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Abstract—Potentialities have been studied for using f lux-cored wire containing industrial wastes (dust taken
from the gas-purification facilities of silicomanganese and aluminum production) in order to perform wear-
resistant hardfacing. The hardfacing procedure has been carried out using a welding tractor under silicoman-
ganese slag produced by the West Siberian Electrometallurgical Plant. The wear rate of the samples was deter-
mined using a 2070 SMT-1 machine. The method for determining wear rate is based on changing in the sam-
ple weight during disk-pad testing. The chemical composition of the hardfaced metal layer has been deter-
mined using an XRF-1800 X-ray f luorescence spectrometer and using a DFS-71 spectrometer according to
atomic emission method. The hardness of the hardfaced layers was measured using a METH-DO hardness
tester. The evaluation of the number of nonmetallic inclusions was performed according to GOST (State
Standard) 1778–70 using an OLYMPUS GX-51 optical microscope. The manganese uptake coefficient was
found at different ratios between components. This coefficient is associated with the reduction of manganese
oxide of the manganese-containing f lux (due to the carbon contained in the f lux-cored wire). In the case of
a significant excess of carbon in the f lux-cored wire based on manganese-containing f lux, the level of man-
ganese uptake exceeds 100%. The process of manganese uptake is determined by the filling coefficient of the
flux-cored wire, by the amount of the carbon-containing material in the charge mixture, and by the content
of carbon in the arc coating itself. The hardfaced metal layer contains nondeforming silicates and point
oxides. The contamination of the hardfaced metal layer by oxide-based nonmetallic inclusions is low. The
presence of these nonmetallic inclusions does not affect to any significant extent the operational character-
istics of the hardfaced layer.
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INTRODUCTION

In Russia and abroad, much attention is paid to the
development of novel materials. One of the directions
consists in the development of f lux-cored wires for
hardfacing [1–4]. Of interest are economically alloyed
technological hardfacing materials [5–8] that provide
the formation of a low-carbon martensite structure in
the hardfaced metal layer (there is an effect of self-
quenching during cooling). Upon using such econom-
ical hardfacing materials, a bainite-austenitic struc-
ture is formed in the hardfaced metal layer. Such a
structure exhibits a higher wear resistance level than
the structure obtained by hardfacing with the help by
widely using a PP-Np-18Kh1G1M flux-cored wire
containing expensive molybdenum [9–12].

The wires based on manganese and manganese-
containing components play an important role in the
wear resistance of the hardfaced layers. The distinctive
feature of the low-carbon manganese-based hardfaced
metal of the martensitic class consists in an increase in
abrasive wear resistance, despite a decrease in hard-
ness [13–16].

One of the promising directions in developing
technologies for the formation of wear-resistant coat-
ings and hardfaced layers employing the electric-arc
coating method consists in the use of f lux-cored wires
containing metallurgical industry wastes served as
fluxes. However, the development of this direction is
hindered due to the lack of data concerning the depen-
dences and regularities of the effect of various factors
exerted on the coating structure and properties. That is
847
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Table 1. Parameters of f lux-cored wires

Sample

Amount 
of gas-purification dust 

taken from silicomanganese 
production

Amount 
of gas-purification dust 
taken from aluminum 

production
Total 

weight, g
Sheath 

weight, g
Powder 

weight, g

Filling 
coefficient,

%

Manganese 
uptake level,

%

g % g %

1 100 89.89 11.25 10.11 19.759 18.333 1.426 7.217 73

2 100 81.63 22.50 18.37 17.816 16.523 1.293 7.258 82

3 100 74.77 33.75 25.23 18.975 17.735 1.240 6.535 88

4 100 68.96 45.00 31.04 19.510 18.501 1.009 5.172 126

5 100 59.70 67.50 40.30 19.089 17.983 1.106 5.794 124

6 100 50.00 100.00 50.00 19.428 18.082 1.346 6.928 124
why the studies wherein metallurgical production
wastes are used as wire components [17–20] are of
particular interest.

This work was aimed at developing a novel modifi-
cation of f lux-cored wire based on gas-purification
dust taken from silicomanganese production facilities.
To do this, we studied the potentialities of obtaining
wear-resistant hardfaced layers with the use of f lux-
cored wires containing dust taken from gas-purifica-
tion facilities of silicomanganese production (manga-
nese oxide as a reduced component), as well as dust
taken from gas-purification facilities of aluminum
production (as a reducing agent).

