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A review of investigations devoted to the processes of inert-gas nonconsumable electrode welding with welding current 
modulation was performed. The third part of the review is devoted to analysis of the works, dealing with theoretical 
study and mathematical modeling of the processes of heat-, mass- and electric transfer in arc plasma and welded metal 
in TIG welding by modulated current. Different approaches to theoretical study of the above-mentioned processes 
are described, as well as respective mathematical models, allowing for the conditions of nonconsumable electrode 
welding with low-frequency (up to 10 Hz) and high-frequency (above 10 kHz) pulse modulation of welding current. 
Results of numerical analysis of the distributed and integral characteristics of an argon arc with refractory cathode at 
pulse variation of current are given. It was performed on the base of models of a nonstationary arc with distributed and 
concentrated parameters. Results of computer modeling of thermal, hydrodynamic and electromagnetic processes in 
the welded metal (also at self-consistent accounting of the processes that proceed in arc plasma) were analyzed for the 
case of spot TIG welding with low-frequency pulse modulation of current. Presented are the analytical dependencies 
that describe the impact of the shape and parameters of welding current pulses on the characteristics of dynamic action 
of an arc with a refractory cathode on weld pool metal. 21 Ref., 4 Tables, 19 Figures.
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The features of arc burning, metal penetration and 
weld formation in nonconsumable electrode weld-
ing with welding current modulation, considered 
in the first [1] and second [2] parts of this review, 
which were established experimentally, required con-
ducting theoretical investigations, development of 
mathematical models and numerical modeling of the 
above-mentioned processes, in order to clarify and 
predict the nature of their passage at practical real-
ization of different technologies of TIG welding by 
modulated current.

In work [3] it is assumed that the effect of the arc 
contraction at HFP modulation of current, which is 
observed experimentally, and increase of its pressure 
on weld pool surface, compared with an arc of direct 
current, equal to average value of modulated current, 
is related to increase of effective value of modulated 
current, compared to its average value. This assump-
tion is written as the following ratio
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where PPC is the pressure of modulated current arc; 
PDC is the pressure of direct current arc; Ieff, Iav is the 
effective and average value of current. 

By the data of work [3], the thus calculated arc 
pressure at HFP modulation of current fits in well with 
experimental data.

At modulation of arc current by rectangular and 
triangular pulses the square of effective value of cur-
rent can be approximately calculated as follows: 
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for rectangular pulses and
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for triangular pulses, where Ip is the peak value of cur-
rent (when writing (2), (3), it was assumed that base 
current value Ib is much smaller than Ip).

As in the frequency range f = 10–20 kHz the pulse 
shape is close to a triangular one, peak current at fixed 
power of the power source (by direct current) can be 
assessed by the following ratio:

 
,av

p

I
I fL  

(4)I.V. Krivtsun — http://orcid.org/0000-0001-9818-3383

© Boyi Wu and I.V. Krivtsun, 2020



3ISSN 0957-798X THE PATON WELDING JOURNAL, No. 1, 2020

SCIENTIFIC AND TECHNICAL                                                                                                                                                                                                    

                                                                                                            

where L is the welding circuit inductance.
In this case, using (1), (3), (4), the ratio of pressure 

of an arc with HFP modulation of current to that of 
an arc of direct current (that characterizes the degree 
of arc constriction) can be presented in the following 
form
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Thus, the effect of arc constriction at HFP modula-
tion of current is the most pronounced in the cases of 
small values of average current.

Work [4] is devoted to comparative analysis of 
pressure on weld pool surface that is applied by an arc 
with nonconsumable electrode at pulse modulation of 
welding current and by an arc of direct current, the 
value of which is determined under the condition of 
equal power of the considered arcs. At evaluation of 
arc pressure the authors used the assumption that the 
current channel has the shape of a truncated cone with 
the height equal to arc length that expands from the 
cathode, where the channel radius is selected equal 
to r0 towards the anode where the radius is equal to 
R (R > r0). It is assumed that the current density is 
uniformly distributed over the cross-section of the 
current channel. This allows writing the pressure of 
an arc of constant current Ic on the anode surface in 
the following form
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where m is the universal magnetic constant.
The power of constant current arc is defined as the 

product of current Ic by voltage U(Ic) that is calculated 
using the approximation of the measured experimen-
tal static volt-ampere characteristics (VAC) of the arc:
 U(I) = B1I + B2 + B3/I, (7)

where B1, B2, B3 are the constant coefficients, which 
depend on arc burning conditions.

