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SELF-ORGANIZATION OF THERMAL PROCESSES
IN WELDING SHEET LOW-ALLOYED STEEL
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Institute of Strength Physics and Materials Science of SB RAS
2/4 Akademichesky Ave., 634050, Tomsk, RF

Numerical modeling of thermal processes at weld pool formation in low-alloyed steel under the impact of the electric
arc was performed. Different arcing modes are considered. A qualitative difference in propagation and dissipation of
thermal energy is found, depending on the modes. Mechanisms of self-organization of thermal structures were studied,
which are due to highly nonlinear thermophysical properties of low-alloyed steel, modes of thermal energy feeding
into the weld pool and features of its dissipation on the boundaries. The validity of the numerical model is confirmed
experimentally, that allows recommending the results of computer studies for practical application. 14 Ref., 7 Figures.
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In keeping with GOST 14771-76, it is recommended
to weld sheet low-alloyed steels (of up to 3.5-4.0 mm
thickness), widely applied in many branches of indus-
try, using the so-called backing, which is fastened in
the lower position of the forming welded joint. The
role of backing is to contain the molten metal from
flowing out of the weld pool. In technical publica-
tions, the notion that application of copper (more sel-
dom aluminium) backing promotes removal of excess
heat, due to more intensive dissipation of thermal
energy, has become established. That is why it was
called heat-removing or forming backing, influencing
not only weld metal formation, but also its structure
directly in the permanent joint zone [1-3]. The idea
of copper backing application outwardly is in good
agreement with the theory of self-organization of non-
linear systems, developed by the school of I.R. Pri-
gozhin, winner of 1977 Nobel Prize in chemistry [4].
General concepts of welded joint formation from the
standpoint of self-organizing systems are described in
[5]. At present the above statement is ever wider ap-
plied in development of various systems of automatic
regulation of welding and surfacing processes [6-8].
«Self-organization» term in modern scientific
language means the process of spatiotemporal struc-
tural adjustment of the system that results in the sys-
tem acquiring new properties, usually, improving its
functioning in the former conditions. Three scenarios
of self-organization development are possible: or-
der-based order, chaos-based order and order-based
chaos, which is also called dynamic chaos. As applied
to welding technology, the self-organizing system is
the welded joint proper, which was formed not cha-
otically (melt-solidification in any modes), but taking

into account the physical nature of the metal and with
strict observation of balance between the inflow of
energy to the weld pool and its outflow. The impor-
tance of this parameter is shown in [9], where it is
established that the rate of the change of molten metal
temperature has a dominant influence on the nature
of structural-phase transformations in the metal of the
weld and HAZ. Correct application of this theory to
welding technologies could eliminate many problems
of welded joint reliability, particularly their operation
under critical conditions: high and low temperatures,
higher pressure, etc. Nonetheless, in the majority of
the technologies still open are not only the questions
of finding the mechanisms, which would bring the
technological system in order, but also the issues, as-
sociated with the methods of exclusion of behaviour
imposed on it, and not characteristic of good gover-
nance principles.

The objective of this work is to develop the pro-
cedure of numerical analysis of the mechanisms of
self-organization of thermal processes in the weld
pool in electric arc welding of sheet low-alloyed steel,
and experimentally validate it in the case of welding
St3 steel, using copper heat-removing backing.

Physical and mathematical statement of the
problem. Formulation of research problems follows
from consideration of the features of the technology
of nonconsumable electrode argon-arc welding. In the
weld pool zone, the substance is in four aggregative
states: solid, liquid, gaseous and plasma. Different
energy conversions proceed simultaneously: electro-
magnetic, thermal, chemical, mechanical, radiation
and intra-atomic. A feature of this welding method
consists in that approximately 93-95 % of electric arc
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energy is consumed for the processes of heat-mass
transfer.