MATERIALS AND METHODS
The flux-cored wire was obtained using a labora-

tory plant according to technology based on passing
through dies. The sheath of the f lux-cored wire was
made of St3-grade steel tape, the wire diameter being
of 6 mm. As the filler, we used dust taken from gas-
purification facilities of aluminum and silicomanga-
nese production. The chemical composition of alumi-
num production dust was as it follows (wt %): 21.00–
46.23% of Al2O3; 18–27% of F; 8–15% of Na2O; 0.4–
6.0% of K2O; 0.7–2.3% of CaO; 0.50–2.48% of Si2O;
2.10–3.27% of Fe2O3; 12.5–30.2% of Ctotal; 0.07–
0.90% of MnO; 0.06–0.90% of MgO; 0.09–0.19% of
S; 0.10–0.18% of P.

The gas-purification dust taken from silicomanga-
nese production facilities contained the following
concentrations of components(wt %): 2.43% of Al2O3;
1.32% of Na2O; 5.56% of K2O; 6.4% of CaO; 29.19%
of SiO2; 0.137% of BaO; 7.54% of MgO; 0.23% of S;
0.04% of P; 1.067% of Fe; 27.69% of Mn; 2.687% of Zn;
3.833% of Pb. Table 1 shows the componential com-
positions of the wires under study, as well as the values
of obtained filling coefficients and manganese uptake
level.

The procedure of hardfacing was carried out with
the use an ASAW-1250 welding tractor. The metal
layer was hardfaced onto steel plates with a thickness
of 14–16 mm and 10 × 500 mm in size. Hardfacing
was carried out under a f lux based on silicomanganese
slag produced by the West Siberian Electrometallurgi-
cal Plant.

The composition of the slag was as it follows
(wt %): 6.91–9.62% of A12O3; 22.85–31.70% of CaO;
46.46–48.16% of SiO2; 0.27–0.81% of FeO; 6.48–
7.92% of MgO; 8.01–8.43 MnO; 0.28–0.76% of F;
0.26–0.36% of Na2O; 0.6–2.0% of K2O; 0.15–0.17%
of S; 0.01% of P. The hardfacing mode was as it fol-
lows: the current strength amounting to 520 A; the
voltage being of 28 V; the welding velocity being of
18 m/h. The chemical composition of the arc coating
was determined using an XRF-1800 X-ray f luores-
cence spectrometer and using a DFS-71 spectrometer
with the help of an atomic emission method (Table 2).
The hardness of the arc coatings was measured using a
MET-DU hardness tester [17, 18].

In order to determine the wear rate, we used a
method based on changing in the sample weight in the
course of disk-pad testing [17, 18]. The wear rate of the
samples was determined using a 2070 SMT-1
machine. The wear rate testing was carried out at a
STEEL IN TRANSLATION  Vol. 51  No. 12  2021
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Table 2. Chemical composition of the hardfaced metal layer

Sample
Content, wt %

С Si Mn Cr Ni Cu Ti V Mo Al Nb S P

1 0.08 0.38 1.31 0.03 0.08 0.11 0.001 0.003 0.02 0.001 0.006 0.079 0.017

2 0.08 0.57 1.35 0.05 0.06 0.19 – 0.004 – 0.052 0.012 0.074 0.014

3 0.08 0.40 1.19 0.04 0.07 0.01 – – – 0.011 0.009 0.063 0.015

4 0.09 0.49 1.25 0.03 0.08 0.09 0.001 0.003 0.01 0.011 0.006 0.076 0.017

5 0.16 0.46 1.19 0.02 0.07 0.07 0.001 0.003 0.01 0.011 0.006 0.073 0.016

6 0.22 0.50 1.19 0.03 0.07 0.07 0.001 0.003 0.01 0.006 0.006 0.083 0.014

Table 3. Chemical composition of slag crusts

Sample
Content, wt %

FeO MnO CaО SiO2 Al2О3 MgO Na2О K2О S P ZnO Сr2O2 F TiO2

1 1.80 8.37 29.95 43.65 7.27 5.30 0.39 0.16 0.17 0.010 0.040 0.048 0.63 0.07

2 2.25 8.16 30.05 44.45 7.70 5.47 0.39 0.13 0.14 0.012 0.038 0.059 0.62 0.06

3 1.77 8.13 30.17 43.84 7.51 5.17 0.37 0.07 0.17 0.011 0.014 0.050 0.62 0.08

4 2.75 7.52 31.62 43.12 7.56 5.33 0.30 0.09 0.15 0.011 0.012 0.053 0.47 0.08

5 2.11 7.93 30.57 42.95 8.41 5.58 0.46 0.08 0.18 0.011 0.016 0.043 0.77 0.07

6 2.11 7.75 30.30 42.47 8.47 5.42 0.46 0.05 0.17 0.011 0.011 0.036 0.83 0.07
load of 78.4 N and a rotation frequency of 20 rpm. The
rotation frequency was measured by a tachogenerator
mounted on the motor shaft. The number of revolu-
tions for the shaft rotation was determined using a
noncontact method. During testing, the sample inter-
acted with a pad made of R18 grade steel.

