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1. Introduction

growing. At the same time, prices for tungsten in the

In recent years, demand for steel alloyed by rare-earth
and refractory elements, specifically tungsten, has been

world market tend to increase. Conventional technologies
(carbon-silicon and aluminothermic melting processes) for
obtaining tungsten-containing alloys are characterized by




high temperatures and long processing time. Accordingly,
these processes are accompanied by a rather high pollution
of the environment by gaseous reaction products and solid
waste and are characterized by considerable resource and
energy costs.

Therefore, the problem of resource and energy saving at
lower tungsten losses in processing and use of tungsten-con-
taining ores in steelmaking is very relevant. To that end,
study of the mechanism of reduction of oxidic tungsten-con-
taining raw materials is necessary. Improvement of envi-
ronmental safety can be achieved with the help of the latest
methods of powder metallurgy using solid-state reduction
instead of reduction melting.

2. Literature review and problem statement

Advantages of tungsten-containing alloying materials
obtained by the methods of powder metallurgy over those
obtained by melting are mentioned in [1]. The main posi-
tive feature is the ability to achieve a considerably higher
dissolution rate and the degree of assimilation of the target
element by the metal melt. As a way of processing oxide ore
and technogenic raw materials, the solid-phase recovery by
carbon has a positive effect in practice [2]. The choice of a
solid-phase recovery method instead of reduction melting in
the processes of production of tungsten-containing alloys [3]
is environmentally safer in terms of pollution by wastes and
reaction products. This process requires lower temperatures,
less energy resources and is accompanied by significantly
lower losses of the target element [4].

Thermodynamic calculations of reactions of WO3 car-
bonothermia were carried out by the authors of work [5].
Transition of WO3 to W,C and WC and then to W was
most likely in the temperature range of 1,500-3,500 K. The
probability of the presence of residual carbon bound in oxy-
carbide and carbide compounds of reduction products is also
confirmed by authors in [6]. The study of the carbothermic
reduction of tungsten oxides carried out by the authors of
work [7] showed that this process passes through the stages
of transition of WO3 to WO3 .79, WO, and W. The formed
oxides are reduced to tungsten at 950 °C. At the same time,
processes of carbide formation take place. Susceptibility to
carbide formation along with reduction during carbono-
thermia is also confirmed by the authors of paper [8]. But it
should be noted that in addition to tungsten compounds, the
oxidic tungsten-containing raw material contains accom-
panying ore impurities. In this case, the form of presence
of tungsten-containing compounds in ore materials may be
more complex and differ from separately taken pure oxides.
This can significantly affect the reduction processes and the
phase and structural features of the products obtained.

The starting tungsten-containing raw material for pro-
cessing and obtaining a dopant is a scheelite concentrate
[9]. The tungsten-containing component is represented by
CaWOy,. The authors of paper [10] have studied the prob-
lem of processing scheelite concentrate in order to reduce
tungsten losses in transition of the tungsten-containing
component to WOs. In view of the tangible susceptibility to
sublimation of oxidic compounds of tungsten, it is necessary
to find measures to reduce the number of operations involv-
ing heat treatment and their temperature indices.

Investigations of carbonothermia of scheelite concen-
trate in a complex with scale of fast-speed steel were per-

formed by the authors of work [11]. The reduction degree
was found to grow from 68 % to 88 % when the processing
temperature increased from 1,373 K to 1,573 K. Reduction
proceeded through the formation of (Fe, W)C, WC, W,C,
W, as well as a solid solution of tungsten in a-Fe [12]. Reduc-
tion of the scheelite concentrate by carbon was investigated
by the authors of studies [13, 14]. In the products with vary-
ing degrees of reduction after their treatment at 1,523 K,
W, C and W were found. In addition, WO3, W5(Osg, W;O1,
Wi2049, WO, have also manifested themselves at various
stages. However, it should be noted that the share of W;O14
and WOs; in the target product (papers [13, 14]) has a sig-
nificantly greater susceptibility to sublimation than tung-
sten and carbides. This may cause additional tungsten losses
when using a dopant. At the same time, diffractograms in
works [12-14] have no phase manifestations involving the
elements of the accompanying ore impurities. This makes
it impossible to visually follow dynamics of the presence
of such phases in the products with varying degrees of re-
duction. In addition, the absence of studies into content of
chemical elements with the use of X-ray microanalysis of the
sites in microstructure photographs significantly reduces
significance and obviousness in terms of determining nature
of the phases.

