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Introduction

T
ungsten and its alloys are widely used in modern

engineering due to their unique combination of 

properties, including high refractoriness, strength,

and wear resistance [1–3]. A significant portion of the

tungsten produced and imported in Russia is consumed in

the manufacture of ferrotungsten [4], which serves as an

alloying additive for steels that undergo further machin-

ing [5, 6]. In industrial practice, ferrotungsten is obtained

predominantly by carbothermic reduction or metallother-

mic methods [7, 8]. Metallothermic processes are char-

acterized by high exothermicity, simplicity of equipment

design, and the ability to produce alloys with low carbon

content and minimal non-metallic impurities, offering

economic and technological advantages over carbother-

mic routes [9, 10]. The primary raw materials for tungsten

production are scheelite and wolframite concentrates, 

with the latter accounting for approximately 50% of pro-

cessed feedstocks [11]. Scheelite is a calcium tungstate

(CaWO4), whereas wolframite represents an isomorphous 

series of solid solutions of iron and manganese tungstates,

(Fe,Mn)WO4 [12].

Among metal reducing agents, aluminum is the most

widely used. The use of alternative reductants (Ca, Mg,

Si) is largely confined to processes for producing tungsten

powders, in which these elements participate predomi-

nantly in the vapor phase [13–17]. Despite the extensive 

industrial application of aluminothermic reduction, the

fundamental principles and specific mechanisms under-

lying the metallothermic reduction of wolframite con-

centrates remain insufficiently understood. Available 

literature data are primarily of an applied nature, while

fundamental studies have mainly focused on the kinetic 

analysis of the overall process, without adequately ac-

counting for the specifics of phase evolution or the influ-

ence of intermediate oxides on reduction selectivity.

Studies on the reduction of wolframite by aluminum

using differential thermal analysis (DTA) have demon-

strated [18] that the process proceeds in two stages: within 

the temperature range of 1000–1300 °C, WO3 is reduced

to metallic tungsten, whereas the reduction of the solid

solution (FeO·MnO) is shifted to higher temperatures 

(1300–1500 °C) and depends on the thermodynamic sta-

bility of the solution, which is governed by the FeO/MnO 
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ratio. The reaction order for WO3 reduction in wolframites

varies from first to second order depending on the initial

mineral composition, indicating a complex mechanism

controlled by both chemical kinetics and diffusion pro-

cesses.

In reference [19], the combustion rates of tungsten

trioxide mixtures with varying aluminum content were 

measured for the production of ferrotungsten containing up

to 70 wt.% W. It was demonstrated that the mass combus-

tion rate of WO3 ranges from 17.2 to 17.9 g/(cm2 · s). The 

calculated heat release of the process amounts to 2930 kJ/kg,

which ensures heating of the reaction products above

the melting temperatures of the initial oxides and metals

(WO3, Fe2O3, MnO, SiO2, and Fe) and creates favorable

conditions for out-of-furnace production of the target

alloy. However, data pertaining to natural tungsten-con-

taining raw materials were not reported in that study.

A promising approach to intensifying the reduction

of tungsten trioxide involves the use of complex reduc-

ing agents. For instance, the application of nanostruc-

tured composites (e.g., Al/Cu) significantly enhances the

reactivity of thermite mixtures by increasing the contact

area between reactants and lowering the onset tempera-

ture of solid-state reactions [20]. However, their use leads

to contamination of the alloy with non-ferrous metals,

which is unacceptable in the production of ferroalloys. In

the WO3 – C – Al system, the transformation mechanism

depends on the aluminum concentration: at low Al con-

tent (0.5–1.2 mol per 1 mol WO3), the process proceeds

in multiple stages, whereas with an excess of aluminum

(≥1.3 mol), a mechanically activated self-propagating

high-temperature synthesis (SHS) is realized, accompa-

nied by substantial heat release and the formation of car-

bide phases [21].

The efficiency of using a Ca – Al master alloy in the

metallothermic processing of rare-metal mineral raw ma-

terials containing tantalum and niobium was evaluated 

previously [22–24]. The higher chemical activity of cal-

cium compared to aluminum enables an increase in the

exothermicity of reduction reactions, while its application

in the form of a master alloy mitigates issues associated

with its instability in air. No data regarding the influence 

of the Ca – Al master alloy on the phase formation mech-

anisms and the reduction selectivity of wolframite compo-

nents were found in the available literature.

