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Abstract—The structure and composition of the arc sprayed coatings formed using a f lux cored Fe–C–Si–
Mn–Cr–Ni–Mo wire are studied. A carbon-fluorine-containing additive, namely, the gas purification dust
of aluminum production ((wt %) 21–46 Al2O3, 18–27 F, 8–15 Na2O, 0.4–6 K2O, 0.7–2.3 CaO, 0.5–
2.5 SiO2, 2.1–3.3 Fe2O3, 12.5–30.2 Ctot, 0.07–0.9 MnO, 0.06–0.9 MgO, 0.09–0.19 S, 0.10–0.18 P) is intro-
duced into the charge of the f lux cored wire instead of amorphous carbon. The problems of the influence of
the carbon–fluorine additive on the weldability and the contamination of the deposited metal with oxide
nonmetallic inclusions are considered; the microstructure and the contamination of the deposited metal are
studied. The microstructure of the deposited layer formed using a f lux cored electrode of the Fe–C–Si–
Mn–Cr–Ni–Mo system consists of acicular and lath martensite arranged in the former austenite grains,
along the boundaries of which ferrite layers precipitate. Silicates (undeformable) and oxides (point) are found
to exist in the deposited metal. According to the results of quantitative analysis of the chemical composition
of the nonmetallic inclusions obtained using a Teskan Mira 3 scanning electron microscope, the nonmetallic
inclusions in the deposited metal are at most 10 μm in size; their globular shape positively influence the wear
resistance of the deposited layer. The chemic composition of the nonmetallic inclusions shows that they
mainly consist of silicon, aluminum, and manganese oxides; there are also traces of sulfur, calcium, and mag-
nesium. The metallic matrix contains iron (dominant amount), chromium, manganese, and silicon; the
molybdenum content is substantially lower.
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INTRODUCTION
The main flux cored electrodes for wear-resistant

surfacing of the mining equipment in the Russian Fed-
eration are Fe–C–Si–Mn–Cr–Ni–Mo wires of
types A and B according to the IIW classification [1];
for these purposes, domestic wires 40GMFR and
40Kh3G2MF [2–4] and also flux cored wires based on
the same principles of alloying [5–10] are widely used.

The quality of an arc sprayed coating depends on steel
contamination with nonmetallic inclusions and the
chemical composition of the deposited layer. To estimate
the influence of a deposited layer on the steel contamina-
tion with nonmetallic inclusions, we performed and
studied of the deposition of an arc sprayed coating of a
developed composition on 09G2S steel plates.

EXPERIMENTAL
The surfacing on plates made of 09G2S steel was

carried out using an ASAW-1250 welding tractor and a
flux cored wire at a voltage of 28 V, a current of 520 A,
and a welding speed of 18 m/h. The wire was manufac-

tured on a laboratory machine. The wire diameter was
6 mm and the shell was made of a St3 steel tape. The
filling materials were the following powder materials:
PZhV1 iron (GOST 9849–86), FS 75 ferrosilicium
(GOST 1415–93), high-carbon FKh900A ferrochro-
mium (GOST 4757–91), FMn 78(A) carbon ferro-
manganese (GOST 4755–91), PNK-1L5 nickel
(GOST 9722–97), FMo60 ferromolybdenum (GOST
4759–91), and PVN tungsten (TU 48-19-72–92). To
achieve the required wire composition, the consump-
tion of the powder materials was calculated taking into
account the degree of assimilation of each component.
As a result, we obtained the following contents of the
powder components in the wire (wt %): 0.8 FS ferro-
silicium 75, 1.5 FMn 78(A) carbon ferromanganese,
7 FKh900A high-carbon ferrochromium, 0.5 FMo60
ferromolybdenum, 0.5 PNK-1L5 nickel, 2 PVN tung-
sten, 0.6 carbon–fluorine additive, and PZhV1 iron
for balance. The powders were mixed in laboratory
rotational mixers for 30 min. The gas purification dust
of aluminum production with the chemical composi-
tion (wt %) 21–46 Al2O3, 18–27 F, 8–15 Na2O, 0.4–
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Fig. 1. Microstructure (×500) of the deposited layer on a
coating sample.
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6 K2O, 0.7–2.3 CaO, 0.5–2.5 SiO2, 2.1–3.3 Fe2O3,
12.5–30.2 Ctot, 0.07–0.9 MnO, 0.06–0.9 MgO, 0.09–
0.19 S, 0.10–0.18 P was introduced into the wire com-
position instead of amorphous carbon.

The optimum composition of the f lux cored wire of
the Fe–C–Si–Mn–Cr–Ni–Mo system for preparing
arc sprayed coatings providing the required level of
operating properties was determined in [11–17].

The chemical composition of the deposited metal
was determined by the X-ray f luorescence method
using an XRF-1800 spectrometer and atomic-emis-
sion method on a DFS-71 spectrometer. The Rock-
well hardness of specimens was measured according to
GOST 9013–59. The metallographic study of pol-
ished microsections was carried out on an OLYMPUS
GX-51 optical microscope in a bright field at magnifi-
cations of 100–1000 after etching the polished micro-
section surface in a 4% nitric acid solution. The grain
size was determined according to GOST 5639–82 at a
magnification of ×100. The dispersion of martensite
was evaluated by comparing the structure with stan-
dards of the corresponding scales and martensite nee-
dle sizes with the data of GOST 8233–56 (Table 6 of
this standard). The studies of longitudinal specimens
of the deposited layer to detect nonmetallic inclusions
were performed according to GOST 1778–70. A pol-
ished surface was studied at a magnification of ×100
using a LaboMet-1I metallographic microscope.

