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ABSTRACT
A self-consisted mathematical model is presented, describing nonstationary processes of energy, momentum, mass and charge 
transfer in plasma column and anode boundary layer of an electric arc burning in atmospheric pressure inert gas at pulsed mod-
ulation of current. A numerical study of distributed and integrated characteristics of 2 mm long argon arc was performed in the 
case of current modulation by rectangular pulses at 10 kHz frequency and different values of the duty cycle (0.3; 0.5; 0.7) under 
the condition that the average current value remains unchanged and equal to 140 A. Calculated time dependencies of plasma 
temperature, velocity and current density in the arc column centre, as well as axial values of plasma temperature and pressure 
near the anode surface, anode current density and heat flux into the anode are given for the selected values of duty cycle. Radial 
distributions of averaged over the current modulation period heat flux, introduced by the arc into the anode, pressure and force 
of friction of arc plasma flow on its surface were calculated, which are the determinant ones for simulation of thermal and 
hydrodynamic processes in the metal being welded in tig welding with high-frequency pulsed current (HfpC) modulation. 
Results of simulation of nonstationary arc characteristics are compared with the respective results for a direct current (DC) arc, 
at current equal to average value of modulated current. Analysis of the obtained results leads to the conclusion that in the case of 
HFPC TIG welding at 10 kHz frequency decrease of duty cycle (increase of pulse current) at constant value of average current 
leads to greater force impact of such an arc on weld pool metal and to increase of its penetrability, respectively.

KEYWORDS: electric arc, refractory cathode, arc column, anode boundary layer, tig welding, pulsed current modulation, 
frequency, duty cycle, simulation

INTRODUCTION
tig welding currently is one of the main technolog-
ical processes of producing high-quality permanent 
joints of critical structures from steels, titanium and 
aluminium alloys. This welding process is realized by 
excitation of DC electric arc in inert shielding gas (Ar, 
He or their mixture) between refractory (W) cathode 
and item being welded, which is the anode [1].

There are different modifications of TIG welding, 
one of which is welding current modulation. A large 
number of works are devoted to experimental study of 
the features of this process (see, for instance, [2–8]). 
Modes of tig welding with low-frequency (mod-
ulation frequency f ≤ 50 Hz) [2, 3, 4, 7, 8]), medi-
um-frequency (f ~ 5 kHz) [3, 4]) and high-frequency 
(f ≥ 10 kHz) [3, 5, 6]) arc current modulation were in-
vestigated. Results of these studies lead to the conclu-
sion that variation of such parameters of welding cur-
rent modulation as frequency, pulse ratio, amplitude 
and shape of the pulses, allows controlling the metal 
penetration shape, and thermal cycle of welding and, 
therefore, influencing the structure and properties of 
metal of the weld and heat-affected zone.

Works [9‒11] are devoted to theoretical study and 
computer simulation of the processes, running in the 
welding arc and metal being welded in tig welding 

with low-frequency pulsed current modulation. the 
problems of simulation of distributed and integrated 
characteristics of arc plasma and its impact on the met-
al being welded in HfpC tig welding are not given 
enough attention in modern scientific and technical 
publications. therefore, the objective of this work is 
numerical analysis of nonstationary processes of ener-
gy, momentum, mass and charge transfer in the arc with 
a refractory cathode at HfpC modulation in the range 
of 30‒400 А by rectangular pulses at 10 kHz frequency.

let us consider a nonstationary electric arc with 
a refractory cathode and water-cooled (nonevapo-
rating) anode, burning in atmospheric pressure inert 
gas, the diagram of which is shown in figure 1. At 
construction of a mathematical model of such an arc, 
we will give the main attention to processes running 
in the column and anode boundary layer of arc plas-
ma. for self-consistent description of the above-men-
tioned processes, we will use an approach, described 
in detail in [12], according to which we will divide arc 
plasma into two regions: arc column, where plasma is 
in the state of local thermodynamic equilibrium and 
anode boundary layer of thermally and ionizationally 
nonequilibrium plasma. Accordingly, a self-consistent 
mathematical model of the considered system should 
include two interrelated models:



10

I. Krivtsun et al.

                                                                                                                                                                                       

                                                                                                                                                                                                    

● Model of nonstationary thermal, electromagnet-
ic and gas-dynamic processes in arc column plasma at 
pulsed current modulation.

