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PHASE TRANSFORMATION DURING METALLOTHERMIC REDUCTION
OF TANTALITE

R.1. Gulyaeva,1 L.Yu. Udoeva,2 S.A. Petrova,3 S.V. Sergeeva,4
K.V.Pikulin,’ and S.N. Agafonov® UDC 669:546.882'883

In this study, phase transformations were examined during low temperature interactions of natural tanta-
lite with powders of aluminum and Ca—Al addition alloy (69.4 wt% Ca) using thermography, X-ray dif-
fraction, and X-ray spectral microanalysis. The phase and elemental compositions of the initial mineral
and the products of its metallothermic reduction were determined. Thermodynamic modeling of “min-
eral-reducing agent” interactions in the systems was performed in the temperature range of 500°C—
3000°C, and the temperatures of the resulting products were calculated without taking into account heat
losses. Experimental studies on reduction processes were performed under conditions of continuous
heating of the mineral with reagents to 1200°C-1550°C in an argon flow. The studied mineral sample
was manganotantalite with the composition of Mn, ,(Nb; ,05T2; 555), 140 With a melting point

of 1506°C. The aluminothermic reduction proceeded with the formation of intermetallic phases based
on the Ta-Nb, Ta—Nb-Mn, and Nb-Mn-Al systems, and upon interaction with the Ca-Al alloy,
the metal phase included solid solutions, such as (Nb,Ta)-ss. In both cases, a predominant reduction of
niobium and the formation of intermediate suboxides and composite oxides containing niobium and tan-
talum were noted as a result of the incomplete transformation of manganotantalite during nonisothermal
heating in the temperature range under study.

Keywords: tantalite; metallothermic process; aluminum; calcium; phase transformations.

The discovery of new application fields of niobium, tantalum, and their compounds in high-tech sectors of
the economy has initiated a stable growth in their production and consumption throughout the world since the
early 2000s [1, 2]. Despite the richest reserves in Russia of rare metal raw materials, including ores from tanta-
lum deposits, the problem of meeting domestic needs for Nb and Ta remains open because its solution
requires the creation of highly profitable production based on new technological approaches. Most recorded
reserves relate to rare tin metal ores, including not only complex but also rebellious ores, as up to 60% of
the target metals are lost in multi-stage operations for upgrading rough concentrates. Due to the low rates of the
mechanical enrichment of tantalum—niobium ores, the development of combined methods is required for their
processing, combining the techniques of mechanical and chemical-metallurgical concentrations. In global prac-
tice, there are advantageous examples of the pyrometallurgical enrichment of Ta-containing poor raw materials
to commercial concentrates, used for the concentrations of Ta and Nb and for the separation of these metals

Institute of Metallurgy of the Ural Branch of the Russian Academy of Sciences, Yekaterinburg, Russia.
" E-mail: gulroza@mail ru.

? E-mail: lyuud@yandex.ru.

? E-mail: danaus@mail.ru.

* E-mail: lazarevasv@mail ru.

> E-mail: pikulin.imet@ gmail.com.

% E-mail: agafonovS @yandex.ru.

Translated from Metallurg, Vol. 66, No. 2, pp. 75-85, February, 2022. Russian DOI: 10.52351/00260827_2022_02_75. Original article
submitted June 18, 2021, revised article submitted August 4, 2021, original article accepted September 10, 2021.

200 0026-0894/22/0102-0200 © 2022 Springer Science+Business Media, LLC



PHASE TRANSFORMATION DURING METALLOTHERMIC REDUCTION OF TANTALITE 201

with tin. The pyrometallurgical selection of Ta and Sn via carbothermal reduction has been successfully ap-
plied in Germany by H. C. Starck GmbH & Co. KG in the processing of tin slag. A similar technique is used in
Australia (Global Advanced Metals) and Brazil (CBMM) [3].

Pavlov et al. [4] was proposed to subject nonwashable polymetallic ores containing niobium and rare earth
metals to deep reduction using brown coal. The possibility of using carbon in the reduction of metals from the
minerals columbite, tantalite, and wodginite was demonstrated by the authors of [5]. However, this method does
not provide a complete recovery of target metals from tantalum-containing raw materials, and some of them
transform into molten slags. In addition, the process is accompanied by the formation of several environmental-
ly unsafe gases (NO, NO,, and CO).