The nonmetallic inclusions were assessed accord-
ing to GOST (State Standard) 1778–70. The metallo-
graphic microsections were studied without etching
using an OLYMPUS GX-51 optical microscope
[17, 18].
STEEL IN TRANSLATION  Vol. 51  No. 12  2021

Table 4. NIs hardness and wear level of the samples

Sample Initial weight, g Weight after abrasion, g Th
of r

1 82.587 82.139

2 92.395 91.960

3 89.288 88.780

4 84.935 84.495

5 113.299 112.974

6 115.758 115.338
RESULTS AND DISCUSSION

In this paper, we have considered the potentialities
of using f lux-cored wires containing dust taken from
the gas purification facilities of aluminum production
(as a reducing agent) and silicomanganese (manga-
nese oxide as a reduced component) for wear-resistant
hardfacing.

Tables 2 and 3 show the chemical composition of
the electric-arc-induced coating and the composition
of slag crusts. The hardness and the results of testing
for wear rate are presented in Table 4.
e number 
evolutions

Sample weight 
loss, g Wear level, g/rev HB

3070 0.448 0.000146 126

3300 0.435 0.000132 136

4990 0.508 0.000102 132

3500 0.440 0.000126 133

3410 0.325 0.000095 143

3300 0.420 0.000127 167
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Fig. 1. Manganese uptake (a)depending on the f lux-cored
wire filling coefficient, (b) depending on the concentra-
tion of gas-purification dust from aluminum production,
and (c) depending on carbon concentration in the hard-
faced metal.
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Table 5. Assessing nonmetallic inclusions in the weld zone

Sample
Non

silicates nondeformin

1 1b, 2b

2 1b

3 2b, rarely 4b

4 2b, 1b

5 2b, 1b

6 1b, rarely 4b
The manganese uptake coefficient was determined
as a ratio between the manganese content in the hard-
faced metal layer to the total amount of introduced
manganese. This coefficient is connected with the
reduction of manganese oxide contained in the man-
ganese-containing f lux (owing to the carbon con-
tained in the f lux-cored wire). In the case of a signifi-
cant excess of carbon in the f lux-cored wire with man-
ganese-containing f lux, the manganese uptake
exceeds 100% (Table 1).

The process of manganese uptake is determined by
the filling coefficient of the f lux-cored wire, by the
amount of carbon-containing material contained in
the charge mixture, and by the content of carbon in
the arc coating itself (Fig. 1). As a carbon-containing
material, we used dust taken from the gas purification
facilities of aluminum production [17–20].

The number of nonmetallic inclusions in the elec-
tric arc coating was determined according to GOST
(State Standard) 1778–70. The assessment results
for nonmetallic inclusions are presented in Table 5.
Figure 2 shows nonmetallic inclusions in the arc coat-
ing: there are nondeforming silicates and point oxides.
The contamination with oxide-based nonmetallic
inclusions is insignificant. The presence of these non-
metallic inclusions does not exert any significant
effect on the operational characteristics of the hard-
faced layer [16‒20].

In order to process the results of the studies, statis-
tical experimental data processing have been used,
with the help of which curves for the effect of the
chemical composition on the properties of the hard-
faced layer have been plotted.

CONCLUSIONS
The potentialities of using for wear-resistant hard-

facing f lux-cored wires containing dust taken from gas
purification of aluminum production (as a reducing
agent) and silicomanganese (manganese oxide as a
reduced component) are confirmed. Parameters and
modes for wear-resistant hardfacing are established.
The manganese uptake has been determined for differ-
STEEL IN TRANSLATION  Vol. 51  No. 12  2021

metallic inclusions, score

g oxides point

1а, 2а, 3а

1а, 2а, 3а
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Fig. 2. Nonmetallic inclusions in the zone of hardfaced samples (a) 1, (b) 2, (c) 3, (d) 4, (e) 5, (f) 6.

(а) (b) (c)
100 µm 100 µm 100 µm

(d) (e) (f)
100 µm 100 µm 100 µm
ent ratios between components. Nondeforming sili-
cates and point oxides have been found in the hard-
faced metal. The contamination of the hardfaced
metal layer with oxide-based nonmetallic inclusions is
low. The presence of nonmetallic inclusions does not
significantly affect the operational characteristics of
the hardfaced layer.
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