The wear rate of the deposited layer of experimen-
tal specimens was determined in wear tests on a
2070 CMT-1 machine by the disc–block scheme at
the following parameters: the range of measuring the
rotation frequency of the low specimen shaft (range A)
75–750 min–1, and the range of measuring of the fric-
tion moment (range I) 1–10 N m. In the wear tests,
the deposited layer was placed on the block.

The structure and the elemental and phase compo-
sitions of the arc sprayed coatings formed using the
flux cored wire of the Fe–C–Si–Mn–Cr–Ni–Mo
system were studied by the corresponding methods of
RU
scanning electron microscope in the Core Facility of
the Tomsk Scientific Center using a LEO EVO 50
scanning electron microscope. The necessity of using
these methods is due to their high information content
and universality and also the ease and convenience of
equipment management. Scanning electron micros-
copy ensures the possibility of studying comparatively
large surface areas using a wide range of magnifica-
tions, making it possible to reveal the main elements of
the nano- and microstructure of the surface and vol-
ume of the hardening zone, whose sizes are no larger
than 100 nm and 100 μm, respectively. In our study,
images were taken using backscattered (reflected) and
secondary electrons. Back-reflected electrons are
used when analyzing the composition of materials,
since more bright regions indicate an element with a
larger mean atomic number. Secondary electrons are
important for revealing a surface relief. The number of
both secondary and back-reflected electrons increases
with the atomic number, and the contrast increases,
which is related to the atomic number of the element
used to analyze the material composition.

Phase composition was analyzed with a Shimadzu
XRD-7000 diffractometer, the PRF 4+ database, and
the POWDER CELL full-profile analysis software.

The chemical composition of the nonmetallic
inclusions in the deposited layer (a quantitative analy-
sis) was determined on a Teskan Mira 3 SEM accord-
ing to GOST 1778–78.

RESULTS AND DISCUSSION
The results of determining the chemical composition,

the hardness, and the wear rate of an arc sprayed coating
specimen on a plate-like blank are given below.

The contamination of the deposited layers with
nonmetallic inclusions is characterized by the follow-
ing data.

Figure 1 shows the microstructure of the deposited
layer, which is represented by acicular and lath mar-
tensite located in the former austenite grains, along the
boundaries of which ferrite layers precipitate. The
mean size of martensitic needles and lathes is 7 μm,
and austenite grains belong to number 2–6 according
to a standard scale. Obviously, an increased chromium
content at 0.4 wt % C leads to the formation of special
(Cr,Fe)7C3 carbides according to a section of the ter-

Chemical composition of 
coating, in wt %

C 0.40 Si 0.87 Mn 1.48
Cr 5.36 Mo 0.56 Ni 0.29
Cu 0.05 W 0.025 V 0.005
S 0.04 P 0.02

HRC hardness 56/55–57
Wear rate, g/rev. 2.2 × 10–5

Coating structure Martensite
Nonmetallic inclusions, number 3–4
Martensite needle size, μm 7
Austenite grain size, number 2–6
SSIAN METALLURGY (METALLY)  Vol. 2022  No. 5
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Fig. 2. (a, c, e) Electron-microscopy images of the surface structure and (b, d, f) energy spectra of the coating (see Table 1 and Fig. 1).
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nary Fe–Cr–C phase diagram. The deposited metal
was found to contain undeformable silicates and point
oxides.
RUSSIAN METALLURGY (METALLY)  Vol. 2022  No.
Figure 2 and Table 1 present the results of electron-
probe microanalysis of various surface areas of the
specimen shown in Fig. 1. From these data, it is seen
 5
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Table 1. Elemental composition (wt %) on some areas of the coating surface (Fig. 2)

Element
Fig. 2a Fig. 2c Fig. 2e

spectrum 7 spectrum 8 spectrum 1 spectrum 2 spectrum 3 spectrum 1 spectrum 2

O 44.40 – 34.06 – – 39.49 –
Mg 0.27 – – – – – –
Al 14.04 – 7.43 – – 9.14 –
Si 16.42 0.94 18.12 0.93 1.02 17.00 1.11
S 0.63 – 0.44 – – 0.84 –
Ca 0.17 – – – – – –
Cr – 5.82 1.12 5.43 5.48 0.74 5.91
Mn 22.56 1.69 30.31 1.62 1.46 29.04 1.62
Fe 1.50 90.77 8.35 91.33 91.51 3.74 90.72
Mo – 0.77 – 0.68 0.52 – 0.65

Σ 100.00 100.00 100.00 100.00 100.00 100.0 100.0
that nonmetallic inclusions no more than 10 μm in
size have a globular shape. The chemical composition
of the inclusions mainly consists of silicon, aluminum,
and manganese oxides and contains traces of sulfur. In
the composition of the inclusion shown in Fig. 2a,
traces of calcium and magnesium are also detected.
The metallic matrix consists of iron (predominantly),
chromium, manganese, and silicon; the molybdenum
content is substantially lower.

X-ray diffraction analysis was used to determine
lattice parameter a and the coherent domain size of
iron and chromium carbide (CrC) having formed
upon surfacing (Table 1).

CONCLUSIONS
(1) The contamination of the arc sprayed coating

metal with nonmetallic inclusions was studied.
(2) The structural-phase states of the arc sprayed

coatings formed using a f lux cored wire of the Fe–C–
Si–Mn–Cr–Ni–Mo system were analyzed.

(3) Lattice parameter a and the coherent domain
sizes of iron and chromium carbide (CrC) having
formed upon surfacing were determined by X-ray dif-
fraction.
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