The objective of this study is to investigate the phase for-y
mation mechanisms during the metallothermic reduction

of natural wolframite using both individual aluminum and

a Ca – Al master alloy.

Materials and Methods

The material investigated was a monolithic crys-

tal of natural wolframite from the Akchatau Deposit

(Kazakhstan), measuring approximately 4 × 4 × 2 cm. 

According to chemical analysis, the mineral composi-

tion (in wt.%) is as follows: 61.1 W, 6.1 Fe, 10.9 Mn, and

0.34 Si. X-ray diffraction (XRD) analysis revealed that XX

the initial wolframite consists of two solid solutions of the

Mnxn Fe1 – xWOx 4 type. Based on previously calculated unit 

cell parameters [25], their compositions correspond to the

formulas Mn0.5Fe0.5WO4 and Mn0.7Fe0.3WO4, with rela-

tive abundances of 63.4% and 36.6%, respectively. The

structural and phase state of the wolframite sample is de-

scribed in detail in reference [25].

Prior to the experiments, the wolframite sample was 

ground to a particle size fraction of –0.1 mm. Aluminum 

powder (PA4 grade) with a particle size of –0.14 mm and 

a calcium-aluminum master alloy of eutectic composition 

(69.4 wt.% Ca) were used as reducing agents. The mas-

ter alloy was produced by melting aluminum and calcium 

granules at 900–1000 °C in an inert atmosphere [24].

The alloy consisted of a two-phase mixture of Ca8Al3 and

Ca13Al14. In the experiments, the master alloy was crushed

to a particle size fraction of –0.1 mm.

The experimental study of the metallothermic reduc-

tion process was carried out using differential scanning ca-

lorimetry (DSC) on a Netzsch STA 449 C Jupiter thermal 

analyzer. The experiments were performed in a continu-

ous heating mode up to 1200 or 1450 °C, followed by cool-

ing to 500 °C. The components were thoroughly mixed in 

predetermined proportions, placed into a crucible, com-

pacted, and heated at a rate of 20 °C/min under a high-

purity argon flow (99.998% Ar, 30 cm3/min). The mass of 

the charge samples ranged from 24 to 27 mg.

The phase composition of the mineral reduction 

products was determined by X-ray diffraction (XRD)XX

using a D8 ADVANCE diffractometer (Cu-KαKK  radia-

tion, VANTEC-1 position-sensitive detector, β-filter).

Data were collected over an angular range of 5–105° 2θ
with a step size of 0.021° and a counting time of 1500 s 

per step. Phase identification was performed using the

DIFFRACplus: EVA software package and the ICDD 

PDF-4 database. The quantitative phase composition was 

determined by full-profile Rietveld refinement using the

TOPAS software.

To investigate the microstructural features of the met-

allothermic reduction products of wolframite, scanning 

electron microscopy (SEM) and electron probe microa-

nalysis (EPMA) were employed. Backscattered electron

(BSE) images for phase-specific elemental analysis were 

acquired using a JSM-5900 LV scanning electron micro-

scope equipped with an Oxford INCA Energy 200 ener-

gy-dispersive X-ray spectrometer, as well as a TESCANXX

MIRA 3 LMU field-emission scanning electron micro-

scope fitted with an Oxford Instruments INCA Energy 

350 X-max 80 X-ray analyzer (operated in backscattered XX

electron mode).

To predict the compositions of the interaction pro-

ducts, thermodynamic simulation (TDS) of the metal

reduction process from wolframite using aluminum and 

a Ca – Al master alloy was performed using the HSC 

Chemistry 6.12 software package. The process was simu-

lated over a temperature range of 25–2000 °C at atmos-

pheric pressure in a nitrogen atmosphere. To support the
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simulation, the database was supplemented with missing

thermodynamic data for compounds in the Al – Mn, Fe 

– Al, Al – Ca, Fe – W, and Al – W systems. These data

were either calculated using a modified Neumann-Kopp

method or taken from literature sources [26–33]. The

thermodynamic properties implemented in the program

are presented in Table 1.