The welding process is schematically shown in
Figure 1. Welded samples of the same size are placed
on a copper backing. The electrode moves along the
butt being welded with speed v (shown by an arrow).
Investigations were conducted for steel samples 60
and 120 mm long, 20 and 40 mm wide, respectively,
thickness was varied from 1.2 to 3.5 mm. Dimensions
of copper backing along the length were the same as
those of the steel samples, or 2 mm longer, thickness
varied from 1 to 3 mm with 0.5 mm step. The follow-
ing width of the gap between the copper backing was
set: 0; 1.0; 2.0; 3.0; 4.0; 5.0 and 10.0 mm. A unit on
a mobile platform was used to conduct full-scale ex-
periments. The torch with the electrode was fastened
in a special holder, with the function of regulation of
the extension. The platform started moving at the mo-
ment of arc striking. Design of the unit incorporates
control of the length of interelectrode gap, volt-am-
pere characteristics of the power source and speed of
welded sample displacement.

In Figure 1 planes A, B and C, crossing the sample
perpendicular to the plane of electrode movement, are
outlined with the purpose of further theoretical and
experimental studies of structural-phase changes of
the produced welded joint and checking the adequacy
of model representations.

The basics of constructing a mathematical mod-
el of technological processes of welding production,
including the equations of balance, equation of phase
transitions and equation of the kinetics of chemical
transformations, are given in work [10]. In keeping
with this work, the initial system of equations model-
ing TIG-welding, has the following form:

p(T)e, (MG =2+ )+ .
+%[x(ﬂ%j+%(m)%j;
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In the presented system, equation (1) is the spa-
tial dynamic equation of heat conductivity, (2) is the
equation of phase transformations; (3) is the distribu-
tion of the plasma arc energy flow density in the zone
of the source action.

The system of equations (1)—(3) is complemented
by initial conditions
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Electrode

Welding arc

Figure 1. Sketch of welding two steel plates on copper heat-re-
moving backing: a — with a gap; b — with a groove; ¢ — with
perforation

T(x,y,2,0)=T,. @

Boundary conditions are given in the following
form:

e outside the region of the source action

or 4 T4
k%—a(T T, )+e(Ty -T4). )

e in the region of the source action
oT  nlUk 2\,
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e in the region of contact of two dissimilar mate-
rials
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The following designations were used in the sys-
tem of equations (1)—(7): T — temperature; p(T) —
dependence of density on temperature; Cp(T) — de-
pendence of heat capacity on temperature; t — time;
X, Y, Z — spatial coordinates; A(T) — dependence of
heat conductivity coefficient on temperature; L, —
heat of phase transition (including melting, evapo-
ration, solidification); V, — speed of movement of
phase transition front; n — vector of the normal to the
interphase (£ indices below indicate different sides
from the interphase); A, A, — coefficients of material
heat conductivity on different sides from phase transi-
tion boundary (in particular, solid and liquid phases);
r — radius of the heat spot from the burning arc; n
and k(L) — semi-empirical parameters, characterized
by heat source power and its distribution over the heat
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Figure 2. Thermophysical properties of iron and low-alloyed steel
spot; L — length of interelectrode gap; | — current,

U — voltage of electric arc source; ¢ — degree of
blackness of the body; o = 5.669-10% W/(m?-K*) —
the Stephan—Boltzmann constant; o — coefficient of
heat exchange with the environment; A,, A, — coef-
ficients of heat conductivity of contacting materials;
S,, — area of contact of dissimilar materials. The
burning arc moves along a trajectory determined by

the following system of equations:

|

where x,, y, are the coordinates of the initial point; V_
is the rate of heat source movement along the axis.

Mathematical model (1)—(8) is complemented by
experimental dependencies [11] of thermophysical
characteristics of low-alloyed steel (Figure 2), and
«iron—carbon» constitution diagram [12]. Knowing the
detailed temperature distribution in the volume of the
samples being welded, the constitution diagram can be
used to establish carbon solubility in the respective ar-
eas that will help to implicitly allow for the diffusion
processes and determine the areas of structural-phase
transformations (melting, incomplete melting, over-
heating, normalizing, etc.) in the weld zone.

