumable (TIG)
welding.

There exists a multitude of approaches and mod-
els for numerical study of the processes energy, pulse,
mass and charge transfer in the plasma of electric arc
column, as well as anode processes for TIG-welding
conditions [1-13]. However, in the majority of the
works on complex modeling of an arc with refractory
cathode rather simplified models of the anode layer are
used [1-7], whereas in the works specially devoted to
study of anode phenomena [8—13], insufficient atten-
tion is given to their interrelation with the processes,
running in the arc column. To correctly account for
this relationship, we will use a self-consistent mathe-
matical model of the column and anode region of the
arc in nonconsumable electrode welding, proposed in
[14], and modified in [15].

Chna a teristics &6 a ¢ cb umn pla ma Let us
first consider the distributed characteristics of the ther-
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mal, electromagnetic and gas-dynamic processes in
the plasma of the column of an argon arc, burning be-
tween the refractory cathode and copper water-cooled
(nonevaporating) anode. Figure 2 presents the results
of modeling the temperature field and pattern of cur-
rent flowing in the arc of length L = 2 mm for three
characteristic values of arc current /=100, 150, 200 A.
Shown on the left are the current lines, which are the
generatrices of the surfaces of revolution, limiting the
area of the arc, within which a certain part of total cur-
rent flows. The isotherms of arc plasma temperature
field are given in the figures on the right. Configura-
tions of current lines in near-electrode regions of the
considered arc are indicative of its contraction in these
regions: considerable near the cathode and essentially
smaller near the anode. With increase of arc length,
the isotherms and the current lines, accordingly, be-
come wider that points to a reduction of the current
density in longer arcs. Comparing the isotherms with
the current lines, we can come to the conclusion that
the dimensions of the current channel, in which 90 %
of the arc current flow, are approximately two times
smaller than the current-conducting region of the arc
column (argon plasma becomes electrically conduct-
ing at the temperature above 4500 K).

Let us now consider the gas-dynamic character-
istics of arc plasma. Electromagnetic force, resulting
from interaction of the arc current with inherent mag-
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Fig re 1 Scheme for calculation of the characteristics of an arc
with a refractory cathode: / — tungsten cathode; 2 — nozzle for
shielding gas feeding; 3 — shielding gas; 4 — cathode region;
5 — arc column; 6 — anode layer; 7 — anode; R, — cathode
region radius; R, — nozzle radius; R — calculated area radius

4

netic field acts as the main force factor determining
the gas-dynamic situation in the arc column. An actu-
al component of this force is the vortex component of
the Lorentz force [16]
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Fig re 2 Current lines and isotherms of temperature field in the arc column
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Fig re 3 Force characteristics of electromagnetic field in arc column: ¢ — magnetic pressure isobar field (/ — P

Z, mm

oz 100; 2 — 200;

3—400; 4 — 600; 5 — 1000 Pa); b — distribution of axial component of the magnetic force along the arc column length (/ — on arc

axis; 2—at =1 mm)

I*(r,z) -

F(r2)= _”0423er’

rot
where {r, z} are the cylindrical coordinates (see Fig-
ure 1); é’r is the unit radius—vector; /(r, z) is the cur-
rent flowing through a circle of radius 7 in the axial
section z of the arc column; p is the universal mag-
netic constant.
This centrifugal force induces magnetic pressure
in the current channel

P, (r,2)= I (s 2)dr,

the gradient of which can be treated as a certain force
of magnetic nature F‘ma , exciting the movement of
arc plasma from the region of high values of magnetic
pressure towards its decrease.

Results of the conducted computational experi-
ments are indicative of the fact that in the arc column
regions with a higher current density, the compres-
sive action of vortex force 13:,0 , becomes stronger, and
magnetic pressure rises, accordingly. Figure 3 illus-
trates the distribution of force characteristics of the
electromagnetic field in the arc column 3 mm long at
the current of 150 A. Magnetic pressure value is max-
imum in the axial zone of the near-cathode region of
the arc column, and decreases quickly along the radi-
us and along coordinate z, measured from the cathode
(see Figure 3, @). In the considered case, the maximum
value of magnetic pressure does not exceed 1000 Pa
that is equal to less than 1 % of atmospheric pressure.
However, a rapid change of magnetic pressure in the
above region results in its gradient being quite signif-
icant. Thus, in the axial zone of near-cathode plasma
the axial component of magnetic force F(Z) reaches
the value of the order of 3-10° N/m? (see F 1gure 3, b).