The reagent consumption in thermodynamic simula-

tion and laboratory experiments corresponded to the stoi-

chiometry of the following reactions:

                                                                                    , (1)

                                                             
, (2)

where x is the atomic fraction of Mn in the compoundx

(in unit fraction).

Results and Discussion

According to the thermodynamic simulation results

(Fig. 1), the temperature dependencies of the equilibrium

phase composition of products from the aluminothermic

reduction of wolframite were established. In the metallic

phase (Fig. 1, a)a , tungsten predominates, with its mass

fraction increasing as temperature rises. Throughout the

entire temperature range, free iron and manganese are

present in the alloy, while the formation of the Fe7W6 and 

Fe2W intermetallic compounds is possible at tempera-

tures below 1000 °C. In the oxide phase (slag), the main

component is aluminum oxide (Al2O3) (Fig. 1, b)bb . Within

the temperature range of 1000-2000 °C, the FeO·Al2O3

and MnO·Al2O3 spinels form within the alumina ma-

trix, with their content decreasing upon cooling. The

equilibrium composition of the metallic phase at room 

temperature is as follows (in wt.%): 64.62 W, 13.81 Mn, 

14.80 Fe2W, 4.57 Fe3W6, and 2.63 Fe. Heat balance calcu-

lations demonstrated that the aluminothermic reduction

of wolframite is characterized by high values of thermal

effect (2598.3 kJ/kg of charge) and adiabatic temperature

(3032 °C), the latter calculated without accounting for 

heat losses.

When using the calcium-aluminum master alloy 

(Fig. 2), similar trends to those observed in alumino-

thermy are evident in the metallic phase (Fig. 2, a)a : tung-

sten predominates, with free iron and manganese present

alongside the intermetallic compounds Fe7W6 and Fe2W. 

The distinction lies in the composition of the oxide phase

(Fig. 2, b)bb : instead of aluminum oxide, calcium aluminates

(3CaO · Al2O3 and CaO · Al2O3) are formed, with their 

content increasing as temperature rises. Minor amounts

of 2CaO · Al2O3, 12CaO · 7Al2O3, as well as MnO and 

MnO · Al2O3, are also present. The formation of low-

melting calcium aluminates is expected to lower the slag

melting temperature, thereby improving the conditions

for separation of the metallic and slag phases. The thermal

effect of wolframite reduction using the Ca – Al master 

alloy amounts to 2715.0 kJ/kg of charge, and the calcula-

ted adiabatic temperature (3422 °C) is 390 °C higher than

that for the aluminothermic process.

Table 1
Thermodynamic properties of intermetallic compounds in the Al – Mn, Fe – Al, Al – Ca, Fe – W, and Al – W systems

Phase

Thermodynamic properties

ΔH298, kJ/mol S298, J/(K·mol)
Cp = A + B · 10–3 · T + C · 105 · T –2 + D · 10–6 · T 2, J/(K·mol)

A B C D

12Mn –114.63 340.70 419.562 –269.198 –35.171 407.348

Al6Mn –110.00 176.70 221.702 –78.264 –42.427 85.430

Al4Mn –102.25 121.63 155.796 –46.075 –28.967 56.357

Al11Mn4 –358.70 381.00 458.238 –91.593 –105.47 118.911

FeAl2 –83.40 73.35 114.446 –81.062 –25.624 57.430

Fe2Al5 –213.50 161.00 193.925 –17.371 –32.081 34.052

Fe4Al13 –536.36 402.10 522.340 –169.011 –89.706 138.991

Fe3Al –114.57 110.12 128.594 –40.205 –69.846 29.700

FeAl –53.40 55.55 64.849 –24.714 –23.189 20.485

CaAl2 –87.84 82.00 63.860 25.381 –0.108 0.015

CaAl4 –86.36 143.50 158.541 –77.958 –22.978 94.085

Ca8Al3 –171.93 392.23 312.539 –136.198 –15.157 407.594

Fe2W –8.49 87.200 80.310 –13.302 –7.337 14.415

Fe7W6 –42.12 392.00 380.991 –146.253 –38.792 109.161

Al12W –101.60 371.90 418.928 –223.080 –53.620 266.613

Al5W –93.20 174.00 188.110 –71.110 –31.021 81.122

Al4W –73.81 145.70 125.929 25.669 –12.470 11.683
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Thus, the results of thermodynamic simulation

