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Abstract—The effect of a carbon–fluorine containing additive to the f lux from silicomanganese slag with a
low content of manganese oxide on the structural and phase state, defects, and fracture surface of the electric
arc surfacing of low-carbon steel is investigated using transmission- and scanning-electron microscopy. A
quantitative analysis of the parameters of the structure, phase composition, and dislocation substructure of
the surfacings formed with and without additives to the f lux is carried out. It is shown that the deposited metal
with the additive to the f lux has a layered structure. It is revealed that the predominant mechanism of surfac-
ing failure is ductile fracture with the formation of a pitted fracture structure. Regions of quasi-brittle fracture
are found much less frequently. The main structural component of the surfacing metal are grains of the α
phase of the surfacing metal. The second structural component of the surfacing are pearlite grains of lamellar
morphology, the relative content of which in the surfacing with carbon–fluorine containing additive to the
flux is three times higher than in the surfacing without the additive to the f lux. In most cases, the grains of the
α phase are fragmented. Rounded iron-carbide particles with a size from 20 to 80 nm are found in the grains
of the α phase of the surfacing metal with a carbon–fluorine containing additive to the f lux. The surfacing
metal with the additive to the f lux is characterized by higher values of the scalar and excess dislocation density,
and amplitude of curvature–torsion of the crystal lattice. It is concluded that the use of a carbon–fluorine
containing additive in the f lux during the formation of a surfacing will affect the mechanical properties.
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INTRODUCTION
Machine parts and mechanisms of the equipment

of mining, construction, and metallurgical industries
experiencing extreme mechanical and cyclic impacts,
wear, and corrosion prematurely fail, which causes the
need for repair and restoration work. The task of
increasing the reliability and durability is currently
being solved by purposeful changes in the properties of
the working surfaces of machine parts and mecha-
nisms. Surface coatings with high performance
parameters are created using a core wire containing
hard alloys and chemical compounds [1–5]. This pro-
cess depends on the operating conditions of the prod-
ucts. Another promising direction for improving the
operating properties of deposited materials is the use
of carbon-containing additives in the f luxes and core
wires [6–10]. The role of carbon-containing additives
in the formation of the structural and phase states,
defects, and fracture surface of a surfacing from low-
carbon steel is analyzed in [11, 12]. For an informed
choice of the f lux material and additives to it when

creating surfacings that ensure the obtaining of a com-
plex of physical and mechanical properties of the sur-
facing structures required by regulatory documents, it
is necessary to carry out detailed studies using meth-
ods of modern physical material science of the struc-
tural and phase states and features of the destruction
of the surfacing material. This is the aim of the present
study.

MATERIALS AND METHODS

Samples obtained by electric-arc surfacing using an
Sv-08GA wire under a f lux layer of silicomanganese
slag with a low content of manganese oxide were used
as the research material (Table 1) without an additive
(sample no. 1) and with an FD-UFS carbon–fluorine
containing additive (Table 2) in an amount of 6 wt %
(sample no. 2). The process was carried out using an
ASAW-1200 setup at a current of 700 A, voltage of
30 V, and surfacing speed of 30 m/min. The structure
of the surfacing metal was studied using scanning
1327
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Table 1. Chemical composition of the f lux, wt %

FeO MnO CaO SiO Al2O3 MgO S P ZnO C F TiO2 Cr2O3

0.70 6.69 27.99 35.96 14.96 8.02 0.64 0.021 0.013 0.020 0.14 0.22 0.052

Table 2. Chemical composition of the carbon–fluorine containing additive of FD-UFS brand, wt %