The posed problem was solved numerically by
the finite difference method [13]. The mesh pitch in
different numerical experiments was varied from 0.2
to 0.5 mm, depending on research objectives. Pre-
liminary calculations showed that at correctly select-
ed arcing modes the thermal energy of the source is
localized in a narrow strip along the arc movement
trajectory. This is attributable to the fact that the co-
efficient of heat conductivity in the considered steels
in the temperature range of 1000-1300 K has a deep
minimum, i.e. the rate of heat transfer beyond the
boundaries of this range is low. Therefore, it is ra-
tional to confine ourselves to study of narrow strips
not more than 20 mm wide. It was further established
that the temperature field stabilizes along the length
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at 6 mm distance from the beginning of the welded
joint for samples of 1.2 mm thickness. With increase
of thickness, this distance gradually increases up to
20 mm for 3.5 mm plates. For further investigation
consideration of welded steel plates was limited to di-
mensions of 60x20x2 mm each.

Given below are the results showing that the con-
sidered calculated model allows determination with
good accuracy of not just the dimensions of the weld,
but also of all the zones of structural-phase transitions
in the volume, as a result of multiple thermal «heat-
ing-cooling» cycles.

Results of computer experiments on welding
steel plates by a moving electric arc. It should be
noted that the considered above mathematical formu-
lation of the problem and modern level of computer
engineering allow rather accurately (within experi-
mental error of 5-7 %) predicting the arcing modes,
that would provide the required characteristics of the
weld and HAZ, and, furthermore, additionally derive
a large scope of information, which it is impossible to
obtain in direct experiments. Application of the tech-
niques of digital visualization allowed tracing in de-
tail all the stages of welded joint formation: heating,
melting, evaporation, cooling, condensation, crystal-
lization, phase transitions and thermodeformational
changes accompanying them [13]. A systemic ap-
proach, developed in [10] was used with this purpose.
Six main structural levels were identified, according
to which we conducted our research:

e cvaluation of the effect of heat source power on
distribution of heat flow density in the burning arc
flame;

e analysis of the processes of thermal energy dis-
tribution in the welded and heat-removing materials;

e determination of all the input parameters of the
system, affecting the final properties of the welded
joint to varying degrees;

e cvaluation of inner structure of welded joint ma-
terial by the results of computer modeling;
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Figure 3. Formation of temperature fields at different moments of time: a — on weld pool surface; b — same in the zone of contact of

welded samples with copper backing

e control of the processes of diffusion and struc-
ture formation at the stage of technological process
design;

e determination of the criteria of rational self-or-
ganization of thermal processes in the welded joint.

The case of welding plates on a backing without a
gap was initially considered. Arcing modes were es-
tablished numerically, which ensured penetration of
2 mm thick plates to the entire depth. Figure 3 shows
the temperature fields at two moments of time in two
areas: on weld pool surface and in the zone of contact
of the welded plates with the continuous copper back-
ing. On the calibration temperature scale the upper
value shows the maximum temperature in the sample
at the given moment of time, the bar indicates tem-
perature in the zone of contact of the two materials.
One can see from the Figures, that as the heat source
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moves, the maximum temperatures in the zone of arc
contact with the steel surface (layer thickness of about
0.2 mm) increase: at the start of the welding process
temperature T = 3439 K, and by the middle of the
sample T = 3611 K. This is significantly higher than
the steel melting temperature (T = 1850 K), where-
as in the zone of contact with the copper backing the
temperature is close to steel melting temperature. In
the selected welding modes an obvious overheating of
weld pool surface is observed. Power lowering leads
to incomplete penetration. The «heat-removing»
backing proper turned out to be the cause for over-
heating. This was established proceeding from anal-
ysis of distribution of contour lines of temperatures
in the sample axial section (Figure 4). One can see
from the Figure that owing to high heat conductivity
of copper the thermal front in it propagates faster than
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Figure 4. Map of temperature contour lines in the weld pool axial section at the 2™ second from the beginning of welding: 1 — steel

butt; 2 — copper backing

in steel. Due to that, part of the energy removed (dis-
sipated) from the pool all the time returns from the
backing to the item being welded, heating it from be-
low. From the slope of the contour lines, one can say
that initially they run almost parallel to the weld pool
walls at a sharp angle to the contact zone. And then
in the steel sample the contour lines gradually change
their angle of inclination to obtuse one. At removal
from the heat source, the bottom of the pool is heated
more than its upper part.