A promising field in the development of rare metal technologies is the metal-thermal reduction of tanta-
lum and niobium from complex ores and wastes with further hydrochemical selection of elements [6—11].
The metallothermic process is characterized by many advantages as compared with carbothermy due to its exo-
thermicity and simplicity of instrumentation [11-13]. However, publicly available data on the aluminothermic
process of rare metals mainly concern the reduction of Ta and Nb from pentoxides [7, 14]. With regard to ore
minerals of rare metal raw materials, the metallothermic reduction process has not been sufficiently studied, and
there is information on the use of aluminothermy in the processing of pyrochlore ores [4, 15]. Moreover,
the possibility of metallothermic reduction of tin from cassiterite, a mineral accompanying columbite—tantalite
in ores, has been revealed [16, 17].

In the various forms of tantalum and niobium in natural raw materials, the columbite—tantalite group miner-
als are of the most important industrial importance [18]. These are solid solutions representing a continuous
isomorphic series of oxides from niobates to iron and manganese tantalates with the general formula
(Fe,Mn)(Ta,Nb),O,. The justification of the efficiency of the use of metallothermy for the processing of Ta-Nb
ore raw materials requires knowledge on phase transformations, macromechanism, and kinetics of the interac-
tions of tantalum niobates, including tantalite, with reducing metals.

This article presents the results of a study on phase formation during the reduction of natural tantalite with
aluminum and its alloy with calcium under nonisothermal heating conditions. The reducing agent was chosen
due to its high reactivity and availability of aluminum and calcium. Calcium is less convenient to use owing to
its high chemical activity, so its combination with aluminum was proposed [7].

Materials and Methods

The object of this study was a collection of natural tantalites from the Ognevka mine of the Bakenoye de-
posit (Kalbinsk Range, Republic of Kazakhstan). Based on the chemical analysis results, the sample contained
target metals in amount of 23.61 wt.% Nb, 37.82 wt.% Ta, 12.38 wt.% Mn, 0.36 wt.% Sn, and 0.09 wt.% Fe
and related components, namely, 0.63% or more Mg, 0.38% Cu, 0.44% Ni, 0.08% Ti, 0.20% Zr, 0.06% Si,
and 0.05% W to trace amounts (e.g., S, P, Na, and K). The mineral sample was preliminarily crushed
(grinding size =0.1 mm).

Aluminum powder grade PA 4 containing at least 98% Al was used in the experiments. The particle size
was less than 0.14 mm. The combined reducing agent, calcium—aluminum addition alloy (69.4 wt% Ca), was
obtained by fusing aluminum and calcium granules at 900 °C-1000 °C in an inert atmosphere. The addition al-
loy was a two-phase alloy of CagAl, and Ca,;Al,,, whose heating was accompanied with thermal effects as-
sociated with the melting of the eutectic Ca ;All4 + CagAl; <> L (540 °C) and the peritectic decomposition
of Ca;Al, « L + CaAl, (624°C). The transformation temperature was somewhat lower than in [19] due to
the presence of impurities (e.g., Fe, Si, and O) in the addition alloy. In the experiments, an addition alloy
ground with a grinding size of 0.1 mm was used.
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The phase transformations of the mineral were studied using a Netzsch STA 449 F3 Jupiter thermal ana-
lyzer. A portion of tantalite (approximately 15.0 mg) was placed in crucibles made of the Pt-Ir alloy with alun-
dum substrates and lids and heated to 1620 °C at a rate of 20 °C/min in a current (40 cm’/min) of high-purity
argon (99.998% Ar). When determining the numerical values of the temperature, the standard functions and
settings of the Netzsch Proteus Thermal Analysis software package [20] were used. The temperature measure-
ment error was t5 °C.