Fe2O3 MnO Ca SiO2 Al MgO Nа K F C S P

1.67 0.03 0.74 25.49 12.28 0.13 17.5 12.48 15.06 13.97 0.15 0.05
microscopy (SEM) (LEO EVO50 and MIRA3 Tescan
instruments) and transmission electron diffraction
microscopy (TEM) (JEOL JEM2100 instrument)
[13–15]. The objects of the study for SEM were pre-
pared using two methods. The first method of prepar-
ing the object of study was to irradiate the polished
surface of the surfacing with a pulsed electron beam
using the SOLO facility [16]. The beam parameters
were the following: accelerated electron energy of
17 keV, electron-beam energy density of 10 J/cm2,
pulse duration of 50 μs, number of pulses of 3, and
pulse-repetition rate of 0.3 s–1; the pressure of the
residual gas (argon) in the working chamber of the
installation was 0.02 Pa. The samples for TEM were
prepared by the electrolytic thinning of plates cut par-
allel to the substrate surface from the upper part of the
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO

Fig. 1. Surface structure of the layer of surfaced metal of
(a) sample 1 and (b) sample 2 subjected to polishing and
subsequent irradiation with a pulsed electron beam.
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surfacing metal. The fractures of the surfacing metal
were studied using SEM.

RESULTS AND DISCUSSION

Analysis of the results obtained using SEM (Fig. 1)
indicates that the surfacing metal of sample no. 1 has a
pronounced layered structure (Fig. 1a) due to the
technology of surfacing formation. The surfacing
metal of sample no. 2 does not have a layered structure
(Fig. 1b).

Layers and interlayer spaces can be distinguished
by contrast and structure. The interlayer spaces are
fragmented by a network of microcracks. It can be
assumed that cracking occurs along the grain bound-
aries. It is known that the irradiation of metals and
alloys with a pulsed electron beam can lead to the for-
mation of tensile stresses in the surface layer, the relax-
ation of which can form microcracks [17]. Therefore,
it can be assumed that the metal of the layers and
interlayer spaces differs in their ability to relax elastic
stresses arising in the material as a result of high-speed
thermal action upon irradiation with a pulsed electron
beam. The surfacing layers are characterized by a more
dispersed structure and the absence of microcracks.

The elemental composition of the surfacing metal
was studied using X-ray spectral analysis. The elemen-
tal composition of both surfacing layers and interlayer
spaces was determined. An example of elemental anal-
ysis of the surfacing metal using the point-by-point
method is shown in Figs. 2 and 3. The results of quan-
titative analysis of the elemental composition of the
surfacing metal given in Tables 3 and 4 showed a sig-
nificant difference in the composition of the layers
and interlayer spaces. The surfacing layers in all sam-
ples (region 1) are significantly enriched with oxygen
and do not contain nickel, which is present in the Sv-
08GA wire (0.45 wt %). Nickel was found exclusively
in the interlayer spaces (Table 1, region 2).

The fracture surface of the surfacing metal was
studied using SEM. Characteristic images of the frac-
TRON AND NEUTRON TECHNIQUES  Vol. 16  No. 6  2022
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Fig. 2. (a) SEM image of the surface of the surfacing of
sample no. 1 irradiated with a pulsed electron beam;
(b) energy spectra obtained from area 2.
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Table 3. Results of X-ray spectral analysis of the areas
of the surfacing metal of sample no. 1 indicated in Fig. 2a

Element
Area 1 Area 2

wt % at % wt % at %

O 21.71 48.98 5.77 17.52
Si 0.65 0.84 0.54 0.94

Mn 1.00 0.66 0.81 0.72
Fe 76.63 49.53 92.09 80.17
Ni 0.0 0.0 0.79 0.65

Fig. 3. (a) SEM image of the surface of the surfacing of
sample no. 2 irradiated with a pulsed electron beam;
(b) energy spectra obtained from area 2.
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ture structure are shown in Fig. 4. It can be noted that
the predominant mechanism for destruction of the
surfacing metal is ductile destruction regardless of the
sample. In this case, a pit structure characteristic of a
ductile fracture is formed [18].

It is much less common to detect areas of quasi-
brittle destruction of the surfacing material (Fig. 4,
areas of quasi-brittle fracture are indicated by dark
arrows). This type of destruction is characterized by a
brook fracture.

