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The paper is devoted to analysis of the influence of pulse modulation of welding current on effective values of electro-
dynamic characteristics of the process of nonconsumable electrode welding. The first part of the paper provides anal-
ysis of the possibilities for increasing the effective value of arc current through selection of optimum time and current 
parameters of pulse modulation. A quite general case of current modulation by pulses of trapezoidal shape is considered 
(rectangular and triangular pulses are treated as particular cases). In the second part distribution of effective values of 
electromagnetic and dynamic characteristics of modulated current in the weld pool is studied, proceeding from a non-
stationary model of arc discharge and model of electromagnetic processes in the metal being welded. Force impact of 
modulated current on weld pool metal at current modulation by triangular pulses with pauses at 10 kHz frequency is 
considered as a characteristic example. Influence of dynamic effects in the pulsed arc on distribution of effective values 
of electromagnetic characteristics, namely centripetal component of Lorenz force and magnetic pressure, is analyzed. A 
conclusion is made that with optimum shape of current pulses dynamic effects arising in nonstationary arc are capable 
of essentially enhancing its force impact on weld pool metal in nonconsumable electrode welding with high-frequency 
current modulation, compared to welding by constant current coinciding in magnitude with effective value of modulat-
ed current. 19 Ref., 13 Figures.
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Pulse modulation of arc current in nonconsumable 
electrode (TIG) welding is one of the effective meth-
ods to control the characteristics of thermal and dy-
namic impact of the arc on the metal being welded. 
Variation of the parameters of welding current mod-
ulation, such as frequency, relative pulse duration, 
pulse amplitude and shape, allows changing the depth 
and shape of metal penetration, and thermal cycle of 
welding in a broad range, and, therefore, influenc-
ing the structure and properties of weld metal and 
near-weld zone, lowering residual stresses and defor-
mations of welded item. Determination of optimum 
values of parameters of welding current pulse modu-
lation requires having valid data on relative influence 
of each of them on the nature of running of thermal, 
electromagnetic, gas- and hydrodynamic processes in 
arc plasma and metal being welded.

A large number of works are devoted to experi-
mental study and mathematical simulation of process-
es running in arc plasma, on the surface and in the 
volume of metal being welded in TIG welding with 
pulse modulation of arc current [1–12]. Modes with 
low-frequency (modulation frequency F < 10 Hz) [1, 
2, 6, 7, 9, 10], medium frequency (F ≤ 5 kHz) [2, 4, 

5] and high-frequency (F > 10 kHz) [2, 3, 8, 11, 12] 
modulation of welding current, are considered. In the 
majority of the above-listed publications, however, 
(except for works [2, 4]) practically no attention is 
given to studying the influence of current pulse shape 
on the nature of running of nonstationary processes 
of heat-, mass- and charge transfer in the considered 
system, as well as on the effective values of the above 
process characteristics. Moreover, only low-frequen-
cy modulation of arc current is considered in publica-
tions devoted to detailed numerical modeling of the 
process of TIG welding by modulated current [6, 7, 9, 
10]. Therefore, the objective of this work is theoret-
ical study and numerical analysis of the influence of 
the shape of welding current pulses in a broad range 
of modulation frequencies on effective values of elec-
tromagnetic characteristics, determining the thermal, 
and, particularly, dynamic (force) impact of the arc 
with refractory cathode on the metal being welded.

Basic postulates. Let I(t) be the periodically 
changing in time t arc current, assumed to be unidi-
rectional; t = 1/F is the current modulation period;  

2
A E,I I I I= = is its average and effective values, 

respectively. Here and furtheron 〈f〉 means integral 
mean value of function f(t) in the range of [0, t]:© V.F. DEMCHENKO, U. BOI, I.V. KRIVTSUN and I.V. SHUBA, 2017
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Effective value of alternating current is usually un-

derstood to be such a value of constant current, which 
creates a thermal effect, coinciding with thermal ef-
fect of alternating current. At constant ohmic resis-
tance R of the conducting medium thermal power W, 
generated by constant current I, is expressed in terms 
of the square of current, according to Joule–Lenz law: 
W = I2R. Then, in keeping with the above interpreta-
tion of effective value of alternating current, the fol-
lowing equality holds: W = WE, where 2

E EW I R= is the 
effective thermal power of alternating current.

In the case of nonconsumable electrode welding 
with pulse current modulation, this interpretation of 
the effective value of current is valid only at consid-
eration of the processes of current transfer and heat 
input in the metal being welded, specific electric re-
sistance of which is weakly dependent on the value of 
flowing current. At the same time, because of the high 
electric conductivity of metals, thermal effect of cur-
rent flowing in the metal being welded, turns out to be 
insignificant. Therefore, effective value of current as 
the determining characteristic of thermal processes in 
the item being welded, is not significant. In contrast to 
that, Joule heating of arc plasma has a decisive influ-
ence on its thermal state. In keeping with volt-ampere 
characteristic of the arc, however, arc voltage U (arc 
gap resistance R) essentially depends on flowing cur-
rent [3, 13]. Therefore, thermal power WE of the arc at 
pulse modulation of current should be determined by 
averaging the product of arc current and voltage

	 0

1 ( ) ( )
E

W IU I t U t dt
t

= =
t ∫

	
[3], i.e. in the form, which is not expressed directly 
through the square of effective current value.

