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1. Introduction

elements. One of such elements is Cr. Gradual depletion

Current trends in metallurgy are aimed at increas-
ing the demand for steel, alloyed by rare and refractory

of raw material deposits predetermines a trend of rising
prices in the world market on refractory alloying mate-
rials [1].




Comprehensive planning of metallurgical production is
impossible without taking into account indicators of energy
and material consumption of the finished product [2]. Met-
allurgy of rare and refractory metals and their respective
alloying materials is characterized by considerable energy
and material consumption, which increases the importance
of this indicator.

The development and application of promising directions
in powder metallurgy for receiving the alloying materials
based on Cr gradually replaces traditional technologies
of alumo- and carbon-silicon thermal melting [3]. This in
turn leads to a reduction in harmful emissions into the at-
mosphere and, as a consequence, to a decrease in ecological
stress. The use of powder metallurgy makes it possible to
obtain products with qualitatively new consumer properties
and opens up the possibility of further improvement [4].

Thus, it is a relevant task to save resources in steelmak-
ing, along with an increase in the degree of the Crapplication
in the processing and use of the ore chromium-containing
materials. Strategic direction in solving this problem is to
develop an understanding about the mechanism of reducing
the oxide chromium-containing raw materials. Along with
this, essential task is the improvement of ecological situation
in industrial regions. It is possible to achieve positive results
in addressing this problem by replacing resource- and ener-
gy-intensive technologies of alumo- and carbon-silicon ther-
mal melting with modern methods of powder metallurgy.

2. Literature review and problem statement

Article [5] reported an analysis of thermodynamic reg-
ularities in reducing CryO3 with carbon. The existence of
physical-chemical prerequisites was noted for extracting Cr
from the ore materials at relatively low temperatures without
melting the charge. That is, the possibility is predetermined
of replacing alumo- and carbon-silicon thermal melting [6]
with the more effective resource- and energy-saving process-
es of solid-phase reduction.

Papers [7, 8] present theoretical and experimental re-
search into carbon-thermal reduction of CryO3 in a tempera-
ture range of 1273-1773 K. A leading role was defined of CO
and CO», which enable a bond between solid reagents. Given
this, one should note the importance of providing a certain
level of porosity after the briquetting of raw materials in
order to implement a satisfactory gas exchange. Authors
of articles [7, 8] also established a principal possibility to
obtain iron-chromium ligatures with a limited content of
carbon in the solid state under the energy-saving conditions
of low temperatures. It demonstrates positive prerequisites
for the development of research in the direction of receiving
the resource- and energy-saving chromium-containing bri-
quetted alloying additives with the assigned qualitatively
new consumer properties.

The importance of decomposition of carbon oxides
during reduction processes in the system Fe-Cr-O-C is
noted in article [9]. In the interaction reactions between
Cry03 and C, the first stage is the dissociation of oxides with
the release of atomic and molecular oxygen and the forma-
tion of carbon oxides. Further reduction of Cr is provided
by the reaction of CryO3 with oxide compound C305 and C,
which are formed from the decomposition of carbon oxides.
In other words, one should emphasize an important function
of the gas phase during carbon-thermal reduction and to

take it into account during development of the respective
technological parameters.

The use of carbon reducing agents inevitably leads to
the presence of residual carbon in the received products
bound in the oxy-carbide and carbide compounds [10, 11].
This should be especially considered when using the derived
reduced materials for alloying the steels and alloys with
strict limits on carbon. One of the effective carbon reducing
agents is carbon black. Amorphous finely dispersed carbon
black structure contributes to the activation of kinetics of
reduction processes [12]. The specified properties make it
possible to achieve a relative reduction in the time of reduc-
tion, and, therefore, to bring down the cost of technological
energy. When using this type of a reducing agent, articles
[13, 14] experimentally confirmed the diffusion character of
carbide formation in the system Cr—C. It was found that in
the mixture with a Cr/C ratio equal to 3/2, while heating
up to 1000 °C, the carbides Cr3Cy and Cr;Cs form (with the
content of the latter not exceeding 20 %). That is, it should
be noted that carbides can form not only in the reactions
of CryO3 reduction, but also in the places of direct contact
between the formed metal Cr and C.