4

Magnetic force localizing in the axial zone of
near-cathode plasma initiates movement of arc plas-
ma, mainly, in the direction from the cathode to the
anode. In the middle part of the arc column the mag-
netic pressure gradient becomes negligibly small,
and plasma movement continues by inertia. Near the
anode surface, this gradient changes its sign (see in-
sert in Figure 3, b), i.e. magnetic force turns out to
be directed away from the anode to the cathode. In
the conditions considered here, the force of inertia of
the plasma flow in the near-anode region of the arc
column is greater than F"Ej; Therefore, the action of
the latter is limited just by partial deceleration of the
plasma flow, alongside its gas-dynamic deceleration
near the anode surface. In nonconsumable electrode
welding, the anode current density can be significant-
ly increased through application of special technolog-
ical means, such as, for instance, use of activating flux
[17], arc exposure to focused CO -laser radiation [18].
In this case, the axial component of magnetic force
near its surface, while remaining negative, rises in ab-
solute value and at certain dimensions of the region
of anode attachment of the arc, it remains capable of
counteracting the force of inertia of the plasma flow.
This can result in appearance of arc plasma movement
towards the incoming plasma flow in near-anode plas-
ma. Gas-dynamic interaction of these two flows is ca-
pable of creating two-vortex circulation of plasma in
the arc column (see scenario 2 in work [16]).

Distribution of axial component of the vector of
the velocity of plasma movement along the arc axis is
given in Figure 4.

It is characteristic that at small values of arc cur-
rent, the start of deceleration of the plasma flow is
shifted closer to the cathode, whereas with current
increase the deceleration region shifts towards the
anode. Note also that with increase of arc length the
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Fig re 4 Distribution of axial component of the vector of plasma velocity along the arc axis: a — L =2; 5 — 3 mm
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Fig re S Total pressure of plasma in 3 mm long arc: ¢ — on arc axis; b — on anode surface

velocity of plasma flow movement rises markedly, axis (see Figure 5, @): near the cathode it is higher as a
which is accounted for by increase of transverse di- result of the compressive impact of vortex force ﬁmt
mensions of its column (see Figure 2) and lowering of (7, z) and high values of magnetic pressure, respec-
its gas-dynamic resistance, accordingly. tively (see Figure 3, a); in the center of arc column

Distributions of total pressure on the axis of 3 mm total pressure decreases as a result of radial unload-
long arc and on the anode surface are shown in Fig- ing of the plasma flow and relatively small magnetic
ure 5. Pressure varies nonmonotonically along the arc  pressure, and near the anode the pressure rises again
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Fig re 6 Distribution of arc current density on anode surface: « — L =2; b — 3 mm
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Fig re 7 Distribution of heat flow applied by the arc to the anode: a — L =2; b — 3 mm
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Fig re 8 Distribution of vortex component of the Lorentz force along the anode surface: a — L =2; b — 3 mm
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Fig re 9 Distribution of magnetic pressure along anode surface: « — L =2; b — 3 mm
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Fig re ® Distribution of arc current density over the surface of evaporating anode: a — L =2; b — 3 mm
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Fig re 11 Distribution of heat flow brought by the arc to the evaporating anode: ¢ — L =2; b — 3 mm
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Fig re2 Distribution of vortex component of Lorentz force along the evaporating anode surface: « — L =2; b — 3 mm
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as a result of deceleration of the plasma flow on its
surface. Note that the fields of pressure in 2 and 3 mm
long arcs differ only slightly. As regards total pressure
on the anode surface, it rises with increase of arc cur-
rent (see Figure 5, b).

It should be emphasized that the given in Fig-
ure 5, b distribution of total pressure over the an-
ode surface forms as a sum of magnetic pressure
and gas-dynamic pressure of incoming plasma flow.
Considering that the jump of magnetic pressure on
«plasma—anode metal interface» is equal to zero,
from the view point of deformation of the weld pool
free surface just the gas-dynamic pressure is rele-
vant, which is the result of deceleration of the plas-
ma flow near the above surface.