● Model of anode boundary layer, allowing for-
mulation of boundary conditions on the interface of 
plasma column with the above layer, which, on the 
one hand, are required to solve the equations of the 
first model, and on the other hand they are needed for 
determination of the characteristics of thermal, elec-
tric and force impact of a nonstationary arc on the an-
ode surface.

MODEL OF NONSTATIONARY ARC COLUMN
At construction of the model of thermal, electromag-
netic and gas-dynamic processes in arc column plas-
ma at pulsed modulation of current, we will use the 
following approximations:

● the system is assumed to be axisymmetric, an-
ode surface is flat and is perpendicular to the arc axis;

● arc column plasma contains only shielding gas 
particles (electrode material evaporation is neglected), 
it is in the state of local thermodynamic equilibrium 
(one-temperature model of ionizationally equilibrium 
plasma is used) and it is optically thin for intrinsic 
radiation;

● main mechanism of plasma heating is Joule 
heating (work of pressure forces and viscous dissipa-
tion are ignored), while energy transfer in arc column 
takes place through thermal conductivity, convection 

and transport of energy of the plasma electron com-
ponent;

● electromagnetic processes in arc plasma are 
assumed to be quasistationary (bias currents are ne-
glected);

● arc column plasma flow is viscous, subsonic, 
flow mode is laminar;

● gravitational force is neglected, external mag-
netic fields are absent.

The corresponding to these approximations sys-
tem of differential equations for description of non-
stationary processes in arc column plasma, written in 
the cylindrical system of coordinates {r, φ, z} has the 
following form:

● Mass conservation equation

 
( ) ( )1 0,r v urt r z

∂ρ ∂ ∂+ ρ + ρ =∂ ∂ ∂  
(1)

where ρ is the mass density of plasma; v, u are the 
radial and axial components of its velocity.

Equations of momentum conservation
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where P is the pressure; jz, jr are the axial and radial 
components of current density in the arc; Bφ is the az-
imuth component of magnetic induction vector; η is 
the coefficient of dynamic viscosity. Since the pres-
sure can be determined up to the constant, let’s choose 
such a constant from the condition that pressure in 
external media corresponds to atmospheric one. The 

Figure 1. Diagram for simulation of a nonstationary arc: 1 — 
refractory cathode; 2 — nozzle for shielding gas feeding; 3 — 
shielding inert gas; 4 — cathode region; 5 — arc column; 6 — 
anode boundary layer; 7 — water-cooled anode; Rc — radius of 
the region of the arc cathode attachment; R1 — protective nozzle 
radius; R — calculation domain radius, L — arc length
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value P should be understood below to refer to over-
pressure.

● Energy conservation equation
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where Cp is the specific heat of arc plasma, allowing for 
ionization energy; Т is the plasma temperature; χ is the 
coefficient of thermal conductivity; k is the Boltzmann 
constant; e is the electron charge; δ is the thermal diffu-
sion constant; ψ are the radiation energy losses.

● Equations of electromagnetic field
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where φ is the electric potential; σ is the specific heat 
conductivity of plasma; µ0 is the universal magnetic 
constant;

 
; .j jr zr z

∂ϕ ∂ϕ
= −s = −s

∂ ∂  
(7)

before we go over to consideration of the ini-
tial and boundary conditions for equations (1)‒(5), 
we will briefly describe the model of the arc anode 
boundary layer used in this paper.

MODEL OF ANODE BOUNDARY LAYER
According to the model proposed in [12, 13], the anode 
boundary layer is assumed to be infinitely thin, com-
pared to arc column dimensions, and potential drop in 
this layer (anode drop) Ua = φa ‒ φpa is negative and 
its distribution along the anode surface is nonuniform. 
Here, φa is the anode surface potential assumed to be 
constant, in view of the high conductivity of the anode 
metal, and selected equal to zero further on, while φpa 
is the potential of arc column plasma on the interface 
with the anode boundary layer, the value of which de-
pends on distance r to the arc axis for an axisymmet-
ric arc. to calculate the radial distribution of plasma 
potential on the above-mentioned interface, we will 

use expression [13], which in the case of nonevapo-
rating anode (arc plasma contains just the atoms and 
single-charged ions of shielding gas) can be written in 
the following form

