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Аннотация. Работа посвящена автоматической электродуговой сварке под слоем флюса с применением присадочного материала в виде 

алюмотермитной засыпки для соединения толстолистовых конструкций. Материал пластины принимается упругопластическим, дефор-
мации малыми и состоящими из упругих и пластических. Обратимые (упругие) деформации связаны с напряжениями законом Дюамеля-
Неймана, необратимые (пластические) зарождаются и растут благодаря пластическому течению в рамках ассоциированного закона 
пластического течения. За условие пластического течения принято модифицированное условие Мизеса, в котором учитывается вязкость. 
Источник тепла от автоматической электродуговой сварки моделируется двойным эллипсоидом, предложенным Джон А. Голдаком, 
а тепло от химической реакции в области фронта горения алюмотермита задается значением теплового потока. Упругие модули и предел 
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Abstract. The paper is devoted to automatic electric arc welding under a flux layer using filler material in the form of aluminothermic backfill for joining 

thick-plate structures. The plate material is assumed to be elastic-plastic, the deformations are small and consist of elastic and plastic. Reversible 
(elastic) deformations are associated with stresses by the Duhamel-Neumann law, irreversible (plastic) ones arise and grow due to plastic flow within 
the framework of the associated law of plastic flow. The modified Mises condition, which takes into account viscosity, is adopted as the condition 
of plastic flow. The heat source from automatic electric arc welding is modeled by a double ellipsoid proposed by John A. Goldak, and heat from 
chemical reaction in the region of aluminothermiс combustion front is specified by the heat flux value. Elastic moduli and yield strength depend 
on temperature. Plates with thicknesses of 12, 14, 16, 18 mm were considered. Comparing the intensity of residual stresses in the upper and lower 
layers of the plates and by their thicknesses, it can be stated that with increasing thickness, the areas of distribution of residual stresses high intensity 
increase and their values increase too. These areas are located inside the material in the near-weld zone in the area of blue brittleness. Analyzing 
straightening of temperature fields, for the case of electric arc welding with filler material in the form of aluminothermiс backfill and without it, it was 
found that as a result of a chemical reaction, the temperature in the weld zone increases by 500 °C, this makes it possible to use this technology for 
welding at low climatic temperatures. 
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 Introduction

With the growth of production, there emerged a need 
for the assembly of large metal structures. This is generally 
achieved through welding, which negatively affects the base 
metal, creating irreversible deformations and increased 
stresses in the weld zone due to localized thermal over-
heating. To reduce stresses in the area affected by tempera-
ture, preheating and concurrent heating are applied [1 – 4], 
reducing the temperature gradient, or post-weld heat treat-
ment is used. Mechanical impact in the weld zone by means 
of forging is also employed to reduce the negative effects 
of welding. When it comes to extended welds in thick-
walled metal plates, the aforementioned methods become 
difficult to implement, making it more appropriate to use 
a filler material to perform welding in a single pass.

Automatic electric arc welding under flux using pow-
der filler material (PFM) is intended for welding thick-
walled structures with a thickness of up to 60 mm. The use 
of PFM increases the thermal efficiency of the process 
and improves the quality of the weld joint. Traditionally, 
filler material is used in the form of granules, which are 
small fragments cut from welding wire with a diameter 
of 0.8 – 2.0 mm. PFM is supplied to the welding zone 
either by pre-filling it into the gap or groove before weld-
ing, or it is fed along the electrode extension using a meter-
ing device, provided the material is ferromagnetic [5]. 
The key advantages of the process are higher efficiency, 
higher productivity, and better weld joint quality. Possible 
variations of electric arc multi-wire welding and surfacing 
with the addition of metal powder have been discussed in 
works [6 – 9]. PFM is also used in laser welding [10 – 13].

In the present study, aluminothermic backfill is inves-
tigated as PFM, as an aluminothermic filler in powder 
wire, consisting of a mixture of metal scale fractions and 
aluminum alloy with the addition of alloying compo-
nents, has demonstrated the best performance [14 – 17]. 
Its use ensures uniform subsequent heating of the weld 
due to the combination of electric arc thermal effects 
and the exothermic redox reaction, during which iron 

is reduced from scale [18]. The slag formed as a result 
of the reaction has insulating properties, reducing heat 
dissipation from the surface of the weld and increasing 
the time for uniform solidification, which contributes 
to the formation of a fine-grained structure in the material.

Mathematical modeling allows optimizing the elect-
ric arc welding process without incurring significant 
costs [19 – 21].

Objective: to establish the effect of the combined ther-
mal impact of aluminothermic backfill during the weld-
ing of thick-plate structures on the distribution of residual 
stress intensity and assess the possibility of using this 
welding technology at low ambient temperatures. 