Welding current impact on arc plasma and metal be-
ing welded is not exhausted by generation of thermal 
energy. Another important characteristic of such an im-
pact is electromagnetic force, arising as a result of inter-
action of arc current with intrinsic magnetic field. The 
impact of this force is manifested in two ways. On the 
one hand, the resultant gas-dynamic head of arc plasma 
flow deforms the free surface of the weld pool, result-
ing in shifting of the heat source in-depth of the metal 
being welded, thus promoting increase of penetration 
depth. On the other hand, electromagnetic force, acting 
on molten metal in the weld pool, intensifies convective 
energy transfer from the most heated central part of pool 
surface to its bottom part that also promotes increase of 
penetration depth [14].

Let us now consider the thermal and dynamic im-
pact of modulated current on the metal being welded. 

For this purpose, we will perform assessment of the 
time of relaxation of thermal and gas-dynamic states 
of the metal melt at its disturbance due to external 
impact, which we will associate with pulsed change 
of welding current in the context of the discussed 
problem. Let ( ) 2Fo /T at l=  and ( ) 2Fo /V t l= n  be the 
thermal and hydrodynamic Fourier criteria. Here: a is 
the thermal diffusivity of the metal being welded; v is 
the coefficient of kinematic viscosity of the melt; l  is 
the characteristic geometrical size of the weld pool, 
t  is the characteristic time. As is customary, we will 
assume that during times ( ) ( ), ,T Vt t  as which values 
of criteria Fo(T) and Fo(V) reach a unity, relaxation of 
disturbance of thermal and hydrodynamic state of the 
metal due to the impact of disturbing external factor, 
takes place. Selecting the characteristic size of the 
weld pool l  = 0.5 cm and assuming that for stain-
less steel, for instance, a = 0.07 cm2/s, v = 0.07 cm2/s 
[6], we obtain: ( ) ( ), 3.6 sT Vt t ≈ . These, very approx-
imate calculations, allow assessing the duration of 
transient processes of heat- and mass-transfer in the 
weld pool as a value of the order of several seconds. 
We can confidently say that at modulation frequen-
cies F ≥ 100 Hz (modulation period τ < 10–2 s) ther-
mal and hydrodynamic processes in the weld pool are 
sensitive not to current, time-varying characteristics 
of electromagnetic field, but to their values, averaged 
over the period of current modulation.

Work [14] also shows that at spot DC TIG weld-
ing, volume density of electromagnetic force in the 
weld pool, excited by electric current flowing through 
it, is proportional to I2(r, z), where {r, z} is the cy-
lindrical system of coordinates, axis OZ of which is 
directed normal to the surface of metal being welded; 

0

( , ) 2 ( , )z

r
I r z j r z r dr= π ′ ′ ′∫  is the current, flowing with-
in a circle of radius r, selected in an arbitrary axial 
section z of the pool; jz (r, z) is the axial component 
of current density. According to the above-performed 
evaluation of characteristic times ( ) ( ), ,T Vt t  in weld-
ing with modulated current of frequency F > 100 Hz, 
force impact of arc current on weld pool metal is ex-
pressed through value 〈I2(r, z)〉, i.e. it depends on ef-
fective value of the square of current, flowing through 
a circle of the selected radius. Note that unlike de-
termination of effective current value by its thermal 
effect, this characteristic is in no way connected with 
ohmic resistance of the metal. Therefore, the notion 
of effective value of current in TIG welding by mod-
ulated current can be given another, more general 
meaning, based not on thermal but on force impact of 
current on the metal being welded.

It is obvious that the greater the square of effective 
value of welding current I2

E, the larger its distributed 
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characteristic 〈I2(r, z)〉, and the greater the effective 
force impact of arc current on the metal being weld-
ed, respectively. At assigned average value of mod-
ulated current IA its maximum effective value IE can 
be achieved by properly selecting the shape and time 
parameters of the pulses. This problem is considered 
in the first section of this paper for the general case of 
welding current modulation by pulses of a trapezoi-
dal shape, particular cases of which are triangular and 
rectangular pulses. The second section presents the 
results of numerical analysis of effective (averaged 
by modulation period) electrodynamic characteristics 
distributed in the volume of the metal being welded, 
in TIG welding with pulse modulation of current. At 
analysis of these results, attention is focused on force 
impact of arc current on weld pool metal, as well as 
its influence on the intensity of hydrodynamic flows, 
excited in it.

