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This paper reports a study 
into the structural-phase compo-
sition of the doping alloy made by 
processing metallurgical anthro-
pogenic waste involving reduc-
tion smelting. This is required 
for determining the technolog-
ical parameters that ensure an 
increase in the level of extraction 
of target elements during the pro-
cessing of anthropogenic waste 
and for the further use of the dop-
ing alloy. It was revealed that the 
phase composition of the doping 
alloy manifested a solid solution 
of the doping elements and carbon 
in α-Fe. Cementite Fe3C and sili-
cides Fe5Si3, FeSi, and FeSi2 were 
also identified. In this case, the 
doping elements were more likely 
to act as substitution atoms. It has 
been determined that the micro-
structure of the alloy consisted of 
several phases of different shapes 
and contents of the basic doping 
elements. Sites with an elevat-
ed iron level of up to 95.87 % by 
weight in the composition could 
be represented by the solid solu-
tion phase of the doping elements 
and carbon in α-Fe. The sites with 
a relatively high (% by weight) 
content of carbon (0.83‒2.17) and 
doping elements ‒ W, up to 39.41; 
Mo, up to 26.17; V, to 31.42; Cr, 
to 9.15 ‒ were apparently of a 
carbide nature. The sites with 
a silicon content of 0.43‒0.76 % 
by weight likely included silicide 
compounds. The alloy's charac-
teristics make it possible to smelt 
steel grades without strict carbon 
restrictions, replacing some of 
the standard ferroalloys. Neither 
phases nor compounds with a rel-
atively high propensity for sub-
limation were identified in the 
material produced. Therefore, 
there is no need to provide condi-
tions to prevent evaporation and 
loss in the gas phase of the doping 
elements. That could increase the 
degree of extraction of the doping 
elements
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1. Introduction

Raw materials deposits are getting increasingly deplet-
ed every year, which leads to a tendency for the prices of 

refractory doping elements to rise in the world market [1]. 
One way to save resources is to produce doping materials 
containing molybdenum, tungsten, chromium, vanadium 
obtained through processing and return to production of 

Copyright © 2021, Authors. This is an open access article under the Creative Commons CC BY license
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mation of MoO2 as an intermediate reduction product that 
later passed to Mo and carbides. Consequently, the Mo-O-C 
system, as well as W-O-C, demonstrates the stages of trans-
formation but it is not possible to trace the features of the 
reduction involving the complex participation of doping el-
ements. The downside is that the form of tungsten- and mo-
lybdenum-containing compounds present in highly-doped 
steel oxides can be more difficult, different from individual 
pure oxides. The unresolved parts of the issue relate to de-
termining the technological parameters for the reduction of 
oxide anthropogenic complexly-doped raw materials with 
the yield of material that does not contain sublimation-prone 
phases and compounds. That could make it possible to elim-
inate the need to create additional conditions to prevent the 
loss of target elements with the gas phase.

The possibility of parallel reduction and formation of 
Cr23C6, Cr3C2 and Cr7C3 in the temperature interval of 
1,273‒1,773 K in the Fe-Cr-O-C system is considered by the 
authors of work [11]. Paper [12] investigated the reduction of 
FeO·V2O3 and FeO·Cr2O3 oxides at 1,100‒1,250 °C. When 
C:Fe in the charge changes from 0.8 to 1.4, an increase in the 
extraction of V and Cr (%) was detected from 10.0 to 45.3, 
and from 9.6 to 74.3, respectively. Processing at 1,250 °C led 
to an increase in the formation of carbides. The disadvan-
tage is the lack of data on the reduction of complex oxides, 
which may occur in the composition of anthropogenic raw 
materials, which can lead to some differences in the process 
of reaction. The unresolved parts of issue relate to broaden-
ing the perception of the nature of the presence of elements 
in reduction products involving the integrated use of raster 
electron microscopy, X-ray microanalysis, and X-ray phase 
analysis.