Chna a teristics & the nc n d e regn . Let
us consider the distributed characteristics of elec-
tric, thermal and force impact of arc plasma on the
anode surface. Figures 6, 7 give the distributions of
the density of electric currentj () and heat flow g (7),
brought by the arc to the anode, over the surface of
water-cooled (nonevaporating) anode. As follows
from calculated dependencies, shown in these Fig-
ures, the anode current density and specific heat flow
to the anode decrease with increase of the arc length,
that is in agreement with experimental data of work
[19].

With shortening of the arc length, anode current
contraction becomes higher: calculated values of
anode current density on the axis of 2 mm long arc
are more than 1.5 times higher compared to 3 mm
arc (compare with Figure 6, a, b). The force impact
of vortex component of Lorentz force f increas-
es accordingly, both on the weld pool surtace, and in
its volume, leading to intensification of gas-dynamic
flow of the melt and higher penetrability of the arc
[16]. Distributions of |[F_| over the anode surface for
2 and 3 mm long arcs are shown in Figure 8, and mag-
netic pressure distributions are presented in Figure 9.

An important factor, influencing the characteris-
tics of arc column plasma and its interaction with the
anode surface in nonconsumable electrode welding,
is multicomponent nature of arc plasma, associated
with metal evaporation from the weld pool surface.
Figures 10—-12 give the distributions of current den-
sity, heat flow and vortex component of the Lorentz
force on the surface of an anode from low-carbon
steel, evaporating in the diffusion mode, at model
distribution of its temperature in the zone of anode
attachment of the arc: 7.(r) = (T, — T )exp(-a’r’) +
+ T, where T/ = 3050 K is the surface temperature
on the arc axis; 7, = 500 K is the surface temperature
at considerable distance from the axis, and the con-
centration ratio « is determined so that the radius of
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the molten zone on the surface of the steel anode was
equal to 2.5 mm [20].

As follows from comparison of Figure 10 and Fig-
ure 6, the current density on the surface of the evapo-
rating anode turns out to be considerably smaller than
in the case of water-cooled anode, the most marked
lowering of j (r) being observed in the center of the
region of anode attachment of the arc, where the local
minimum of the above value is reached. Density of
heat flow brought by the arc to the evaporating anode
behaves in a similar way (compare Figure 11 and Fig-
ure 7). As regards reduction of the density of current
and heat flow into the anode at increase of arc length
(see Figures 6, 7), this tendency is preserved also for
the evaporating anode (see Figure 10, @, b and Fig-
ure 11, a, b).

The noted lowering of current density on the anode
surface, allowing for its material evaporation, results
in the respective reduction of vortex component of
Lorentz force ]T“W on the weld pool surface (see Fig-
ures 8, 12), that leads to weakening of convective heat
transfer in its volume, thus lowering the penetrability
of an arc with evaporating anode.

Another factor, determining the characteristics of
the electric, thermal and force impact of the arc on the
anode surface, is the fact that the anode potential drop
U,, defined as the difference of anode surface poten-
tial @ and plasma potential on anode layer boundary
P, is not constant in the region of anode attachment
of the arc. In view of the high conductivity of metal-
lic materials, the anode surface is practically equipo-
tential, that is why the anode electric potential ¢, can
be considered constant with good approximation. As
regards value P, then, as its determining parameters
(near-anode plasma temperature and anode current
density) have nonuniform distributions along the an-
ode surface (see Figure 2, b), the above value and,
therefore, the anode potential drop also are nonuni-
form in the region of anode attachment of the arc [20].

As an illustration, Figure 13 gives the distributions
of plasma potential along the boundary of anode layer
with the column of the arc with refractory cathode and
copper water-cooled anode, 2 and 3 mm long, in com-
parison with the respective distribution of near-anode
plasma temperature. The large slope of ¢ () depen-
dence for 2 mm arc, compared to 3 mm arc at 100 A
current (see Figure 13, a) is due to a similar nature of
temperature curve change (see Figure 13, b).