 

( , ) ( , )( , )( ) ln ,
4 ( ) ( )

e e
pa

a i

en r L r LkT r Lr e j r j r

 υ ϕ =   +   
 

(8)

where T(r, L), ne(r, L), ( , ) 8 ( , )r L kT r L me eυ = p  are 
the radial distributions of temperature, concentra-
tion and thermal velocity of plasma electrons on the 
interface of the arc column with the anode bound-
ary layer, me is the electron mass; ja(r) = |jz(r, L)|, 

( , )1( ) ( , )exp 2
s

i i

k T r L T
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 +   = − 
 

 are the respec-

tive distributions of normal to the anode surface com-
ponent of the density of the arc anode current and ion 
current from the plasma to anode surface, ni(r, L) is 
the distribution of plasma ion concentration on the 
interface of the arc column with the anode boundary 
layer, M is the ion mass, Ts is the anode surface tem-
perature. taking into account the above assumption 
of ionisational equilibrium of arc column plasma, the 
distributions of ne(r, L), ni(r, L) and the respective 
atom concentration na(r, L) can be calculated, using 
Saha equation, plasma quasineutrality condition and 
law of partial pressures [13].

We will present the heat flux from the plasma to 
the anode surface as follows: qpa = qe + qi, where qe, 
qi are the flows of kinetic and potential energy, trans-
ferred by electrons and ions of plasma, respective-
ly. to calculate the radial distributions of the above 
quantities, we will use expressions [12], which in the 
case of a nonevaporating anode can be written in the 
following form:
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Here,
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 ϕ
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is the electron current from the plasma to the anode 
surface; Ui is the ionisation potential of shielding gas 
atoms. it should be noted that the distribution of the 
full heat flux into the anode should be calculated, al-
lowing for electron work function ζa that yields:
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( ) ( ) ( ) .a pa a aq r q r j r= + ζ

 
(11)

thus, the proposed model of the arc anode bound-
ary layer allows calculation of the distributions of the 
anode potential drop Ua(r) and density qa(r) of the 
heat flux introduced into the anode, depending on the 
kind of shielding gas, distributions of anode current 
density and arc column plasma temperature on the 
interface with the anode boundary layer, as well as 
anode surface temperature Ts. in its turn, the distribu-
tions of ja(r) and T(r, L) quantities can be determined, 
proceeding from the arc column model with self-con-
sistent boundary conditions on the anode.

in completion of the description of anode bound-
ary layer model, we will note that its application in the 
case of a nonstationary arc requires allowing for the 
dependencies of all the quantities, included into rela-
tionships (8)‒(11), not only on radial coordinate r, but 
also on time t. Estimating the relaxation time of the an-
ode boundary layer characteristics using relationship 
τa ~ / la eυ , where la is the layer thickness, eυ  is the 
thermal velocity of electrons, the values of which for 
atmospheric pressure argon arc are equal to 5⋅10‒4 m 
and 5⋅105 m/s, respectively [14], we obtain τa ~ 10‒9 s, 
that is much smaller than the time for the change of 
arc column plasma characteristics τp ~ 10‒4 s [15] and 
the period of current change at the considered modu-
lation frequency. thus, the above-given relationships 
are quite applicable to the description of anode pro-
cesses running in the considered arc, allowing for the 
fact that the included into them distributed character-
istics of arc plasma on the interface with the anode 
boundary layer appropriately depend on time.