This example shows that the main requirements
of I.R. Prigozhin theory of self-organization for the
welding process have been fulfilled. The nonlinearity
of thermophysical properties of steel and increase of
thermal energy dissipation through the zone of contact
with copper are ensured. Here, an increasing over-
heating of the weld pool is observed as the burning
arc moves forward. It is known from thermodynamics
that the system entropy increases with temperature,
i.e. the chaotic state of this system is enhanced.

Thus, in the considered case, the third type of
self-organization is in place, namely the emergence
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Figure 5. Block-diagram of heat distribution in the weld pool in
welding on perforated copper backing and in pulsed-arc welding:
t— pulse time; t _ — time during the pause and during welding
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of chaos from order. The initial structure of welded
materials can be regarded as order. It is of interest to
study in greater detail the effect of initial geometry
of the copper backing in the zone of contact with the
weld pool. Four different variants were considered:
reduction of the thickness of the continuous backing,
formation of a groove under the butt area, formation
of the gap and applying perforation.

It should be noted that numerical calculations, con-
ducted using the first two types of backing, showed
that in both the cases a noticeable increase of surface
temperature was observed along the weld pool length,
thus increasing the nonuniformity of the temperature
fields, and creating controllable dynamic chaos in the
system.

The idea of application of perforated backing (see
Figure, 1, ¢) turned out to be more productive. Copper
plates of 2 mm thickness were used. Narrow slots of
4x2 mm size were made every 3 mm. Numerical cal-
culations established that surface temperature is prac-
tically the same along the entire length of the weld
pool, whereas at the weld pool bottom the tempera-
ture dependencies are of a pronounced pulsed nature
(Figure 5). In this case, the obtained effect is similar
to pulsed-arc welding without backing [14]. The dif-
ference is only in the fact that at pulsed-arc welding
the maximum heat flow is achieved during the pulse,
and in direct current welding with application of per-
forated backing it occurs under the perforation zone.
In either case, the temperature inside the weld pool
quickly equalizes, self-organization of thermal pro-
cesses occurs by the type of «new order-based orders.
Note, however that application of perforated backing
in mass production is unprofitable from the economic
point of view, as it leads to an increase in technolog-
ical costs.

The most rational method of self-organization by
the type of «new order-based order» can be obtained in
welding with application of copper backing with a gap.

During computer experiments the features of weld-
ed joint formation for all the types of backing, given
above, were studied. Calculation results showed that
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Figure 6. Temperature distribution in the cross-section at the distance of 15 (a) and 37.5 mm (b) from the beginning of the weld

2 mm backing also with a 2 mm gap turned out to be
the most acceptable for welding 2 mm thick plates.
We will illustrate it in Figure 6, which shows tem-
perature variation by the width and depth of the weld-
ed joint in sections at 15 and 37.5 mm distance from
the front end (sections A and C in Figure 1). Similar
temperature distributions were obtained in section B
(25 mm from the front end), so they are not given by
virtue of identity.