In view of [7], the power of an arc of constant cur-
rent Ic can be written as follows:
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In the case of an arc of modulated current, assum-
ing that modulation is performed by rectangular puls-
es with duty cycle d, the average and effective value 
of current can be calculated by the following expres-
sions:
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where Ip, Ib are the peak and base current values.
Average value of power of such an arc 
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condition that the change of arc voltage in time at the 
change of current takes place along a static VAC (7) 
that gives 
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It should be noted that the last assumption essen-
tially limits the modulation frequency, with increase 
of which the change of voltage at the change of arc 
current that occurs in keeping with a dynamic VAC 
of the arc, differs ever more from dependence (7) [5].

Comparing expressions (8) and (10), the authors 
find duty cycle d which at set Ic, Ip, Ib values provides 
the condition of equality of powers of the arc for con-
stant and modulated current: 
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Assuming further that the dimensions of the cur-
rent channel of an arc with pulse modulation of cur-
rent are equal to respective dimensions for an arc of 
constant current and using expression (6), the authors 
of [4] write
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that leads them to a conclusion, similar to the one 
made in work [3] (see (1)), namely:
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Using the obtained relationships, work [4] gives 
the calculated dependencies of PR, Wp, Ieff/Iav, as well 
as Ic, Iav, Ieff on the duty cycle at the following param-
eters of arc burning mode: arc length of 1 mm, shield-
ing gas Ar, Ip = 500 A, Ib = 5 A. For instance Figure 1 
gives dependence PR(d) which shows that pressure on 
the surface of the anode of an arc with pulse modula-
tion of current at small values of the duty cycle can be 
ten and more times higher than the relative value of an 
arc of constant current (d = 1).

In work [6] a computer modeling of thermal, hy-
drodynamic and electromagnetic processes in metal 
being welded was performed at spot argon-arc weld-
ing (welding by a stationary arc) of a sample from 
3 mm stainless steel AISI 304 by an arc burning at 
constant current and with low-frequency modulation 
of welding current by rectangular pulses. The follow-
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ing assumptions were used when constructing the 
mathematical model: 1) considered system is assumed 
to be axisymmetric; 2) molten metal is a viscous liq-
uid which is incompressible, its flow in the weld pool 
is laminar; 3) at analysis of hydrodynamic processes 
in the metal pool the Lorenz and Archimedean forces 
acting in the pool volume were taken into account, as 
well as Marangoni force, pressure and force of friction 

of arc plasma on the pool surface; 4) welded metal 
properties are assumed independent on temperature, 
except for the surface tension factor, density, specific 
heat capacity and heat conductivity factor; 5) distribu-
tion of the heat flow, electric current density, pressure 
and force of friction of arc plasma on the surface of 
the metal being welded were determined on the base 
of the results of modeling a constant current arc [7, 8] 
at different current values (quasistationary arc).

Numerical modeling was performed using the pa-
rameters of the mode of burning of an arc of modulat-
ed current (Table 1) and constant current given below.

Параметри режиму горіння дуги постійного струму [6]
Arc length, mm  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2.0
Arc current, А  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  100
Arc voltage, V  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  14.0
Electrode  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  W + 2 % Th
Electrode diameter, mm  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3.2
Electrode sharpening angle, deg  . . . . . . . . . . . . . . . . . . . . . . .  60
Nozzle diameter, mm  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  12.7
Shielding gas flow rate (Ar), l/min  . . . . . . . . . . . . . . . . . . .  10.0

Figure 2 shows patterns of the flow and fields of 
velocities (cm/s) of weld pool liquid metal (arс of di-
rect and modulated current) for 1.92 s.

Results of conducted in work [6] computer model-
ing allowed the authors to conclude that increase of tp/
tb ratio or duty cycle results in increase of penetration 
depth at other conditions being equal.

Work [9] is also devoted to modeling the processes 
proceeding in the metal being welded at TIG welding 
with low-frequency modulation of arc current. Ther-
mal, hydrodynamic and electromagnetic processes in 
a 3 mm sample of stainless steel 304 were considered 
at the following parameters of the welding mode: arc 
voltage U = 13 V, welding current is modulated by 
rectangular pulses, durations of the pulse tp and pause 
tb were assigned as tp = tb = 1 s, pulse current Ip = 
= 170 A, base current Ib = 35 A, welding speed v = 
= 1.6 mm/s. The mathematical model was constructed 

Figure 1. Dependence of the ratio of pressure on the anode sur-
face of modulated current arc to pressure of a direct current arc 
on the duty cycle at the same power (Ib = 5 A, Ip = 500 A, 1 mm 
arc length) [4]

