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Works devoted to the processes of inert-gas nonconsumable electrode welding with current modulation were reviewed. 
In the first part of the review attention is focused on studies, dealing with the features of running of thermal, gas-dy-
namic and electromagnetic processes in nonstationary arcs with refractory cathode at different modes of arc current 
modulation. 35 Ref., 2 Tables, 18 Figures.
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Inert-gas nonconsumable electrode arc welding (TIG) 
now is one of the main technological processes for 
producing high-quality permanent joints of critical 
structures from steels, titanium and aluminium alloys 
[1]. At the same time, this welding process does not 
meet the ever increasing requirements of modern in-
dustrial production, because of low penetrability of 
the welding arc with the refractory cathode and low 
process efficiency (welding speed). Therefore, over 
the last decades the efforts of scientists and specialists 
have been aimed at improvement of the effectiveness 
of TIG welding at preservation of the high quality of 
welds.

Modulation of welding current in TIG welding is 
one of the most widely applied methods to control 
the thermal, gas-dynamic and electromagnetic char-
acteristics of the arc, as well as the characteristics of 
its thermal and dynamic (force) impact on the metal 
being welded. Variation of current modulation pa-
rameters, such as frequency, relative pulse duration, 
amplitude and shape, allows controlling in a rather 
wide range the depth and shape of metal penetration, 
thermal cycle of welding, and, therefore, affecting the 
structure and properties of the metal of the weld and 
HAZ.

Many studies are devoted to investigation of the 
processes of TIG welding with arc current modula-
tion [2–32]. Modes with low-frequency (modulation 
frequency f ≤ 50 Hz) [3, 5, 6, 8, 9, 11, 15, 25, 30], 
medium-frequency (f ~ 5 kHz) [2, 4–9, 15, 17] and 
high-frequency (f > 10 kHz) [2, 5, 6, 10, 13–15, 17, 

20–24, 27–29] with pulse current modulation were 
experimentally studied. Works [7, 11, 12, 16, 18, 19, 
24, 26–29, 31, 32] are devoted to theoretical study and 
mathematical modeling of TIG welding by modulated 
current. Let us consider the results of investigations, 
described in the above works in greater detail. Here, 
in the first part of this review we will focus on the 
works devoted to experimental studies of physical 
processes in nonstationary arcs with refractory cath-
ode in different modes of arc current modulation.

In TIG welding with welding current modulation 
the processes of transfer of energy, pulse, mass and 
charge in arc column plasma are nonstationary, that is 
due to the change of energy, gas-dynamic and electro-
magnetic characteristics of arc plasma under the im-
pact of periodically changing current. As a result, the 
distributed and integral characteristics of plasma of a 
nonstationary welding arc, as well as characteristics 
of its impact on the metal being welded, can differ 
considerably from the respective characteristics for 
direct current arcs (at other conditions being equal), 
the degree of this difference depending on pulse repe-
tition rate and shape fill factor, modulation amplitude 
and other factors.

Based on experimental data of works [21–23] of 
Chinese scientists, the effective value of voltage of a 
3 mm arc with a refractory cathode (W = 2 % Ce) of 
2.4 mm diameter increases practically in proportion 
to current modulation frequency in welding 6 mm 
stainless steel 0Cr18Ni9Ti in argon (welding speed of 
120 mm/min), as shown in Figure 1. In these experi-
ments, the following parameters of pulse modulation 
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of current were used: square wave pulses, repetition 
rate f was varied in the range of 10–80 kHz, base cur-
rent Ib = 50 A, pulse current Ip = 130 A, effective cur-
rent value

 
( ) 2 21 98.5 ,

b peff
AI I I= − d + d =

 

where d is the fill factor, determined as the ratio of 
pulse duration to modulation period (in the consid-
ered case d = 0.5). The respective experiment on di-
rect current welding was conducted at I = 100 A that 
practically coincides with effective value of modulat-
ed current.

The effect of fill factor d on effective value of 
arc voltage at TIG welding of stainless steel with 
high-frequency pulse (HFP) modulation of current 
was investigated in [21, 22]. Three modes of pulse 
modulation were studied, the parameters of which are 
summarized in Table 1.