The reduction of oxides Fe,O3 CryO3 at different ratios
of C/Fe and temperatures from 1100 °C to 1250 °C was
examined in paper [15]. It was established that with an
increase in C/Fe from 0.8 to 1.4, the degree of chromium
extraction increased from 9.6 % to 74.3 %. A temperature
increase to 1250 °C led to an increase in the formation of car-
bides. At C/Fe below 0.8, the authors observed a significant
decrease in the degree of chromium extraction and carbide
formation. It turns out that in order to achieve an increase in
the degree of Cr extraction during reduction, there should be
a certain excess of C relative to O in the composition of the
charge in line with the stoichiometry.

It follows from the considered sources of information that
there are significant results in the studies of the processes of
Cr reduction on example of separately taken Cr oxides, or
a complex of Cr and Fe oxides. However, still insufficiently
investigated is the mechanism of the course of reducing and
carbide forming processes during carbon thermal treatment
of oxide chromium-containing ore raw materials. In contrast
to pure oxides of Cr and Fe, the ore raw materials contain
related oxide impurities of Mg, Al, Si, Ca, and others. They
can significantly affect the flow of reduction processes, as
well as phase composition and microstructure of the received
products. Research in this direction can result in reducing
the losses of Cr during thermal treatment of oxide chromi-
um-containing ore raw materials and subsequent utilization
of the obtained alloying additive.

Based on the analysis of scientific literature, it is ex-
pedient to undertake a comprehensive study into phase
composition and microstructure of the original oxide chro-
mium-containing ore raw materials and the products of
carbon-thermal reduction. In addition, the use of raster elec-
tron microscopy with an X-ray micro analysis would greatly
expand the understanding of the nature of separate phases
and inclusions in the studied materials.

3. Research goal and objectives

The goal of present work was to study the properties of
oxide chromium-containing ore raw materials and products
of carbon-thermal reduction, obtained under experimen-



tal-industrial conditions. This is necessary to identify the
parameters that reduce the losses of Cr at processing the
ore materials and when using briquetted metallized chro-
mium-containing alloying additives in the steelmaking
industry. A research in this direction is also required for the
further development of understanding the mechanism of the
course of reducing and carbide-forming processes during
metallization of oxide chromium-containing materials.

To accomplish the set goal, the following tasks had to be
solved:

— to determine the features of microstructure of oxide,
and the chemical composition of chromium-containing, ore
raw materials as the starting substance for carbon-thermal
treatment;

— to examine phase composition and microstructure of
the briquetted chromium-containing alloying additive after
carbon-thermal treatment, received by experimental indus-
trial technique, on the effect on the reduction of losses in the
target element during alloying.

4. Materials and methods for the study of properties of
oxide chromium-containing ore raw materials and the
products carbon-thermal reduction

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

The main component of the charge is industrial finely
dispersed chromic ore. We used as a carbon reducing agent
the ultra-dispersed lamp black with a carbon content close to
100 % by weight. Obtaining the briquettes was implement-
ed under industrial conditions at a pressure of 12-16 MPa
that enabled the assigned density in the range from 2.64 to
3.55 g/cm3. We used as a binder the carbon organic com-
pounds of petroleum distillation heavy fractions. Parameters
of the briquettes: diameter — 0.245 m; height — 0.250—
0,350 m; weight — 18-25 kg. The proposed technical solu-
tion implied the O/C ratio in the charge at 1.05-1.15, and a
thermal treatment mode at 1273 K for 4 hours of isothermal
aging, which provides for the obtaining of a new type of al-
loying material in line with TU 322-297-04-96.

X-ray structural phase analysis of the samples was per-
formed on the diffractometer “DRON-6" (Russia).

Images of the microstructure of samples were obtained
from the raster electron microscope “REM-106E” (Ukraine).
The microscope is equipped with a system of X-ray micro-
analysis that determines chemical composition of separate
plots on the samples’ surface.

4. 2. Procedure for determining the indicators of sam-
ples’ properties

Phase composition of the examined samples was deter-
mined using the method of X-ray structural analysis that
involved the Cu monochromatic radiation K, (A=1.54051 A).
The measurements were performed at a voltage on the tube
U=40 kV and anode current /=20 mA. Composition of the
phases was determined using the programming package
PDWin 2.0 (Russia).