As it follows from the considered information sources,
there are significant results of research into the mechanism
of carbothermic tungsten reduction on the example of indi-
vidual oxides. There is also an achievement in the direction
of reduction of tungsten-containing raw materials. However,
the influence of the accompanying ore impurities on phase
composition and microstructure of the reduction products is
insufficiently studied. Regarding reduction of the scheelite
concentrate, there is no use of the newest methods for deter-
mining chemical composition of individual microstructure
sections using X-ray microanalysis. Investigations in this
direction can ensure reduction in tungsten losses by sub-
limation of oxide compounds during heat treatment of the
scheelite concentrate and the subsequent use of a metallized
dopant. Based on the above, it is expedient to carry out a
comprehensive study of the phase composition and micro-
structure of the scheelite concentrate and the products of
its carbonothermia at various heat treatment temperatures.
Application of raster electron microscopy with X-ray micro-
analysis will make it possible to broaden the idea of structure
and composition of individual microstructure sites in the
materials under study.

3. The aim and objectives of the study

This work objective was to study physicochemical fea-
tures of carbothermic reduction of the oxidic tungsten
concentrate. This is necessary to determine the parameters
that reduce loss of tungsten by sublimation of oxides during
processing of ore concentrates and the use of metallized
tungsten-containing dopants.

To achieve this objective, the following tasks were set:

— determine features of the phase composition and mi-
crostructure of oxidic tungsten concentrate as a raw materi-
al for metallization;

— investigate the phase composition and microstructure
of metallized tungsten concentrate at various heat treatment
temperatures in relation to the effect on the reduction of the
target element loss by sublimation during doping.



4. Materials and methods for studying the properties of
products of metallization of oxidic tungsten concentrate

4. 1. Materials and equipment used in the experiment

The source material was an oxidic tungsten (scheelite)
concentrate containing no less than 55 wt.% tungsten
(GOST 213-83). The material was ground in a ball mill with
a peripheral unloading of the ground matter. A sieve with a
mesh size of 0.45 mm was used for screening. Reducer: dust
of carbon production. The design O/C ratio was 1.33.

X-ray phase analysis of the samples was performed in a
DRON-6 diffractometer (Russia).

Photographs of microstructure of the samples were
obtained with the help of REM-1061 raster electron micro-
scope (Ukraine). The microscope was equipped with a sys-
tem of X-ray microanalysis with determination of chemical
composition of individual sites of the sample surface.

4.2. Procedure for carrying out experiments and de-
termination of the sample property indicators

Heat treatment temperature range: 1,250-1,450 K; time
of isothermal exposure: 60 min. Protective environment: ar-
gon atmosphere with a linear gas flow of 2.5-103m /s. Weight
of the samples under study before heat treatment: 80 g.

The phase composition was determined by X-ray dif-
fraction analysis using monochromatic radiation of Cu K,
(A=1.54051 A). The measurements were carried out at a
voltage U=40 kV and an anode current /=20 mA on the tube.
The phase composition was determined using the PDWin 2.0
software complex (Russia).

Investigation of the sample microstructure was per-
formed at an accelerating voltage of 20-25 kV and an elec-
tron probe current of 52-96 puA. Working distance to the
investigated surface was 10.1-29.8 mm. Phase composition
was determined by the standard method for calculating fun-
damental parameters.

3. Results obtained in the study of carbothermic
reduction of oxidic tungsten concentrate

The oxidic tungsten concentrate mainly consisted
of CaWOy (Fig. 1). After treatment at 1,250 K, the
degree of reduction was 21 % with a predominance
of CaWOy in the phase composition. The processing
temperature of 1,350 K and 1,450 K ensured reduc-
tion rate of 69 % and 87 %, respectively, and the phase
composition was mainly WC and W,C. The presence
of CaWOy in this case was of a residual nature.