demon strated that replacing aluminum with a calcium-

aluminum master alloy does not significantly affect the

equilibrium composition of the metallic phase – in both

cases, a W – Fe – Mn alloy with similar component con-

tents is formed. However, the use of the Ca – Al master 

alloy increases the thermal effect of the process by 4.3%

(from 2598.3 to 2715.0 kJ/kg of charge) and raises the

adiabatic temperature by 390 °C (from 3032 to 3422 °C),

which is attributed to the high exothermicity of calcium

oxidation. Furthermore, the formation of low-melting

calcium aluminates instead of refractory corundum is ex-

pected to provide more favorable conditions for the sepa-

ration of smelting products.

Experimental verification of the thermodynamic sim-

ulation results was carried out using thermal analysis fol-

lowed by XRD of the interaction products. Upon heating

a mixture of wolframite with a stoichiometric amount of 

aluminum to 1400 °C on the DSC thermogram (Fig. 3), 
in addition to the endothermic effect corresponding
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to aluminum melting, two distinct exothermic effects

were observed, with onset / maximum temperatures at

893/1057 °C and 1215/1226 °C, respectively. These find-

ings indicate a stepwise mechanism of the reduction

process.

X-ray diffraction analysis of the products obtainedXX

after heating to 1200 °C revealed the formation of a me-

tallic phase with a cubic structure characteristic of tung-

sten and iron (space group Im-3m, a = 0.3161 nm). The

relatively large lattice parameter indicates a predomi-

nance of tungsten in the WxW Fe1 – x solid solution, allow-x
ing this phase to be represented as W0.95W Fe0.05 (Table 2). 
The identified phases in the reaction products include

the intermetallic compound Mn11Al15 and several oxide 

phases: Al2O3, (Fe,Mn)Al2O4, manganese tungstate 

Mn3WO6, as well as residual wolframite with unit cell pa-

rameters a = 0.4817 nm, b = 0.5750 nm, c = 0.4994 nm,c

and  = 89.01°. Based on literature data correlating wolf-

ramite lattice parameters with the Mn/Fe ratio [34], the 

composition of the residual phase was determined as 

Mn0.9Fe0.1WO4. These results indicate that, at the initial

stage of the process, aluminum preferentially interacts

with the iron-bearing components of wolframite.

Further heating to 1400-1450 °C (Fig. 4, Table 2)
is accompanied by the completion of metal reduction

from Mn3WO6 and Mn0.9Fe0.1WO4 via reaction with the

aluminum-based intermetallic compounds formed in 

the preceding stage, ultimately yielding metallic phases

(W0.95WW Fe0.05, W6Fe7). No thermal effects were detected

upon cooling the sample, indicating the irreversibility of 

the transformations that occurred.

The results of electron probe microanalysis (EPMA) of 

the aluminothermic reduction products obtained by heat-

ing the reagent mixture to 1450 °C at a rate of 20 °C/min

are presented in Fig. 5 and Table 3. 

The morphology of the formed products is character-

ized by a fine dispersion of phases, with grain sizes rang-

ing from 100 μm to 1-5 μm. The microstructure is het-

erogeneous; however, a distinct pattern is observable,

consisting of light-colored grain cores rimmed by dark-

er, fine dispersion shells. Results of local point analysis 

(Table 3) revealed that the central regions of the grains

are composed of aluminum-based solid solutions of two 

compositions – (Al,Fe,Mn)5W and (Al,Fe,Mn)12W – 

containing up to 50 wt.% W. The high tungsten content 

can be attributed to the initial formation of intermetallic

compounds based on Al – W [32] and Al – Mn [26], fol-

lowed by their mutual dissolution. Diffusion limitations

arising from insufficient process temperature hinder the 
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Fig. 3. DSC curve obtained during heating (upper curve) and cooling

(lower curve) of a wolframite – aluminum mixture at a rate of 

20 °C/min under an argon flow

Table 2
Charge composition and phase composition of products from aluminothermic reduction of wolframite under continuous

heating conditions (20°/min)

Exp.
No.