Results of measurement of the respective values of 
arc current are shown in Figure 2. As follows from ex-
perimental data, given in this Figure, with d increase 
the effective value of arc voltage first rises, and then 
remains practically constant in the frequency range of 
10–20 kHz and somewhat decreases at f > 40 kHz. 
This weakens the impact of frequency on effective 
value of voltage and high values of the fill factor.

A marked reduction of transverse dimensions of 
the column of the arc with a refractory cathode at 
increase of modulation frequency, illustrated in Fig-
ure 3, was noted in works [21–23], by comparing the 
images of arc plasma at different values of current 
modulation frequency.

Obtained data allowed the authors performing 
quantitative evaluation of the force acting on the sur-
face of metal being welded, the values of which are 
given in Table 2, and are indicative of increase of the 
above force with increase of modulation frequency f 
and fill factor d.

Work [8] is an experimental study of a 3 mm non-
stationary argon arc with a 2 mm refractory cathode 
(W + 2 % Th) burning in the frequency range of 
current modulation from 0.05 Hz (practically con-
stant current) up to 5 kHz. The anode used was a 
copper water-cooled plate or sample from SUS 304 
stainless steel 3 mm thick (in the latter case the arc 
moved relative to the sample at a constant speed equal 
to 1.6 mm/s). Pulse modulation of current was per-
formed in the range from base current value Ib = 10 A 

Table 1. Parameters of the studied mode of HFP modulation of 
arc current [21, 22]

Mode 
number

δ, % f, kHz Ieff, A Ib, A Ip, A

1 20 10–80 89.4 60 160
2 50 10–80 98.5 50 130
3 80 10–80 96.0 45 105

Figure 1. Dependence of effective value of arc voltage on weld-
ing current modulation frequency [22]

Figure 2. Effective values of arc voltage at different frequencies 
of current modulation, depending on fill factor [21, 22]

Figure 3. Photographs of the column of an arc at direct current (a) and at HFP modulation of current with the frequency of 20 (b) and 
80 (c) kHz (d = 20 %) [22, 23]



25ISSN 0957-798X THE PATON WELDING JOURNAL, No. 11, 2019

SCIENTIFIC AND TECHNICAL                                                                                                                                                                                                    

                                                                                                            

up to maximum value Ip = 150 A. Two pulse shapes 
were used: rectangular (square wave) and triangular 
(without pauses).

During the experiment it was found that the dy-
namic characteristics of the considered arc depend 
on the frequency and shape of current pulses, as well 
as anode material. In particular, at low frequencies 
(f < 1 Hz), change of arc voltage occurs practically 
along the static volt-ampere characteristic (VAC) of 
the arc. For frequencies of 1–10 Hz, even under the 
condition that the respective values of DC arc voltage 
for the base and maximum current values differ, the 
arcing voltage is practically constant with typical in-
crease and decrease of instantaneous values at the mo-
ments of current rise and drop, respectively. The latter 
effect is observed, if the speed of current change at 
the pulse fronts exceeds the value of 1.5·105 A/s and 
is attributed by the authors of [8] to delaying of the 
change in concentration of the charged particles, and, 
accordingly, of electrical conductivity of arc plasma 
at an abrupt rise and drop of current. In the range of 
modulation frequencies of 100 Hz – 1 kHz the aver-
age arc voltage decreases at base value of current and 
somewhat increases at peak value of current. Finally, 
at frequencies above 2.5 kHz the arc behaves as an 
element of a circuit with constant ohmic resistance.

Dependencies of voltage V of the arc with a copper 
(water-cooled) and steel (consumable) anode at base 
Vb = V(Ib) and peak Vp = V(Ip) current values on mod-
ulation frequency are shown in Figure 4. As follows 
from experimental data presented in this Figure, av-
erage value of arc voltage markedly decreases at base 
current value, whereas the respective value of voltage 
in the current pulse somewhat increases with increase 
of frequency. This allowed the authors of [8] to con-
clude that the average arc power has maximum value 
at small values of f (actually for a DC arc) and de-
creases with increase of modulation frequency. So, for 
instance, the average arc power at 2.5 kHz frequency, 
in the authors’ estimates, is equal to just 70 % of the 
respective value at f = 0.5 Hz.