Figure 2. Patterns of the flow (left) and fields of movement veloc-
ities (right) of the melt at the action on welded metal for 1.92 s: 
a — direct current arc (100 A); b–d — modulated current arc 
(variants 1–3 in Table 1, respectively) [6]

Table 1. Parameters of burning mode of an arc with current mod-
ulation [6]

Parameter Variant 1 Variant 2 Variant 3

Base current Ib, A 36 40 48

Pause duration tb, s 0.16 0.24 0.32

Peak current Ip, A 120 136 160

Pulse duration tp, s 0.32 0.24 0.16

Effective current IE, A 100 100 100

Mean current IM, A 92 88 85

Duty cycle rI 0.67 0.50 0.33

Frequency Fi, Hz 2.08 2.08 2.08

Ratio tр/tb 2.0 1.0 0.5

Ratio IM/IE 0.92 0.88 0.85
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using the following assumptions: 1) weld pool met-
al is assumed to be a viscous incompressible liquid, 
flowing mode is laminar; 2) distributions of the heat 
flow, current density and arc pressure on the sample 
surface are Gaussian; 3) properties of the metal being 
welded are independent on temperature, expect for 
the melt surface tension factor (in order to allow for 
Marangoni effect); 4) weld pool surface is considered 
to be flat.

Figure 3 shows the calculated dependencies of 
penetration depth and weld half-width on welding 
time. As follows from the presented curves, the most 
marked changes of weld depth and width with the 
change of arc current are observed at the very start 
of the welding process (t < 4 s). After four periods 
of welding current alternation the amplitude of os-
cillation of the considered characteristics somewhat 
decreases, their maximum and minimum values be-
coming practically independent on time.

In order to verify the developed model, the authors 
of [9] performed comparison of calculated data with 
experimental ones, obtained by video recording of 
weld pool surface. As it was impossible to conduct 
such video recording during the action of current 
pulse Ip, Figure 4 gives the data on the change of weld 
width only during arc burning at minimum current 
Ib. Comparison of calculated and experimental data 
showed their quite satisfactory agreement.

Book [10] is devoted to detailed description of 
the currently available approaches and mathematical 
models used for modeling the thermal and hydrody-
namic processes in the metal being welded at different 
methods of arc (MIG/MAG, TIG) and plasma weld-
ing. The equations of the respective mathematical 
models are written in a nonstationary form that allows 
using them for modeling the processes of arc welding 
both by constant current and with pulse modulation of 
arc current.

In works [11, 12] a detailed numerical study 
was performed of the processes of spot TIG weld-
ing (welding by a stationary heat source) of stain-
less steel AISI 304 at low-frequency modulation of 
welding current by rectangular pulses in the form of 
a meander. Work [11] proposes a 2D model of ther-
mal, hydrodynamic and electromagnetic processes 
in the metal being welded at its partial (10 mm thick 
sample) and complete (4 mm thick sample) penetra-
tion. When constructing the model, the authors used 
the following assumptions: 1) considered system has 
axial symmetry; 2) molten metal is a viscous incom-
pressible liquid, flow mode is laminar; 3) metal flow 
in the weld pool forms due to action of Archimedean, 
Lorenz and Marangoni forces (force of friction of 
plasma flow against the melt surface is ignored), as 

well as pressure of arc plasma on the pool surface; 
4) the energy equation takes into account the latent 
heat of melting-solidification; 5) characteristics of the 
electromagnetic field in the metal being welded are 
defined taking into account the eddy currents. Distri-
butions of electric current density, heat flow and arc 
pressure on the welded metal surface required for de-
termination of boundary conditions on this surface, 
were assigned based on the respective distributions 
for direct current arcs in the range of 80–200 A. How-
ever, the authors of [11] did not specify the reference 
from which these data were taken. Calculations were 
conducted using the parameters of pulse modulation 
of welding current given below. Weld pool behaviour 
was considered for 3.5 s from the start of the welding 
process (7, 14 and 21 modulation period at 2, 4, and 
6 Hz frequency, respectively).

Parameters of arc current modulation [11]
Maximum peak value of current Ip, A  . . . . . . . . . . . . . . . . . .  200
Minimum base value of current Ib, A  . . . . . . . . . . . . . . . . . . . .  80
Pulse duration tp, s  . . . . . . . . . . . . . . . . . . . . .  0.25; 0.125; 0.083
Pause duration tb, s  . . . . . . . . . . . . . . . . . . . . .  0.25; 0.125; 0.083
Frequency f, Hz  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2; 4; 6

Figure 3. Dependencies of penetration depth (1) and weld half-
width (2) on time [9]

Figure 4. Comparison of calculated (1) and experimental (2) de-
pendence of weld width on time for one period of welding current 
modulation [9]
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Figure 5 presents calculated dependencies of pen-
etration width (weld spot diameter) and depth during 
welding 10 mm sample at pulse modulation of arc 
current in the range of 80–200 A (140 A average cur-
rent) that is performed at 2 Hz frequency, compared to 
the respective dependencies at spot welding by con-
stant current of 170 A.