1. Effective value of modulated current. Let us 
consider modulated current I(t) in the form of uni-
directional pulses of trapezoidal shape with pauses 
between them (Figure 1, a). Average value of such 
current can be presented in the form of IA = (1 – α)I1 
+ αI2, where 3 2 1 (0 1);2

t + t − t
a = ≤ a ≤

t
 τ1, τ3 – τ2 are 

the durations of leading and trailing fronts; τ2 – τ1 is 
the duration of pulse «plateau», where current is kept 
constant, equal to I2; τ – τ3 is the duration of the pause 
(see Figure 1, a). Thus, average value of modulated 
current is expressed in terms of values of current in 
the pause I1 and maximum current in the pulse I2, as 
well as through dimensionless time parameter α. Let 
us introduce two more dimensionless parameters: 

3
1/ 2 (0 )2ξ = t t < ξ ≤  and 2 1 3( ) / (0 1)g = t − t t ≤ g ≤ . 

The first of them characterizes relative pulse duration 
(mode stiffness) and is connected with relative pulse 
duration s = τ/ τ3 by ratio ξ = 1/2s, and the second is 
the relative duration of pulse «plateau» and character-
izes its shape (at γ = 0 trapezoidal pulse becomes a tri-
angular one, and at γ = 1 it becomes rectangular). As 

a result, dimensionless parameter α can be expressed 
through ξ and γ as follows: α = ξ(1 + γ).

For any periodically changing current I(t) the fol-
lowing representation holds:
	 I(t) = IA = Aη(t)	 (1)
where A = I2 – I1 is the amplitude of current variation; 
η(t) is a certain normed function, containing informa-
tion about the shape and time characteristics of current 
pulses. According to the definition of average current, 
function η(t) should meet the following condition

	 0

( ) 0.t dt
t

h =∫
	

(2)

In particular, for a trapezoidal pulse, given in Fig-
ure 1, a, function η(t) has the following form (see Fig-
ure 1, b):
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

−a t < < t 	

(3)

Using representation (1) and condition (2), the fol-
lowing expression for the square of effective current 
value can be derived:

	
2 2 2 ( , ),
E A

I I A f= + ξ g
	 (4)

where f(ξ, γ) =〈η2〉.
Omitting cumbersome calculations, we will give 

the final expression for function  f(ξ, γ):

	

22( , ) (1 2 ) (1 ) ,3f  ξ g = ξ + g − ξ + g   	
behaviour of which is shown in Figure 2. From the 
explicit form of this function it follows that effective 
value of pulsed current depends on relative duration 
and shape of pulses and does not depend on their repe-
tition rate. We will also note that f(ξ, γ) ≥ 0, i.e. square 
of effective value of current is higher than average 
current square.

Figure 1. Schematic representation of arc current pulse: a — trapezoidal pulse with a pause; b — respective normed pulse (function 
h(t))
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As follows from expression (4), at specified value of 
IA there are two possibilities to increase the effective val-
ue of modulated current: the first is through increasing 
amplitude A; the second — by selection of such values 
of time parameters of the pulse, at which function f(ξ, 
γ) has the highest value. In the first case, increasing the 
magnitude of current I2, in principle, allows reaching 
as high a value of current IE as is desired, by reducing 
pulse duration appropriately, so as to ensure satisfying 
condition IA = const. Considering the quadratic depen-
dence of 2

EI  on current amplitude, this method is high-
ly effective. Its application, however, is limited by the 
capabilities of arc power source (in equipment models 
known to the authors I2 ≤ 500 A [8]). Therefore, it is of 
interest to consider the second method of increasing IE.

Furtheron we will assume that values I1, I2 (or A), 
as well as average current value IA are given and will 
select parameters ξ, γ so that function f(ξ, γ) includ-
ed into expression (4), had the highest values. Note 
that at given values I1, A, IA, parameter α = ξ(1+ γ) 
is uniquely determined: α = (IA – I1)/A. Therefore, at 
analysis of numerical values of function f(ξ, γ) not the 
entire range of ξ, γ variation should be considered, but 
just those of their values, which satisfy equation ξ(1 + 
γ) = α. Expressing γ from this equation through ξ, α, 
and substituting it into the expression for f(ξ, γ), we 
obtain 24 2( , ) .3 3f ξ a = a − a − ξ  This function decreases 
monotonically with ξ increase and has the largest val-
ue at minimum value ξmin. In case of triangular pulses 
(γ = 0) we find ξ = α from expression ξ = α/(1 + γ), 
and in the case of rectangular pulses (γ = 1) we have 
ξ = α/2. Thus, minimum value ξmin = α/2, providing at 
given α the largest value of function f(ξmin, α) = α – α2, 
is reached in the case γ = 1. Function α – α2 has a max-
imum at α = 0.5, that yields ξ = 0.25, i.e. this set of 
dimensionless parameters corresponds to rectangular 
pulses in the form of a meander.