Study into microstructure of the samples was carried out
in at accelerating voltage 10—-25 kV and at electronic probe
current 52—96 mcA. Working distance to the examined sur-
face was 10.5-11.7 mm.

Determining the composition of phases was performed
using a reference-free method of calculating the fundamental

parameters: computation of correction factors for the reflec-
tion of probe electrons, x-ray characteristic absorption and
fluorescence. We determined chemical composition of the
phases on the areas denoted in the images of the microstruc-
ture by the corresponding conditional symbols.

3. Results of studying the indicators of properties of
oxide chromium-containing ore raw materials and the
products of carbon-thermal reduction

The oxide chromium-containing ore raw material is
represented by granules of rounded multifaceted shape with
dense monolithic structure. Size of the granules was within
250-600 um (Fig. 1, @). In this case, no bond exists between
the granules. Typical quasi-crystalline chippings and cracks
on the granules indicate their enhanced fragility (Fig. 1, b).
The images also exhibited micro particles the size less than
10 um, which probably broke away from the main particles
and attached to the granule surfaces. In addition to Cr and
Fe, the oxide chromium-containing ore material revealed the
presence of Mg, Al, Si, Ca, and T, which are included in the
oxide ore impurities. Chemical composition of the examined
area as shown in Fig. 1, b, % by weight, is, respectively, Cr —
25,21; Fe — 11.62; Mg — 4.45; Al — 4.20; Si — 0.54; Ca — 0.22;
Ti — 0.29; O — 53.47. The corresponding spectrogram of
X-ray micro analysis is shown in Fig. 2.
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Fig. 1. Images of the microstructure of oxide
chromium-containing ore raw materials at magnification:
a— %200, b — x2000



Fig. 2. Spectrogram of X-ray micro analysis of oxide chromium-containing ore raw material in accordance with Fig. 1, b

o
Ny [l
el © o
oy < Qo O @
Q Of QU LU
AT Y o o
o~ 0 HHH'—"\HHO
ol Ff QU OO0 & %
df A o~ g o S
(SRS W] '—Lgc\
(o B e BN NN'\Q
—

285 335 38,5 435
20, degree

Fig. 3. X-ray structural phase studies and microstructure images of
the chromium-containing briquette, obtained by
the carbon-thermal technique, at different magnification:
a — a fragment of diffractogram, b — x100, ¢ — x300, d — x400

Results of the phase analysis indicate the presence in the
chromium-containing alloying material of CryO3. Respec-
tive diffraction maxima were clearly manifested and had a
relatively high intensity (Fig. 3, a).

Along with this, the presence of metal Cr is clearly
defined. We also found diffraction maxima of Cr;Cs3 and
Cr3C,y. However, they were characterised by a relatively
low intensity. The phases of metallic iron, as well as its
oxide and carbide compounds, did not explicitly man-
ifest themselves in the diffractogram. This is probably
explained by the partial substitution of Cr atoms with Fe
atoms in the identified chromium-containing compounds
and phases.

The chromium-containing briquette obtained by the
carbon-thermal technique, judging by the results of micro-
scopic studies and X-ray micro analysis (Fig. 3, b—d; Fig. 4;
Table 1), had an oxy-carbide structure. The identified
particles with a relatively high content of Cr and Fe —
45.48...65.10 % by weight and 13.44...16.13 % by weight

weight and 1.82...8.31 % by weight, respec-
tively. Taking into account the complex of
studies conducted, these particles with a
high probability consist of oxy-carbides of
Fe and Cr.
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Fig. 4. Spectrograms of certain specified
areas according to Fig. 3:
a—14,b—15,¢c—16,d— 18

(regions 1, 3-6, 11, 13, 16), respectively. The content of the
residual O and C was within a range of 7.84...14.35 % by

We established the presence of particles with a relatively
high content of elements that belong to the ore impurities:




Mg, Al, Si, Ca (regions 7, 8, 10, 12, 14, 18). These areas are ob-
viously dominated by the oxide compounds of Mg and Si. At
the same time, we identified the areas, which probably repre-
sent the unprocessed carbon reducing agent (regions 2, 9, 15,
17, 19), with a carbon content of 60.39...66.68 % by weight.