 Basis of the mathematical model

We assume that at the initial moment, there are no irre-
versible deformations in the plate material. Deformations 
are considered small dij and consist of reversible eij and 
irreversible pij components:

            dij = 0.5(ui, j + uj, i ) = eij + pij . (1)

The Duhamel-Neumann relationship describes the 
connection between stress, elastic deformation, and tem-
perature: 

       σij = [λekk – 3αK (T – T0 )]δij + 2μeij , (2)

where λ, μ,  are the elastic moduli; α is the  
 

coefficient of linear expansion. 
The elastic moduli depend on temperature. In this 

case, we use their linear dependence 

      (3)

текучести зависят от температуры. Рассматривались пластины с толщинами 12, 14, 16, 18 мм. Сравнивая интенсивность остаточных 
напряжений в верхнем и нижнем слоях пластин и по их толщинам, можно утверждать, что с повышением толщины возрастают области 
распространения высокой интенсивности остаточных напряжений и увеличиваются их значения. Эти области располагаются внутри 
материала в околошовной зоне на участке синеломкости. Анализируя распрямления полей температур для случая электродуговой сварки 
с присадочным материалом в виде алюмотермитной засыпки и без него, установлено, что в результате химической реакции температура 
в зоне шва повышается на 500 °С. Это дает возможность для применения данной технологии проведения сварочных работ при низких 
климатических температурах. 

Ключевые слова: порошковый присадочный материал, алюмотермия, электродуговая сварка, упругость, пластичность, засыпка, низкая тем-
пература
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where E0 and Ep are the Young’s moduli at room tempera-
ture T0 and at the melting point Tp respectively; and v is 
the Poisson’s ratio and v0 is the Poisson’s ratio at room 
temperature. 

When the stress state reaches the yield surface in 
stress space, irreversible deformations begin to grow. 
We express the associated flow law 

         (4)

The Mises plastic flow condition is adopted as the 
yield surface

          (5)

where τij = σij – δij σ0 , δij – Kronecker index, if i = j, then  
 

δij = 1, and if i ≠ j, then δij = 0;  k is the  
 

yield strength dependent on temperature k = k0θ2; 
at T = Tp k = 0.10 Pa; η is the material viscosity. 

The system of equations (1) – (5) is supplemented 
by the equilibrium equation

   σij, j = 0. (6)

The boundary conditions model the free surface. The me -
chanical problem (1), (2), (4) – (6) is solved numerically 
for a given temperature field.

 Problem setup

A plate made of low-carbon and low-alloy steel 
(St3 grade) at room temperature in an unstressed state (free-
standing) is filled with a powder filler material consisting 
of an aluminothermic composition (backfill geo metry: 
40×20 mm) (Fig. 1, a) along the length of the future weld. 
At a speed of 20 m/h, the welding machine follows the des-
ignated path (as shown in Fig. 1, b), activating the chemi-
cal reaction in the filler material by the heat of the electric 
arc. The combustion front of the aluminothermic backfill 
moves at the same speed, slightly ahead of the welding 
process. The plate thickness varies from 12 to 18 mm. 
The diameter of the Sv-08 electrode wire is 3 mm.

During arc welding, the process of heat distribution in 
a solid body is described by a nonlinear heat conduction 
equation considering the active heat source

         (7)

where λ(T) is thermal conductivity, (W/m·°С); c(T) is 
specific heat capacity (J/kg·°С); ρ is density (kg/m3); q is 
the volumetric power density of the heat source (W/m3). 

The heat source from electric arc welding is mode-
led using a double ellipsoid proposed by John A. Gol-
dak [22]. Fig. 2, b shows the shape of the heat flux in 
the plate during welding.

    (8)

where Q is the effective thermal power of the heating 
source (for arc welding Q = ηIU, in W); τ is the time 
since the source started, in s; t is the current time, in s; 
v is the welding speed, in m/s; x, y, z are the semi-axes 
of the ellipsoid in the OX, OY, and OZ directions, in m; 
fs and fl are coefficients defining the ratios for heat intro-
duced into the front and rear parts of the ellipsoid; as , al , 
b, c are the respective radii of the normal distribution. 
Based on the above, the relationship between coefficients 
fs and fl is as follows:

At the front of the aluminothermic combustion zone, 
the boundary conditions are given as

Fig. 1. Experimental setup

Рис. 1. Постановка эксперимента
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     (9)

where qw (x, y, z) is the heat flux from the chemical reac-
tion, amounting to 58 W.

On surfaces free from the heat source, boundary con-
ditions model heat dissipation into the surrounding envi-
ronment:

       (10)

where kof is the heat transfer coefficient with the sur-
rounding medium, equal to 6 W/(m2·°С). In the weld 
area, the slag formed by the welding process reduced heat 
dissipation from the plate surface to 3.5 W/(m2·°С).

Since λ and c are constants, the system of equations 
(7) – (10) is solved using the sweep method.