Charge composition (wt.%)
tmax, °C

Phase composition (Content, wt.%)

Wolframite Aluminum Metallic phase Oxide phase

1 100 24,5 1200 W0.95Fe0.05 (32,4), Mn11Al15 (12,2)
Al2O3 (38,1), (Fe,Mn)Al2O4 (6,2),

Mn0.9Fe0.1WO4 (9,6), Mn3WO6 (1,5)

2 100 24,5 1400 W0.95Fe0.05 (43,6), W6(Fe,Mn)7 (5,2)
Al2O3 (22,0), (Fe,Mn)Al2O4 (27,5),

SiO2 (1,6)
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Fig. 4. X-ray diffraction pattern of the interaction products of wolframite with aluminum after heating to 1450 °C under an argon flowXX
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complete transfer of tungsten into the reduction prod-

ucts. Nevertheless, a significant number of fine phases

(1-5 μm in size) with a well-defined globular morphology 

were detected across the polished section. These phases

consist of tungsten-based solid solutions with an average 

composition of W0.95W (Al,Fe,Mn)0.05, which is consist-

ent with the XRD data. The composition of the metallic

phases is heterogeneous: in some globules, iron is absent 

(W0.94W Al44 0.05Mn0.01), while in others, manganese is not

detected (W0.96WW Al0.03Fe0.01). However, the compositional

data for the fine grains should be considered approximate

due to the inherent limitations of EPMA when applied to

phases approaching the 1-5 μm size range.

The presence of globular particles, as well as com-

pounds from the Al – Mn – Fe –W system, may be at-

tributed to the initial formation of phases based on the Al

– W system (e.g., Al5W and Al12W) and Fe – W [31] (e.g., 

Fe7W6), followed by their melting and subsequent com-

positional modification through enrichment in tungsten.

Thus, during the aluminothermic reduction of natural

wolframite under continuous heating to 1450 °C, metallic 

phases based on tungsten with dissolved Fe, Mn, and Al

are formed, alongside oxide phases predominantly com-

posed of Al2O3 and (Fe,Mn)Al2O4. The reduction process

proceeds in a stepwise manner and can be described by the

following stages.

Initially, the process involves transformations charac-

terized by a gradual decrease in the molar Fe/Mn ratio 

in wolframite from 1.0 to 0.1, driven by 

the reduction of Fe and W to their metal-

lic states and the formation of tungsten

aluminides. Concurrently, the formation

of manganese aluminide may also occur. 

Based on the XRD and EPMA results, the

transformations taking place during re-

duction can be described by the following

reactions:

                                                                  ,

                                                                  ,

                                                    , 

                                                         ,

Fig. 5. Microstructure and local analysis points in the products of aluminothermic 

reduction of metals from wolframite, obtained after heating to 1450 °C at a rate 

of 20 °C/min under an argon atmosphere: (a, b, c) magnification ×2000 of different 

scanning zones; (d) magnificationdd ×5000

Table 3
Phase compositions at local analysis points in the products of aluminothermic reduction of metals from wolframite, 

according to Fig. 5

Point
No.

Content, wt.% Presumed
phaseO Al P Mn Fe W

1 – 0.2–0.8 – 0.3–0.4 0–0.9 98.4–99.2 W0.95(Al,Fe,Mn)0.05

2 – 28.9–37.7 0.2–0.4 12.8–24.4 1.7–10.9 33.7–49.6 (Al,Fe,Mn)5W

3 36.6–46.7 44.6–53.5 – 0.3–7.0 0.3–8.2 0–8.3 Al2O3

4 – 32.0–37.7 0.2–0.4 12.8–24.4 1.7–2.9 41.0–49.6 Al0.68Mn0.16Fe0.02W0.13

5 – 39.7–49.0 0–0.3 18.7–28.0 3.0–6.9 16.4–38.6 (Al,Fe,Mn)12W
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                                                                                      ,

                                                                                         , 

                                                                                   ,

                                                                                        .

