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Abstract—The role of a carbon-fluorine-containing additive in a f lux based on the slag of silicomanganese in
the formation of the structural-phase state, dislocation substructure, and fracture surface of the coating fab-
ricated by electric arc surfacing using an Sv-08GA wire is analyzed. The relative ferrite and perlite contents
and the scalar and excess dislocation densities are quantitatively estimated.
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INTRODUCTION
An effective method to restore parts and structures

subjected to wear and corrosion is to apply coatings on
them by surfacing. The required performance proper-
ties of such coatings are achieved in the case of using a
flux-cored electrode containing carbides, borides, and
other high-hardness and high-modulus phases [1].
The increased microhardness and wear resistance of
the deposited coatings as compared to the base are due
to the formation of a submicro- and nanostructure
containing carbide and boride phases, the total frac-
tion of which can reach 40% [2]. A comparative anal-
ysis of the structural-phase states and properties of the
formed coatings showed that their increased wear
resistance is caused by the action of two mechanisms:
grain-boundary hardening (in accordance with the
Hall–Petch relation) and precipitation hardening.
Such coatings are able to withstand abrasive wear and
high impact loads [3–8].

Another promising trend in improving the set of
physical and mechanical properties of coatings is the
modification of the f luxes used in surfacing by the
introduction of carbon-containing additives, includ-
ing the technical waste of metallurgical production
[9]. A reasonable choice of a f lux material and addi-

tives to them for achieving the required level of opera-
tional properties of coatings should be based on the
results of investigation of the structure, phase compo-
sition, dislocation substructure, and fracture of a
deposited coating by the methods of modern physical
materials science.

The purpose of this work is to study the structural
and phase state, the defect substructure, and the
fracture surface of coatings deposited under a f lux
layer with and without a carbon-f luorine-containing
additive.

EXPERIMENTAL
7-mm-thick coatings were fabricated by electric arc

surfacing using an Sv-08GA wire ((wt %) 0.08% S,
<1% Mn) 5 mm in diameter under a f lux layer made
of the slag of the silicomanganese production with a
low manganese oxide content (Table 1) without an
additive (hereafter, coating 1) and with a carbon-fluo-
rine-containing FD-UFS additive (see Table 1) in an
amount of 6% (hereafter, coating 2). The coatings
were deposited onto 16-mm-thick samples made of
09G2S steel ((wt %) 0.09% C, <2% Mn, <1% Si).
Surfacing was carried out using an ASAW 1200 weld-
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Table 1. Chemical compositions of the f lux and an FD-UFS carbon-fluorine-containing additive, wt %
Material SiO2 CaO Al2O3 MgO MnO FeO Fe2O3 TiO2 Cr2O3 ZnO C F S P Al Nа K Ca

Flux 35.96 27.99 14.96 8.02 6.69 0.70 – 0.22 0.052 0.013 0.020 0.14 0.64 0.021 – – – –
FD-UFS additive 25.49 – – 0.13 0.03 – 1.67 – – – 13.97 15.06 0.15 0.05 12.28 17.5 12.48 0.74
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Fig. 1. Surface structure of coating (a) 1 and (b) 2.
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ing machine at a current I = 700 A, a voltage U = 30 V,
and a speed v = 30 cm/min. To smooth out the
microrelief, the coating surface was processed with a
pulsed electron beam on a SOLO installation [10]. The
electron beam parameters were as follows: the acceler-
ated electron energy was 17 keV; electron beam energy
density, 10 J/cm2; pulse duration, 50 μs; number of
pulses, 3; pulse repetition rate, 0.3 s–1; and residual gas
pressure (argon) in the working chamber, 0.02 Pa.

The coating structures were studied by scanning
electron microscopy (LEO EVO50, MIRA3 Tesan
microscopes) and transmission electron microscopy
(JEOL JEM-2100) [11–13]. Samples for transmission
electron diffraction microscopy were prepared by
electrolytic thinning of plates cut parallel to the sub-
strate surface from the upper part of the coating.

RESULTS AND DISCUSSION
The surface structure of coating 1 has a pro-

nounced ordered structure in the form of bands or lay-
RUS

Fig. 2. Structure of the interlayer space in coating 1.
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ers (indicated by arrows in Fig. 1a). The surface of
coating 2 formed under the modified f lux has an
island-type structure (islands are indicated by arrows
in Fig. 1b). The layers and interlayer spaces differ in
contrast and structure. The interlayer spaces are frag-
mented by a network of microcracks (Fig. 2). Cracks
are assumed to form along grain boundaries.

The irradiation of metals and alloys by a pulsed
electron beam is known to cause the formation of ten-
sile stresses, the relaxation of which is capable of form-
ing microcracks, in the surface layer [14]. We can
assume that the metals of the layers and interlayer
spaces differ in the ability to relax the elastic stresses
appearing in a coating as a result of high-speed ther-
mal action during irradiation with a pulsed electron
beam. The deposited layers are characterized by a rel-
atively more dispersed structure and the absence of
microcracks.

SEM studies of the fracture surfaces of the coatings
showed that the predominant mechanism of fracture
of both coatings is ductile fracture. In this case, a dim-
ple structure characteristic of a ductile fracture forms
[15]. Quasi-brittle fracture areas are significantly less
frequently detected. This type of fracture is character-
ized by river-pattern fracture (Fig. 3). Another frac-
ture element of the coatings is represented by micro-
and macropores and discontinuities. In coating 1, the
number (per unit fracture surface area) of discontinu-
ities and micro- and macropores is greater than in
coating 2.