 Calculation results

We consider steel plates measuring 500×150 mm 
with thicknesses of 12, 14, 16, and 18 mm and the fol-
lowing physical-mechanical characteristics: density 
ρ = 785 kg/m3; Young’s modulus E0 = 210 GPa at room 
temperature and Ep = 0.3 GPa at the melting point 
Tp = 1400 °C; Poisson’s ratio of 0.27; yield strength 
of 255 MPa at room temperature; coefficient of linear 
thermal expansion of 11.1·10–6 1/°С; thermal conducti-
vity 55.5 W/m·°C; specific heat capacity of 482 J/kg·°С); 
source efficiency of 90 %; current of 300 A; and voltage 
of 35 V.

To analyze the effect of powder backfill, we will 
compare the thermal fields. Fig. 3 shows the distribution 

of the temperature field resulting from automatic electric 
arc welding using aluminothermic backfill and without 
it. The voltage-current characteristics and welding speed 
are identical in both cases. As can be seen, in the area 
of the welding arc, the temperature field with the filler 
material is increased by 500 °C. This allows the use 
of aluminothermic backfill in low ambient temperatures 
as preheating. 

If we take the cooling time of the weld obtained 
by electric arc welding at room temperature as the basis 
for assessing the quality of the joint, then this time can 
also be achieved at sub-zero temperatures. Fig. 4 shows 

Fig. 2. Task outline

Рис. 2. Схема задачи

Fig. 3. Temperature distribution in the upper layer of a steel plate 
formed as a result of electric arc welding with (a)  

and without filler material (b) 

Рис. 3. Распределение температуры в верхнем слое стальной  
пластины, образованное в результате электродуговой сварки  

с применением присадочного материала (а) и без него (b)
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Fig. 4. Cooling time of a 12 mm thick plate

Рис. 4. Время остывания пластины толщиной 12 мм

Fig. 5. Distribution of residual stresses intensity depending on plate thickness, formed as a result of automatic electric arc welding  
with filler material in the form of aluminothermic backfill:  

12 mm (а); 14 mm (b); 16 mm (c); 18 mm (d) 

Рис. 5. Распределение интенсивности остаточных напряжений, образованных в результате автоматической  
электродуговой сварки с присадочным материалом в виде алюмотермитной засыпки, в зависимости от толщины пластины:  

12 мм (а); 14 мм (b); 16 мм (c); 18 мм (d)

the cooling time for a plate with a thickness of 12 mm, 
depending on the ambient temperature. The solid line 
represents the use of filler material, while the dashed line 
represents welding without it. 

The cooling time of the weld obtained by automatic 
electric arc welding at 20 °C is the same as at –25 °C 
with the use of aluminothermic backfill, making it pos-
sible to apply this welding process at sub-zero ambient 
temperatures. 

Next, let us consider the effect of plate thickness 
on the intensity of residual stresses formed as a result 
of electric arc welding at room temperature using filler 
material in the form of aluminothermic backfill. Fig. 5 
shows the residual stress fields in the upper and lower 
layers of the plate. It can be seen that as the plate thick-
ness increases, the intensity of residual stresses in 
the material also increases. Looking in the transverse 
direction at the center of the plate, the highest intensity 
of residual stresses is located in the area of blue brittle-
ness and increases with plate thickness, while in the cen-
ter of the weld the values are small (Fig. 6).
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To demonstrate that the use of aluminothermic back-
fill during electric arc welding reduces areas with high 
intensity of residual stresses, we compare Fig. 6, a with 
Fig. 7, which shows the distribution of residual stress 
intensity in a weld obtained without filler material in 
a 12 mm thick plate. The positive effect of alumino-
thermic backfill is evident, as the weld obtained with-
out filler material shows a high level of residual stress 
intensity covering a large area, almost half the thickness 
of the weld, and decreasing towards the periphery. This 
cannot be said for the weld made using filler material 
in the form of aluminothermic backfill, where the small 
area of high residual stress intensity is located away from 
the weld zone in the area of blue brittleness. The pattern 

(effect) of this arrangement can be compared to preheat-
ing, with the regions of high-temperature gradient located 
on the sides of the weld zone in the fusion area.

 Conclusions

Studies were conducted on automatic electric arc 
welding under a flux layer using filler material in the form 
of aluminothermic backfill for joining thick-plate struc-
tures. It was found that the use of aluminothermic back-
fill reduces the intensity of residual stresses compared 
to traditional welding. As the plate thickness increases, 
both the intensity of residual stresses and the area of their 
distribution expand. 

Due to the additional heat generated during the chemi-
cal reaction, the temperature in the material during auto-
matic electric arc welding with aluminothermic backfill 
increases by 500 °C compared to welding without this 
filler material. This indicates that welding operations 
can be carried out at low ambient temperatures, while 
ensuring the same quality of the weld joint as would be 
achieved at room temperature.
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