Subsequently, the completion of metal reduction from 

Mn0.9Fe0.1WO4 occurs via interaction with manganese

aluminide according to the following reactions:

                                                 , (11)

                                                                                  , (12)

                                                                               . (13)

The interaction of wolframite with the Ca–Al master 

alloy (69.4% Ca) was studied using an amount of the alloy 

calculated to ensure complete reduction of the metals 

(44 wt.% relative to the mass of the mineral). According

to thermal analysis data obtained by DSC, in addition to

endothermic effects with onset / maximum temperatures 

at 540/545 °C and 1237/1410 °C – corresponding to the 

melting of the master alloy and oxides of the CaO – Al2O3

system, respectively – a series of exothermic effects with 

maxima at 641, 817, and 983 °C were detected (Fig. 6). 
The appearance of these exothermic effects upon heating

the mixture indicates the occurrence of reduction reac-

tions. During cooling, only minor thermal effects with

maxima at 1176 and 1207 °C were observed on the DSC

curve, associated with a phase transition in the W – Fe-

based solid solution. The absence of thermal effects in the

temperature range of 500–700 °C during cooling suggests

that the reducing agent was completely consumed without 

residue.

Upon heating a mixture of wolframite with the cal-

cium-aluminum master alloy to 1250 °C, the reaction

products were found to contain metallic phases struc-

turally corresponding to the compounds W0.7WW Fe0.3 and 

W5.14Fe7.86, as well as an oxide component represented

by calcium aluminates (Ca5.65Al7O16.15, Ca3Al2O6, and

CaAl2O4) (Table 4). The lattice parameter of the W0.7WW Fe0.3

phase (a = 0.3161 nm) is close to that of the product ob-

tained via aluminum reduction; therefore, it is appropriate

to represent the formula of this compound as W0.95W Fe0.05.

The primary distinction between calcium-alumi-

nothermic reduction and conventional aluminothermy 

lies in the complete absence of residual wolframite (of 

the Mn0.9Fe0.1WO4 type), accompanied by the simulta-

neous formation of CaWO4, Ca3WO6, Ca2WMnO6, and 

W0.5W Fe0.5O0.5. The appearance of the latter phase is

attributed to the incomplete reduction of tungsten oxides

during the initial stage, resulting from diffusion limita-

tions imposed by the formation of mayenite (Ca6Al7O16),

whose melting point exceeds the investigated temperature

range (up to 1250 °C). The formation of calcium-con-

taining tungstates with varying stoichiometries indicates 

a fundamentally different reaction mechanism compared 

to aluminothermy. At the initial stage, the process can be

described by the following principal reaction equations 
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Fig. 6. DSC curve obtained during heating (upper curve) and cooling

(lower curve) of a wolframite mixture with the Ca–Al master 

alloy at a rate of 20 °C/min under an argon flow

Table 4
Charge composition and phase composition of products from calcium-aluminothermic reduction of wolframite under

continuous heating conditions (20 °C/min)

Exp.
No.

Charge composition (wt.%)

tmax, °C

Phase composition (Content, wt.%)

Wolframite
Ca – Al

Master Alloy
Metallic phase Oxide phase

1 100 44,0 1250
W0.95Fe0.05 (45,2),

W5.15(Fe,Mn)7.86 (11,0)

Ca5.65Al7O16.15 (25,3), Ca3Al2O6 (3,8),
CaO (3,8), CaWO4 (2,4), CaAl2O4 (1,5),

W0.5Fe0.5O0.5 (2,0), Ca3WO6 (1,7), 
Ca2WMnO6 (1,7)

2 100 44,0 1450 W (16,7), W6(Fe,Mn)7 (7,5)
Ca12Al14O33 (53,2), SiO2 (4,8),

CaAl2O4 (14,3), Al2O3 (3,5)
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(the chemical composition of the master alloy is repre-

sented as Ca0.6Al0.4):

                                                                               

                                                                               , (14)

                                                                                , (15)

                                                                                
, (16)

                                                                                   , (17)

                                                                                      , (18)

                                                  
.            (19)

The results of electron probe microa-

nalysis (EPMA) of the interaction prod-

ucts between wolframite and the Ca – Al

master alloy after heating to 1250 °C

(Fig. 7, Table 5) revealed a fine dispersion 

and considerable diversity of the formed

phases. A zonal distribution within the

particles was identified: the outer regions

are covered by oxide phases, while the

interiors consist of fine metallic grains

(~1–2 μm in size). In some particles, al-

ternating oxide and metallic zones were 

observed. The metallic phases are predom-

inantly composed of solid solutions based

on W5.14(Fe,Mn)7.86, (Fe,Mn)7W6, and

W0.95WW (Al,Fe,Mn)0.05, which is consistent 

with the XRD data. The manganese con-

tent in the ferrotungsten metallic grains

varies within the range of 1.1-9.7 wt.%. 