The calculated data given in this Figure show that 
the change in time of weld pool maximum diameter 
at pulse modulation of arc current corresponds to the 
behaviour of pool diameter in welding at constant cur-
rent of 170 A. At the same time, the energy applied 
to the sample during 3.5 s is equal to 4565 J in the 
first case, whereas in the second case this energy turns 
out to be much greater and equal to 5867 J, that is an 
important advantage of TIG welding with pulse mod-
ulation of current, as it allows lowering the residual 
stresses and strains.

Another important feature of TIG welding by 
modulated current is a considerable change of weld 
pool surface shape in time. Characteristic shapes of 
the pool surface during the pulse and pause of current 
for the above modulation mode are shown in Figure 6.

Figure 7 gives the calculated data on time depen-
dence of weld pool dimensions at complete pene-
tration of 4 mm sample in the case of spot welding 

with pulse modulation of arc current in the range of 
80–200 A at 2 Hz frequency.

In order to verify the proposed model, the calculat-
ed geometrical dimensions and shape of penetration 
of a 10 mm sample at the action of a modulated cur-
rent arc on it for 3.5 s were compared with the respec-
tive dimensions and shape of macrosections of weld 
spots, determined experimentally. The results of such 
a comparison are given in Figure 8 for different val-
ues of current modulation amplitude (average value 
of current of 140 A) at the frequency of 2 Hz. These 
results are indicative of sufficient adequacy of the 
mathematical model, proposed by the authors [11].

In work [12] the considered model was general-
ized for self-consistent accounting for the processes 
that proceed in the electrode (cathode), arc column 
and metal being welded at spot TIG welding with a 
low-frequency modulation of current. Such a gener-
alized model was used to perform a detailed comput-
er modeling of the above-listed processes in welding 
samples of the same steel (AISI 304) 8 and 4 mm thick 
by a 3 mm argon arc with tungsten cathode of 3.2 mm 
diameter (sharpening angle of 60 deg) at the following 
parameters of current modulation: rectangular pulses 
in the form of a meander, repetition rate of 1 Hz; pulse 
current Ip = 160 A, pause current Ib = 80 A.

Figure 9, a gives the results of comparison of the 
dynamics of the change in time of weld pool half-
width calculated on the base of model [12], and deter-
mined experimentally by video recording of weld pool 
surface, at spot TIG welding of an 8 mm sample by an 
argon arc of modulated current with the above-given 
parameters. Figure 9, b shows the calculated shape 
and dimensions of penetration zone of the metal be-
ing welded, as well as the respective macrosection of 
the weld spot, achieved during 15 s of the arc action 
on the sample being welded. As follows from com-

Figure 5. Time dependencies of penetration width (1) and depth 
(2) in TIG welding by modulated current, compared to penetration 
width (3) and depth (4) in direct current welding [11]

Figure 6. Shapes of weld pool surface at peak (1 — 200 A) and 
base (2 — 80 A) values of arc current after six periods of modula-
tion at 2 Hz frequency [11]

Figure 7. Time dependencies of weld pool width from the face (1) 
and reverse (2) sides of the sample, as well as penetration depth 
(3) at spot TIG welding by modulated current with complete pen-
etration [11]
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parison of modeling results and experimental data, the 
proposed by the authors [12] mathematical model al-
lows predicting with a high accuracy, both the dynam-
ics of the change of geometrical characteristics of the 
weld pool, and the resultant shape of the penetration 
zone, achieved in a certain time.

Work [13] of the Chinese scientists is devoted to 
studying the electromagnetic force that acts on the 
arc plasma at TIG welding with high-frequency (f = 
= 20–80 kHz) pulse modulation of welding current. 

