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Analysis of distribution of temperature over the surface of the weld pool in TIG and A-TIG welding of stainless steel
using the stationary and moving arc was carried out on the basis of calculation and experimental data. It is shown that
in TIG and A-TIG welding the distribution of temperature over the weld pool surface above the boiling point has a
characteristic plateau, the size of which is commensurable with size of the anode spot of the arc, the maximal temperature
and size of this plateau being somewhat smaller in A-TIG welding. Problems of mathematical description and modelling
of the Marangoni convection developing in A-TIG welding by the thermal-capillary and concentration-capillary mecha-
nisms are discussed. Two circulation flows may form in the weld pool, their interaction causing a flow of the melt
directed deep into the weld pool.
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The authors in their previous studies [1, 2] considered
the phenomenological model of existence and interac-
tion of the TIG/A-TIG arc—weld pool system, as well
as the probability of existence of the quasi-keyhole in
A-TIG welding. Peculiarities of the effect on forma-
tion of the weld pool and weld by thermal, mass ex-
change, electromagnetic, hydro- and gas-dynamic
processes occurring in the arc column and weld pool
in A-TIG welding using the stationary and moving
arc were studied on the basis of analysis of experi-
mental data and theoretical estimates. A substantial,
fundamental difference in formation of the welds made
by TIG and A-TIG welding with the moving and sta-
tionary arc was shown. This difference consists in the
fact that in welding with the moving arc the processes
of melting and solidification of the weld metal occur
simultaneously, whereas in spot welding they are sepa-
rated in time. Formation of the A-TIG spot weld is
characterised by the presence of a specific deep crater
with reinforcement on the weld periphery, which re-
sults from subsequent shrinkage phenomena. A fun-
damentally different formation of flows of the arc
column plasma about the weld pool surface, directed
from the periphery to centre, may take place in A-TIG
welding, compared to TIG welding, this causing trans-
fer of the overheated metal to the pool bottom and
formation of the narrow and deep welds.

Study [3] offered a conjugate mathematical model
of thermal, electromagnetic and hydrodynamic proc-
esses occurring in a weldment in stationary (spot)
TIG welding. As established by modelling, parameters
that determine the thermal state and hydrodynamics
of the weld pool in arc welding are sizes of the anode
(diameter of the current channel at anode) and heat

spots of the arc, Ra and Rh, respectively. The cardinal
difference in penetrating capacity of the TIG and A-
TIG welding methods is caused by a different propor-
tion between sizes of the current and heat spots. Com-
parative analysis of the effect by three different force
factors (Lorentz force, Marangoni effect, and Ar-
chimedes force) on the hydrodynamics and thermal
state of the weld pool was carried out on the basis of
results of experimental and calculation studies of the
kinetics of penetration in TIG and A-TIG welding.
At a small size of the anode spot (less than 4 mm),
the dominant factor that determines depth and shape
of the weld spot was shown to be a centripetal com-
ponent of the Lorentz force.

Analysis of our results, as well as results of the
studies performed by other authors, required addi-
tional experimental and theoretical investigations.

The purpose of this study was to conduct compara-
tive analysis of experimental and calculation data on
distribution of temperature over the weld pool surface,
and consider peculiarities of capillary convection in
TIG and A-TIG welding of stainless steel by using
the stationary and moving arc.

Peculiarities of distribution of temperature over
the weld pool surface. The calculations made by using
the mathematical model [3] indicate to the probability
of increase in density of the heat flow that exists at
certain sizes of the anode and heat spots of the sta-
tionary TIG arc in welding of stainless steel 304, while
this increase may lead to extra overheating of the weld
pool surface to a temperature above boiling point Tb.
This results in growth of heat losses for evaporation
and decrease in assimilation of heat by the weldment.
The temperature profile in overheating of the weld
pool surface (in transverse direction) to a temperature
above the boiling point has a characteristic plateau at
T > Tb (Figure 1).
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An experiment on determination of the distribution
of temperature over the surface of the weld pool along
its axis was carried out to check the modelling calcu-
lation results. TIG and A-TIG welding with the mov-
ing arc was performed on a 5 mm thick specimen of
stainless steel 304. Aerosol activating flux PATIG S-A
was used for A-TIG welding. Welding conditions were
similar to the calculated ones: welding current –
100 A, installed arc length – 1.5 mm, and welding
speed – 100 mm/min. The tungsten electrode em-
ployed contained 2 % ThO2, and had a diameter of
3.2 mm and sharpening angle of 35°. Argon was used
as a shielding gas (flow rate – 12 l/min).