An experimental study of the metallothermic reduction process was performed through the combined meth-
od of thermogravimetric analysis and differential scanning calorimetry (DSC) on a Netzsch STA 449 C Jupiter
thermal analyzer in the continuous heating mode to 1200 °C or 1550 °C and cooling to 500 °C. Powders of the
mineral and reducing agent, namely, aluminum or aluminum-calcium addition alloy, were thoroughly mixed
in a given ratio, compacted, and heated at a rate of 20 °C/min in a current (50 cm3/min) of high-purity argon.
The samples were 25.0 to 60.0 mg.

To predict the compositions of the interaction products and regime parameters of the process (temperature
and reducing agent consumption), a thermodynamic modeling of the process of reducing metals from tantalites
with aluminum and Ca-Al addition alloy was performed using the HSC Chemistry 6.12 (Outotec Oy) software
package [21]. Based on the calculation results of the heat balances of the process, the temperature of the interac-
tion products was estimated, which indirectly characterizes the “thermality” of the charge of the reacting com-
ponents.

The phase composition and crystal structure of the mineral and the products of its reduction were deter-
mined from X-ray diffraction (XRD) data obtained on a D8 ADVANCE diffractometer. The quantitative phase
composition was estimated by the Rietveld full-profile analysis using the TOPAS program [22].

To study the microstructure and elemental composition of tantalite and the products of its metallothermal
reduction, scanning electron microscopy and X-ray spectral microanalysis (XSMA) were used. The studies used
a JSM-59000 LV electron microscope with an Oxford INCA Energy 200 energy-dispersive X-ray spectrometer
and a TESCAN MIRA 3 LMU field-emission electron microscope equipped with an Oxford Instruments INCA
Energy 350 X-max 80 X-ray analyzer.

Results and Discussion

Based on the XRD analysis results, the tantalite sample was represented by a single phase, namely, a solid
solution (ss) of manganese tantalate Mn(Nb,, ;. Ta, 4,),0, (PDF-2 card No. 01-070-0171 [23]) with an ortho-
rhombic crystal structure of the Pben (60) spatial group and parameters of the unit cell (a = 14.4066 (3) A, b=
57563 (1) A, ¢=5.1029 (1) A, V=423.166 (13) A%) (Fig. 1).

The XSMA results (Fig. 2, Table 1) showed that tantalite is a monolithic sample consisting of a solid solu-
tion of manganese tantalate with an average composition of Mn,, 4,(Nby, ,9sTa, 55), 14O, With rare veinlets of
quartz and aluminosilicate less than 120 um wide. The Ta/Nb atomic ratio in tantalite was close to unity.
Some small inclusions and veinlets in the mineral were filled with hard coal containing up to 6.6 wt.% Nb and
14.3 wt.% Ta.

A distinctive characteristic of natural and synthetic tantalite—columbites is the presence of ordered and dis-
ordered structures [24, 25]. In [24], through the statistical analysis method, Eq. (1) was derived, which deter-
mines the degree of order (Q) in the tantalite—columbite structure:

0 = 1727 -941.6(c — 0.2329a), (1)
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Fig. 1. Diffraction pattern, calculated spectrum, difference curve, and bar graph of a tantalite sample.
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Fig. 2. Microstructure of a tantalite sample and points of local phase probing.

Table 1
Content of Elements at Points of the Local Probing of Tantalite (Fig. 2)

‘ Content, wt.% Mineral
Points t
0 F Al Si Mn Nb Ta C gp |components
1 502-506 —  0-04 494 _ _ _ _ _ Quartz
2 480-56.1 0-04 25.1-28318.7-233 - _ - _ g Alumino-
silicate
3 212-221 - - — 112-119212-229433-46.1 - _  Tantalite
4 151-189 —  0-99 0-102 0-30 0-66 0-143 607-61.1 ~— Coal
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Fig. 3. DSC line during the heating and cooling of tantalite at a rate of 20°C/min in an argon flow.

where ¢ and a are the unit cell parameters. For the studied sample of tantalite, the Q value was 81%, which
indicates the presence of incompletely ordered structures in it.

According to the thermal analysis data of tantalite (Fig.3), on the DSC line, effects were revealed with
starting and maximum temperatures of 1506 °C/1538 °C upon heating and 1467 °C/1466 °C upon cooling, corre-
sponding to the sample melting and crystallization. There was almost no change in mass during the heating of
tantalite.