The authors assume that the current density in the arc 
column has, as shown in Figure 10 an axial and radial 
components, and is distributed by Gaussian law:
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where I is the arc current; d = 3 is the concentration 
coefficient; Rr is the radius of electrically conduct-
ing section of the arc column, which is considered 
to be conical; j is the angle of inclination of the 
current line to the arc axis (see Figure 10). This al-
lows writing the expressions for the components of 
electromagnetic force acting on the plasma, in the 
following form:

Figure 9. Comparison of calculated (1) and experimental (2) data 
by the dynamics of the change of weld pool half-width (a) and 
resultant form of penetration zone (b) in spot TIG welding by 
modulated current [12]

Figure 8. Macrosections of weld spots (left) and calculated shapes of metal penetration (right) at spot TIG welding of samples from 
steel AISI 304 with low-frequency modulation of current in the following range: a — 80–200; b — 100–180; c — 120–160 A [11]

Figure 10. Scheme of distribution of current density in the arc 
column [13]
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Here 2 2
rt r d R= ; C1 = –mI2/(2p2r2(h –z); C2 = –mI2(r – 

– r0)/[2p
2r2(h –z)]; where m is the magnetic permeabil-

ity; h is the arc length; coordinate z is calculated from 
the item surface. It should be noted that the expression 
for Fz (formulas (4) and (6)) in work [13] is written 
incorrectly.

Alongside the distributed characteristics of elec-
tromagnetic force in the arc column, such an integral 
characteristic of force action as arc pressure on anode 
surface, which written in the following form, was also 
studied in this work (see also [4]):
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At analysis of this dependence, it is assumed that 
value r0 is constant and is equal to half of electrode 
diameter. Arc root radius R is determined experimen-
tally by photo recording of the transverse size of the 
arc anode zone in TIG welding of titanium alloy Ti–
6Al–4V 2.5 mm thick with different frequencies of 
welding current modulation. Experiments were per-
formed using 3 mm argon arc with refractory (W + 
+ 2 % Ce) cathode of 2.4 mm diameter; welding mode 
parameters are given in Table 2.

Figure 11 shows the dependence of arc root radi-
us on current modulation frequency, which is indic-
ative of increase of the degree of arc contraction on 
the anode (reduction of R) with frequency increase. 
The following polynomial dependence was proposed 
for approximation of the derived experimental data: 
R(f) = –0.0014f3 + 0.0307f2 – 0.2755f + 6.2086.

Rewriting formula (16) in the following form 
2
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r

= , and studying this 

expression, the authors of [13] find that at n < 1.6 
(more exactly, at n < exp(1/2)) value Pez is an ascend-
ing function of n, and at n > 1.6 it is a descending 
function. It means that the arc pressure on the anode 
surface becomes greater with increase of R at R < Rc 
and decreases at R > Rc, where for the set value r0 = 
= 1.2 mm the critical value of arc root radius Rc is 
equal to 1.92 mm.

As, according to experimental data, given in Fig-
ure 11, value R turns out to be greater than Rc for all the 
values of modulation frequency and decreases with f 
increase, the conclusion is made that with increase of 
current modulation frequency the pressure of the arc 
on the weld pool surface rises, that leads to the heat 
source moving deeper into the metal being welded, 
and, therefore, to increase of the arc penetrability.

In work [14], the self-consistent mathematical 
model of nonstationary processes of energy-. mass- 
and electric transfer in the column and anode region 
of the electric arc with a refractory cathode [15] was 
the base to perform a detailed numerical analysis of 
the characteristics of an argon arc with a copper wa-
ter-cooled anode at pulsed change of electric current 
(Figure 12).

It is found that arc burning at an abrupt increase 
(decrease) of current is accompanied by an essen-
tial restructuring of the electromagnetic, thermal and 
gas-dynamic characteristics of arc plasma, as well 
as the characteristics of its action on the anode sur-
face. Here, the dynamic behaviour of the above-men-
tioned characteristics depends not only on the rate 
of arc current change, but also on its increasing or 
decreasing. Here, at a high rate of current change 

65 10 A/s
dI
dt

 
> ⋅ 

 
 the change of the arc column and 

anode region characteristics proceeds in two stages, 

Figure 11. Arc root radius, depending on current modulation fre-
quency [13]

Figure 12. Diagram of pulsed change of arc current [14]

Table 2. Parameters of the studied welding modes [13]

Experiment 
number

Base current 
Ib, A

Pulse current 
Ip, A

Frequency f, 
kHz

Duty cycle 
d, %

1 75 – – –
2–14 40 100 20–80 50
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namely stage of the change together with arc current 
and stage of transient processes. As follows from the 
calculated data given in Figures 13, 14, at increase 
(decrease) of arc current the density of electric cur-
rent and heat flow on the anode can become two times 
higher (1.5 times smaller) then the respective values 
for an arc of direct current equal to the larger (smaller) 
value, respectively.

At the transient process stage, relaxation of the 
thermal and gas-dynamic state of arc plasma to val-
ues characteristic for a stationary arc at the respective 
current value, takes place. Durations of the relaxation 
processes depend on values of maximum and mini-
mum current, and can differ essentially from the local 
and integral characteristics of arc column plasma and 
anode region.