Appearance of the experimental setup is shown in
Figure 2. «Raytek» computerised infrared pyrometer
Marathon MM 1MH was used as a measuring device.
Specifications of the pyrometer were as follows: range
of temperatures measured – 650—3000 °C, spectral
range – 1 μm, error – ±0.3 % or ±1 °C, time of
reaction – 1 ms, and measurement point diameter –
1 mm.

The fixed pyrometer was focused onto a point
marked on the weld axis on the surface of a specimen
welded. The weld pool formed by the arc moved
through the marked point during welding. Simulta-
neously, the temperature on the surface of the weld
pool was measured along its longitudinal axis. Sche-
matic of the experiment is shown in Figure 3.

Results of the experimental studies are shown in
Figure 4. In TIG and A-TIG welding with the moving
arc the distribution of temperature over the weld pool
surface above the boiling point has a characteristic
plateau, the size of which is commensurable with that
of the anode spot of the arc [4]. Diameter of this
plateau for TIG and A-TIG welding is 1.75 and
1.5 mm, respectively. However, the maximal tempera-
ture of the plateau is somewhat lower in A-TIG weld-
ing (2600 °C), compared to TIG welding (2650 °C).
Also, a somewhat increased level of temperature is
observed in the tailing part of the weld pool in A-TIG
welding.

It should be noted that the presence of this over-
heating plateau proved the probability of existence of
the quasi-keyhole in A-TIG welding [1].

Role of hydrodynamic processes and peculiari-
ties of capillary convection in metal penetration.
One of the force factors affecting the hydrodynamics
of the melt is Lorentz force, which is axisymmetric in
the case of spot TIG and A-TIG welding, i.e. F→ =
= F→(r, z), where r and z are the radial and axial coor-
dinates. The calculation data obtained in study [3]
indicate that at a certain proportion of sizes of the
anode and heat spots of the arc, and at anode spot
radius Ra < 4 mm, which are characteristic of A-TIG
welding, the dominant force factor that determines

Figure 1. Calculated values of distribution of temperature over the
weld pool surface in transverse direction at Ra = 1.25 mm and Rh =
= 1.5 mm: Tmelt – melting temperature

Figure 2. Appearance of experimental setup

Figure 3. Schematic of experiment: 1 – torch; 2 – pyrometer; 3 – computer system with software; 4 – activator; 5 – arc; 6 –
weld pool; 7 – weld

12/2010 3



the hydrodynamics of the weld pool is a radial com-
ponent of the Lorentz force, which is centripetal at
the axisymmetric magnetic field. It should be noted
that for the weld pool surface this force in the anode
spot is directly proportional to squared welding cur-
rent I2 and inversely proportional to cubic anode spot
radius Ra

3 [1, 2]:

F→rot(r, 0) = —μ0 
I2

4πRa
3 

r
Ra

 e→r,   0 < r < Ra,

where μ0 is the relative magnetic permeability, and
e→r is the unit radius vector.

The effect of the size of the anode spot on the
centripetal component of the Lorentz force is shown
in Figure 5.

The vortex flow of the melt forms in the weld pool
under the effect of the centripetal component of this
force. Near the free surface this flow is directed from
the periphery toward the weld pool centre. The molten
metal flows moving from the opposite directions turn
in the axial part of the pool to the axial direction,
transporting the metal overheated to the boiling point
or higher (see Figures 1 and 4) from the centre of the
heat spot toward the pool bottom. As the speeds of
movement of the molten metal are kept at a sufficiently
high level (max |V→| ≈ 50 cm/s), the moving melt re-
tains much of overheat, thus leading to densification
of temperature with a high temperature gradient in
the weld pool near the melting front. This creates
conditions for increase in the penetration depth.

Consider the effect of capillary convection (Ma-
rangoni effect) on penetrating power of the arc in
A-TIG welding. It is a known fact that surface-active
elements influence the surface tension coefficient of
metal. Oxygen, sulphur, fluorine etc. may serve as
surface-active elements that get from the flux to the
melt in A-TIG welding. For example, as established
in study [5], surface tension coefficient γ as a function
of oxygen content C in steel grows with decrease in
the oxygen concentration (βC = ∂γ/∂C < 0). As the
oxygen concentration on the weld pool surface de-
creases with increase in temperature, ∂C/∂r > 0 and,
hence, βC ∂C/∂r < 0. This is indicative of the prob-
ability of formation of the reverse concentration-cap-
illary Marangoni convection caused by the oxygen
concentration gradient on the free surface of the weld
pool.

