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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 aluminothermic 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 aluminothermic 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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AHHomauuﬂ. Pa6ora IIOCBANICHA aBTOMAaTHUYECKOU 9H€KTpOHyFOBOfI CBapke 1o CjIoem (1).]'[1003. C IPUMEHCHHUEM IIpHUCAJOYHOI0 MaTepuajla B BUIAC
aH}OMOTepMI/ITHOﬁ 3aCBIIIKU 111 COCAUHECHUA TOJICTOIUCTOBBIX KOHCprKHHﬁ. MaTepHan TUTACTUHBI IPUHUMACTCA yIPYTOIUIaCTHYCCKUM, I[e(i)op-
Malyy MaJIbIMU U COCTOSIIUMHU U3 YIIPYTUX U INTACTHICCKUX. OﬁpaTI/IMLIe (ynpyrne) ,HCCI)OpMaHI/II/I CBs3aHbI C HAIIPSKCHUSIMU 3aKOHOM I[IO&MGJ'IS[—
HeﬁMaHa, HeO6paTHMBIe (HHaCTH‘IeCKHe) 3apOXKAAr0OTCA U pacTyT 6nar0)1apﬂ IUIACTUYCCKOMY TCYCHUIO B paMKaX aCCOLMHMPOBAHHOIO 3aKOHa
IJIACTUYECKOTO TCUCHUS. 3a YCJIOBHC IIIACTUYCCKOTO TCUCHUS ITPUHATO MO,HI/I(I)I/IHI/IpOBaHHOC ycioBue MI/I3CCZ., B KOTOPOM YYHUTBIBACTCS BA3KOCTD.
VcTouHuK Tera OT aBTOMaTHYECKOU 3neKTp011yr01301>'1 CBapKu MOICIUPYETCH lIBOﬁHBIM OJUTUIICOUI0M, MPEIAJIOKEHHBIM II)KOH A. rOJ'IJlaKOM,
a TEIUIO OT XUMHUYECKOM peakuuu B obmactu (I)pOHTa TOpEHUS AJIFOMOTEPMHUTA 3aaC€TCsl 3HAYCHHUEM TCIIJIOBOI'O ITOTOKA. YprI‘I/IC MOAYJIN U IIpeaesI
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TEKy4eCTH 3aBHCST OT TeMIeparypbl. PaccMarpuBanuch miacTuHbl ¢ TommuHamu 12, 14, 16, 18 Mm. CpaBHUBAs MHTEHCHBHOCTb OCTAaTOYHBIX
HANpsDKCHUH B BEPXHEM U HIDKHEM CIIOSIX IUIACTHH H 110 UX TOIIIMHAM, MOXKHO YTBEPKIATh, YTO C MOBBIIICHUEM TOIIINHBI BO3PACTAIOT 00IACTH
pacnpocTpaHeHus BBICOKOH MHTEHCHBHOCTH OCTATOYHBIX HANPSDKEHUH M yBEIMYMBAIOTCS UX 3HAUCHHUs. DTH OONACTH pACIoaraloTcsi BHYTPU
Marepualia B OKOJIOIIOBHOM 30HE Ha yUacTKe CHHEIOMKOCTH. AHAJIU3HUPYs PaclpsIMIIEHHUs TTOJIel TeMIepaTyp JUls Cilydas JEeKTPOAyTroBOi CBapKH
C IIPUCAZ0YHBIM MAaTEPUAIOM B BUJIE AJIFOMOTEPMHUTHOM 3aChIIIKH U 0€3 HEro, yCTaHOBIICHO, YTO B PE3yJIbTaTe XUMHYECKON PeakIuu TeMIepaTypa
B 30He mBa nosbimaercs Ha 500 °C. DTo 1aeT BO3MOXHOCTD IS IPHIMEHEHHUS JAHHON TEXHOJIOTHH IPOBEICHHS CBAPOYHBIX PaOOT IpU HU3KHX

KIIMMaTH4YE€CKUX TEMIIEpaTypax.

Kawuesvle ci106a: nopoukoBelil pHUca0uHbIi MaTepyall, aTlFoMOTEPMHUs, IEKTPOYTroBas cBapKa, yImpyrocTh, INIACTUHYHOCTb, 3aChINKa, HU3KAs TEM-

neparypa

BbaazodapHocmu: Pabora BBINOIHEHA B paMKaxX TOCYIApCTBEHHOTO 3a1aHust XabapoBCKoro (eaepaibHOro HayqyHoro HeHTpa JalibHeBOCTOYHOTO OT/Ie-

nenust Poccuiickoii akageMuu Hayk.

/Jlnsa yumupoeanus: Tkauesa A.B., AGaukun E.E. BnusiHre KoOMOUHHPOBAHHOTO TEIJIOBOTO BO3ACHCTBHS 3JIEKTPOLYTOBOI CBAPKH C aTFOMOTEPMHUT-
HOW 3aChINKON HAa BHYTPEHHUE HANPSHKCHUS B CTAJIBHOM TUTacThHE. M36ecmus 6y306. Yepnas memannypeus. 2024;67(5):604-611.
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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.

[l 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 dl.j and consist of reversible e; and
irreversible p,; components:

d;=05(u, +u )=e,+p, (1)

g

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

o, = [re, —30K(T-T,)]5, + 2ue,, 2)

2 . .
where A, yu, K =§ p+A are the elastic moduli; a is the
coefficient of linear expansion.