Thus, at given I1, A, IA, of all the possible varia-
tions of the considered forms of the pulse, the larg-
est effective value of current 2 2

1 1 0.5
E

I I I A A= + +  
is reached at application of rectangular pulses in the 
form of a meander, average current value being IA = 
= I1 + 0.5A.

As in practice it is impossible to reach an ideal 
rectangular shape of pulses, it is of interest to study 
behaviour of function f(ξ, γ) for the general case of 
trapezoidal current pulse. Let us denote the total dura-
tion of the pulse leading and trailing fronts as τf = τ1 + 
τ3 – τ2 (see Figure 1, a), determined by parameters of 
the power source and electric circuit, containing the 
welding arc. In the considered case minimum value 
of ξ is defined as follows: min / (2 )fξ = a − t , where 

3/f ft = t t , which yields

	

2
min

2 1( , ) 2 .3 2 f
f

 
ξ a = − a − a − t  	

This function has a maximum equal to

	

2
1 1( ) 2 ,9 2f

f
f

 
t = − − t 

at

	

1 12 .3 2 f

 
a = − − t 

As follows from Figure 3, value of function ( )ff t  
is rather weakly dependent on total front duration. So, 
for instance, if τf is equal to 50 % of pulse duration, 
value ( )ff t  decreases just by 20 %, compared to the 
best value achieved at current modulation by rectan-
gular pulses in the form of a meander ( 0) .

2. Distribution of effective values of character-
istics of electromagnetic field of arc current in the 
metal being welded. As was noted above, in TIG 
welding with current modulation at more than 100 Hz 
frequency the impact of electromagnetic force on arc 
plasma and weld pool metal is determined not by cur-
rent value of electromagnetic force, but by its value, 
averaged in time over the period of current modulation, 
i.e., effective value of the force. Expression for vor-

Figure 2. Appearance of function f(ξ, γ)

Figure 3. Influence of relative duration of pulse fronts on ( )ff t
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tex component of this force in the cylindrical system 
of coordinates is written in strict compliance with the 
one given in [14] for constant current arc with the only 
difference that I2(r, z) is replaced by 〈I2(r, z)〉, namely

	

2

2 30

( , )
( , ) ,

4rot r

I r z
F r z e

r
= −m m

π





	
(5)

here, μ is the metal permeability; μ0 is the universal 
magnetic constant; re  is the unit radius-vector.

Proceeding from magnetostatics equations [15], 
we can show that under the impact of force rot ( , )F r z



 a 
magnetic pressure field arises in the weld pool, average 
(over current modulation period) magnitude of which 
〈Pmag(r, z)〉 is determined by the following formula

	

0
2( , ) ( , ) .

4mag rot
r

P r z F r z dr
∞m m

′ ′=
π ∫



	
(6)

In the approximation of magnetostatics, radial 
component of magnetic pressure field 〈Pmag(r, z)〉 is 
balanced by force ( , )rotF r z

 , and its axial component 
is balanced in the full system of equations of hydro-
dynamics by forces of nonmagnetic origin, primarily, 
those of inertia and viscosity [14].

We will use expressions (5), (6) for evaluation of 
effective values of electromagnetic force and mag-
netic pressure in the metal being welded in spot TIG 
welding by modulated current. Performance of de-

tailed calculations requires information about the dis-
tribution of current characteristic I(r, z, t) in the met-
al volume within one period of current modulation. 
Two mathematical models were developed for this 
purpose: first is model of the arc, burning in a non-
stationary mode; second is the model of electromag-
netic processes in the metal being welded in welding 
by modulated current. Axisymmetric (2D) model of 
constant current arc [16] was modified [17], allowing 
for nonstationary nature of thermal and gas-dynamic 
situation in arc plasma, which is due to a change of 
electric current in time (in keeping with the assigned 
shape of the pulse and frequency modulation). Such a 
model allows modeling the dynamics of burning of a 
nonstationary arc discharge and obtaining calculated 
data on time-varying distributed and integral charac-
teristics of the arc column and anode region of the arc, 
including distribution of electric current density on 
the surface of metal being welded. Computer realiza-
tion of the proposed model envisages feeding a packet 
of pulses in the quantity, sufficient for establishing arc 
plasma state, recurring from pulse to pulse.

During computational experiments, burning of ar-
gon arc 3 mm long with tungsten cathode was stud-
ied, anode was assumed to be non-evaporating, pulse 
current modulation was performed in the form of 
feeding triangular-shaped pulses with pauses between 
them (Figure 4) at the following values of current and 
time parameters of the pulse: I1 = 30 A, I2 = 345 A 
(A = 315 A); τ1 = τ2 = 20 μs, τ3 = 70 ms, τ = 100 ms 
(ξ  =  0.35; γ = 0), that corresponds to IA  =  140 A, 
IE≈ 175 A; F = 10 kHz. Time parameters of this trian-
gular current pulse are practically optimal in the sense 
that they provide maximum effective value of current 
at its given average value (see Section 1).