At the same time, according to the data of study
[6], temperature surface tension coefficient βT =
= ∂σ/∂T of the iron melt with an oxygen content of
(150—350)⋅10—6 takes a positive value within a tem-

perature range of 1873—2123 K. Hence, βT
∂T
∂r

 < 0, this

being indicative of the probability of the direct ther-
mal-capillary convection. If the concentration-capil-
lary and thermal-capillary convections combine, the
condition of balance of tangential stresses on the free
surface of the melt can be written down as

v 
∂Vr

∂z
 ⎪⎪z = 0

 = — 
1
ρ 
⎡
⎢
⎣
βT 

∂T
∂r

 + βC 
∂C

∂r

⎤
⎥
⎦
.

Therefore, A-TIG welding features the probability
in principle of formation of the reverse (from the pe-
riphery of the pool toward its centre) Marangoni flow
caused by both thermal-capillary and concentration-
capillary mechanisms. To experimentally determine
βT and βC, it is extremely important to provide the
necessary conditions for finding partial derivatives

Figure 4. Experimental curves of distribution of temperature over
the weld pool surface in longitudinal direction depending on weld-
ing time in temperature ranges of 1300—2800 (a) and 2200—2800
(b) °C: 1 – TIG welding; 2 – A-TIG welding

Figure 5. Calculated values of Frot(Ra, z) along axial coordinate z
at I = 100 A: 1 – Ra = 1; 2 – 2; 3 – 3 mm
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∂σ/∂C and ∂σ/∂T. Otherwise the experimental data
may be noisy.

High-temperature heating of metal up to the boil-
ing point, T = Tb, takes place in the central part of
the weld pool surface in the overheating plateau re-
gion. As follows from physical considerations, γ(T,
C) → 0 at T → Tb, independently of the oxygen
content. This means that

∂σ/∂r = βT 
∂T

∂r
 + βC 

∂C

∂r
 > 0

within a certain temperature range (Text < T < Tb,
where Text is the extreme temperature) below the boil-
ing point, i.e. the surface tension coefficient at certain
definite temperature T = Text has a maximum, and
direction of the surface force in this temperature range
corresponds to the direct (from the centre to periphery
of the pool) capillary convection. Therefore, the op-
posite, as well as direct (from the centre to periphery
of the weld pool at T ∈ [Text, Tb) and reverse (from
the periphery of the weld pool to its centre at T <
< Text) capillary convections may simultaneously ex-
ist on the weld pool surface in A-TIG welding. In this
case, two vortexes may form in the weld pool, the
interaction of which results in the flow of the melt
directed deep into the weld pool.

It should be noted in conclusion that, in our opin-
ion, the available experimental data on dependencies

βC = βC(T, C) and βT = βT(T, C) within a wide
temperature range are insufficient to theoretically es-
timate with certainty the effect by the Marangoni
convection on the penetrating capacity of A-TIG weld-
ing. Investigation of this effect requires additional
experimental studies of the dependence of the surface
tension coefficient on the temperature and concentra-
tion of an activating element in the melt, especially
for the conditions of interaction of the flux layer with
the weld pool surface.
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The possibility is considered of using calculation methods to predict the risk of formation of the σ-phase in the HAZ
metal of chrome-nickel steels at a carbon content of about 0.08 % and higher. It is shown that the use of temperature-time
constitutional diagrams for steel of a corresponding composition, combined with temperature cycles at points in the HAZ
metal, allows predicting the degree of sensitization of the corresponding HAZ region under different welding conditions.
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Problem of formation of the third phases is one of the
fundamental in welding of austenite chrome-nickel
steels with increased content of carbon. Corresponding
recommendations were developed for its solving and
included in many reference books [1 and others]. It
is characteristic that mentioned third phases (besides
initial austenite and ferrite) appear after a primary
crystallization during some soaking at specified tem-
perature interval (Figure 1). They made no serious
problems for the near-weld zone metal in a single run

welding. An overlay of the curves of thermal cycles
for specific points of the near-weld zone on respective
temperature-time diagrams (c-curves) for steel of a
corresponding composition (Figure 2) in multi run
welding, however, shows that the accumulation of
conditions for formation of the chromium carbides
along the grain boundaries (due to diffusion of carbon
controlled by c-curve in Figure 2, a) or σ-phase ac-
cumulation due to δ-ferrite decay and formation of
complex intermetallics (Figure 2, b), also controlled
by diffusion processes, occur in the near-weld zone.
Avrami method [2, 3] with coefficients, determined
depending on temperature and level of formation of
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