In the thermodynamic analysis of the aluminothermal reduction process, the studied sample of tantalite was
presented as a mixture of its components, i.e., manganese tantalate (MnTa,O,) and manganese niobate
(MnNb,O), based on the chemical and phase composition of the mineral. The thermodynamic values of
9> and Mn 4Nb209),
which were absent in the HSC 65.12 program database, were obtained using calculation and experimental meth-
ods [26, 27]. The costs of reducing agents were taken in accordance with the stoichiometry of reactions involv-
ing a complete reduction of components to metals.

The dependence nature of the equilibrium composition of the interaction products on the consumption of
aluminum (Fig. 4) indicates the almost complete extraction of Ta and Nb into the alloy in a temperature range
up to 2000 °C at an Al/tantalite molar ratio above four.

Particularly, the niobate part of the mineral reacted with aluminum first. Then, as the consumption of the
reducing agent increased, manganese tantalite reacted with it. With the complete reduction of tantalite, the for-
mation of an alloy was expected, whose composition (50 wt.% of Ta; 33 wt.% of Nb, and 17 wt.% of Mn)
was practically constant in the temperature range of 500 °C-2000 °C (Fig. 5). At a temperature above 2000 °C,
the proportion of tantalum in it increased due to the formation of Ta,Al and the transition of a part of manga-

the compounds taken into account in the simulation (MnNb,O,, MnTa,O,, Mn,Ta,O

nese to the oxide phase in the form of MnO-Al,O; aluminate. Reverse oxidation reactions are also possible for
rare metals, which at high temperatures can lead to the generation of corresponding oxide compounds (NbO,
Ta,0y, and NbO,). The heat balance calculation of the aluminothermy of tantalite showed that the temperature
of the interaction products can reach 2054 °C (excluding heat losses). However, this value is not enough to im-
plement the out-of-furnace process, given the refractoriness of the products and inevitable heat losses in real
conditions.

The recovery of metals from tantalite using an aluminum—calcium addition alloy (Fig. 6), at costs calculated
for the complete reduction of tantalite, occurs quite completely with the formation of a more fusible slag based
on calcium aluminates (7, = 1600°C-1700°C). The temperature of the reacting system (Tpr = 2665 °C)

may be quite sufficient to conduct the process in the “out-of-furnace” melting mode.
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Fig. 5. Dependences of the equilibrium composition of the products of the aluminothermal reduction of tantalite on the temperature
(Al/tantalite = 4): (a) — metal phase; (b) — oxide phase.

For the experimental verification of the results of the thermodynamic modeling of the interaction of tantalite
with aluminum, the consumption of the latter was taken with the calculation of the formation of only metals
or metals with their aluminides at an Al/tantalite molar ratio of 4 or 6, respectively, according to the following
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Fig. 6. Equilibrium composition of the products of the metallothermic reduction of tantalite with the Ca—Al alloy: (a) — metal phase;
(b) — oxide phase.

reactions:

M ,(Nby 4osTag 505)5 1406 + 4Al = 0.94Mn + 1.059Nb + 1.081Ta + 2A1,05, )
My ,(Nby 40sTag 505)5 1406 + 6AL = 0.94Mn + 1/3ALND + 0.726Nb + 0.747Ta + 1/3A1,Ta + 2AL,05. (3)

The carefully mixed and compacted reagents in a crucible were heated at a rate of 20 °C/min to 1200 °C-
1550°C. The compositions of the charge and the maximum values of the heating temperature are presented
in Table 2.