INITIAL AND BOUNDARY CONDITIONS 
FOR A NONSTATIONARY ARC MODEL
Appropriate initial and boundary conditions should 
be assigned to solve the system of differential equa-
tions (1)‒(5), describing nonstationary processes of 
heat-, mass- and charge transfer in the arc column. 
As the fields of arc plasma temperature and veloci-
ty are set fast enough (as shown by calculations [16], 
6–8 pulses are sufficient in order to achieve a period-
ical change of characteristics of the above-mentioned 
fields at about 10 kHz frequency of arc current pulsed 
modulation), initial distributions of plasma velocity 
and temperature are of no fundamental importance. 
For instance, zero values can be set for velocity com-
ponents, and plasma temperature in the current chan-
nel area should be selected so as to ensure the plasma 
conductivity characteristic for an argon arc.

in the case considered here of a nonstationary arc 
with the tungsten cathode and water-cooled (none-

vaporating) anode, we will formulate boundary con-
ditions for sought functions (v, u, P, T, φ) as follows.

near the cathode (plane z = 0 in figure 1) the con-
ditions for the components of the velocity vector are 
set as follows:

 

0 0

, 0 ;
0;

0, ,z z

u r R
v u

R r R= =

≤ <= =  ≤ ≤  

(12)

where quantity u0 is determined by shielding gas flow 
rate and radius R1 of its feeding nozzle (see Figure 1).

For temperature and electric potential in the zone 
of cathode attachment of a nonstationary arc (at 
0 ≤ r ≤ Rc, z = 0) we will take the following conditions

 
0

0
( , ); ( , ),z c c

z
T T r t j r tz=

=

∂ϕ
= s =

∂  
(13)

where Tc(r, t), jc(r, t) are the radial distributions of 
plasma temperature and current density near the cath-
ode, changing in time at arc current modulation, the 
explicit form of which, following [17], is set as fol-
lows:

 

0
0
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c
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j r t j t erfc r t

    
 
  

−
=

 
(14)

and similarly for Tc(r, t), taking into account the fact 
that shielding gas temperature is equal to ambient 
temperature T0 outside the region of cathode attach-
ment of the arc (r > Rc). Here, jc0(t) is the axial val-

ue of current density; 22( ) yerfc x e dy
x

∞ −= ∫
p

; r0c(t) is 

the distance from the arc axis, where current density 
drops two times.

Estimating the time for setting of cathode layer 
characteristics τc using relationship τc ~ Lc/ eυ  where 
Lc is the layer thickness, eυ  is the mean thermal ve-
locity of electrons in this layer, the values of which 
we will select equal to 3⋅10‒4 m and 1.2⋅106 m/s in the 
case of atmospheric pressure argon arc with a tung-
sten cathode [18], we will obtain τc ~ 2.5⋅10‒10 s. As 
this time is much shorter than the period of arc current 
variation at modulation frequency f = 10 kHz, we will 
assume that radial distributions of current density and 
plasma temperature near the cathode completely fol-
low the change of arc current at considered f value. 
Thus, we will assign the axial values of current densi-
ty jc0(t) and near-cathode plasma temperature Tc0(t) at 
each moment of time according to recommendations 
of work [17], depending on the instantaneous value 
of arc current, determined by the law of its modula-
tion I(t). Selecting radius Rc(t) of the zone of cathode 
attachment of the arc (see figure 1) as the distance 
from its axis, at which current density is less than 1 % 
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of jc0 at the respective moment of time, and allowing 
for (14), we have Rc(t) = 1.165r0c(t). Here, the time 
dependence of quantity r0c can be found from the in-
tegral relationship for total current.

 0
( ) 2 ( , ) .cI t r j r t dr

∞
= p ∫

 
(15)

Outside the zone of cathode attachment of the arc 
(at Rc < r ≤ R, z = 0) we assume:

 
0 0

0
; 0.z

z
T T z=

=

∂ϕ
= =

∂  
(16)

on the anode surface (plane z = L in figure 1) we 
accept the “sticking” conditions

  = = 0.z L z Lv u= =  (17)

on the interface of arc column plasma with the 
anode boundary layer, or considering the assumption 
made of its infinitely small thickness, at z = L, the fol-
lowing condition of energy balance can be used as the 
boundary condition:
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z L
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T k
ez j T

j q
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∂−χ + −δ∂ =
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As the electric potential of the anode surface is 
assumed to be constant and equal to zero, the bound-
ary condition for plasma potential on the interface of 
the arc column with the anode boundary layer can be 
written as follows:

 
( , ).z L pa r t=ϕ = ϕ

 
(19)

boundary conditions for plasma velocity, tempera-
ture and electric potential on the axis of system sym-
metry are set in a standard way

 
0
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r r r
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on the outer boundary of the calculated region 
(r = R) for plasma velocity and electric potential we 
can write
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we will determine the boundary condition for 
plasma temperature at r = R, depending on the flow 
direction
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The system of differential equations (1)‒(5) with 
above-described initial and boundary conditions was 
solved numerically, by the method of finite differences, 
using the joint Euler–lagrange method, adapted to the 
conditions of the compressible medium. Calculated data 
from works [19, 20] were used to determine the tempera-
ture dependencies of thermodynamic characteristics, 
transport coefficients and losses of energy for arc plasma 
radiation, included into the model equations.