Another element of the fracture structure of the
surfacing metal are micropores and macropores, as
well as discontinuities (Fig. 4, defects are indicated by
white arrows). When analyzing the results of studying
the fracture surface of the surfacing samples, it was
noted that in sample no. 1 the number (per unit area of
the fracture surface) of discontinuities, micropores
and macropores of the surfacing metal is greater than
in sample no. 2.

The phase composition and defect structure of the
surfacing metal were studied using TEM [13–15, 19].
The phases that form the surfacing metal were identi-
fied by indexing electron-diffraction patterns and
using methods for analyzing images obtained in the
dark-field mode [19, 20]. It was established that the
main phase of surfacing for all samples is the α phase.
It is a solid solution based on the body-centered cubic
(bcc) iron lattice and is a polycrystalline aggregate,
i.e., has a granular structure. Grains of the α phase can
be divided into three types according to the defect
structure.
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO
The first type includes grains, in the volume of
which there is a subgrain (fragmented) structure.
Fragment sizes range from 150 to 410 nm. The average
size of grain fragments of the surfacing metal in sample
no. 1 was 280 nm, and in sample no. 2 it was 300 nm.
An analysis of the electron-diffraction patterns shows
that, in most cases, the fragments are separated by
low-angle boundaries, the misorientation of which
varies within 1°–3°.The second type are grains of the
α phase, in the bulk of which no fragments were
found. The third type are grains of the α phase, in the
volume of which particles of iron carbide (cementite)
of rounded shape were found (Fig. 5). The particle
sizes of cementite are in the range from 20 to 80 nm.
Such grains were found only in surfacing metal no. 2.

Dislocations are present in the volume of grains
and fragments. Dislocations are distributed randomly
or form a network structure.
TRON AND NEUTRON TECHNIQUES  Vol. 16  No. 6  2022
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Table 4. Results of X-ray spectral analysis of the areas
of the surfacing metal of sample no. 2 indicated in Fig. 2a

Element
Area 1 Area 2

wt % at % wt % at %

(O + С) 23.33 51.23 4.39 13.73

Si 0.76 0.95 0.79 1.41

Mn 1.08 0.69 0.95 0.87

Fe 74.83 47.13 92.97 83.23

Ni 0.00 0.00 0.90 0.77
The material under study is characterized by elastic
stresses [21]. In studies of thin foils using electron
microscopy, in this case, bending extinction contours
are present in the images of the structure. The sources
of stress fields are the interfaces between grains and
subgrains (fragments), as well as inclusions of second
phases.

Along with ferrite grains, pearlite grains were found
in the surfacing metal. Pearlite has a lamellar struc-
ture. The relative content of pearlite grains in the sur-
facing of sample no. 1 is 15%, in the surfacing of sam-
ple no. 2 it is 45% of the metal structure.

Using well-known generally accepted methods for
analyzing the structure of metals and alloys used in
studying foils by electron microscopy [19, 22–24], the
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO

Fig. 4. SEM image of the fracture surface of the surfacing
metal of (a) sample no. 1 and (b) sample no. 2. Light
arrows indicate micropores and macropores, metal dis-
continuities; dark arrows indicate areas of quasi-brittle
fracture.
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relative content of pearlite grains and ferrite grains (δ),
the values of the scalar (ρ) and excess (ρ±) dislocation
densities, and amplitude of curvature–torsion (the
value proportional to the values of internal long-range
stress fields) of a local area of the foil metal (χ) were
determined. The results of measurements for samples
no. 1 and no. 2 are given in Table 5. The analysis
showed that the main volume of surfacing, regardless
of the sample, is made up of ferrite grains: 0.85 of the
surfacing volume in sample no. 1 and 0.55 in sample
no. 2. The relative content of pearlite grains in surfac-
ing no. 2 is three times higher than in surfacing no. 1,
which is due to the use of carbon–fluorine containing
additives in the formation of surfacing no. 2. The main
volume of ferrite grains (0.75 in surfacing no. 1 and 0.3
in surfacing no. 2) is fragmented for all samples. There
are dislocations in the volume of ferrite and pearlite
grains; the value of the scalar dislocation density averaged
over all structural components of the material in surfac-
ing no. 2 is 1.24 times higher than in surfacing no. 1. The
highest values of the scalar dislocation density were
found in surfacing no. 1 in pearlite grains and in sur-
facing no. 2 in grains of unfragmented ferrite. The
value of the excess dislocation density in surfacing no. 2
is 1.32 times higher than in surfacing no. 1. The largest
value of the excess dislocation density, regardless of
the sample, is reached in the grains of unfragmented
ferrite. The curvature–torsion amplitude in surfacing
no. 2 is 3.8 times higher than in surfacing no. 1. In the
most stressed state in surfacing no. 1, there are grains
of unfragmented ferrite; in surfacing no. 2, there are
grains of fragmented ferrite. Comparing the character-
istics of the dislocation structure of ferrite grains, it
can be noted that, regardless of the sample, the lowest
values of the scalar and excess dislocation densities
TRON AND NEUTRON TECHNIQUES  Vol. 16  No. 6  2022

Fig. 5. (a) TEM image of grains of the α phase of surfacing
no. 2 containing nanoscale rounded iron-carbide particles
in the bright-field mode, arrows indicate particles of the
carbide phase; (b) electron-diffraction pattern.
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Table 5. Characteristics of the defect structure of the surfacing samples no. 1 and no. 2

* characteristics of the metal of surfacing no. 1 and surfacing no. 2.

Parameters 
of the structure

Pearlite Unfragmented
ferrite

Fragmented
ferrite

Ferrite–carbide
mixture

On average 
by material

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

Volume fraction 0.15 0.45 0.1 0.15 0.75 0.3 No 0.1

ρ, × 1010 cm—2 3.23 2.79 2.35 3.32 1.75 1.47 No 3.23 2.03 2.52

ρ±, × 1010 cm—2 1.94 2.8 2.02 3.22 1.74 1.32 No 2.42 1.8 2.38

χ, cm–1 485 700 505 805 435 3290 No 2880 450 1710
were found in grains of fragmented ferrite. Obviously,
this is due to the rearrangement of the dislocation
structure and the departure of some of the dislocations
to the low-angle boundaries of the fragments.

CONCLUSIONS
SEM and TEM methods were used to study the

phase composition, defect structure, and fracture sur-
face of metal surfaced on steel using Sv-08GA wire
under a f lux layer of silicomanganese slag with a low
content of manganese oxide (sample no. 1) and a car-
bon–fluorine containing additive (sample no. 2). It
was established that the surfacing metal has a layered
structure most pronounced in surfacing no. 1.

It was revealed that the predominant mechanism of
surfacing destruction is ductile fracture. Regions of
quasi-brittle fracture are present much less frequently.
It was shown that the main structural components
(regardless of the sample) are grains of the α phase of
the surfacing metal, i.e., grains of a solid solution
based on the crystalline bcc lattice of iron. The second
structural component of the surfacing are pearlite
grains of lamellar morphology, the relative content of
which in surfacing no. 2 is three times higher than in
surfacing no. 1. In most cases (regardless of the sam-
ple), the α-phase grains are fragmented. The values of
the scalar and excess dislocation densities were esti-
mated. It was shown that surfacing no. 2 is character-
ized by higher values of the scalar and excess disloca-
tion densities and amplitudes of curvature–torsion of
local sections of the foil.

Thus, the results obtained in the study show that
the use of a carbon–fluorine containing additive in
the formation of a surfacing layer by electric-arc sur-
facing using Sv-08GA wire under a f lux layer of silico-
manganese slag with a low content of manganese
oxide has a significant effect on the phase composition
and defect substructure of the surfaced metal. Obvi-
ously, this, in turn, will affect the strength and tribo-
logical properties of the surfacing material.
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO
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