One should note the results of studying the car-
bon-thermal treatment of anthropogenic waste of unal-
loyed steels reported in work [3], which identified the 
phases of iron, carbide of iron, and carbon in the reduced 
material. Similar data were acquired by the authors of 
papers [4, 5] when studying the reduction of doped an-
thropogenic waste with carbon and silicon. The reduced 
material revealed a phase of iron with dissolved doping 
elements, as well as silicides and iron carbides. The for-
mation of iron silicide was also noted by the authors of 
paper [6] when studying the interaction of elements in the 
Fe Cr-C-Si system. Reduction studies in the W-O-C [7, 8] 
and Mo-O-C [9, 10] systems have shown the stages of 
transformation through the formation of intermediate 
oxides, followed by the metal and carbide phases. In 
reduction studies, the Fe-Cr-O-C and Fe-V-O-C sys-
tems [11, 12] demonstrated the carbide-forming processes 
along with reduction. At the same time, some excess of the 
reducer was needed to increase the degree of extraction of 
the target elements. However, defining the features in the 
phase composition and microstructure of the carbon- and 
silicon- reduced complexly doped W, Mo, Cr, V anthropo-
genic raw materials is unresolved. At the same time, the 
use of raster electron microscopy, X-ray microanalysis, 
and X-ray phase analysis would improve the understand-
ing of the nature of the presence of components in the 
reduced material. It is advisable to carry out research on 
the features of phase and structural compositions of the 
doping alloy derived from anthropogenic waste involving 
carbon and silicon. It is also necessary to define the tech-
nological parameters of reduction to obtain the material 
without phases and compounds that have a propensity 

doped anthropogenic waste. Significant amounts of indus-
trial waste doped with refractory elements are not utilized 
effectively enough in practice. Among such wastes are the 
oxide and finely-dispersed dust, the scale of tungsten-molyb-
denum fast-cutting steels. The high doping degree indicates 
the need to take into consideration the complex nature of the 
interaction of refractory doping elements when determining 
the manufacturing parameters of processing. In such waste, 
the targeted doping elements may be in the form of complex 
oxide compounds. These circumstances lead to certain issues 
related to ensuring the manufacturability of the industrial 
process and the affordable cost of production [2], which is an 
important condition for making products competitive in the 
global and domestic markets.

Therefore, it is a relevant task to reduce the loss of dop-
ing elements and devise resource-saving technologies in the 
steel industry during the processing of doped anthropogenic 
waste. In order to resolve this issue, it is necessary to expand 
the understanding of the physical and chemical transforma-
tions that occur during the reduction smelting of anthropo-
genic raw materials.

2. Literature review and problem statement

Based on the study results reported in [3], the iron scale 
consists of Fe3O4, Fe2O3 and FeO. The cited work describes 
a study into the reduction of iron scale at temperatures of 
750...1,050 °C. The largest reduction degree was achieved at 
1,050 °C at the content of iron of 98.40 % by weight in the 
reduction products. After different heat treatment regimes, 
Fe3C and C were identified in the reduction products along 
with the iron phase. Similar results with the manifestation 
of Fe3C were reported in [4]. It considered the reduction 
of oxide waste of doped steels, containing, among others, 
chromium and molybdenum, with carbon. In the products of 
the reduction smelting of doped waste involving carbon and 
silicon, the authors of paper [5] identified the phase of iron 
and Fe3C. The Fe3C silicide formation also took place in the 
Fe-Cr-C-Si system in work [6] that investigated a coating 
made from the 45Fe39Cr6C10Si alloy. Consequently, the 
reduction of oxide waste of doped steel using silicon can be 
accompanied by the formation of iron silicides with dissolved 
doping elements as substitution atoms. The disadvantages 
include limited information related to studying the physical 
and chemical properties of reduction products involving 
elements such as tungsten and vanadium. The unresolved 
parts of the issue are the identification of the most acceptable 
parameters for the reduction of doped anthropogenic raw 
materials in the Fe-W-Mo-C-V-O-C-Si system.

A study into the course of reactions in the W-O-C 
system, reported in work [7], showed the stages in WO3 
reduction through the formation of WOx-type oxides yield-
ing W. Similar transformation stages were observed by the 
authors of paper [8] when the process temperature rose from 
750 °C to 900 °C. Further step-by-step temperature increase 
to 1,450 °C ensured a predominance of tungsten carbides in 
the reaction products. The authors of work [9] confirmed, 
when studying reactions in the Mo-O-C system, the prog-
ress of the primary conversion of MoO3 to MoO2, which 
has a lower propensity for sublimation. At the same time, it 
is not possible to trace the impact exerted on the reduction 
process by other elements that are present in the doped an-
thropogenic raw materials. Work [10] also identified the for-
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for sublimation. That could reduce the loss of doping ele-
ments by sublimating oxide compounds and phases when 
receiving and using a reduced doping material.