SIMULATION RESULTS
As the object of numerical study, we will select a 
nonstationary arc with a refractory cathode, burning 
under the conditions characteristic for HfpC tig 
welding. we will assume that arc current I(t) is un-
ipolar (I(t) ≥ 0), and its modulation is performed by 
rectangular pulses in the range of I1 < I(t) < I2, where 
I1 is the pause current; I2 is the pulse current (modu-
lation amplitude A = I2 ‒ I1), with pulses following 
with frequency f (modulation period Tm = 1/f) at dif-
ferent values of duty cycle δ, characterizing the ratio 
of pulse duration to modulation period. Average Iav 
and effective Ieff values of arc current can be deter-
mined as follows:

 

2( ) ; ( ) ,av effI I t I I t= =
 

where

 
( )

0

1( )
mT

m
t t dtTφ = φ∫

 

is the integral mean value of periodic function ϕ(t) in 
interval t ∈ [0; Tm].

we will consider a nonstationary arc of length L = 2 
mm with a refractory cathode and water-cooled (none-
vaporating) anode, burning in atmospheric pressure ar-
gon, at the following parameters of HfpC modulation: 
frequency f = 10 kHz (Tm = 100 μs); duty cycle δ = 0.3; 
0.5 (meander); 0.7; pause current I1 = 30 А, and we will 
determine the respective value of pulse current I2 from 
the condition that average value of arc current Iav re-
mains constant and equal to 140 A at all values of δ. The 
obtained values of I2, A, Ieff are given in table 1.

Results of calculation of the distributed and integrat-
ed characteristics of the considered arc and its impact 
of the anode surface at the given parameters of current 
modulation were compared with the calculated values 
of the respective characteristics of a DC arc, at current 
equal to average value of modulated current.

figure 2 shows the change in time of arc plasma 
temperature T0, its velocity u0 and current density j0 = 
= |j0z| on the arc column axis (r = 0) in section z = 
= 1 mm (midpoint of arc length). In these figures and 
further on the solid curves marked by numbers 1, 2, 
3, correspond to duty cycles δ = 0.3; 0,5; 0.7; dashed 
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lines are the respective values for DC arc (I = 140 A); 
time is counted from the beginning of the pause.

Calculations show that under the considered con-
ditions, values T0, u0 and j0 turn out to be significantly 
greater during the current pulse, than during the pause, 
and the more so, the smaller is the duty cycle δ and the 
higher is the pulse current value I2, respectively.

After the pulse impact is over, cooling of arc col-
umn plasma occurs due to the dissipative mechanism 
of energy transfer, so that value T0 decreases continu-
ously during the entire pause duration. Characteristic 
time of relaxation of arc plasma temperature in the 

pause for the selected parameters of current modulation 
is equal to the value of the order of 30 μs (see Figure 2, 
а). At the pulse leading edge the plasma is heated by 
Joule heat source, which almost instantly reacts to a 
change of arc current. Here, in the case of small δ val-
ues (high values of pulse current), plasma temperature 
in the column center rises abruptly to values, exceeding 
the respective values for a DC arc, with current I2, and 
then smoothly decreases during the time of the order of 
20 μs (see curve 1 in Figure 2, а).

A similar pattern is observed also for the velocity 
of plasma in the center of arc column (see figure 2, b), 
except for value u0 growing slower than temperature 
at instantaneous rise of current on the pulse leading 
edge. this is associated with the inertia of gas-dynam-
ic processes in arc plasma [15]. As regards the change 
in time of current density in the arc column center, it 
decreases almost instantly at current drop on the pulse 
trailing edge and grows, accordingly, on the leading 
edge (see figure 2, c). note that at small values of 
δ, behaviour of values u0 and j0 at transition from the 
pause to the pulse corresponds to the above described 
extreme behaviour of arc plasma temperature with 
subsequent relaxation (see curves 1 in figure 2, а‒c).