In discussion of the results of calculation of char-
acteristics of modulated current arc, we will give pref-
erence to analysis of processes running in arc anode 
region, disregarding a number of interesting features 
of nonstationary thermal, gas-dynamic and electro-
magnetic processes in its column. Let ja(r, t) be the 
distribution of axial component of current density at 
the anode, calculated using arc model [17]. Let us first 
consider the change in time of axial value of current 
density ja(0, t) per one modulation period. In Figure 5 
the change of the above characteristic in time (curve 
1) is given in comparison with values of axial density 
of current for stationary arcs at currents I = I2, IA, I1 
(curves 2, 3, 5, respectively). The same figure gives 
axial value of current density averaged over the mod-
ulation period (dotted curve 4). Figure 6 at gives the 
distributions of current density at the anode in differ-
ent moments of time for the leading (Figure 6, a) and 
trailing (Figure 6, b) fronts of the pulse. Dashed lines 

Figure 4. Triangular current pulse with pause

Figure 5. Change in time of axial current density in the arc anode 
binding region
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in Figure 6, a show the respective distributions for 
constant current arc at I = 30, 140 and 345 A.

Before going over to analysis of nonstationary 
nature of variation of electric current density at the 
anode, shown in Figures 5, 6 we will give a gener-
al description of mode of arcing with high-frequency 
current modulation. According to the accepted termi-
nology, at current modulation electric processes run 
in the quasi-stationary mode, if their characteristics 
change periodically with current modulation frequen-
cy, and this change is realized in the mode of suc-
cessive change of stationary states, corresponding to 
constant current, which coincides in its magnitude 
with instantaneous value of modulated current. In the 
case considered here, the first of these conditions is 
fulfilled already after feeding the first 5–6 pulses. The 
second condition, however, is not satisfied at modu-
lation frequencies of 10 kHz. This is clearly demon-
strated by the data shown in Figures 5, 6. Effect of 
pronounced nonstationary nature of variation of elec-
tric current density at the anode is manifested in that 
the maximum value of ja(0, t) (see Figure 5, curve 1) 
is approximately 1.5 times higher than axial density 
of current at the anode for stationary arc at current I = 
= I2 = 345 A. The same effect is manifested also in dis-
tribution of electric current at the anode (see Figure 6, 
curve 3 and respective dashed curve). Therefore, we 
can conclude that in the considered case the arc burns 
in a nonstationary mode, accompanied by a signifi-
cant increase of current density at the anode.

The simplest explanation for this effect may be that 
the rapidly changing current at the pulse leading front 
(see Figure 4) is passed through the current channel of 
arc column, the size of which does not have enough 
time to follow the change of I(t), because of inertia of 
gas-dynamic processes in arc plasma, and preserves 
the dimensions, close to those which it had at the start 
of modulation period (at small value of current). As 
shown by analysis of other dynamically changing 

characteristics of arc discharge, such a mechanism 
of increasing electric current density at the anode is 
not the only one, i.e. there also exist other causes be-
hind the extreme nature of ja(0, t) variation, and these 
causes are associated not with arc column, but with 
near-anode plasma region.

We will consider changes of radial distribution of 
near-anode plasma temperature Ta(r, t) (Figure 7, a) 
in time within the first 40 ms from the moment of the 
pulse start, of which 20 μs falls on its leading front. 
At current I = 30 A (t = 0) axial value of near-anode 
plasma temperature is equal to 7736 K (see Figure 7, 
a, curve 1). At current increase up to 345 A (t = 20 ms) 
the temperature rises up to 8960 K and continues ris-
ing over the next 10 ms (temperature distributions at 
these moments of time are represented in Figure 7, a 
by curves 2, 3). Notably, Ta(r, t) increase is limited by 
a circle, the radius of which does not exceed 3 mm; 

Figure 6. Distribution of current density at the anode at different moments of time: a — leading front (1 — t = 0, I = 30 A; 2 — t = 
= 10 ms; I = 187 A; 3 — t = 20 ms, I = 345 A); b — trailing front (1 — t = 30 ms, I = 282 A; 2 — t = 40 ms; I = 219 A; 3 — t = 50 ms, 
I = 156 A; 4 — t = 60 ms, I = 93 A; 5 — t = 70 ms, I = 30 A)

Figure 7. Distribution of temperature (a) and potential (b) of 
near-anode plasma along its boundary with arc column: 1 — t = 
= 0, I = 30 A; 2 — t = 20 ms, I = 345 A; 3 — t = 30 ms, I = 282 A; 
4 — t = 40 ms, I = 219 A
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at greater values of r near-anode plasma temperature 
does not change compared to the temperature it has 
reached during the pause (as a result of inertia of ther-
mal and gas-dynamic processes in arc column).

Local temperature rise (in time and space) leads to a 
change of radial distribution of potential drop across the 
anode Ua(r, t) = –Δφ(r, t), which depends on distribution 
of electric current density at the anode and near-anode 
plasma temperature [16]. This dependence is illustrated 
by presented in Figure 7, b, results of calculation of the 
dynamics of distribution of value Δφ, which actually is 
the near-anode plasma potential on the boundary with 
arc column, under the condition that anode surface po-
tential is taken to be constant and equal to zero.