A mixture of aluminum and tantalite powders was taken at a molar ratio of components equal to four
24.5 wt% Al of the tantalite mass. Based on the thermal analysis (Fig.7) of the mixture, when heated to
1450 °C, three combined exothermic effects at temperatures of 930 °C/1027 °C and 1300 °C/1333 °C/1395 °C
were installed on the DSC line, along with the endothermic effect of aluminum melting with the start/maximum
temperatures at 651 °C/665 °C. Such temperatures characterized the staged reduction process. A minor endo-
thermic effect at 1414 °C/1432°C (heating) and 1410 °C/1388 °C (cooling) was apparently due to the melting
and crystallization of the resulting low-melting phase, such as a solid solution based on the Mn-Nb sys-
tem [28]. The increase in the sample weight, when heated above 600 °C, was 0.44% at 1450 °C, which was
caused by the presence of traces of oxidizing gases in argon. Based on the XRD data, as a result of the interac-
tion of reagents, metal products with the structures of intermetallic compounds Nb ¢,Al; ¢, AlgMn, Ta,Mng,
and NbMnAl (Table 2, experiment 2) and intermediate oxides NbO,,, Mn, ,TaO,,, 17
were formed, information of which is given in [29, 30]. The formation of a simple niobium suboxide and com-
plex tantalum oxides in the reduction products indicates the sequential nature of the interaction and the higher

and Mn0_55T30.450
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Fig. 7. DSC line during heating and cooling (20 °C/min) of a mixture of tantalite with aluminum: 24.5 (a) and 36.5% Al (b) in an argon
flow.

Table 2
Charge and Phase Compositions of the Products of the Aluminothermal Reduction
of Tantalite under Continuous Heating (20 °C/min)

h
. C, 'flrge Phase composition of products (content, wt.%)
Experience|composition, wt.% | fpax
number °C
Tantalite Al Metal phases Oxide phases
| 100 s 1400 Nb, 54Al) 14(8), AlMn (8), Al,O5 (29), Mn,,TaO,, (29),

Ta,Mng (2), NbMnAl (2)  NbO,; (18), Mn, 5sTay 450, ; (1.5)

AL O, (45), Mn, ,TaO4, (13),
Nby g4Aly 16 (6.5), Ta;Mng (3), ,05 (45), Mn, ,TaO4, (13)
NbO, , (13), Mn, <Ta, ,:O, 5 (2),

0.84
2 100 245 1450 L 3, AlMn (2)

Si02 (3)
AL(Nb, . T 20), Al (10), AL O, (26), MnNb,O, (26),
3 100 365 1200 “3NbosTaos) (20). ALCO) 205 (20) 206 (20)
Ta (2) MnTa, O, (11), Mn,NbO, (1)
AlMn (11), Ta (8), Al(3), Al05(36), NbO (13), MnNb,O¢ (8),
4 100 36.5 1550 .
Al;(Nby Ta 5) (6), Ta,Si (3) Ta0.8302 (7), MnTa,0 (3)

chemical activity of niobium compared to tantalum. The incomplete conversion of tantalite to metal and the
formation of intermediate compounds (NbO,,;, Mn, ,TaO,,, and Mn, sTa,,s0,,) are apparently associated

with the reducing agent deficiency caused by the transition of part of the aluminum into the composition of nio-
bium and manganese intermetallides (Nb, ¢,Al, , and Al Mn).

An increase in the aluminum content in the mixture to its ratio with tantalite equal to six (36.5% Al) did not
significantly affect the course of the DSC line and was expressed in a slight shift of thermal effects toward high
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30 um

(d)

Fig. 8. Images of the microstructure sections (a)—(d) of tantalite with aluminum interaction products (Al consumption 24.5%) when the
mixture was heated to 1450 °C at a rate of 20 °C/min and points of local probing of phases (b)—(d).

temperatures (Fig. 7, b). The results of the phase analysis of the reduction products obtained by heating the rea-
gents to 1200 °C revealed the presence of Al;(Nb,sTa,s) and Ta metal phases, unreacted oxides MnNb,O

and MnTa,O4, and a small amount of Mn,NbO, (Table 2). With an increase in the final heating temperature
to 1550 °C, manganese was also reduced, which passed into the metal phase in the form of AlMn aluminide.
At the same time, niobium and tantalum suboxides (NbO, Ta;,0,) and MnTa,O still remained in the inter-
action products. Despite the similar shape of the DSC lines (Fig. 7), the product compositions of the interaction

of tantalite with different amounts of aluminum were somewhat different. When the reducing agent was con-
sumed in accordance with the reaction of Eq. (3) and heated to 1200 °C, the resulting metallic Al;(Nb, sTa, 5)

and oxide (Al,O;) phases blocked the development of the reaction surface. Moreover, some of the compo-
nents of the original tantalite remained unreduced, although their structure underwent a certain transformation.
The increase in the temperature to 1550 °C also did not lead to a complete reduction of metals, which indicates
the need to conduct the process at a higher temperature and/or prolonged (isothermal) exposure.
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Table 3
Composition of Phases Formed during the Heating of a Mixture of Tantalite with Aluminum
(Al Consumption 24.5%) to 1450 °C at the Local Probing Points (Fig. 8)