We will analyze the characteristics of thermal, 
force and electromagnetic impact of the considered 
arc on the anode surface. figure 3 shows the time de-
pendencies of axial values of temperature Ta0 of arc 
plasma column on the interface with the anode bound-
ary layer, overpressure Pa0 and current density jа0 on 
the anode surface, as well as the heat flux introduced 
by the arc into the anode qа0.

Quantity Ta0 behaves similar to plasma tempera-
ture in the arc column center, at significantly small-
er values both during the pause, and during the pulse 
(compare figures 2, a and 3, a). As overpressure can 
be presented as a sum of magnetic pressure Pm and 
pressure Pv due to plasma motion [15], analysis of 
time dependence of value Pa0 should be performed, al-
lowing for this circumstance. Axial value of magnetic 
pressure, dependent on radial distribution of current 
density, changes almost instantly on the pulse leading 
and trailing edges, reacting to the respective changes 
of arc current. As regards to pressure due to plasma 
motion, its change occurs slower, which is associated 
with the above-noted inertia of gas-dynamic process-
es in arc plasma. it leads to a two-stage change in the 
axial value of aggregated overpressure on the anode 
surface: almost instant at the first stage and slower at 
the second one, with characteristic relaxation time of 
about 10 μs during the pulse (see Figure 3, b).

Dynamics of the change in time of axial values of 
anode current density and heat flux into the anode is 
shown in figure 3, c, d. Unlike the respective values 

Table 1. parameters of arc current modulation

δ I2, A A, A Ieff, A

0.3 396.7 366.7 218.7 
0.5 250.0 220.0 178.0
0.7 187.1 157.1 157.4

Figure 2. time dependencies of plasma temperature (а), axial 
components of velocity (b) and current density (c) in the arc col-
umn center
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of arc plasma temperature and overpressure near the 
anode surface, value jа0 falls quickly enough on the 
pulse trailing edge and remains practically constant 
during the pause (compare figure 3, а‒c). At pulse 
feeding, increase of the mentioned value (similar to 
axial overpressure on the anode surface) occurs in two 
stages. At the first stage current density on the axis 
of the arc anode attachment rises abruptly, as at feed-
ing of the pulse high current flows through the current 
channel of a small cross-section, initially remaining 
after the pause. At the second stage restructuring of 
radial distribution of plasma temperature and, hence, 
of its electric conductivity, takes place through con-
vective-conductive energy transfer in arc column 

plasma, leading to further, slower increase of quantity 
jа0. As a result, for all the considered duty cycles, the 
axial value of current density on the anode surface ris-
es up to values, significantly exceeding the respective 
values for a DC arc, with current equal to I2, and then 
it relaxes to them with the characteristic time of the 
order of 20 μs (see Figure 3, c). As the specific heat 
flux into the anode is practically proportional to anode 
current density [14], the change of value qа0 in time is 
similar to the change of axial value of current density 
on the anode surface (see figure 3, c, d).

we will consider radial distributions of thermal, 
force and electromagnetic impact of a nonstationary 
arc on the anode surface. in study [15] it is shown 

Figure 3. Time dependencies of axial values of arc plasma temperature on the interface with the anode boundary layer (а), overpressure 
(b) and current density (c) on the anode surface, as well as heat flux into the anode (d)

Figure 4. Radial distributions of averaged over the modulation period values of current density on the anode surface (а) and heat flux 
into the anode (b)



16

I. Krivtsun et al.

                                                                                                                                                                                       

                                                                                                                                                                                                    

that at tig welding with high-frequency (f ~ 10 kHz) 
pulsed modulation of current, the thermal and force 
impact of the arc on the surface of the metal being 
welded (radial distributions of heat flux into the an-
ode and overpressure of arc plasma on its surface) can 
be regarded as averaged over the modulation period, 
as the characteristic time of the change of metal tem-
perature and velocity in the weld pool is equal to a 
value of the order of 10–2 s, that is two orders of mag-
nitude greater than the period of current modulation 
with the specified frequency.

figure 4 gives radial distributions of anode current 
density 〈ja(r, t)〉 and heat flux〈qa(r, t)〉, introduced into 
the anode, averaged over the period of arc current mod-
ulation. Respective radial distributions of magnetic pres-
sure 〈Pm(r, t)〉 and pressure due to arc plasma motion 
〈Pv(r, t)〉 on the anode surface are shown in figure 5.