At current change at a rate lower than 106 A (b > 
> 100 ms), the processes associated with increase (de-
crease) of current and relaxation processes proceed 
simultaneously. As a result of that the nonstationary 
process of arc burning is realized in the form of a suc-
cessive change of states, characteristic for a stationary 
arc at the respective current values (see, for instance, 
Figure 14), that is the change of arc characteristics oc-
curs in the quasistationary mode.

Work [16] is devoted to investigation of the impact 
of high-frequency pulse modulation of current on de-
pression of weld pool surface in TIG welding of sam-
ples of 2.5 mm titanium alloy Ti–6Al–4V. This study 
includes experimental measurement of the force, with 
which the arc acts on the surface of the sample being 
welded, and geometrical characteristics of its penetra-
tion (weld width B and penetration depth H), as well 
as mathematical modeling of the processes proceed-
ing in the metal being welded, taking into account the 
depression of the free surface of the weld pool.

A special test rig, which allows measuring the 
force acting on the sample in TIG welding, was de-
veloped, in order to conduct the experiments. A 3 mm 
argon arc with refractory (W + 2 % Ce) cathode of 
1.2 mm radius was used in the experiments, welding 
mode parameters are given in Table 3, welding speed 

Figure 13. Change of axial value of electric current density on the anode at pulsed increase (a) and decrease (b) of arc current (1 — b = 
= 20; 2 — 100; 3 — 200 ms) [14]

Figure 14. Change of axial value of the density of heat flow to the anode at pulsed increase (a) and decrease (b) of arc current (markers 
show values qa0 for a stationary arc at respective current values: 1 — b = 20; 2 — 200 mm) [14]

Table 3. Welding mode parameters [16]

Experiment 
number

Base current 
Ib, A

Pulse current 
Ip, A

Frequency f, 
kHz

Duty cycle 
d, %

1 80 – – –
2 40 100 20 50
3 40 100 40 50
4 40 100 60 50
5 40 100 80 50
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was constant and equal to 150 mm/min in all the ex-
periments.

For mathematical modeling of thermal, hydro-
dynamic and electromagnetic processes in the met-
al being welded, a 2D model was used, which was 
constructed with the following assumptions: 1) mol-
ten metal is a viscous incompressible liquid, its flow 
in the weld pool is laminar; 2) at analysis of hydro-
dynamic processes in the weld pool the volumetric 
forces (Lorenz and Archimedean), as well as surface 
forces (Marangoni and arc pressure) are taken into ac-
count; 3) properties of the material being welded are 
considered to be independent on temperature, except 
for specific heat capacity and heat conductivity factor, 
as well as surface tension factor, viscosity and density 
of the melt (Boissinesq approximation).

At evaluation of the degree of curving of the weld 
pool free surface, its approximation by part of a spher-
ical surface was used, as shown in Figure 15.

Writing the balance of forces on this surface, the 
authors of [16] obtain the following expression:

 

3 23( ) 8 ,6 2 arctg
hh F gh gr h r r

p p
F = − r − r − s

 
(17)

where F is the force of arc action on the surface of 
metal being welded; r, s is the density and surface 
tension factor of the melt; g is the free fall accelera-

tion; r, h are the weld pool radius and depression of 
its free surface (see Figure 15). The root of equation 
F(h) = 0 corresponds to value h, at which the balance 
of forces is fulfilled (17).

Weld pool radius r, included into equation (17), 
was defined as half of experimentally measured value 
of weld width B. After that dependencies F(h) were 
plotted for different values of modulation frequency, 
which are presented in Figure 16. The same Figure 
shows the respective values of the roots of equation 
F(h) = 0.

The experimental and calculated values of param-
eters which determine the depression of weld pool 
surface are given in Table 4.

Completing the review of work [16], it should be 
noted that force F, which is measured experimental-
ly, contains two components — the force proper of 
action of arc plasma on the metal being welded and 
force acting on the sample being welded, due to cur-
rent flowing in its volume (a similar force, acting on 
arc column plasma, was defined in [4]). Calculations 
show that, for instance, at arc current, equal to 178 
A, the force acting on a sample from 5 mm stainless 
steel, is equal to 4.4 mN. Thus, the used in [16] val-
ues of the force of arc action on weld pool surface, 
and, hence, of depression of this surface, are much 
too high.