3. The aim and objectives of the study

The purpose of this work was to identify the features of 
structural-phase transformations in the processing of met-
allurgical oxide anthropogenic waste, doped with W, Mo, 
Cr, V, in order to yield a doping alloy. This is necessary to 
increase the extraction degree of doping elements during the 
processing of oxide anthropogenic raw materials and to the 
further use of the alloy during doping.

To accomplish the aim, the following tasks have 
been set:

‒ to determine the phase composition of an alloy 
derived from doped anthropogenic waste regarding the 
nature of the presence of elements; 

‒ to investigate the microstructure and chemical 
composition of individual phase alloy formations de-
rived from doped anthropogenic waste, involving the 
complex use of raster electron microscopy and X-ray 
microanalysis.

4. Materials and methods to study the properties of an 
alloy 

4. 1. The materials and equipment used in the 
experiment

The starting raw material is the scale of tungsten-mo-
lybdenum-containing grades of fast-cutting steel, formed 
at the sites of metallurgical production. The reducer is 
ultrafine carbon dust derived from coal-graphite production; its 
addition provided for a mass ratio of O:C in the charge at 1.33. 
The additional oxidizing capacity of the alloy was achieved by 
the addition of FS-65 ferrosilicon to the charge with a mass 
ratio of Si:C in the charge at 0.19. The addition of the shavings 
of force grinding of fast-cutting steels to the charge ensured the 
intensification of heat exchange in the initial stages of heating. 
Samples for our research were smelted in alundum crucibles in 
an indirect heating furnace with a coal lining. The smelting 
temperature was 1,873‒1,913 K. After smelting, the alundum 
crucibles were removed from the furnace with the alloy and 
cooled at the ambient air temperature.

X-ray phase analysis of the samples was performed at the 
diffractometer “DRON-6” (Russia). 

Images of the microstructure and the 
chemical composition of individual parts of 
the surface of the samples were acquired from 
the “JSM 6360LA” raster electron microscope, 
equipped with the JED 2200 X-ray microanal-
ysis system manufactured by JEOL (Japan).

4. 2. Procedure to determine the indica-
tors of samples properties

The phase composition of the samples was 
determined by X-ray phase analysis. Mono-
chromatic radiation of Cu Kα was used at 
λ=1.54051 Å. The tube voltage and the anode 
current were 40 kV and 20 mA, respectively. 
The composition of the phases was determined 
using the PDWin 2.0 software (Russia).

Microstructure images were acquired at an accelerating 
voltage of 15 kV. The diameter of the electronic probe was 
4 nm. The percentage of chemical elements was determined 
by a reference-free method of calculating fundamental pa-
rameters.

5. Results of studying the properties of the doping alloy 

5. 1. Determining the characteristics of the phase 
composition of the doping alloy

Our study of the composition of the doping alloy has 
established the presence of several phases (Fig. 1).

The manifestation of the phase of solid carbon solution 
and doping elements in the α-Fe was revealed. The carbide 
component was represented by Fe3C. At the same time, the 
composition revealed the silicides of iron Fe5Si3, FeSi, and 
FeSi2. Individual compounds of doping elements through-
out the scanning interval were shown fragmentally with 
a relatively low intensity of diffraction highs, which were 
approaching the background level.

5. 2. Studying the microstructure of the doping alloy
In the alloy studied, the microstructure consisted of sev-

eral phases of different shapes and compositions (Fig. 2, 3, 
Table 1).

 

 