Content, wt.% Average composition

Point

0 Al Mn Nb Ta Sn w of the phases
1 - - 20-2.1 318-373 560-66.1 — - Nb, 5, Ta, ,,Mn, s
2 - - 20.4 11.8 67.9 - - (Ta.Nb),Mn,
3 ~ 232110 98-346 18.1-26.1 373-572 - - Mn, 5,Nb, ,<Ta, 5, Al ,,
4 - - 42-96 28.1-314 526-564 —  62-80  Nby, Ta,Mny W, s
5 _ 6.5 315 13.1 38.4 - 46  Mng Al ,0Nby 1, Tay sWo .0
6 _ 0-1.5  20-28 39.1-46.7 49.9-549 14-16 —  Nby < Tay - MnysAly 0,Sng 0
7 455-460 53.6-545  — - - _ - ALO,

8 35.8-49.0 469-490 0.7-08 24-39 0-6.8 09-33 Al,O5-ss

9 374-429 44.0-459 20-23 - 11.0-144 - - Al,0,-Ta,05-ss

10 355 24 4 34 12.7 240 - - 65.5A1,05713.9Ta,05~
13.5Nb,0;

11 15.1-155 - - 80.3-80.4 4.1-4.6 - - (Nb,Ta)O, 4

12 20.4 1.7 113 - 62.2 - - MnTa, ,O,

13 16 .4 0.8 99 11.6 61.2 - MnTa, ¢;Nb, ,O,

14 196210 0-1.1 13.9-18.1 35-7.7 532-614 - - (Mn,Al)(Ta,Nb), ,0,

15 122 4.8 39 19.5 59.6 - - (Ta, 45Nby, ;AL ,,Mn,, 1)O

The XSMA data indicate that the products of heating a mixture of tantalite with aluminum (Al/tantalite = 4)
to 1450 °C have a finely dispersed structure consisting of particles of metal and oxide phases. On the section
surface (Fig. 8, a), rounded cavities from drops of molten aluminum were clearly seen. The composition of met-
al phases is heterogeneous, i.e., from two-component (Nb-Ta) to multi-component (Nb-Ta—Mn—Al-W(Sn))
solid solutions (Table 3). In some metal phases, there was almost no aluminum, whereas in others, the alumi-
num content amounted to 1.5%—11%. Figure 8, b presents a region with discrete oxide phases along its edg-
es, consisting of a solid solution with the composition of 92.3% Al,0,-4.8Ta,0,~1.7MnO.  The oxide
phases based on the Al,O; border on the intermediate oxide (Mn,Al)(Ta,Nb), ,O, are in contact with the
metal inclusions of the average composition Nb, ,,Ta, .Mn,, W, 5. Some particles (Fig. 8, c¢) consisted of
dispersed inclusions of metallic phases surrounded by aluminum oxide. In addition, some areas (Fig. 8, d)
consisted of niobium suboxide (Nb,Ta)O, . with an admixture of tantalum and complex oxides MnTa, ,O,
and (Mn,Al)(Ta,Nb), ,0,. It was depleted in niobium compared with the original manganese tantalum niobate
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tantalite) in an argon flow.

Mn,, 4, (Nby 45T 505), 140, Which indicates its priority recovery from tantalite. The variety of phases of vari-

able composition, formed when heating a mixture of tantalite with aluminum to 1450 °C, indicate that the pro-
cess was not completed under nonisothermal conditions. This finding is consistent with the XRD analysis
results (Table 2). To complete the process, an increase in the temperature or the consumption of a reducing
agent is required.