Microstructure of the samples was heteroge-
neous with the presence of particles of various sizes
(Fig. 2) and chemical composition (Table 1, Fig. 3).
With the progress of reduction processes, man-
ifestation of particle sintering was observed. In
the sample of oxidic tungsten concentrate, particles
with a relatively high content of tungsten, up to
47.55 wt. %, were observed. In addition, sites with
increased content of Ca and Si up to 19.64 % and
26.31 wt. %, respectively, were found.

In addition to tungsten, molybdenum content was
found to be in the range of 4.79-11.69 wt. %. It is an
accompanying element and is present in many tung-
sten-containing ore concentrates. Oxygen content
was within the range of 10.25 to 24.61 wt. % (Table 1).
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Table 1
Results of X-ray microanalysis of the reduction products according to Fig. 2

) Element content, wt. %

Sample sites C o . Al S Ca Fe Mo W Total
1 7.42 22.74 1.56 0.45 16.48 19.64 9.95 4.79 16.97 100.00
2 8.35 24.61 2.06 0.00 26.31 18.75 9.23 4.76 593 100.00
3 6.30 10.25 0.00 0.21 7.46 16.57 0.00 11.66 47.55 100.00
4 7.49 11.35 1.70 0.00 6.47 19.22 0.00 11.69 42.08 100.00
5 1.23 7.36 0.00 0.00 9.33 24.10 0.00 217 55.81 100.00
6 0.00 7.40 1.10 0.00 9.80 23.30 0.00 4.22 54.18 100.00
7 213 8.51 0.00 0.39 7.80 24.60 0.00 3.80 52.77 100.00
8 1.76 10.20 0.00 0.00 7.40 20.60 0.00 8.54 51.5 100.00
9 1.69 9.46 0.00 0.40 711 23.40 0.00 2.57 55.37 100.00
10 2.46 10.70 4.75 0.00 9.07 31.90 0.00 4.00 37.12 100,00
1 2.51 5.21 0.00 0.35 10.00 21.70 0.00 7.74 52.49 100.00
12 3.14 11.40 0.00 0.00 8.04 21.30 0.00 6.50 49.62 100.00
13 4,02 8,30 1,97 0,39 9,19 21,40 0,00 5,21 49,52 100,00
14 2.25 4.98 5.34 0.00 7.77 32.30 0.00 4.47 42.89 100.00
15 9.82 10.50 3.34 0.00 9.50 21.90 0.00 4.33 40.61 100.00
16 1.16 9.15 2.03 0.00 8.96 28.10 0.00 5.88 44.72 100.00
17 5.65 4.42 1.97 0.00 12.20 19.20 0.00 8.06 48.5 100.00
18 2.81 3.57 0.75 0.00 2.18 9.63 5.54 68.90 6.62 100.00
19 0.94 277 0.80 0.00 13.80 13.20 0.00 6.79 61.7 100.00

20 1.60 1.66 0.00 0.47 14.10 1.73 0.00 7.74 72.7 100.00
21 1.20 1.90 0.00 0.33 14.00 1.90 0.00 9.44 71.23 100.00
22 0.81 1.53 0.00 0.41 14.80 1.48 0.00 7.99 72.98 100.00
23 1.66 2.19 0.00 0.53 13.80 2.78 1.77 6.54 70.73 100.00

In the temperature range of 1,250-1,450 K, oxygen
content in reduction products was within 1.53]11.40 wt. %.
Tungsten content in some particles amounted to 72.98 wt. %
(Table 1, Fig. 3). Molybdenum content in most measure-
ments was in the range of 4.33-9.44 wt. %. In this case,
a particle with a relatively high content of molybdenum
(68.90 %) was found (Fig. 2, c, site 18).