Work [5] is also devoted to investigations of the 
dynamic characteristics of free-burning and constrict-
ed (plasma) arc with a refractory cathode and copper 
water-cooled anode, burning in argon at direct current 
in the range of 20–250 A. In this work experimental 
frequency characteristics were used to check the ap-
plicability of the differential equation of arc dynamics, 
which was derived on the base of the channel model:

 
,s d

dU diU R R idt dtq + = q +
 

(1)

where Rs = U0/I0 and Rd = dU/dI are the static and 
dynamic resistance of the arc, respectively; q is the 

arc time constant, determining the change of arc col-
umn conductivity G at a jumplike change of current 
1 lnd G

dt= −
q .

Current modulation in the experiments was per-
formed by superposition on direct current of a vari-
able (sinusoidal) component with 4 A amplitude and 
frequency in the range from 20 Hz up to 160 kHz. It 
was found that for a constricted arc (tungsten elec-
trode diameter, plasmaforming nozzle diameter and 
electrode insertion into the nozzle were equal to 
4 mm, electrode spacing was 11 mm, plasma gas flow 
rate varied in the range from 0.055 up to 0.17 g/s) the 
arc time constant decreases from 50 to 15 mm with 
increase of current and plasma gas flow rate that qual-
itatively and quantitatively coincides with the results 
of calculations for currents above 50 A. As regards 

Table 2. Force acting on the welded metal surface (mN) at differ-
ent parameters of pulse modulation of arc current [22]

f, kHz
δ, %

20 50 80

0 (direct current) 3.1 3.1 3.1
10 5.9 9.6 4.9
20 6.5 9.2 5.0
40 9.1 11.8 4.4
60 11.6 16.0 5.3
80 17.6 17.1 4.4

Figure 4. Arc voltage Vb (at base) and Vp (at peak values of cur-
rent), depending on its pulse modulation frequency: a — rectan-
gular pulses (average values of Vb and Vp); b — triangular pulses 
(maximum values of Vb, and Vp) [8]
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free-burning argon arc (cathode diameter of 4 mm, arc 
length of 2–6 mm), experimentally determined fre-
quency characteristics of the arc differ from the cal-
culated ones both in the area of low and high frequen-
cies. In particular, calculation of the time constant for 
a 2 mm arc yields the values of 2–14 ms, and unlike 
the constricted arc, greater q values correspond to 
greater current values. Analysis of the obtained data 
led the authors of [5] to the conclusion that the chan-
nel model of the arc, used to derive equation (1), is 
too simplified for description of a free-burning arc in 
argon and at analysis of its dynamics, it is necessary 
to take into account heat transfer due to convection, as 
well as energy losses for radiation.

In work [9] results of experimental studies of the 
optical and electrical characteristics of the arc with a 
refractory cathode, burning both at direct current and 
at its modulation, are described. Electric arc with a 
tungsten (W + 2 % Th) cathode of 2.38 mm diame-
ter and 30° sharpening angle of the working end was 
used in the experiments, and shielding gas (Ar) was 
fed through a nozzle of 9.5 mm diameter. The arc was 
powered from a source, which provided direct cur-
rent in the range from 0 up to 300 A, and to which 
a transistor regulator was connected for modulation 
of current with up to 3000 Hz frequency at different 
shape of the pulses. A copper water-cooled anode 
(solid and split with 0.075 mm width of the gap) or an 
anode from stainless steel 304 of 22.22 mm diameter 
and 7.62 mm thickness, soldered into a copper wa-
ter-cooled holder, were used. A photodiode array, con-
taining 256 elements and operating in a wide range of 
wave lengths (400–1200 nm) was applied to measure 
the intensity of arc radiation. A lens and a diaphragm 
were used to focus the arc radiation on the array sur-
face, after passing through a light filter, preventing 
photodiode saturation by high intensity radiation. The 
optical system was tuned to measure the distribution 
of radiation intensity in a plane, located at the distance 
of 0.01 mm from the anode surface.