The results of the phase formation during the aluminothermic reduction of natural tantalite showed that dur-
ing continuous heating to 1450 °C-1550 °C, tantalum and solid solutions based on the intermetallic compounds
of the Ta—Nb, Mn-Al, Ta—Nb-Mn, and Nb-Mn-Al systems passed into the metal phase. The recovery pro-
cess was accompanied by the formation of oxides with a composition of Nb,,, Ta;¢0,, and Mn, ,TaO,,,
Mn, ssTa, ,sO, ;, along with aluminum oxide. Complete winning of metals requires high temperatures, long
interaction, or component transfer to a molten state, which provides conditions for the separation of metal and
oxide phases.

The interaction of tantalite with the Ca—Al alloy with consumption of 45.2% of the tantalite weight, as-
suming the reduction of metals according to the equation

M 5,(Nby, 495Tag 505)5 1406 + 5Cag 604 Al 396
= 0.94Mn + 1.06Nb + 1.08Ta + 3.03Ca0O + 0.99A1203, (@)

was considered when heated to 1250 °C. On the DSC line (Fig.9), during heating, endothermic effects were
noted with start/maximum temperatures of 540 °C/545 °C and 625 °C/633 °C, associated with the phase trans-
formations of the addition alloy (eutectic melting and peritectic reaction). Exothermic effects with maximum
temperatures of 575 °C, 669 °C, 844 °C, and 975 °C indicate the interaction of the reagents. The alternation of
these effects was apparently due to the wavelike course of the process, which starts with the melting of the re-
ducing agent, its interaction with the oxide, then the melt diffusion through the layer of solid products, and
a new development of reactions with the repetition of the cycle described. When the sample was cooled on the
DSC line, there was a minor effect (1174 °C/1165 °C) on the fusible phase crystallization.
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Table 4
Phase Composition of the Products of Nonisothermal Heating of a Mixture of Tantalite
with the Ca-Al Alloy (Reducing Agent Consumption is 45.2% by Tantalite Weight)
to a Temperature ¢

Phase composition of products (content, wt.%)
°C

max’

Metal phase Oxide phase

Ca,(TaND),0,(26), Cag.sALO ¢ s (17), Ca;ALO, (3),
Nb, Al -ss (17), NbMnAlL (1), a(TaND06(20), Cas 5410165 (17), CazALO, (3)
: CaO (2), Mn,, 4,0-ss (4), CaO-MnO-ss (5),

0.84
1250 Ta-ss (6), Ta,Si-ss (1)

CazMnO’zFeo’gAIO5 3)
1470 Ta-ss (11), Ta, ;sNbs ¢s-ss (8), Ca;AlL O (39), Cag (sAlLO( s (17), Ca,(Ta,Nb)AIO, (7),
Ta—Nb-ss (3) Ca,(TaNb),0, (6), Mn,, ;,0-ss (6), CaMnO, o, (3)
Table 5

Elemental Composition of the Phases of the Products of Heating to 1470 °C of a Mixture
of Tantalite with the Ca—Al Alloy (Fig. 10)

Point Content, wt% Average compo-

number o Al Ca Mn Nb Sn Ta sition of phases
1 30.0-460 18.7-242 28.3-49.1 - - - 0-4.1  nCaO-mAlLO,
2 244 0.9 26.4 - - - 48.3 Ca,Ta,0,
3 19.8-21.9 0.4 220223 1.7-18 2847 - 51.2-51.3 Ca,(Ta,Nb),0O,
4 - <0.6 0520 26-51 372-557 12-13 378586  (Nb,Ta)-ss
5 - - - - 32.7-32.8 — 64.1-642  Nb . Ta,
6 26.7 6.9 20.6 - - — 458 Ca,TaAlO,
7 - <07 <10  149-255 194-326 - 50.8-55.1 (Nb.Mn,Ta)-ss