Additionally, fragments of metallic phases 

corresponding to MnAl were detected across the polished

section. The oxide phases are represented by calcium alu-

minates (Ca5.65Al7O16.15), calcium tungstates (CaWO4, 

Ca3WO6), aluminum oxide (Al2O3), and solid solutions of 

the (CaO – WO3 – MnO)ss type. Nearly all oxide phases, s
with the exception of calcium aluminates, contain both

tungsten and manganese.

Further heating to 1450 °C promotes the completion 

of tungsten reduction, resulting in its accumulation in ele-

mental form and as W6(Fe,Mn)7. The reducing agents are 

most likely the MnAl intermetallic compound identified

by EPMA (Table 5), along with calcium, which exists as 

vapor within this temperature range (1250-1450 °C) and 

is consequently undetected in the cooled product by XRD

and EPMA. The absence of tungsten-containing com-

pounds in the oxide phase (Fig. 8, Table 4) confirms that

the reduction of tungsten by the Ca – Al master alloy is 

complete under the high-temperature experimental con-

ditions.

The reaction scheme above 1250 °C can be represented 

by the following principal equations:

                                                            ,  (20)

                                                                                    ,  (21)
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Fig. 7. Microstructure and local analysis points in the products of metal reduction

 from wolframite using the Ca – Al master alloy, obtained after heating to 1250 °C

at a rate of 20 °C/min under an argon atmosphere: (a) magnification ×1000;

(b) ×2000; (c) ×4000; (d) dd ×10000
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                                                           ,  (22)

                                            ,  (23)

  
                                         ,  (24)

                                                        
  ,  (25)

                                                 ,  (26)

                                  .  (27)

 As noted above, in the aluminothermic process, the

slag phase consists predominantly of corundum (Al2O3, 

m.p. = 2050 °C), which is characterized by high viscosity 

even in the superheated state, complicating the “metal–

slag” gravitational separation and increasing the me-

chanical losses of tungsten. The addition of fluxing addi-

tives (CaO, CaF2) allows for a reduction in the liquidus

temperature and melt viscosity due to the formation of 

low-melting eutectics and aluminates; however, it leads to

charge dilution and a decrease in the specific productivity 

of the process. The use of a Ca – Al master alloy solves

this problem by combining the functions of a reducing 

agent and a source of the fluxing component (CaO). As 

shown in [23], the oxidation of calcium from the master 

alloy is accompanied by the formation of mayenite-like 

phases (e.g., Ca12Al14O33, m.p. = 1455 °C), which, at the

operating temperatures of the process, provide favorable

rheological conditions for the separation of the smelting

products.

Thus, the conducted studies have revealed a fun-

damental difference in the mechanism of wolframite 

interaction with a simple versus a complex reducing 

agent. When aluminum is used, the process proceeds in 

a stepwise manner: initially, aluminum interacts with the 

Table 5
Phase compositions at local analysis points in the products of metal reduction from wolframite using a Ca – Al master alloy,

according to Fig. 7

Point
No.