Experiments on measurement of radiation inten-
sity of DC arc (in the range of 50–300 A), of length 

from 2.0 mm up to 6.3 mm, showed that in the im-
mediate vicinity of the anode surface the distribution 
data can be approximated with sufficient accuracy by 
the respective Gaussian curve

 

( )
2

20 exp ,
2
xx

 
ϕ = ϕ −  s   

(2)

where x is the distance from the plane passing through 
the axis of symmetry of the arc (x = 0), and distribu-
tion parameter s is defined as the distance, at which 
the value of the function is equal to 60 % of the re-
spectively value of φ0 in the above plane. Processing 
of experimental data for an arc of 4 mm length yielded 
σ values increasing with arc current rise from 1.0 mm 
at I = 50 A up to 2.4 mm at I = 300 A and independent 
on the used anode type (copper water-cooled or steel) 
within the measurement error.

In the case of sinusoidal modulation of arc current 
in the range of 30–270 A (average current value I  = 
= 150 A) the measured distribution of arc radiation in-
tensity essentially depends on modulation frequency, 
as shown in Figure 5. So, at small values of f, the cor-
responding distribution periodically changes with the 
frequency equal to the selected modulation frequency 
between the distribution of radiation intensity of a DC 
arc at I = Imin = 30 A and its distribution for an arc at 
I = Imax = 270 A. Such behaviour is preserved right up 
to the frequency of the order of 500 Hz. With increase 
of modulation frequency the amplitude of the above 
changes decreases and at f > 1000 Hz the distribution 
of radiation intensity of an arc of modulated current 
behaves similar to the distribution for a DC arc at I =  

I  – 150 A.
In work [9] an experimental determination of the 

density of electric current on the anode surface was 
also performed. A split anode procedure was used, de-
scribed in detail in [33], and it was assumed that the 
anode current density has Gaussian distribution along 
the radius, similar to (2). It is established that the thus 
determined values of the parameter of s distribution 
for a direct current arc, increase with the increase of 
current and arc length. Comparison of the obtained 
values of the parameter of radial distribution of cur-
rent density on the anode with the respective s values 
for a linear distribution of radiation intensity showed 
that the above values practically coincide for arcs of 
length from 2.0 up to 6.3 mm in the current range of 
50–300 A. This allowed the authors to conclude that 
at the change of current (also due to modulation) and 
length of the arc, the transverse size of the current 
channel on the anode surface with a sufficiently high 
degree of accuracy follows the respective changes of 
the transverse size of distribution of its radiation in-

Figure 5. Typical shapes of a signal from photodiode array, char-
acterizing arc radiation intensity distribution [9]
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tensity. Thus, a simpler and faster method of measur-
ing the arc radiation intensity can be used instead of 
the experimental determination (by split anode meth-
od) of the distribution of anode current density.

Here, it should be noted that the assumption of 
Gaussian distribution of density of anode current of 
the arc, used by the authors [9], is insufficiently sub-
stantiated. From the viewpoint of theory, the most the-
oretically sound is the approach based on solution of 
Abel integral equation. Here, the task of restoration 
of current density distribution in the arc anode region 
is mathematically incorrect and requires development 
of stable algorithms for processing the experimental 
data, obtained using a split anode. In [34], a new pro-
cedure was proposed for restoration of density of an-
ode current, based on application of a stable method 
of numerical calculation of the second derivative from 
experimentally measured discrete function of arc cur-
rent distribution through the split anode sections.

Work [10] is devoted to experimental study of 
distributions of average values of current density and 
pressure of the arc on the anode surface at high-fre-
quency pulse modulation of current. All the experi-
ments were conducted with application of an electric 
arc with tungsten (cerium-activated) cathode of 3 mm 
diameter with 60° angle of working end sharpen-
ing. The shielding gas used was argon, fed through 
a nozzle of 10 mm diameter with the flow rate of 
12 l/min. The arc anode was copper water-cooled one 
with 1.0 mm orifice for measuring the arc pressure and 
current density (in the latter case an insulated tung-
sten probe of 0.9 mm diameter was inserted into the 
above orifice). Arc length L was varied in the range 

of 2–8 mm, arc current modulation was performed by 
square-wave pulses (meander) without base with rep-
etition rate f of up to 20 kHz, average current I  was 
assigned in the range of 30 to 130 A.