Unlike the considered above extreme change of 
instantaneous values of current density on the anode 
surface, and heat flux into the anode on the axis of the 
region of the arc anode attachment (see figure 3, c, 
d), the dependencies given in figure 4 demonstrate an 
opposite tendency, namely averaged axial values of 
current density and heat flux into the anode decrease 
at reduction of duty cycle δ. Moreover, they remain 
smaller than the respective values of jа0 and qа0 for a 
DC arc, with current equal to average value of mod-
ulated current. this is associated with the fact that at 
δ decrease the pause duration becomes greater, during 
which the anode current density and the heat flux into 
the anode are much lower than the respective values 
for an equivalent DC arc (see figure 3, c, d).

According to the data, presented in table 2, 
the averaged value of total heat flux into the anode 

0

2 ( , )
∞

= p∫a aQ q r t rdr  unlike 〈qa0(t)〉, rises at de-

crease of δ (at increase of pulse current) and constant 
average current. this feature is related to a change of 
filling of the profiles 〈qa(r, t)〉, depending on the duty 
cycle (see figure 4, b).

As regards electromagnetic impact of the arc with 
HfpC modulation on weld pool metal, it can also be 
considered as an averaged value over the modulation 
period [15], allowing for the fact that the expression 
for Lorenz force 0F j H= m ×

 


 setting the molten metal 
into motion, is quadratic in current density j



 (mag-
netic field intensity H



). therefore, in order to de-
termine the spatial distribution of averaged value of 
electromagnetic force, it is necessary to find the dis-
tributions of the above-mentioned values at each mo-
ment of time, using the distribution of electric current 
density on the anode surface at the respective moment 
of time, then calculate the instantaneous values of 



F
(r, z, t)  and only then average over time. Here, ja(r, t) 
distributions should be used instead of 〈ja(r, t)〉 distri-
bution given in figure 4, а.

Comparison of the thus calculated averaged elec-
tromagnetic force 〈Fmz(r, z, t)〉 in the case of the con-
sidered high-frequency (f = 10 kHz) current modula-
tion by rectangular pulses in the form of a meander 
(δ = 0.5) and the respective force for an equivalent DC 
arc shows that the magnitude of this force in the first 
case turns out to be approximately 1.5 times great-
er than in the second case [15], and it increases at δ 
reduction. As this force causes molten metal motion 
towards the weld pool bottom, the penetrability of the 
arc with Hfp modulation of current should become 
greater with decrease of the duty cycle (with I2 in-
crease) while maintaining Iav.

Table 2. Full heat flux into the anode

δ 〈Qa〉, w

0.3 1261
0.5 1212
0.7 1183

DC mode 1141

Figure 5. Radial distributions of averaged over the modulation period magnetic pressure (а) and pressure due to arc plasma motion (b) 
on the anode surface
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As follows from the calculated data, presented in 
figure 5, the averaged magnetic pressure near the sur-
face of the anode of a nonstationary arc turns out to 
be significantly higher than the respective magnetic 
pressure for an equivalent DC arc, increasing with 
reduction of δ (see Figure 5, а). pressure due to arc 
plasma motion on the anode surface, averaged over 
the current modulation period, also becomes higher 
at decrease of the duty cycle. However, its values at 
δ > 0.6 are lower than the respective values for a DC 
arc at 140 А current. Average value of aggregate over-
pressure near the anode surface, which is a sum of 
〈Pm(r, t)〉 and 〈Pv(r, t)〉 for a nonstationary arc under 
the considered conditions of current modulation, is 
higher than the overpressure of a DC arc that corre-
sponds to the results of experimental measurement of 
the above quantity in [5].