At low current I = 30 A (t = 0) the boundary of 
near-anode plasma and arc column is practically iso-
potential (Δφ ≈ 2.5 V — Figure 7, b, curve 1) so that 
current density vector in it is directed along a normal 
to anode surface. With increase of axial value of tem-
perature of near-anode plasma by more than 1000 K 
(see Figure 7, a, curves 2–4), this boundary becomes 
significantly non-isopotential, and in such a way that 
potential value decreases along the anode surface, 
reaching a gradient of about 1 V at 3 mm distance 
from the center of anode binding region. Non-uni-
form distribution of anode potential drop in near-an-
ode plasma results in appearance of radial component 
of current density vector, directed from the center to 
the periphery of anode region, which enables radial 
unloading of current flowing out of the anode. The 
effect of local increase of current density at the an-
ode is achieved exactly due to current flowing more 
readily out of the anode into arc plasma. The effect 
of arc current contraction at the anode due to addi-
tional local heating of arc plasma was found for the 
first time in study [8] under the conditions of hybrid 
(TIG + CO2-laser) welding.

At the conclusion of this analysis, we will mention 
one more possible cause for current density increase 
at high-frequency modulation of current (see Fig-

ures 5, 6). In the region of low temperatures of argon 
plasma (of the order of 7–12 kK), its specific elec-
tric conductivity rises noticeably with temperature 
increase, while at temperatures above 20 kK plasma 
electric conductivity is weakly dependent on tem-
perature. Thus, increase of arc plasma temperature at 
current rise only slightly changes the electrophysical 
properties of arc column, and at the same time creates 
a region of increased electric conductivity in paraxial 
regions of near-anode plasma. Such a feature can also 
promote increase of current density in the central part 
of the region of anode binding of the arc.

Now let us go back to the problem of force impact 
of modulated current on the metal being welded. Cal-
culation of current distribution in 10 mm plate being 
welded was performed using axisymmetric (2D) model 
of electric processes described in [14]. For each moment 
of time tk during one period of current modulation (tk  
 [0, τ], k = 1–100) distribution of axial current density 
ja(r, tk) was assigned on the anode surface (z = 0), which 
was determined on the basis of a computer model of 
nonstationary arc for a current pulse, shown in Figure 4. 
On the plate lower surface (z = 10 mm) scalar potential 
of electric field was taken to be constant (equal to zero); 
on the axis of symmetry and at sufficiently great distance 
from the axis (R = 50 mm) the radial component of cur-
rent density vector was taken to be zero. Vector field of 
current densities j(r, z, tk) was calculated at each moment 
of time tk, which was used to find I2(r, z, tk) distribution. 
Average value of the respective characteristic 〈I2(r, z)〉 
was calculated by the method of numerical integration 
by quadrature formula of a rectangles. Effective value of 
vortex component of electromagnetic force was found 
from formula (5), and magnetic pressure created by this 
force — by formula (6). Results of calculation of the 
above characteristics are given in Figures 8, 9.

As volume density of vortex component of electro-
magnetic force 

rot ( , )F r z
  is in quadratic dependence on 

magnetic field intensity Hθ(r, z) (see [14]), the nature 
of radial distribution of rot ( , )F r z



 (see Figure 8) is 
similar to Hθ(r, z) distribution, including the position 
of radius, in which maximum of vortex component of 
the force is reached. Maximum value of rot ( , )F r z



 
decreases rapidly with greater distance from the an-
ode surface in-depth of the weld pool, becoming more 
than 4 times smaller at z = 2 mm. Magnetic pressure 
field turns out to be even more concentrated near the 
surface of metal being welded (see Figure 9). Its larg-
est gradient is reached in a melt layer of 1 mm thick-
ness, located directly under the pool surface.

It is of interest to compare magnetic pressure and 
its axial gradient in welding by modulated current 
with respective characteristics for constant current I = 
const. In Figures 10, 11 the results of the respective 

Figure 8. Distribution of effective value of vortex component of 
electromagnetic force in different axial sections of the plate being 
welded: 1 — z = 0; 2 — 0.25; 3 — 0.5; 4 — 1.0; 5 — 1.5; 6 — 
2.0 mm
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calculations at I = IA = 140 A and I = IE = 175 A are 
given in comparison with characteristics for the case 
of modulated current. As expected, magnetic pressure 
at modulated current welding is significantly higher 
than magnetic pressure of constant current, coincid-
ing in value with average value of modulated current. 
However, 〈Pmag〉 exceeding Pmag at I = IE = 175 A re-
quires some clarification. The cause for this excess 
are dynamic processes in the arc, flowing in high-fre-
quency modulated current welding, in particular ex-
treme behaviour of current density on the pulse lead-
ing front (see Figures 5, 6).