As the anode layer boundary is isopotential, there
exists a different from zero radial gradient of potential,
and, accordingly, the current density vector has radial
component j . Here, the greater the steepness of ®,, ra-
dial change, the larger is the respective component of
current density. This effect is illustrated in Figure 4,
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Fig re 3 Distributions of plasma potential along the boundary of anode layer and arc column (a) at different values of current of
2 mm long arc (solid curves), and for 100 A arc of 3 mm length (dashed curve), as well as temperature distributions of near-anode plas-
ma along the anode surface (b) for 100 A arc of 2 and 3 mm length (anode surface potential is taken to be constant and equal to zero)

which shows the change of j along the boundary of an-
ode layer for 2 and 3 mm arcs at 100 A current. With j
increase (for shorter arcs) the angle between the vector
of anode current density and arc axis increases, that is
indicative of a stronger contraction of the current chan-
nel in the direction to the anode and higher anode cur-
rent density, respectively (see Figure 6).

In conclusion of this section, special attention
should be paid to the fact that the anode potential drop
Uu=0U-=9,-9, in the considered arcs is negative,
that is in agreement with the known calculated and
experimental data [8, 13, 21, 22].

Integ h chm a teristics & the n c. An important
integral characteristic, determining the electric and en-
ergy properties of the arc discharge, is its volt-ampere
characteristic (VAC), which relates voltage across the
arc gap U with arc current /. Figure 15 shows the re-
sults of approximation by the procedure, described in
[23], of experimental data on VAC of an argon arc
with a refractory cathode and copper water-cooled an-
ode at different values of arc length: L =1.5; 2, 3 mm.
The volt-ampere characteristic of the arc can be asso-
ciated with its watt-ampere characteristic, correlating
arc power P = [U with current / (see Figure 15, b).

Total arc voltage U is usually presented as sum U =
=U + UP + U, where U _is the cathode voltage drop;

Jp A/mm?2

0.8 b
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0.4 2

0.2

0 1 2
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Fig re 4 Distributions of radial component of current density
vector along the anode surface: / — L =2; 2 — 3 mm

8

U, is the arc column voltage; U, is the anode drop
[24]. Accordingly, the arc power can be presented in
the following form P = P + Pp + P, where P = U],
P =UI and P = U I are the powers released in the
cathode region, arc column and anode region, respec-
tively. Since the anode drop is negative (U, < 0), as
was noted above, arc power P is smaller than the total
power, released in the column and cathode region of
the arc by value |P |, consumed for maintaining the
anode layer. These, on the whole, correct relation-
ships, require further refinement from the viewpoint
of what should be understood by values U, UP , U,
allowing for the change of electric potential along the
interfaces of the anode and cathode regions with the
arc column.

In view of the high conductivity of anode and cath-
ode metal, potentials ¢, and ¢, of their surfaces can
be assumed to be practically constant. Therefore, total
arc voltage can be determined as the difference of the
respective potentials, i.e. U = ¢, — ¢, Such a gener-
ally accepted definition of voltage in the form of the
difference of potentials is not suitable for calculation
of the cathode and anode drops, or arc column volt-
age. Therefore, another definition of the above values
should be given, and so that integral Ohm and Joule—
Lentz laws remained valid. With this purpose, we will
introduce effective (averaged) values of potentials <Dpa
and ® on boundaries r, and L. separating the anode
and cathode regions from the arc column, as follows:

1

d =

R T
va YIWMRW®W=7IWMRm [20].
1“,,"

r

pe

Then effective voltage drop across the arc column
can be determined as the difference of effective val-
ues of the respective potentials, i.e. we can assume
(Up) =0 -0 . Effective anode (U ) = ¢, — Q. and
cathode (U ) = D -0, potential drops are determined
similarly.
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Fig re § Volt- (a) and watt-ampere (b) characteristics of an argon arc with refractory cathode and copper water-cooled (nonevapo-

rating anode): / — L =1.5;2—2;3—3 mm

Figure 16 gives the scheme of distribution of elec-
tric potential ¢ and effective components of voltage
in the arc gap introduced as showed above. Here, total
arc voltage can be presented as a sum of respective
effective components: U = (U ) + Up) +(U,), allow-
ing for (U ) < 0. In terms of the introduced effective
values of voltage drop in individual regions of the
arc, the total balance of the respective powers can be
written similarly: P = (P ) + <Pp> +(P ), where (P ) =
=KU), (Pp) = I(Up ), (P ) = KU ). Here, the integral
Joule-Lenz law remains valid both for individual
components of the arc discharge, and for the arc as
a whole.