note that at determination of the shape of weld 
pool free surface only value Pv should be used as an 
essential component of arc plasma overpressure in the 
balance of normal stresses on the above-mentioned 
surface, as magnetic pressure Pm does not experience 
a jump when passing through arc plasma-metal inter-
face [15]. As was already mentioned, in the case of 
HfpC modulation, quantity 〈Pv(r, t)〉, determining the 
depression of the weld pool surface, increases with δ 
reduction (with increase of pulse current) at constant 
value of average current. it promotes deeper immer-
sion of such an arc into the metal being welded and 
increase of its penetrability, respectively, at I2 increase 
and maintenance of the same Iav.

An important force factor, determining the hydrody-
namic situation in the weld pool in tig welding (along-
side Lorentz and Marangoni forces) is the force of vis-
cous friction of arc plasma flow against the anode metal 
surface. in the case of HfpC modulation (f = 10 kHz), 
the above-mentioned force, similar to Pv, can be consid-
ered as averaged over the modulation period [15]. Radi-
al distribution of tangential stress 〈Sv(r, t)〉, generated by 
this force, is illustrated in figure 6.

Calculated data given in figure 6 shows that com-
pared to Sv distribution for an equivalent DC arc, the 
maximum of averaged value of arc plasma viscous fric-
tion on the anode surface at HfpC modulation some-
what decreases in magnitude at increase of the duty cy-
cle, and its position shifts towards smaller values of r. 
this is indicative of a weak effect of current modulation 
on the force of viscous friction of the arc plasma flow 
against the weld pool surface in HfpC tig welding.

CONCLUSIONS
performed numerical analysis of thermal, gas-dynam-
ic and electromagnetic characteristics of arc plasma, 
as well as its impact on the anode surface, under the 

conditions characteristic for tig welding with arc 
current modulation by rectangular pulses of different 
duration and amplitude (at constant value of average 
arc current), following at 10 kHz frequency, leads to 
the following conclusions:

1. At the considered modulation parameters, the 
current density in the arc column plasma almost in-
stantly reacts to changes of the arc current, where-
as the temperature and velocity of arc plasma have 
greater inertia, with the characteristic setting time of 
about 20 μs in the pulse and about 30 μs at transition 
from the pulse to the pause. Here, the values of the 
above-mentioned parameters are considerably higher 
during the pulse, that during the pause, and they are 
the greater, the smaller the duty cycle (the higher the 
pulse current).

2. Axial values of current density on the anode surface 
and heat flux to the anode, averaged over the period of 
arc current modulation, decrease at reduction of the duty 
cycle for the considered modulation conditions. More-
over, they remain smaller than the respective values for 
a DC arc at current equal to average value of modulated 
current. Here, the full heat flux into the anode, contrarily, 
is greater than the respective value for an equivalent DC 
arc, increasing with reduction of the duty cycle (with in-
crease of pulse current).

3. pressure on the anode surface due to arc plasma 
motion, averaged over the current modulation period, 
increases with reduction of the duty cycle and at δ < 0.6 
it becomes greater than the respective pressure for a DC 
arc at current equal to average value of modulated cur-
rent. As a result, shortening of the pulse duration and the 
respective increase of current modulation amplitude in 
welding by an arc with a refractory cathode leads to in-
crease of the depression of weld pool surface that pro-
motes deeper immersion of the arc into the metal being 
welded and increase of its penetrability. As regards the 
force of viscous friction of arc plasma flow driving the 
surface layers of weld pool metal from its center to the 

Figure 6. Radial distributions of averaged over the modulation 
period tangential stress, generated by the force of friction of the 
plasma flow on the anode surface
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periphery, thus increasing the width of the penetration 
zone by reducing its depth, it practically does not differ 
from the respective force applied to the melt surface by 
plasma of an equivalent DC arc.

4. Evaluation of an averaged force impact of the 
considered nonstationary arc on the welded metal melt 
is indicative of a considerable increase (compared to 
an equivalent DC arc) of the volume electromagnet-
ic force, driving the melt and causing the convective 
heat transfer from the surface towards the weld pool 
bottom, that also promotes greater penetration depth 
in HfpC tig welding.
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