The elastic moduli depend on temperature. In this
case, we use their linear dependence

E(x,y,z,t)= Ep - (Ep —EO)O(x,y,z,t);
v(x,y,z,t):0.5—(0.5—v0)9(x,y,z,t);
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where £ and E are the Young’s moduli at room tempera-
ture 7, and at the melting point T, respectively; and v is
the Poisson’s ratio and v, 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

af(cif’n)
0

i

ef =dp; =do , do>0. @)

The Mises plastic flow condition is adopted as the
yield surface

\/%(Tif “nep)-- (v, —sf) =k ©)

where 1. =06..—93..06,, .. — Kronecker index, if i =, then
ij ij ij 02 7

e PV S p
6U=1,and1fz¢],then8ij—0,60—E(Sﬁ—géiycij,klsthe

yield strength dependent on temperature k= k0%
at 7= Tpk = 0.10 Pa; n is the material viscosity.

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

o,,;=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 geometry:
40x%20 mm) (Fig. 1, a) along the length of the future weld.
Ata 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

c(T)pZ—jzdiv[K(T)gradT]+q, (7)

where MT) is thermal conductivity, (W/m-°C); ¢(7) is
specific heat capacity (J/kg-°C); p is density (kg/m%); ¢ is
the volumetric power density of the heat source (W/m?).
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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.

AT
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S

where Q is the effective thermal power of the heating
source (for arc welding Q =n/U, in W); 1 is the time
since the source started, in s; ¢ 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;
/. and f, are coeflicients defining the ratios for heat intro-
duced into the front and rear parts of the ellipsoid; a_, a,,
b, c¢ are the respective radii of the normal distribution.
Based on the above, the relationship between coefficients
/. and f; is as follows:

2a; 2a
f‘s= S :ﬁ= !

ag + a;

s+ /=2,

as+a,

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

Fig. 1. Experimental setup

Puc. 1. IlocTaHOBKA 3KCHEPHMEHTA
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Aluminothermic
backfill
combustion front

Weld pool

Fig. 2. Task outline

Puc. 2. Cxema 3a1aun

_}\'[aa_:j:qw(x’ysz)’ (9)

where ¢, (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:

xZ—Tzkof(T—To),

Xi

(10)

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

Since A and ¢ are constants, the system of equations
(7) — (10) is solved using the sweep method.

[ CALCULATION RESULTS

We consider steel plates measuring 500x150 mm
with thicknesses of 12, 14, 16, and 18 mm and the fol-
lowing physical-mechanical characteristics: density
p =785 kg/m*; Young’s modulus E, =210 GPa at room
temperature and E =03 GPa at the melting point
r,= 1400 °C; Poisson’s ratio of 0.27; yield strength
of 255 MPa at room temperature; coefficient of linear
thermal expansion of 11.1:107° 1/°C; thermal conducti-
vity 55.5 W/m-°C; specific heat capacity of 482 J/kg-°C);
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

Lower layer

Upper layer

500 500

Length, mm

Width, mm
a b

Width, mm

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)

Puc. 3. Pactipenienienue TeMIeparypbl B BEpXHEM CJIO€ CTaJIbHOM
IUIACTHHBI, 00Pa30BaHHOE B PE3YJIBTATE AEKTPOIYTOBOIl CBApKU
¢ TIPUMEHEHUEM TIPHCaZouHOro Marepuaia (a) u 6e3 Hero (b)
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Fig. 4. Cooling time of a 12 mm thick plate

Puc. 4. BpeMsi 0CThIBaHUS TIACTHHBI TOTIUHON 12 MM

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.
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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).

Upper layer Lower layer

500 500
g
g
2
on
=
(]
|
0 0
—45 —45
Width, mm Width, mm
b
Upper layer Lower layer
500 500
g
g
=
B
=)
Q
|
0 0
—45 —45 45
Width, mm Width, mm

d

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 (a); 14 mm (b); 16 mm (¢); 18 mm (d)

Puc. 5. PacnipenienieHne MHTEHCMBHOCTH OCTATOYHBIX HAMPSDKCHUH, 00pa30BaHHBIX B PE3yJIbTaTe aBTOMATHYECKON
JIEKTPOAYTOBON CBAPKH C IIPUCAJOYHBIM MaTEPUAJIOM B BUJIC aJIFOMOTEPMHUTHOM 3aCHIIKH, B 3aBUCUMOCTHU OT TOJIIIMHBI IUTACTHHBI:
12 MM (a); 14 mm (b); 16 MM (c); 18 mm (d)
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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, @ 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

12

Thickness, mm Thickness, mm Thickness, mm

Thickness, mm

Width, mm

Fig. 6. Distribution of intensity of residual stresses located along
the plate center thickness and formed as a result of automatic electric
arc welding with aluminothermic backfill as filler material:

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

Puc. 6. PactipesieneHre HHTCHCUBHOCTH OCTATOYHBIX HANPSDKCHUH,
PacCIIOIOKEHHBIX 10 TOJIMHE B IEHTPE MIACTHHBI U 00pa30BaHHBIX
B PE3yNbTaTe aBTOMATHYECKON 3JIEKTPOIYTOBOH CBAPKH C IIPHUCAT0YHBIM
MarepuagoM B BUJIC aJFOMOTEPMHUTHOM 3aCBIIKH MPU TOJIMHE IJIACTHH:
12 MM (@); 14 mm (b); 16 MM (c); 18 mm (d)

12

Thickness, mm

0 15 30
Width, mm
Fig. 7. Distribution of intensity of residual stresses located along

the plate center thickness and formed as a result of automatic electric
arc welding without filler material

Puc. 7. PacnipezieneHne HHTEHCUBHOCTH OCTATOYHBIX HAIPSDKSHHH,
PACIONIOKEHHBIX MO TOJIINHE B LICHTPE IUIACTHHBI U 00Pa30BaHHBIX
B pe3yJIbTaTe aBTOMAaTHYECKON AIEKTPOAYTOBO CBapKU
6e3 MmpHCcag04HOr0 MaTepHana

(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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