Table 1

Results of X-ray micro analysis of the sample of a chromium-containing
briquette, obtained by the carbon-thermal technique, according to Fig. 3

of the samples with unprocessed carbon reducing agent. The
content of S from 0.96 to 1.57 % by weight in some local
areas does not lead to exceeding the permissible norms in
general for the sample.

Briquetting the charge at a pressing pressure
of 12—16 MPa enabled achieving the indicators of
required density in the range of 2.64 to 3.55 g/cm?.
Resulting indicators of the alloying additive allowed
us to apply various methods for alloying the steel.

. Content of clements, % by weight This was implemented. at Nikopol South Pipe Mf:t—
Region C o ™ Al s s | ¢ C F Total allurgical Plant (Ukraine) in the workshop of a pipe
& - 2 4 c 2% 1 instrument during smelting of steel 40HL in the
1 4.35 (10.11] 6.91 | 3.05 | 0.72 | 0.00 | 0.00 |59.89|14.97 | 100.00 furnace DSP-8 with the main magnesite lining. The
2 66.44|17.38| 5.35 | 0.51 | 4.86 | 1.02 | 0.00 | 4.44 | 0.00 | 100.00 followingtechniques ofalloying were used:
3 | 1.82[1435] 960 | 465 [ 0.80 [ 0.00 | 0.00 [54.62[14.16] 100.00 1) into the batch under the charge;
4 | 831 [12:86] 753 | 3.15 | 1.38 | 0.00 | 0.00 |53.33]13.44 [ 100.00 9) after melting and loading the slag;
5 3.34 |13.70{12.75| 1.80 | 7.35 | 0.00 | 0.00 |45.48|15.58| 100.00 3) on the slag (chromium-containing briquettes
6 | 1.90 (1236 7.52 | 432 | 0.00 | 0.00 | 0.00 |59.43|14.47 | 100.00 | were immersed under the slag and remained at the
7 993 (37.12|26.39] 0.00 [26.56| 0.00 | 0.00 | 0.00 | 0.00 | 100.00 | interface “slag-metal”. This made it possible to bring
8 700 136.86130.34] 0.00 120541 0.00 1 0.00 | 0.00 | 526 | 100.00| down the losses of chromium by reducing the influ-
9 6583]10.20] 4.85 | 056 | 7.02 | 1.39 | 0.00 | 5.12 | 5.03 [ 100,00 ence of oxygen of the furnace atmosphere);
10 [13.30(33.69]24.79] 0.00 [24.97] 0.00 | 0.00 | 0.00 | 3.25 | 100.00 4) bringing the melt of metal in a ladle to the
11 | 231939 | 676 | 257 | 041 | 000 | 0.00 |6352| 15.04] 100,00 2ssigned chemical composition. i
12 | 7.16 [39.57| 3351 0.00 [14.65] 0.00 | 0.00 | 0.00 | 5.11 | 100.00 One may note as a shortcoming the lack of re-
search into regularities of influence of technological
13 377 | 7.84 | 463 | 217 | 0.36 | 0.00 | 0.00 | 65.1 [16.13] 100.00 parameters on the required density of the resulting
14 | 325 136.93]46.61) 0.00 | 1.21 | 0.00 | 0.00 | 0.00 |12.00] 100.00 | reduced material in wide ranges. Research into this
15 160.39]16.27| 7.78 | 0.00 | 9.63 | 0.00 | 0.00 | 5.93 | 0.00 | 100.00 | area could provide the most favorable conditions for
16 | 262|985 | 642 | 3.03 | 0.49 | 0.00 | 0.00 |62.81|14.78| 100.00 | the dissolution and absorption of an alloying addi-
17 |66.68]14.72] 5.23 | 0.44 | 425 | 0.96 | 0.81 | 5.1 | 1.81 [100.00 | tive in a liquid metal. Undertaking such studies is
18 | 11.98] 24.6 {25.27| 0.00 [27.18| 0.00 | 0.00 | 4.29 | 6.68 | 100.00 | appropriate in the future.
19 [66.44] 942 [ 486 | 0.5 [10.85] 1.57 | 0.00 | 4.23 | 2.13 | 100.00 Obtaining and using a new alloying material