It does not seem possible to give a theoretical eval-
uation of effective value of cathode potential drop
within the used model of the arc [14, 15], because
of an approximate description of the cathode region.
However, if the volt-ampere characteristic of the arc
is known (see Figure 15, a), the effective cathode drop
can be calculated from the following formula (U ) =
=U- (Up) —(U,), using the calculated data on effec-
tive potential drops (Up), (U,), as well as experimen-
tally measured arc voltage U.

Figure 17 gives the experimental and calculated
dependencies of U, (Up), (U,) on current for an argon
arc of 2 mm length, burning between the refractory
cathode and copper water-cooled anode. The values
of effective cathode potential drop, depending on arc
current, calculated as shown above, are given in Fig-
ure 18. This figure also gives the results of experi-
mental determination of the cathode drop [25]. Com-
parison of calculated and experimental data shows
their correspondence with the accuracy not lower than
15 % that is indicative of quite acceptable adequacy
of the mathematical model, used in this work.

Let us now turn to integral characteristic of the
anode processes in considered arcs. As follows from
Figure 17, b, the effective anode potential drop in

ISSN 0957-798X THE PATON WELDING JOURNAL, No. 5, 2019

the argon arc with refractory cathode and copper wa-
ter-cooled anode, being negative, increases in abso-
lute value with increase of arc current. Its length has
practically no effect on (U ). The role of anode poten-
tial drop in the total arc voltage is quite significant.
In particular, at current of 200 A, the calculated value
of effective anode drop for 3 mm long argon arc is
2.24 V, that is equal to about 17 % of arc voltage U =
=13 V (see curve 3 in Figure 15, a). Energy consump-
tion for maintaining the anode layer and the total arc
power P correlate likewise.

An important factor, affecting the anode potential
drop in arcs with a refractory cathode, is anode mate-
rial evaporation. Calculated dependencies of (U ) on
I for 2 mm long arcs with copper water-cooled anode
and steel evaporating anode are given in Figure 19. As
follows from the curves shown in this Figure, effec-
tive value of anode drop in an arc with an evaporat-
ing cathode, while remaining negative, turns out to be
smaller by absolute value than the respective value for
an arc with a copper water-cooled anode practically in
the entire considered current range.

In the theory of thermal processes in welding, it is
accepted to evaluate the total heat flow:

(D;m i
N3]
tpﬂll s w
)
0
9,

Anode layer

Arc column

Cathode layer

Fig re # Scheme of electric potential distribution and effective
components of arc voltage
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Fig reT Voltage of 2 mm long arc and its components, depending on current: @ — total arc pressure U (I — experiment); effective
value of arc column voltage (Up) (2 — calculation); b — effective value of anode potential drop (U ) (calculation)

0,= 275‘.' rq,(r)dr,
0

brought by the arc to the anode, proceeding from a
simple formula Q, = nP, where n is the effective ef-
ficiency of the arc, determined experimentally. This
expression is not universal, as value n at TIG weld-
ing depends on current and arc length, material being
welded, shielding gas and other welding conditions.
Therefore, determination of effective efficiency of
the arc requires conducting the calorimetric measure-
ments in each specific case that is unproductive. In-
stead of that, we can perform estimation of value O,
depending on current and length of the arc that will

U,V
*
8 X I
¥ * ¢ ¢ 4 *
6 -
4 -
2 -
0 I L L I
50 100 150 200 250 LA

Fig re 8 . Effective cathode potential drop (U ): solid curve —
calculation; markers — experimental data [25]
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(Ua, V T T T T
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2.4

Fig re ® . Dependencies of effective value of anode potential
drop on current of an arc with steel evaporating anode (/) and
copper water-cooled anode (2)

10

allow determination of respective n value, knowing
its watt-ampere characteristic.

Let us first evaluate the effective radius of the cur-
rent or heat spots of the arc (R, R,, respectively) on
the surface of a copper water-cooled anode, depend-
ing on arc current and length. By effective radius of
the current or heat spot we mean the radius of a circle,
within which 95 % of arc current / or, accordingly,
total heat flow Q applied by the arc to the anode, are
concentrated. Data given in Figure 20, show that in
the entire considered range of currents R = R,, and
they increase practically linearly with / rise. In addi-
tion, as was anticipated, the dimensions of the zone
of current and thermal impact of the arc on the anode
surface become larger with increase of arc length.