The phases forming the coating metal were identi-
fied by indexing electron diffraction patterns and
using TEM dark-field images of the microstructure
[16, 17]. The results of these studies showed that the
main phase is the α phase, i.e., a solid solution based
on the bcc iron crystal lattice, regardless of how the
coating was formed, with or without a carbon-fluo-
rine-containing additive.

According to the type of defect substructure,
α-phase grains can be divided into three types. First,
SIAN METALLURGY (METALLY)  Vol. 2022  No. 10
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Fig. 3. Structure of the quasi-brittle fracture surface of coating (a) 1 and (b) 2.
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Fig. 4. Pearlitic structure of coating 2: (a) bright field (arrow indicates cementite lamella), (b) electron diffraction pattern, and
(c) dark field taken with the  reflection. The arrow in (b) indicates the reflection used to form the dark field.
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3Fe C[021]
grains, the volume of which contains a subgrain frag-
mented structure. The fragment sizes change from 150
to 410 nm. The average fragment size is 280 nm in
coating 1 and 300 nm in coating 2. An analysis of elec-
tron diffraction patterns shows that, in most cases,
fragments are separated by low-angle boundaries, the
misorientation of which changes within 1–3 deg. Sec-
ond, there are α-phase grains, the volume of which
has no fragments. Third, α-phase grains, the volume
of which contains rounded iron carbide (cementite)
particles, were detected. The particle sizes change
from 20 to 80 nm. Such grains were found only in
coating 2.

As noted above, the main volume in both coatings
is occupied by ferrite grains: their fraction is 0.85 in
coating 1 and 0.55 in coating 2. In both coatings, the
main volume of ferrite grains is fragmented: 0.75, in
coating 1; 0.3, in coating 2. Along with ferrite grains,
lamellar perlite grains were detected, and their charac-
RUSSIAN METALLURGY (METALLY)  Vol. 2022  No.
teristic image is shown in Fig. 4. The relative lamellar
perlite content in coating 2 is three times higher than
in coating 1, 0.45 and 0.15, respectively. This fact is
due to the use of a carbon-fluorine-containing addi-
tive in coating 2.

A dislocation substructure is present in the volume
of grains and fragments (Fig. 5a). Dislocations are
randomly distributed or form a network substructure.
The structure of the material under study is character-
ized by elastic stresses [20]. Electron-microscopic
images contain bending extinction contours (indi-
cated by arrows in Fig. 5b). The sources of the stress
fields are the boundaries of grains, subgrains (frag-
ments), and second-phase inclusions.

Using the generally accepted electron-microscopic
methods for analyzing the structure of metals and
alloys [18, 19], we determined the scalar (ρ) and excess
(ρ±) dislocation densities and the curvature–torsion
amplitude (χ) in a local section in the foil metal (Table 2).
 10



1310 KRYUKOV et al.

Fig. 5. Dislocation substructure of the coatings.
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The scalar dislocation density ρ averaged over all
structural components of the material in coating 2 is
1.24 times higher than in coating 1. The largest value of
ρ in coating 1 was found in perlite grains, and that in
coating 2, in unfragmented ferrite grains. The excess
dislocation density ρ± is also higher in coating 2:
1.32 times compared to coating 1. In both coatings, the
highest scalar and excess dislocation densities are
detected in unfragmented ferrite grains, and their low-
est values are in fragmented ferrite grains. Obviously,
this is due to the restructuring of the dislocation sub-
structure and the departure of some dislocations into
low-angle fragment boundaries.

The bending-torsion amplitude (proportional to
the internal long-range stress fields) in coating 2 is
3.8 times higher than in coating 1. The most stressed
state is characteristic of unfragmented ferrite grains in
coating 1 and of fragmented ferrite grains in coating 2.
RUS

Table 2. Characteristics of the defect substructure of sprayed

Parameter

Pearlite Unfragmented ferrite F

no. 1 no. 2 no. 1 no. 2

Volume fraction 0.15 0.45 0.1 0.15

ρ, 1010, cm–2 3.23 2.79 2.35 3.32

ρ±, 1010, cm–2 1.94 2.8 2.02 3.22

χ, cm–1 485 700 505 805
CONCLUSIONS
(1) The coatings fabricated by surfacing using an

Sv-08GA wire under a layer of the f lux made of the
slag of the silicomanganese production have a layered
structure, and those in the case of modifying the f lux
with a carbon–fluorine-containing FD-UFS additive
have an insular structure.

(2) The predominant mechanism of fracture of the
coatings of both types is ductile fracture.

(3) The main structural component of both types
of coatings is represented by α-iron grains; in most
cases α-phase grains are fragmented.

(4) The modification of the flux with the carbon-
fluorine-containing additive leads to a threefold
increase in the fraction of lamellar perlite in the coating.

(5) The coating fabricated under the modified f lux
is characterized by a higher dislocation density (scalar,
excess) and a higher curvature–torsion amplitude.
SIAN METALLURGY (METALLY)  Vol. 2022  No. 10

 coatings 1 and 2

ragmented ferrite Ferrite–carbide 
mixture

On average over 
material

no. 1 no. 2 no. 1 no. 2 no. 1 no. 2

0.75 0.3 No 0.1

1.75 1.47 No 3.23 2.03 2.52

1.74 1.32 No 2.42 1.8 2.38

435 3290 No 2880 450 1710
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