Results of experimental measurement of radial 
distributions of time-averaged values of electric cur-
rent density and arc pressure on the anode surface 
are given in Figures 6, 7. As follows from the curves 
given in these Figures, the average value of current 
density in the center of the region of anode binding 
of the arc rises with increase of modulation frequency 
(see Figure 6, a), as well as average current value (see 
Figure 6, b) and, contrarily, decreases with increase of 
arc length (see Figure 6, c).

As regards the distributions of average value of arc 
pressure, its value in the center of area of anode bind-
ing of the arc, by the data of [10], changes nonmono-
tonically with increase of current modulation frequen-
cy. In the frequency range from 0 to 5 kHz, the above 
value grows, whereas at further increase of frequency 
up to 20 kHz, the maximum value of arc pressure on 
the anode surface decreases noticeably (see Figure 7, 
a). Experimentally measured pressure in the center 
of anode binding of the arc at modulation frequency 
f = 10 kHz rises with increase of average current (see 
Figure 7, b) and decreases at increase of arc length 
(see Figure 7, c).

On the whole, experimental data obtained in work 
[10], allowed the authors to make a conclusion about 
contraction (reduction of the transverse size) of the 
anode region of the arc with the refractory cathode 
at pulse modulation of current. Here, the degree of 
such a contraction rises with increases of frequency 

Figure 6. Radial distributions of average over the modulation period values of electric current density on the anode surface: a — I  = 
100 A; L = 4 mm (1 — direct current; 2 — f = 5; 3 — 10; 4 — 20 kHz); b — f = 5 kHz, L = 2 mm (1 — I  = 30; 2 — 50; 3 — 100 A); 
c — I  = 100 A; f = 10 kHz (1 — L = 4; 2 — 8 mm) [10]



28 ISSN 0957-798X THE PATON WELDING JOURNAL, No. 11, 2019

SCIENTIFIC AND TECHNICAL

                                                                                                            

                                                                                                                                                                                                    

from 0 up to 5 kHz and decreases in the range from 
5 to 20 kHz. The latter circumstance allows recom-
mending the TIG process with HFP modulation of arc 
current for welding thin metals, using modulation fre-
quency of the order of 20 kHz.

Completing consideration of work [10], it should 
be noted that the data given in report [13], disprove 
the regularity found by authors of [10], and consisting 
in increase of arc pressure on the anode surface with 
increase of current modulation frequency in the range 
of 0–5 kHz and its decrease at further frequency rise. 
In particular, the dependence given in Figure 8 is in-
dicative of a continuous increase of the above value 
with increase of modulation frequency — quite fast in 
the range from 0 up to 5 kHz and slower at f > 5 kHz.

In work [14], the developed by the authors special-
ized power source ensuring HFP modulation of cur-

rent with up to 20 kHz frequency at high peak values 
of current (up to 500 A), was used to experimental-
ly study the influence of modulation parameters on 
the degree of contraction of an arc with the refracto-
ry cathode, arc pressure distribution over the anode 
surface, as well as its arcing stability. Experimental 
stands shown schematically in Figure 9, were used 
for determination of the above characteristics of the 
arc. The current shape realized in the experiments for 
two characteristic values of modulation frequency, is 
shown in Figure 10. Here, its value Ip in the pulse was 
equal to 500 A, and average current I  had a con-
stant value, equal to 150 A.

Results of the conducted experiments showed that 
arc pressure in the center of the region of anode bind-
ing of the arc rises continuously with increase of mod-
ulation frequency (at preservation of values I , Ip), 
as shown in Figure 11. In particular, for a 2 mm arc at 
f = 15 kHz the above value is two times higher than 

Figure 7. Radial distributions of arc pressures on the anode surface average over the modulation period: a — I  = 100 A; L = 4 mm 
(1 — direct current; 2 — f = 300; 3 — 3; 4 — 5; 5 — 10; 6 — 20 kHz); b — f = 10 kHz, L = 4 mm (1 — I  = 130; 2 — 100; 3 — 70; 
4 — 40 A); c — I  = 100 A; f = 10 kHz (1 — L = 2; 2 — 6 mm) [10]

Figure 8. Arc pressure on the anode surface as a function of 
current modulation frequency: 2 mm arc with a refractory (W + 
2 % Th) cathode of 2.4 mm diameter; sharpening angle of 60°, 
average current of 50 A; amplitude value of current of 150 A; 
pause current of 5 A [13]

Figure 9. Diagrams of experimental stands for measurement of 
the pressure of an arc with a refractory cathode (a) and determina-
tion of its arcing stability (b) [14]
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the respective value at f = 5 kHz, and three times high-
er than that for an arc of direct current equal to I .