According to the XRD data, when tantalite with the Ca—Al alloy was heated to 1250 °C, the interaction
products contained more than 37% of the metal phase, predominantly niobium aluminides (Table 4). With long-
er heating up to 1470 °C, additional tantalum passed into the alloy in the form of solid solutions (13%) and pure
metal (7%). Essentially, in both cases, the composite oxide compounds of tantalum and niobium with calcium
were formed in the oxide phase, and in case 1, this was tantalum niobate Ca,(Ta,Nb),0y. When heated
to 1470 °C, calcium aluminate Ca,(Ta,Nb)AlO, containing Ta and Nb was added to it. At a low tempera-
ture, their content (26%) was two times higher than that when heated to 1470 °C (12% in total). Hence, calcium
tantalum niobates were considered as intermediate products formed at the beginning of the metallothermic pro-
cess through the replacement of manganese with calcium in tantalite [31]. The main part of all oxides, which



212 R.I. GULYAEVA, L. YU.UDOEVA, S. A.PETROVA, S.V.SERGEEVA, K. V.PIKULIN, AND S.N.AGAFONOV

20 um

(a) (b)

Fig. 10. Particle morphology of the interaction products of tantalite with the Ca—Al alloy (69.4 wt% Ca) when heated to 1470°C and
local probing points of the phase components.

was approximately 70%, when heated to a high temperature, is represented by calcium aluminates Ca;Al,O
and Cag (sAl,O ¢ (5.

The calculation of the rational phase composition of the product of the interaction of a mixture of tantalite
with the Ca-Al alloy heated to 1470 °C, according to the XSMA (Fig. 10, Table 5), generally agrees with
the XRD results. The main oxide phase is represented by calcium aluminates Ca;Al,O, (Fig. 10, point 1), con-
taining neither niobium nor tantalum. The intermediate product, identified via the XRD as calcium tantalum
niobate Ca,(Ta,Nb),0,, is Ca,Ta,0O, tantalate with an admixture of niobium (Fig. 10, points 2, 3). A similar
characteristic of the composition was also noted for the Ca,(Ta,Nb)AlO, phase where the rare metal compo-
nent is represented almost exclusively by tantalum (Fig. 10, point 6). In the metallic phase, on the contrary,
in the composition of the (Nb,Ta)-ss solid solution, niobium predominates in the atomic ratio, which is 1.7
times more than that of tantalum (Fig. 10, point 4). However, metal particles with an equal ratio of Nb and Ta
were also found in the reduction product (Fig. 10, point 5). The revealed characteristics of the niobium and tan-
talum distribution between the oxide and metal components of the products of the interaction of tantalite with
the Ca—Al alloy are quite understandable, given the difference in the reducibility of the mineral components,
that is, the higher reactivity of niobium compared to that of tantalum. In particular, the Nb,Ta,s metal
phase did not contain calcium and aluminum, whereas in the solid solutions (Nb,Ta)-ss and (Nb,Mn,Ta)-ss,
up to 2.0 wt.% Ca and 0.7 wt.% Al were revealed.

CONCLUSIONS

The studied mineral is tantalite (Ognevka deposit, Kalbinsk Range), which is practically a single phase
manganotantalite with the chemical formula Mn ,(Nb,, 45T2 505), ;404 and a melting point of 1506 °C.

The interaction of aluminum with tantalite during continuous heating started in the temperature range
of 930 °C-950°C. At 1450°C-1550°C, it led to the formation of solid solutions in the metal phase based on
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the intermetallic compounds of the Ta—Nb, Mn-Al, Ta-Nb-Mn, and Nb-Mn-Al systems with a pre-
dominant reduction of niobium. The reduction process at a stoichiometric consumption of aluminum led to the
formation, along with aluminum oxide, of intermediate oxides Mn, ,TaO,,, NbO,,, and Mn,Ta; O, ;.

The increase in the temperature to 1550 °C did not induce the complete reduction of metals, which indicates the
need to increase it and/or increase the holding time of the process.

The use of a combined Ca—Al alloy containing 69.4% calcium as a metal reducing agent from natural tan-
talite when the reagents were heated to 1250 °C—1470 °C resulted in the formation of solid solutions based on
tantalum and niobium and contributed to the formation of calcium aluminates, which practically do not dissolve
rare metals.

The obtained results can be used to develop the theoretical foundations for the technology of metallothermic
reduction of natural tantalum niobates.

This work was supported by the Russian Foundation for Basic Research (project No. 18-29-2405_mk) using
the equipment of the Ural-M Center for Collective Use.
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