In work [17] an attempt was made to analyze the 
force of action of arc plasma flow on the surface of the 
metal being welded at TIG welding with HFP modu-
lation of arc current. Without any substantiation, the 
authors assume that the distribution of plasma flow 
pressure in the area of anode binding of the arc has 
the following form:

 
( )exp ,r peakP P a r= −

 
(18)

where Ppeak is the gas-dynamic pressure on the arc 
axis; a is the distribution coefficient; r is the radial 
coordinate. Then the value of the respective force act-
ing on weld pool surface is mathematically incorrect-
ly calculated, and it is compared with experimentally 
measured (by the procedure described in [16]) value 
of this force, which, as was noted above, is greatly 

Figure 15. Approximation of weld pool free surface [16]

Figure 16. F(h) dependencies at different values of arc current 
modulation frequency [16]

Table 4. Values of parameters that determine the weld pool sur-
face depression [16]

Frequency 
f, Hz

Force action 
of the arc F, 

mN

Weld width 
B, mm

Penetration 
depth H, 

mm

Surface 
depression h, 

mm

0 1.79 4.16 2.29 0.11
20 4.19 3.10 1.75 0.29
40 7.00 2.77 1.85 0.53
60 8.84 3.21 2.15 0.67
80 16.06 2.59 2.06 1.63
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overestimated. Therefore, the conclusions made in 
work [17] do not seem to be reasonable.

Work [5] is devoted to use of the model of a non-
stationary arc with concentrated parameters for analy-
sis of the dynamics of the change of its characteristics 
in TIG welding at pulsed change of current. When 
constructing such a model, the Kirchhoff equations, 
describing the electric circuit, were complemented by 
equations of the dynamic model of the arc as an el-
ement of the electric circuit [18]. Static VAC of the 
arc column and time constant of the transient process 
which is to be determined are used as parameters of 
the model with concentrated parameters. In order to 
identify these parameters, experimental studies of 
static VACs of an argon arc with a tungsten cathode 
and copper water-cooled anode were conducted. Time 
constant q of the transient process was defined, pro-
ceeding from the calculated data on the dynamics of 
the change of arc voltage, derived using the model 
with distributed parameters [15].

The impact on the arc of trapezoidal current pulses 
with different front durations (20; 100; 200 ms) was 
considered. Calculations were conducted for a 3 mm 
argon arc with a refractory cathode. It was assumed 
that after current rise (drop) the arc burns at constant 
current until the steady state sets in. Results of calcu-
lation of dynamic VAC of such an arc for models with 
distributed and concentrated parameters are presented 
in Figure 17. The same Figure shows the respective 
values of q, selected by the criterion of the best fit of 
the results of calculation using the above models.

As follows from the calculated data given in this 
Figure, the time constant decreases with reduction of 
the pulse front duration. A characteristic feature of the 
dynamic VAC of the arc is the fact that it is presented 
in the form of a hysteresis loop, in which the upper 
and lower curves correspond to the pulse leading and 
trailing edges, and the vertical sections — to transi-
tion into the arc stationary state. VAC of the arc in the 
form of a hysteresis loop was derived experimentally 
in works [19, 20]. The cause for its appearance is the 
different degree of inertia of the processes of transfer 

of energy, pulse and charge at current rise and drop. 
Note that with increase of pulse front duration the 
range of the hysteresis loop decreases, and dynamic 
VAC of the arc becomes closer to that of a stationary 
arc (see Figure 17, c).

Study [12] provides brief analysis of the impact 
of the parameters of pulse modulation of welding 
current on the characteristics of dynamic action of an 
arc with refractory cathode on weld pool metal. It is 
shown that the larger the square of the acting (effec-
tive) value of current IE, the greater is the force ap-
plied to the molten metal. Thus, in order to ensure the 

Figure 17. Dynamic VACs of the arc at the following duration of 
pulse fronts: 20 ms: (a) 100 ms (b) and 200 ms (c): 1 — static VAC 
of the arc; 2 — dynamic VAC of the arc (model with distributed 
parameters); 3 – dynamic VAC (model with concentrated param-
eters) [5]

Figure 18. Schematic presentation of arc current pulse: a — trapezoidal pulse with a pause; b — respective normalized pulse (function) 
h(t) [21]
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maximum above-mentioned action (at fixed average 
value of current IA), the shape and time parameters of 
modulation pulses should be selected by the criterion 
of IE maximum. 