Fig. 3. Spectrograms of X-ray microanalysis of some sites in
the samples of oxidic and metallized tungsten concentrate
according to Fig. 2: 4 (a); 13 (b); 19 (¢); 22 (a)

Along with calcium and silicon, contents of accompa-
nying ore impurities such as iron, aluminum, fluorine and
carbon were found at some investigated sites in various
amounts.

6. Discussion of the results obtained in the study of
carbothermic reduction of oxidic tungsten concentrate

It was found that oxidic tungsten concentrate is rep-
resented mainly by CaWO, (Fig. 1) which is consistent
with the data of work [10]. Presence of such ore impurities
as molybdenum, calcium, silicon, iron, aluminum, fluorine
(Fig. 2, 3, Table 1) detected by X-ray microanalysis can have
a substantial effect on the reduction processes. These ele-
ments can be found in both individual particles of impurities
and in chemical tungsten compounds.

It was determined that treatment at 1,250 K did not
provide a sufficiently high reduction (21 %) with CaWOy
prevailing in the phase composition (Fig. 1). A significant
increase in reduction degree was enabled after treatment
at 1,350 K and 1,450 K: 69 % and 87 %, respectively. This
agrees well with the results of works [11, 14] and causes
significant changes in the phase composition (Fig. 1). Under
these conditions, predominance of WC and W, C relative to
CaWOy has been achieved. This is in good agreement with
the results of paper [5] where, under similar conditions, a
high probability of formation of WC and W,C was con-
firmed, and their formation was found in [12]. The absence of
a clear manifestation of the tungsten diffraction peaks is be-
cause of a greater predisposition to carbide formation than to
metallization as indicated in [5] that is consistent with the



results of work [6]. The results of phase studies are in a good
agreement with the data of works [13, 14] but in distinction
from them, no presence of WC in the reduction products was
found there. At the same time, the presence of tungsten and
WO3, W,041, Wi20,49 oxides was observed, which can be ex-
plained by different compositions of tungsten concentrates,
carbon reducing agents and experimental conditions.

According to results of microstructure studies (Fig. 2),
the presence of elements of ore impurities was found almost
at all investigated sites of the samples. This indicates the
inevitable effect of the latter on the reduction processes. Rel-
atively high calcium content at most of the studied sites is
in a good agreement with phase studies. According to these
studies, the main component of the starting concentrate is
CaWO,. Activation of reduction processes is also confirmed
by a decrease in oxygen content in most of the studied sites
of the samples of reduction products in relation to the oxidic
concentrate.

The conducted studies have allowed us to obtain a
tungsten-containing reduction product that did not contain
phases and compounds with a relatively high tendency to
sublimation. This reduces loss of tungsten by sublimation
when using the resulting material as a dopant.

As a drawback, one can note lack of the study data
concerning the dependence of phase composition and mi-
crostructure of metallization products on the content of a
carbon reducing agent in the charge.

Development of this study is possible in the direction
of implementation of regulation of the chemical and phase
composition of the metallization products of a mixture of
oxidic tungsten concentrate and technogenic alloyed raw
materials. This will open the prospect of expanding parame-
ters of alloying and branded assortment of steels for the use
of a dopant with a simultaneous utilization of technogenic
waste. One of the difficulties faced in trying to develop this
study was the lack of a sufficient base of experimental data

on the physicochemical laws of carbothermic reduction in
the systems of complex alloying. This indicates the need for
additional experiments to determine interaction of tungsten
and a complex of alloying elements with a reducing agent and
decreasing their losses during heat treatment.

The use of the resulting metallized tungsten-containing
material is expedient for alloying steels at an absence of strict
limitations for carbon. These include tungsten high-speed
steel grades R6M5, R18, R18F2, R6M5K5, R12M3K5F2
and other grades smelted in electric arc furnaces. The sponge
structure and the increased ability of the metallized mate-
rial because of excess carbon provide a significantly higher
dissolution rate and the degree of tungsten assimilation
compared to standard ferroalloys. Along with reduction
of the melting time, reduction of energy consumption and
technogenic emissions into environment are ensured which
results in more environmentally safe production conditions.