Fig.	1.	X-ray	phase	examination	of	the	doping	alloy

Table	1

The	results	of	X-ray	microanalysis	of	the	doping	alloy		
corresponding	to	Fig.	2

Examined 
sites

Element content, % by weight

C Si V Cr Fe Mo W Total

1 2.17 0.00 30.75 7.28 16.51 15.91 27.38 100.00

2 0.95 0.00 5.82 7.93 19.72 26.17 39.41 100.00

3 0.83 0.00 5.64 7.72 20.88 25.89 39.04 100.00

4 0.12 0.49 0.00 2.46 95.87 1.06  0.00 100.00

5 0.08 0.43 0.00 2.61 95.60 1.28  0.00 100.00

6 1.73 0.64 2.20 8.82 79.61 2.71 4.29 100.00

7 2.09 0.00 31.42 7.42 16.59 15.55 26.93 100.00

8 1.61 0.76 2.06 9.15 79.41 2.53 4.48 100.00
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The sites with a relatively high content of W and Mo 
were identified (Fig. 2, sites 2, 3, Table 1) where the level of 
elements amounted to 39.41 % by weight and to 26.17 % by 
weight, respectively. The Cr content at the examined sites 
ranged from 2.46 to 9.15 % by weight. Phases with a V con-
tent corresponded to sites 1‒3 and 6‒8. At the same time, at 
the examined sites 1 and 7 the content of V reached 31.42 % 
by weight. The presence of Si was found at sites 4‒6 and 8 
at 0.43-0.76 % by weight. Carbon manifested itself at all the 
sites studied, in the amount of 0.08‒2.17 % by weight. There 
was a clear separation of phases with the difference in the 
content of the elements. One can see the presence of different 
phases with relatively low and high Fe content (Fig. 2, sites 
4, 5, 6, 8). The change in Cr’s content in these phases was 
reversed relative to Fe. The doping elements demonstrated a 
higher concentration in the inclusions that formed the mesh-

like structure (Fig. 2, sites 2, 3). The inclusions with 
a relatively high V content were rounded (Fig. 2, 
sites 1, 7). The examined sites with higher levels of 
doping elements, however, demonstrated a relatively 
high carbon concentration (Fig. 2, sites 1‒3, 6‒8).

6. Discussion of results of studying the properties 
of the doping alloy

Our study of the phase composition of the al-
loy (Fig. 1) has shown the principle of the existence 
of doping elements in the lattice α-Fe in the form of 
a solid solution. This feature is consistent with the 
results reported in [4]. Some of the doping elements 
as substitution atoms may be present in carbide and 
silicide compounds, which is consistent with the data 
from [5, 6]. However, the authors of the cited works 
did not reveal the presence of Fe5Si3 silicide in the 
samples examined. And, in work [5], the samples in-
cluded the silicide Fe3C, which is different from our 
study. Based on the diffractogram reported in the 
current paper, some of the identified diffraction highs 

demonstrated intensity not much high-
er than the background level. Iden-
tification of such peaks was carried 
out as an addition, along with the rel-
atively intense diffraction highs de-
tected. The presence of some unsigned 
peaks relates to those compounds 
whose manifestation was weakly ex-
pressed and fragmented in character.

The comprehensive study into the 
features of microstructure using X-ray 
microanalysis of the alloy additionally 
shows the concentration of doping ele-
ments in the carbide and silicide com-
ponents, as well as in the form of a solid 
solution in the lattice α-Fe (Fig. 2, 3, 
Table 1). At the same time, some of 
the sites studied were relatively high 
in chromium and carbon, as well as 
demonstrated the presence of sili-
con (Fig. 2, sites 6, 8). This may indi-
cate local regions with the presence of 
iron-chromium-containing carbides or 
silicides, which is consistent with the 
results reported in [11]. The authors of 
that work demonstrated the possibility 
of a parallel course of the reduction and 
carbide-forming processes.

The results from an X-ray microanalysis study indicate that 
the resulting alloy likely refers to a high-carbon type. This is 
due to that most sites in the sample studied were characterized 
by carbon content at the level of hypereutectoid steel (Fig. 2, 
Table 1, sites 2, 3, 6‒8; from 0.83 to 2.09 % by weight). The 
high-carbon type of the alloy is also further indicated by the 
results from X-ray phase examinations with a relatively intense 
manifestation of the carbide component (Fig. 1).

Identification of a solid solution of the doping elements, 
as well as carbon in the lattice α-Fe (Fig. 1), is predeter-
mined by the presence of the ferrite phase, which is in the 
mixture with the cementite phase. The mixture of ferritic 
and cementite phases can be characteristic, among other 

 

 

Fig.	2.	Image	of	the	microstructure	of	the	doping	alloy	at	
magnification	×1,000:	1‒8	‒ sites	of	X-ray	microanalysis

 

 

a                                                                 b
 

 

c                                                                 d 
 

Fig.	3.	Spectrograms	of	the	X-ray	microanalysis	of	some	examined	sites	of	the	
resulting	alloy	corresponding	to	Fig.	2:	a	‒ 1;	b	‒ 3;	c ‒	4;	d	‒	8
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things, of alloys with relatively high carbon content (at the 
level of hypereutectoid steel).