For any current I(t) that periodically changes in 
time, the following representation is in place:

 I(t) = IA + Aη(t), (19)

where A = I2 – I1 is the current modulation amplitude; 
I1, I2 are the minimum and maximum values of cur-
rent; h(t) is a certain normalized function, which con-
tains information on the shape and time parameters of 
pulses. Considering a rather general case of welding 
current modulation by pulses of a trapezoidal shape, 
presented in Figure 18, the authors showed that

 

2 2 2

2

( , );

2( , ) (1 2 ) (1 ) ,3

E AI I A f

f

= + x g

 x g = x + g − x + g    

(20)

where dimensionless parameters 3 102 2
t  x = < x ≤ t  

 

and 2 1

3
(0 1)

t − t
g = ≤ g ≤

t
 characterize relative pulse 

duration (equal to half of the duty cycle) and its shape 
(at g = 0 the trapezoidal pulse becomes triangular, and 
at g = 1 — it is rectangular, respectively), and the av-
erage value of current can be written as IA = (1 – α)I1 + 

+ αI2, where 3 2 1 (0 1)2
t + t − t

a = ≤ a ≤
t

.

Figure 19 shows the behaviour of function f(ξ, γ), 
from the explicit form of which it follows that the 
effective value of modulated current depends on the 
duty cycle and shape of pulses and does not depend 
on the frequency of their flowing. Note also that f(ξ, 
γ) ≥ 0, i.e. the square of effective value of current is 
always greater than the square of its average value.

As follows from (20), in order to ensure maximum 
value of IE at fixed values of IA and A, the parame-
ters should be chosen so that function f(ξ, γ) took 
the greatest value. For trapezoidal pulses (see Fig-
ure 18) parameter a is equal to x(1 + g). Therefore, 
at analysis of function f(ξ, γ) not the entire range of 
the change of parameters x, g, but just their values 
satisfying equations a = x(1 + g) should be consid-
ered. Expressing from this equation g through x, a, 
we get 24 2( , ) 3 3f x a = a −a − x . This function decreas-

es monotonically with x increase and has the greatest 
value at minimum value xmin. In the case of triangular 
pulses (g = 0) we find x = a, and in the case of rectan-

gular pulses (g = 0), we have 
2
a

x = . Thus, minimum 

value of 
min 2

a
x = , that provides the greatest value of 

function f(xmin, a) = a – a2 at the set a, is achieved in 
the case, when g = 0. Function a – a2 has a maximum 
at a = 0.5, that gives x = 0.25, i.e. this set of dimen-
sionless parameters corresponds to rectangular pulses 
in the form of a meander.

As it is impossible to achieve a rectangular shape 
of current pulses in practice, in [21] the behaviour 
of function f(ξ, γ) was studied for the case of a 
trapezoidal current pulse. Designating as tf = 
= t1 + t3 – t2 the total duration of the pulse lead-
ing and trailing edges (see Figure 18, a), we can 
show that the minimum value of x is determined 

as follows: 
min 2 f

a
x =

− t
, where 

3

f
f

t
t =

t
. Hence, 

2
min

2 1( , ) 23 2 f
f

 
 x a = − a −a
 − t 

. This function has 

a maximum, equal to 
2

1 1( ) 29 2f
f

f
 
 t = −
 − t 

, at 
1 123 2 f

 
 a = −
 − t 

.

Analysis of the results of the works, devoted to 
modeling the processes of TIG welding by modulated 
current, leads to the following conclusions:

1. Results of theoretical analysis of the character-
istics of an arc with a refractory cathode at high-fre-
quency pulse modulation of current confirm the ef-
fects of arc constriction and increase of pressure of 
arc plasma flow on the anode surface, compared to 
that of a direct current arc that was observed exper-
imentally. It is shown, for instance, that the pressure 
of an arc with HFP modulation of current rises with 
decrease of the duty cycle (at constant average value 
of arc power) in proportion to the ratio of squares of 
effective and average values of modulated current.Figure 19. Appearance of function f(x, g) [21]
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2. Mathematical models of thermal, hydrodynam-
ic and electromagnetic processes in the metal being 
welded (also at self-consistent accounting for the 
processes proceeding in arc plasma) were developed, 
according to the conditions of spot TIG welding with 
low-frequency (f < 10 Hz) modulation of welding cur-
rent. Detailed computer modeling of the above-men-
tioned processes was performed, the results of which 
are in good agreement with the experimental data.

3. The questions of modeling the distributed char-
acteristics of plasma of a nonstationary arc with a re-
fractory cathode and its action on the surface of the 
metal being welded, in TIG welding with HFP mod-
ulation of welding current (f > 10 kHz) is not giv-
en sufficient attention in modern scientific-technical 
publications (except for works [5, 14]). Therefore, it 
is believed to be rational to conduct detailed theoret-
ical studies and mathematical modeling of the pro-
cesses of energy-, mass- and electric transfer in the 
system of «nonstationary arc–metal being welded» at 
TIG welding with HFP modulation of current.
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