Note that in the considered case maximum value of 
magnetic pressure is equal to less than 0.1 % of atmo-
spheric pressure. However, because of its high concen-
tration near the weld pool surface, the radial, and partic-
ularly, axial components of magnetic pressure gradient 
turn out to be quite significant (see Figures 9, 11).

Let us illustrate the last statement. For this pur-
pose we will use the equation of movement of vis-
cous incompressible fluid in the cylindrical system 
of coordinates (r, z), which is the projection of the 
balance of volume forces on axis z. We will assume 
melt movement to be stationary, and pressure in the 
liquid phase to be averaged magnetic pressure 〈Pmag〉. 
Let us denote vector of liquid metal movement speed 
as ( , )V r z



; and ρ as its density. As a result, we obtain:

	
.magz z

r z z

PV V
V V V

r z z

∂∂ ∂ 
r + = − + n∆  ∂ ∂ ∂  	

(7)

We will take into account that at r = 0, in view 
of the conditions of axial symmetry of the considered 
flow, radial component of speed vector is equal to 
zero; then, neglecting the forces of viscous friction, 
from (7) we obtain

	

2

,
2

magz
PV

z z

∂∂r
= −

∂ ∂



	

which yields Bernoulli equation for an ideal liquid:

	
2 2(0, ) (0, 0) (0, 0) (0, ) .

2 mag magz zV z V P P zr  − = −  	
As axial component of speed of metal movement 

on pool surface (z = 0) can be considered equal to 
zero, Bernoulli equation yields a simple formula for 
approximate estimation of axial speed of melt flowing 
on the pool axis of symmetry (r = 0):

	

( )2 (0, 0) (0, )
(0, ) .

mag mag

z

P P z
V z

−
=

r 	
(8)

Results of calculation by this formula for steel, 
given in Figure 12, are indicative of the fact that quite 
intensive downward (directed towards pool bottom) 
melt flow arises in the weld pool under the impact of 
magnetic pressure gradient, which is capable of trans-
porting overheated metal from the hottest subsurface 
region in-depth of the melt, and thus increasing pene-
tration depth, this effect being the most pronounced at 
pulse modulation of welding current.

Discussion of results. Effective value of modu-
lated current does not directly determine the number 
of charges, transferred per a unit of time through the 
conductor cross-section, but is an indirect parameter, 
which characterizes thermal and force impact of cur-
rent on the conducting medium in comparison with the 
impact of constant current of the respective magnitude. 

Figure 9. Isobars of averaged magnetic pressure in the weld pool: 
1 — 〈Pmag(r, z)〉 = 5; 2 — 15; 3 — 30 Pa (curves in the upper part 
of the Figure correspond to 45, 50 and 55 Pa)

Figure 10. Distribution of magnetic pressure on weld pool sur-
face: 〈Pmag〉 for an arc of modulated current (curve 1); Pmag for sta-
tionary arcs at I = IE = 175 A (curve 2) and I = IA = 140 A (curve 3)

Figure 11. Distribution of axial value of axial component of mag-
netic pressure gradient: 1 — I = I(t) (modulated current): 2 — I = 
= IA = 140 A; 3 — I = IE = 175 A



10 ISSN 0957-798X THE PATON WELDING JOURNAL, No. 8, 2017

SCIENTIFIC AND TECHNICAL

                                                                                                            

                                                                                                                                                                                                    

However, these two kinds of impact are exactly the 
most significant ones for the technological results of 
arc welding, primarily, in terms of their influence on 
the depth and shape of metal penetration. Therefore, 
theoretical analysis of processes running in arc plas-
ma, and in the metal being welded, appears to be very 
important for revealing the hidden capabilities of TIG 
welding with high-frequency pulse current modulation.

Conducted in section 1 analysis of the dependence 
of effective value of modulated current on modula-
tion mode parameters is indicative of the fact that this 
characteristic is independent of modulation frequen-
cy, and is determined only by the shape and relative 
duration of current pulses. This almost obvious result 
is also valid for other pulse shapes, different from the 
trapezoidal one considered here. At selected value of 
average current, the highest effective value of current 
can be ensured through appropriate selection of time 
parameters of pulse modulation, and, therefore, great-
er force and thermal impact of modulated current both 
on arc plasma, and on weld pool metal. It should be 
noted that effective value of modulated current, as its 
integral characteristic, does not uniquely define ther-
mal power of the arc discharge, as arc voltage also 
depends on current, changing during current pulse 
passage. In [19] it is shown that dynamic volt-am-
pere characteristic of nonstationary arc forms a hys-

teresis loop (see also [13]), enclosing (Figure 13) the 
volt-ampere characteristic of constant current arc. The 
shorter the duration of pulse leading front, the greater 
the loop of hysteresis loop, and, therefore, the great-
er the difference between the power of nonstationary 
arc and that of constant current arc, coinciding in 
magnitude with effective value of modulated current. 
Therefore, in high-frequency arc welding effective 
value of arc power should be determined by averag-
ing the product of instantaneous values of current and 
voltage. At digital measurement of current and volt-
age with computer recording of signals, determination 
of average electric power of modulated current is not 
difficult. Theoretical analysis of this characteristic, 
however, requires use of arc discharge model with de-
scription of both arc column, and its near-electrode 
regions. Investigations in this direction are still to be 
performed, including experimental ones.