7. Conclusions

1. It was determined that oxidic tungsten concentrate is
represented mainly by CaWOy. Its microstructure is hetero-
geneous and disordered. The X-ray microanalysis revealed
particles containing accompanying such ore impurities as
molybdenum, calcium, silicon, iron, aluminum, fluorine and
carbon.

2. It was determined that the metallized tungsten con-
centrate subjected to heat treatment at 1,250 K had a re-
duction degree of 21 % with CaWO, predominance in the
phase composition. An increase in temperature to 1,350 K
and 1,450 K provided a reduction degree of 69 % and 87 %,
respectively. The phase composition consisted of WC and
W, C and a portion of non-reduced CaWOy;. Microstructure
was heterogeneous with a presence of particles of various
size and chemical composition showing sintering processes.
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Pospobaena asmomamuzosana cucmema eumi-
proéans 0 6U3HAMEHHS KPAUOBUX KYMI6 3MO-
uYGanHs ma po3paxyHKy KOMNOHEHMIE 6iabHOi
nogepxneesoi enepeii (BIIE) meepoux nogepxonv
memoodom Ban Occa-Uooepi-Iyoa. Busnaueni
Kpauosi Kymu 3mMouyeéanns i 3HAUEHHA CKAA00-
eux BIIE nanoenenux enoxcuonHux nosimepHux
xomnoszumis, cmani i ckaa. Iloxazano, wo emicm
pymuny (TiOy) enaueae na cmpyxmypy i éna-
CMuUoCmi enoKCUOHUX KOMNOIUMIG 1 Ue HAUbI b
ACKPABO 6i000PANCAEMBCA 3MIHOI0 KUCTIOMHOT ma
ocHo6Hnoi komnonenmie BIIE. Bcmamnosneno, uo
cCmpyKmypHi nepemeopennsn no6’a3amni 3 KUcaom-
HO-O0CHOGHUM MEXAHIZMOM MIHCMONEKYNAPHUX 1
Midc pasnux 63acmooii

Kniouogi cnoea: einvna nosepxnesa emnep-
2is, AgmMoOMamu3o08ana cucmema GUMIPIOGAHb,
enoKCUOHUL KOMRO3UNM, pYmuJ
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Paspabomana aemomamuzuposannas cucme-
Ma uzmepenuil 0 onpeodeneHus Kpaeevix Yzioe
cMavueanus u pacuema KOMNOHEHMO8 C60000-
HOU nogepxnocmuou suepezuu (CIII) meepovix
nosepxnocmeii memoodom Ban Occa-Yoospu-
Ljoa. Onpedenenvt kpaesvie yenvi cmauueanus
u 3nauenusn cocmasaarowux CIII nanonnennvix
INOKCUOHBIX NOJUMEPHLIX KOMNOZUMOE, CMAIU
u cmexaa. Ilokazano, umo codepiycanue pymuia
(Ti0y) eausem na cmpyxmypy u c80Ucmea ANoK-
CUOHBIX KOMRO3UMO8 U IMO Hauboee ApKo ompa-
Jcaemcsa uameHeHuem KUCIOMHOU U OCHOBHOL
xomnonenmog CIIJ. Ycmanoeneno, umo cmpyx-
mypHvle npeodpazoeanus CeA3aHvL ¢ KUCA0M-
HO-O0CHOGHbIM MEXAHUIMOM MENCMONEKYNAPHBIX
u MexcasnvLx 63aumodeticmeut

Kntouesvte cnosa: c60600nas nogepxnocmnas
aHepeus, ABMOMAMUIUPOBAHHAS CUCMeMA U3Me-
PpeHull, NOKCUOHBLI KOMNO3UM, PYMUL, CMpYyK-
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1. Introduction

Free surface energy (FSE), which characterizes energy
state of a solid surface, can be a criterion for the evaluation
of protective and operational properties of polymeric com-
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posite materials. In some cases, FSE is an essential char-
acteristic for studying the properties of polymeric coatings
and films, adhesive contacts and adsorption of polymers.
There are many studies focusing on determining FSE using
different methods and correlating the properties of different