Content, wt.%
Average phase composition

O Al Ca Mn Fe W

1 – 0.7–1.1 – 0.6–0.7 – 97.5–98.7 W0.95(Al,Fe,Mn)0.05

2 – – 1.4–3.4 6.0–9.7 22.3–24.7 64.3–67.7 W5.14(Fe,Mn)7.86

3 – – 0.4–0.9 1.1–7.1 22.4–25.8 70.5–76.1 (Fe,Mn)7W6

4 – 1.6 – 1.9 6.44 90.0 W0.7(Fe,Mn)0.3

5 46.7 25.2 28.1 – – – CaAl2O4

6 – – 4.9 45.1 10.2 39.8 W13(Fe,Mn)74

7 – 26.1–36.4 0.3–0.5 53.7–64.4 1.4–3.2 6.0–8.1 MnAl

8 37.0–40.1 55.9–57.2 0.3–5.9 – – – Al2O3

9 15.5–19.9 – 19.9–27.6 3.9–6.0 – 49.7–59.6 Ca3WO6

10 13.7–22.4 – 11.4–14.1 1.7–5.9 0.7 62.6–68.3 CaWO4

11 27.9–34.8 1.2–1.5 43.8–52.4 1.8–4.8 1.1–1.2 9.1–17.0 (CaO – Ca3WO6)ss

12 20.7–25.1 – 25.7–28.9 40.5–44.7 1.9 5.7–8.1 (MnO – CaO)ss

13 18.8–26.6 0.4 6.3–12.3 34.5–42.2 1.3–2.6 27.2–32.6 (MnO – WO3 – CaO)ss

14 38.2–46.7 25.2–26.8 28.1–31.5 1.2 – 2.4–3.7 Ca5.65Al7O16.15
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iron-bearing phase of wolframite, leading to the formation

of aluminides of the principal metals and residual wolf-

ramite enriched in manganese; subsequently, the metal 

aluminides reduce the residual wolframite. In the case

of the Ca – Al master alloy, calcium tungstates of vary-

ing stoichiometry and manganese aluminides are formed

at the initial stages; together with calcium vapor, they 

sequentially reduce the calcium-containing tungstates.

Regardless of the type of reducing agent, the final metallic

phases are metallic tungsten and its solid solutions with

Fe and Mn (W0.95WW Fe0.05 and W6(Fe,Mn)7), which is con-

sistent with the results of thermodynamic simulation. A 

distinctive feature of the calcium-aluminothermic process

is the formation of calcium aluminates with a mayenite-

type structure, which transition to a molten state at tem-

peratures above 1450 °C and facilitate contact between the

reducing agent and the residual oxide component.

Conclusions

Regardless of the type of reducing agent employed

(Al or Ca – Al master alloy), the metallothermic reduc-

tion of wolframite yields products of similar composition,

containing metallic tungsten and ferrotungsten. The ad-

vantage of using the Ca – Al master alloy lies in the higher 

thermal effect of the reduction process (2715.0 kJ/kg

versus 2598.3 kJ/kg for Al) and, consequently, in an in-

crease of the adiabatic temperature by 390 °C, which is

attributed to the high exothermicity of the calcium oxida-

tion reaction.

The stepwise nature of the aluminothermic reduction

of wolframite has been experimentally confirmed. Up to a

temperature of 1200 °С, aluminum reacts with the iron-

bearing components of the mineral, forming aluminides

structurally corresponding to Mn11Al15, Al12W, and Al5W, 

alongside a manganese-enriched residual wolframite

(Mn0.9Fe0.1WO4). Increasing the temperature to 1450 °С

initiates the reduction of the residual oxide phase by the

formed tungsten and manganese aluminides, yielding

W0.95WW Fe0.05 and W6(Fe,Mn)7 alloys.

The application of a Ca – Al master alloy (69.4 wt.% Ca)

fundamentally alters the reaction mechanism: at the ini-

tial stage, calcium tungstates of varying stoichiometry 

(CaWO4, Ca3WO6, and Ca2WMnO6) are formed, along

with manganese aluminide. Upon heating above 1450 °C,

MnAl, in conjunction with calcium vapor, ensures the 

complete reduction of calcium-containing tungstates to

metallic tungsten and W6(Fe,Mn)7. When the Ca – Al

master alloy is used, the oxide phase consists predomi-

nantly of low-melting calcium aluminates, which, unlike

the refractory corundum formed in aluminothermy, cre-

ate more favorable conditions for separation of slag and

metal.

Regardless of the type of reducing agent employed, the

interaction of wolframite with either aluminum or a Ca –

Al master alloy culminates in the formation of a metal-

lic product consisting of tungsten and its solid solutions

with iron and manganese. This conclusion is supported by 

the consistent results obtained from both experiments and 

thermodynamic simulation.

The work was carried out according to the State Assignment 
for the Vatolin Institute of Metallurgy of the Ural Branch of 
the Russian Academy of Sciences (IMET UB RAS) using the 
equipment of the Collaborative Usage Center “Ural-M”.
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