Calculated dependencies of total heat power

0

0, = 27tj rq,(r)dr,

applied to the copper water-cooled anode on arc cur-
rent and length, are given in Figure 21, from which it
follows that value O grows practically linearly with
increase of arc current. As was already noted, specific
heat flow g () included into Q, definition, decreas-
es with increase of arc length (see Figure 7). Despite
that, the total heat flow into the anode turns out to
be even somewhat larger for a 3 mm arc than for 2
mm arc (see Figure 21). This feature of longer arcs is
attributable, on the one hand, to increase of arc dis-
charge power (arc voltage rises at the same current),

R., mm
2
4
3 //l
i
2 ] I ] ]
50 100 150 200 250 LA

Fig re @ Dimensions of current and heat spots of the arc on
anode surface: / — L =2;2—3 mm
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Fig re 21 Total heat flow brought by the arc to the anode: / —
L=2;2—3 mm

and, on the other hand, increase of the diameter of the
zone of thermal impact of the arc on the anode surface
(see Figure 20). As regards comparison of calculated
values with those measured experimentally, accord-
ing to the data of [26], the above-mentioned value is
equal to 2.05 kW at / =200 A, L = 3 mm, and differs
from calculated value O = 1.8 kW (see curve 2 in
Figure 21) by not more than 15 %.

Data given in Figure 21, together with the exper-
imental data on watt-ampere characteristic of the arc
(see Figure 15, b) allow conducting calculated-experi-
mental estimate of effective efficiency by formulan =
Q /P. The thus calculated n values for arcs of different
length, depending on current, are shown in Figure 22,
and are indicative of the fact that the arc efficiency de-
creases wit increases of its length, and, in addition, in
the considered current range 1 value has a maximum,
which is in the interval from 130 up to 170 A.

In conclusion of this section it should be noted that
the processes of heating and melting of the metal be-
ing welded (temperature field, weld pool shape and
dimensions) are determined not only by O or n val-
ue, but also depend on such arc impact characteristics,
distributed over the surface of metal being welded, as
specific heat flow into the anode and density of elec-
tric current on its surface. These characteristics have
different effects on thermal state of the metal being
welded: the first of them is responsible for conductive
energy transfer (heat conduction mechanism), and
the second determines the intensity of hydrodynamic
flows, and convective heat transfer in the molten met-
al, accordingly.

Discussin a d co clusin s. Given in this work
results of calculation of distributed and integral char-
acteristics of free-burning argon arc with a refracto-
ry cathode and their dependencies on arc current and
length are quite predictable in terms of quality. A new
circumstance, which was revealed due to introduc-
tion of current lines into consideration, is the effect
of constriction of the current channel in near-anode

ISSN 0957-798X THE PATON WELDING JOURNAL, No. 5, 2019

0.2

0 | 1 1
50 100 150 200

LA
Fig re 2 Dependencies of effective efficiency of an arc with
copper water-cooled cathode on arc current and length: / — L
=152—2;3—3mm

region, which is manifested in the entire considered
range of arc currents and lengths. With increase of the
density of electric current on the surface of the anode
(metal being welded), the force impact of arc current
on weld pool metal becomes stronger, that promotes
an increase of the velocity of melt flowing into the
pool bottom part, and, as a result, greater depth of
penetration of the metal being welded. Thus, unlike
the theory of thermal processes in welding, based on
heat conductance mechanism of energy transfer, the
law of distribution of the density of heat flow into the
anode is not the only characteristic, determining the
weld pool shape. Another, not less important factor,
influencing the arc penetrability, is the law of distri-
bution of current density on the surface of the metal
being welded. At all other conditions being equal, we
should try to reduce the size of current channel, and
increase the density of electric current on anode sur-
face, accordingly mOBBICHTH MPOHUIIAEMOCTH AYTH C
TyroriaBkuM katonoM. In this context, the arc length
is not the only parameter, allowing control of anode
current distribution. There are a number of techniques
in the arsenal of welding science, which allow in-
creasing the anode current density: use of activating
fluxes, selection of special composition of shielding
gas (gas mixture), arc exposure to focused laser ra-
diation, high-frequency pulse modulation of welding
current, etc. Application of these effects, activating
the arc process, and of their synergic combinations is
a promising direction for improvement of the noncon-
sumable electrode welding process.
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