The microstructure regions with relatively high levels of 
W, Mo, V, and carbon (Fig. 2, sites 1‒3, 7) appear to be car-
bide compounds. This is consistent with the results reported 
in works that describe the propensity for carbide formation 
during the carbon-thermal treatment of W ‒ [8], Mo ‒ [9, 10], 
and V ‒ [12]. At the same time, inclusions with a relatively 
high vanadium content (Fig. 2, sites 1, 7) had differences in 
shape and contours, compared to phases characterized by 
the increased levels of other refractory elements. That leads 
to the possibility of the presence of at least two variations of 
carbide phases with refractory elements. At the same time, the 
differences in the results reported here are in the presence at 
the studied sites of the alloy based on the reduced anthropo-
genic waste from the complex of iron and several refractory 
elements. This may indicate a more complex nature of com-
pounds. A different composition of the doping elements can 
indicate the different nature of the formed particles.

The lack of images of the microstructure with the dis-
tribution of the main elements in the characteristic X-rays 
at the examined surface of the alloy is a limitation of the 
study. That could have provided for better visibility in the 
representation of the features of the microstructure and the 
nature of the presence of doping elements.

The vector to advance this area is directed towards the 
use for processing, by reduction smelting, the doped waste 
from the production of other classes of steel and alloys. It is 
also advisable to further study the patterns in the physical 
and chemical properties of the doping alloy when changing 
the ratio of the oxidizer and reducer in the charge in order 
to determine the most acceptable technological aspects. The 
difficulty in trying to expand the current study relates to 
that the experimental base was not sufficient.

Certain restrictions in the use of the alloy may be associ-
ated with complex doping. This is due to the need to choose 
for doping the target classes of steels close in the content 
of the basic elements. Problems may occur if one or more 
alloy components are strictly limited in the target product 
and can result in exceeding the set limits of the elements in 
the composition. To prevent these kinds of problems, and to 
ensure relatively high consumption rates, it is required that 

the composition of the elements in the alloy and the target 
product should be close. The alloy’s characteristics allow 
steel grades to be smelted without strict carbon restric-
tions, replacing some of the standard ferroalloys. From this 
perspective, the fast-cutting steel grades R6M5, R6M5F3, 
R12M3K5F2, and others, are promising as their smelting 
involves an electric arc furnace. The absence of phases and 
compounds with an increased propensity for sublimation 
in the resulting material does not require additional con-
ditions to prevent evaporation and loss of doping elements 
into the gas phase. This leads to an increase in the degree of 
extraction of doping elements. When the alloy is produced, 
anthropogenic waste is reduced with the presence of doping 
elements in the solid solution in the crystal lattice of the iron 
phase, as well as in the composition of carbides and silicides. 
Residual carbon and silicon manifested themselves in the 
form of carbide and silicide phases, providing the necessary 
reducing and oxidizing capacities when using the alloy. At 
the same time, the processing and return to the production 
of metallurgical anthropogenic waste ensures a reduction in 
pollution and improved environmental safety of the indus-
trialized regions.

7. Conclusions

1. It has been revealed that the phase composition of 
the doping alloy demonstrated the manifestation of a solid 
solution of carbon and doping elements in the lattice α-Fe. 
Fe3C cementite and Fe5Si3, FeSi, and FeSi2 silicides were 
also identified. In this case, the doping elements were more 
likely to act as substitution atoms.

2. It has been determined that the microstructure of the 
alloy consisted of several phases of different shapes and con-
tents of doping elements. The sites with an elevated iron lev-
el of up to 95.87 % by weight could be represented by a solid 
solution of carbon and doping elements in the lattice α-Fe. 
The sites with a relatively high carbon content (% by weight) 
of 0.83‒2.17, and the doping elements ‒ W, up to 39.41; Mo, 
up to 26.17; V, to 31.42; Cr, to 9.15, apparently had a carbide 
nature. The sites with silicon in the composition at the level 
of 0.43‒0.76 % by weight could include silicide compounds.
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