The conclusion that effective current value is inde-
pendent of modulation frequency does not at all mean 
that value F has no influence on thermal and hydrody-
namic processes, running in the metal being welded. In 
the second section it is established that force interac-
tion of modulated current with intrinsic magnetic field 
is determined not by square of effective current value, 
but by its analog distributed in the metal volume, which 
is value 〈I2(r, z)〉 — square of effective value of cur-
rent flowing in a circle of radius r. This characteristic 
is highly dependent on modulation frequency F, as at 
high-frequency modulation of current by pulses with a 
steep leading front 〈I2(r, z)〉 distribution is influenced 
by the above-described dynamic processes in the arc 
column and anode region, manifested in extreme dis-
tribution of current density at the anode (see Figures 5, 
6). This, eventually, determines the difference between 
the force impact on the metal being welded of the arc 
with pulse current modulation and arc at constant cur-
rent, coinciding by magnitude with effective value of 
modulated current (see Figures 11, 12).

It should be noted that given in this work results 
of calculations of the characteristics of electromag-
netic processes in the metal being welded, were ob-
tained in the assumption that the sample being welded 
is firmly pressed against the copper backing (electric 
potential of the sample lower surface is taken to be 
constant). Other variants of sample grounding were 
also considered during performance of computational 
experiments. Here, the pattern of current distribution 
in the metal being welded was cardinally different, 
depending on the position of local grounding relative 
to arc axis. Despite that, quantitative characteristics of 
force impact of modulated current on the metal being 
welded, given in the second section, remain valid for 
different connection diagrams. This result is due to 

Figure 12. Axial change of axial component of the vector of weld 
pool metal movement speed (ρ = 7040 kg/m3, designations on the 
curves are the same as in Figure 11)

Figure 13. Dynamic volt-ampere characteristic of stationary ar-
gon arc 3 mm long with 20 ms duration of the pulse leading front
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high concentration of the field of magnetic pressure in 
the subsurface layer of weld pool metal approximate-
ly 1 mm thick (see Figure 9). In this layer distribution 
of current density and configuration of current lines 
are determined only by distribution of electric current 
density on the pool surface and are weakly dependent 
on the pattern of current spreading in the entire sam-
ple being welded.

In work [14] it is shown that technological means, 
providing a reduction of the size of the arc anode bind-
ing region (increase of electric current density on weld 
pool surface) in TIG welding, promote an increase of 
axial component of magnetic pressure in paraxial re-
gions of the pool, and lead to intensification of down-
ward flow of the melt, respectively, thus facilitating in-
crease of penetration depth of the metal being welded. 
Analysis of effective values of electromagnetic charac-
teristics of nonstationary arc in TIG welding performed 
in this study, gives grounds to assert that application of 
high-frequency pulse modulation of welding current is 
one of such technological means.

Finally, we will note one more important feature of 
the impact of vortex component of the Lorentz force 
on formation of magnetic pressure field in the weld 
pool. The action of centripetal force rot ( , )F r z



, as well 
as the distribution of magnetic field intensity Hθ(r, z), 
extends to unlimited space. Having reached the max-
imum value (see Figure 8), both these characteristics 
of electromagnetic field tend to zero as 1/r. On the other 
hand, magnetic pressure in the weld pool forms under 
the impact of just that part of force rot ( , ),F r z



, which is 
applied to molten metal; now the rest of the force is 
balanced by elastic reaction of the solid phase. There-
fore, the smaller the pool cross-section, the smaller 
the fraction of welding current flowing through it, 
and the lower its force impact, respectively. This, on 
the whole, correct conclusion, is not obvious in the 
case, when reduction of pool cross-section is due to 
electric current contraction on anode surface under 
the impact of additional technological factors, such 
as application of activating fluxes, special shielding 
gas mixtures, or focused laser radiation (hybrid TIG + 
CO2-laser welding), as at constriction of the current 
channel on anode surface the fraction of current flow-
ing through the weld pool becomes greater. Clarifying 
the physical features of force impact of arc current 
under the conditions of this alternative is the sub-
ject of further research. It is also of interest to study 
the possibility of increasing the force impact of arc 
current on weld pool metal due to dynamic effects, 
arising in electric current density distribution on an-
ode surface at passing of very steep leading front of 
the pulse. Therefore, another object of further studies 

are dynamic processes in the arc discharge and met-
al being welded at current modulation by rectangular 
pulses, which, as is shown in the first section, have an 
advantage over triangular pulses in terms of effective 
current value.
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