The photos of the arc at smaller average current 
( I  = 50 A) given in Figure 12, allowed the authors 
of [14] to conclude that the degree of arc contraction 
and its arcing stability at HFP modulation of current 
(f = 10 kHz) are higher than for the respective DC 
arc. In their opinion, this is related to the fact that the 
luminous area of the arc column at high-frequency 
modulation of current is essentially longer, compared 
to the respective area in DC arc, and it takes up the 
entire discharge gap. Experimental studies of the arc 
behaviour in a narrow groove, shown in Figure 9, b, 
confirmed the conclusion about a higher spatial sta-
bility of the arc with HFP modulation of current. So, 
the arc at modulation frequency f = 10 kHz was stable 
at length L of up to 5 mm, whereas DC arc had devia-
tions even at L = 2 mm.

Work [15] is devoted to experimental investigation 
of physical characteristics of arc plasma at pulse mod-
ulation of current of an arc with the refractory cath-
ode. Experiments were performed using an arc with a 
refractory cathode (W + 2 % Ce) of 3 mm diameter, 
angle of working end sharpening of 60°, arc length of 
4 mm, and shielding gas was argon. Selected as the arc 
power source was a batch-produced welding machine 
EWM Tetrix 500 with a special device connected to it, 
which ensured arc current modulation by rectangular 
pulses, in the frequency range up to 80 kHz. Pulse 

current Ip was set to be equal to 100 A, base current Ib 
was assigned on the level of 50 A.

Figure 13 gives photos of the arc during a current 
pulse and at base current for different values of mod-
ulation frequency f. As follows from this Figure, with 
f increase the arc column shape changes from pear 
shape with diffuse binding to the anode to a spheri-
cal shape with a dark space near the anode. Here, for 
frequencies above 50 Hz, the appearance of the arc 
during the current pulse practically does differ from 
its shape during the pause.

Presented in Figure 14 dependencies of arc volt-
age at peak value of current Up = U(Ip) and at its base 

Figure 10. Characteristic shapes of arc current at different values 
of modulation frequency [14]

Figure 11. Distribution of arc pressure along the anode surface 
(relative units) at different values of current modulation frequen-
cy: maximum current — 500 A; average current — 150 A; arc 
length — 2 mm [14]

Figure 12. Appearance of an arc with HFP modulation of current 
(a) and DC arc (b), equal to I  for a: frequency — 10 kHz; 
maximum current — 500 A; average current — 50 A; for b: direct 
current — 50 A [14]

Figure 13. Appearance of the arc at I = Ip (top) and at I = Ib (below) for different values of current modulation frequency [15]
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value Ub = U(Ib) on pulse modulation frequency are 
indicative of a significant increase of Up and lowering 
of Ub with f increase, that qualitatively corresponds 
to the experimental data, given in [8] (see Figure 4). 
This leads to the arc voltage oscillating with ever in-
creasing amplitude at increase of pulse modulation 
frequency.

Figure 15 gives the dependence of electron con-
centration Ne in arc column plasma at peak values of 
current on its modulation frequency. In order to find 
Ne the authors [15] used experimental data on widen-
ing of the spectral lines of arc plasma radiation due to 
Stark effect [35]. According to the obtained data, elec-
tron concentration in the arc column first grows with 
increase of current modulation frequency (right up to 
frequencies of the order of 20 kHz), and then drops 
abruptly. A possible cause for such behaviour of Ne is 
the fact that measurements of electron concentration 
were conducted near the anode, where plasma glow is 
markedly weaker at frequencies above 20 kHz, due to 
the change of arc column shape (see Figure 13).