6. Discussion of results of examining the indicators
of properties of oxide chromium-containing ore raw
materials and the products of carbon-thermal reduction

Results of the studies revealed a relatively small particle
size of the oxide chromium-containing ore material. This in
turn facilitates the processes of carbide formation because,
based on the results of articles [13, 14], carbide-forming
processes are of diffusion character. We established the
presence in the elements chemical composition of oxide ore
impurities of Mg, Al, Si, Ca, and Ti. In other words, these
impurities may indirectly affect the course of reducing and
carbide-forming processes.

Using the lamp black has confirmed effectiveness of this
carbon reducing agent, which is consistent with the results of
paper [12]. The presence of metal Cr and carbides of Cr;C3 and
CryCs in the phase composition of carbon-thermal treatment
products of oxide chromium-containing ore raw materials
agrees well with the results of research reported in articles
[13—15]. The results of research presented in paper [10] re-
garding the impossibility of obtaining a carbon-free product,
reduced by the carbon-thermal technique, are confirmed.

A transition of part of CryO3 to metal Cr metal and a
larger, relative to stoichiometry, content of C provides in-
creased reducing ability of the obtained alloying additive.
Post-reduction of the oxide chromium-containing compo-
nent will occur directly during introduction of the received
material to molten metal as an alloying additive. This is
carried out due to the excess of carbon from carbide and
oxy-carbide compounds, as well as from the identified areas

has a positive effect on the reduction of ecological
stress in industrial regions. This is predetermined
by a decrease in resource and energy consumption
and harmful emissions into the atmosphere when
compared to traditional technologies of alumo- and
carbon-silicon thermal melting.

The use of chromium-containing briquettes obtained
by the carbon-thermal technique, with a content of Cr at
35.5 % by weight, was implemented when smelting the tool
steel 40HL and it did not lead to any technological diffi-
culties [16]. The smelting was performed in the arc furnace
DSP-8 with the main lining using the remelting method for
non-alloyed waste of pipe production. Oxy-carbide form of
the presence of the main elements Cr and Fe with excessive
residual carbon content enabled the assimilation of chro-
mium by the molten steel at the level exceeding 95 %. This
indicator is higher compared to that when using standard
ferrochromium of the brands FH650 and FH800 — 88-92 %.
In this case, the through-extraction of Cr from ore by the
smelting redistribution of standard ferrochrome is much
lower. The degree of chromium extraction in the ferroalloy
production of carbon brands of ferrochrome is about 0.85.
In the production of chromium-containing briquettes by the
carbon-thermal technique, the losses of chromium may occur
mainly during machining of the charge components. The
degree of Cr transition to briquette is not less than 0.99 [16].

7. Conclusions

1. The original oxide chromium-containing ore raw ma-
terials are represented by granules of rounded shape the size



of 250-600 pm. We found quasi-crystalline chippings and
cracks on the granules. On the granule surfaces we observed
in some places micro particles the size less than 10 pum. Along
with Cr (25.21 % by weight) and Fe (11.62 % by weight), the
examined material revealed elements of Mg, Al, Si, Ca, and
Ti. They probably were included in the composition of oxide
ore impurities.

2. Phase composition of the briquetted chromium-con-
taining alloying additive after carbon thermal treatment, re-
ceived by industrial-experimental technique, consists mainly
of CryO3. We clearly detected the presence of metal Cr. The
carbide compounds of chromium revealed Cr;C3 and Cr,Cs.
Diffraction maxima of metal Fe and its compounds did not

manifest themselves explicitly, indicating the presence of Fe
as substitution atoms in the chromium-containing phases
and compounds. The microstructure is heterogeneous. We
identified phases with relatively high content of Cr and part
of the related ore impurities. The investigated areas with a
higher content of C may be the remains of the unprocessed
carbon reducing agent. The presence of elevated residual
carbon, enabled by the estimated O/C ratio of 1.05...1.15,
makes it possible to perform the post-reduction of oxide
chromium-containing component directly in a liquid bath
while alloying. This provides additional protection from
secondary oxidation, thus reducing the irreversible losses of
the target element.
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