These temperature distributions were calculated
in the following arcing modes: power W = 1.26 kW,
interelectrode spacing d = 1.5 mm, welding speed v =
= 2.8 mm/s, width of the gap between copper backing
S = 2 mm. In both the graphs the weld dimensions
are practically the same in the upper and lower posi-
tions. We will explain their determination using the
example in Figure 6, b, where one more additional
horizontal line was drawn, cutting off the melting
temperature T = 1850 K on four upper curves, which
belong to the steel sample. The other curves belong to
the copper backing. The width of the cut off regions
is exactly what indicates the dimensions of the weld
by depth: from the face side — 7.5 mm, from the re-
verse side — 2.5 mm that corresponds to normative
requirements. The dimensions of these zones can be
established similarly from the width of cut-off areas,
by measuring on the ordinate axis the temperatures
of structural-phase transitions of low-alloyed steels
(1523 K — incomplete melting, 1273 K — overheat-
ing, 1123 K — normalizing, etc.). Note that by the
calculated data the maximum temperatures along the
entire length of the melt pool differ by less than 100
degrees. Here, the calculated deviation of weld width
is not more than 0.5 mm along the entire sample.
Thus, it can be assumed that under these conditions,
self-organization of thermal processes by the type of
«new order-based order» is ensured. Correct selection
of the width of the copper backing gap plays a special
role here: narrow gap or its absence lead to excess
heating of the weld pool as the electric arc moves,
wide gap does not ensure the required heat removal
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from weld pool bottom and does not protect it from
running out (burn-through).

Experimental verification of the validity of cal-
culation results. In order to confirm the correctness
of theoretical conclusions and validity of the devel-
oped calculation procedure, experimental studies
were conducted on a welded joint of low-carbon steel
St3sp(killed). Nonconsumable electrode argon-arc
welding on a copper backing (with 2 mm gap) was
performed, which completely corresponded to the
computer experiment. The experiment was conduct-
ed at room temperature (T = 300 K) with subsequent
cooling of the welded joint in a natural air environ-
ment. The experimental set-up was first tested for de-
termination of semi-empirical parameters of the mod-
el n and k(L), that yielded the following values: n =
=0.9; k(L) = 8.

It was obtained experimentally that the weld width
(directly the fusion zone) in the upper and lower posi-
tions coincides with the calculated value with the ac-
curacy of up to 0.5 mm. Metallographic studies were
conducted on samples, cut out of the welded plates,
located in the following zones: 15, 25 and 37.5 mm
from the beginning of the welded joint. Structure of
welded joint zones was studied with application of
Olympus-GX51 microscope and SIAMS 700 applied

200 um
Figure 7. Macrostructure of welded joint in the cross-sections at

the following distance: a — 15; b — 25; ¢ — 37.5 mm from the
beginning of the welded joint
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program package. Characteristic features of welded
joint structure are given in Figure 7.

The structure uniformity by welded joint depth and
width, both in the area of the weld, and in the zones of
structural-phase transitions should be noted. Despite
the fact that the weld width is reduced more than 2
times towards the bottom both in calculations and in
the experiment, the macrostructure does not reflect it,
as its dimensions practically do not change across the
thickness.

This is the manifestation of one of the positive
qualities of the technology of welding on heat-remov-
ing copper backing with a gap. It is, apparently, due to
the effect of preheating, realized owing to rapid dissi-
pation of thermal energy from the welding zone and
its transfer through the copper backing to lower-lying
layers of steel plates. Thus, control of the processes
of self-organization of metallographic structures and
their ordering across the welded joint thickness take
place.

Conclusions

1. Numerical analysis of the dynamics of thermal pro-
cesses in the weld pool in arc welding of sheet low-al-
loyed steel was performed, and experimental studies,
confirming the validity of numerical calculations and
conclusions from their analysis, were conducted.

2. It is found that in case of fulfillment of norma-
tive requirements using copper backing, two types
of self-organization processes can be in place: new
order-based order and dynamically controlled or-
der-based chaos. The second type of self-organization
processes has not been discussed in welding publica-
tions so far and needs additional study.

3. Mechanisms of self-organization and control of
material internal structure were studied, which bring
the technological system in order and which allow
eliminating the imposed behaviour not inherent to
good governance principles.

The work was performed using the funding from
RSF 16-19-10010P project, in keeping with 2019
work plan. The authors express their sincere gratitude
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