In (17) the effect of current modulation frequency 
on arc characteristics was studied experimentally at 
TIG welding of aluminium alloy 5A06 3 mm thick 

in the mode of current pulses of different polarity. An 
arc of 3 mm length with tungsten cathode of 2.4 mm 
diameter was used in the experiments. Arc current 
was modulated by rectangular pulses (rate of current 
change at pulse fronts was equal to 50–100 A/ms) with 
amplitude of straight polarity current Ip = 80 A and 
of reverse polarity current IN = 120 A at 8/2 ratio of 
durations of pulses of straight tp and reverse tN polari-
ty. Modulation frequency f was varied in the range of 
0.1–20 kHz. Oscillogram of welding current versus 
time at f = 20 kHz is given in Figure 16.

Respective oscillograms of arc current and voltage 
at f = 5 kHz are shown in Figure 17.

Figure 18 gives the measured values of arc voltage 
(during straight and reverse polarity of current), de-
pending on modulation frequency. These experiments 
were performed using the following mode of current 
modulation: Ip = 100 A; IN = 120 A; tp/tN = 8/2. As fol-
lows from Figure 18, arc voltage rises rather quickly 
with increase of modulation frequency in the range of 
f < 1 kHz, and at further frequency increase the rate of 
its rise drops markedly. Here, the voltage of straight 
polarity arc is essentially lower by absolute value than 

Figure 14. Dependencies of arc voltage in the pulse (1) and in the 
pause (2) on current modulation frequency [15]

Figure 15. Dependence of electron concentration in the arc col-
umn at peak current values on its modulation frequency [15]

Figure 16. Dependence of arc current on time at TIG welding of 
an aluminium alloy in the mode of different polarity pulses [17]

Figure 17. Oscillograms of voltage (upper curve) and current of 
the arc (lower curve) at TIG welding in the mode of different po-
larity pulses [17]
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the respective value for reverse polarity arc in the en-
tire studied frequency range.

Analysis of the results of experimental work, de-
voted to study of the peculiarities of physical phe-
nomena, proceeding in nonstationary electric arcs in 
TIG welding with pulse modulation of welding cur-
rent, leads to the following conclusions:

1. Shape of the luminous area of nonstationary 
arc column at TIG welding with high-frequency (f > 
> 10 kHz) pulse modulation of current differs mark-
edly from the respective shape for an arc of direct 
current, equal to average value of modulated current. 
This difference consists in a reduction of transverse 
dimensions (contraction) of the near-anode zone of 
the arc column, and, consequently, in increase of cur-
rent density on the anode surface at increase of mod-
ulation frequency. As a result, the arc column shape 
changes from pear shape with diffuse binding to the 
anode at direct current to a spherical one with a dark 
space near the anode at HFP modulation of current. 
Here, for frequencies above 50 kHz the arc column 
shape during the current pulse practically does not 
differ from its respective shape during the pause.

2. High-frequency pulse modulation of current of 
an arc with a refractory cathode leads to an essen-
tial increase of the pressure of arc plasma flow on 
the anode surface, compared to DC arc pressure. At 
TIG welding with HFP modulation of current this 
causes an additional bending of weld pool surface, 
which results in lowering of the heat source into the 
metal being welded and, accordingly, increase of the 
arc penetrability. As regards the influence of current 
modulation frequency on arc pressure, this value 
grows rapidly with increase of frequency in medi-
um frequency range (f < 5 kHz), whereas at further 
increase of modulation frequency by the data of dif-
ferent authors the arc pressure behaves differently: it 
somewhat decreases [10], stabilizes [13] or continues 
growing [14].

3. As regards the dependence of arc voltage on 
current modulation frequency in TIG welding, the 
authors of the considered works also have no consen-
sus. So, for instance, by the data of [21–23] the effec-
tive value of voltage rises practically in proportion to 
modulation frequency. Experimental data of work [8] 
are indicative of the fact that the average value of arc 
voltage during the current pause decreases noticeably, 
whereas the average value of voltage during the pulse 
increases only slightly with frequency increase. As 
a result, both the average and effective values of arc 
voltage decrease with increase of current modulation 
frequency. Finally, in [15] it is shown that the arc volt-
age during the current pause decreases at increase of 

modulation frequency practically at the same rate, as 
the voltage during the pulse increases.
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