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Introduction

C
alcium thermal reduction is a metallothermic 

process of reduction of metals from their oxides, 

halogenides and other compounds. Among other 

reducing agents, calcium has the greatest affinity for oxy-

gen and halogens. However, owing to high cost it would be 

appropriate to be used only for the production of chromi-

um, rare earth metals (REM), some rare metals, uranium, 

thorium and their alloys.

The research of calciothermic oxide reduction ori-

ginated in the middle of the last century in the works by 

W. J. Kroll [1–2], who obtained titanium powder by cal-

cium reduction of its oxide.

Currently, different technological options of a reduc-

tion process are based on different original substances 

containing reduced metals and calcium, as well as auxi-

liary substances, which accelerate the process, lower its 

temperature, or lead to getting the improved economic or 

environmental indicators. Each of these options is cha-

racterized by its own, individual set of chemical processes 

and their proceeding conditions.

The list of calciothermic recovery methods, their ab-

breviation and brief description are given below:

– Kroll method [1–3]. Direct calcium reduction of 

oxides. The process is prolonged and relatively expensive.

– Calcium hydride reduction of metal oxides with cal-

cium hydride [4–5].

– FFC method (Frau, Fartin and Chen). Reduction 

of metal oxides using electrolysis in a molten CaCl2 me-

dium in a bath with graphite anode [6–10].

– OS method (Ono and Suzuki). A combination of 

calciothermic and electrochemical processes with elec-

trolysis in a CaO – CaCl2 melt at 900 оC [9–10].

– EMR, ESR, USTB, EMRIMSE methods. Modifi-

cations of electrolytic reduction in molten salts [9–11].

– PRP method (Preform Reduction Process). Steam 

from a Ca melt into CaCl2 is let pass through the tablets 

pressed from TiO2 powder, where titanium dioxide is re-

duced [12].

– Okabe methods (Okabe T. H.); Xu method (Xu B.-Q.). 

A variation of the PRP method for reducing TiO2 powder 

using Ca vapors passing through the samples pre-pressed 

from TiO2 powder [12–14].

–  CRD method (Calciothermic Reduction-Diffusion); 

RD method (Reduction-Diffusion Process). The method is 

used mainly for the production of powders of alloys and in-

termetallic compounds. In the Ca melt, there are particles 

of oxides of the reduced metal, whose atoms diffuse from 

the melt to the alloying element particles, then they diffuse 

into alloys or intermetallic compounds [15–31].
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1. Thermodynamics of reduction processes

The variety of phenomena that occur during calcium 

reduction of oxides and other metal compounds deter-

mines a wide range of chemical processes going on as this 

take place.

Each of the reduction methods listed above represents 

different sets of such processes. In this connection, it is 

well to consider not the thermodynamics of the reduc-

tion method itself, but the thermodynamics of individual 

processes that make it up. Above all, these processes in-

clude an interaction of metal oxides with calcium (with 

no presence of other chemical elements in the system); an 

interaction of metal oxides with calcium and calcium hy-

dride (calcium hydride reduction); an interaction of metal 

oxides with calcium in the presence of calcium chloride.

1.1. Thermodynamics of calcium reduction of metal oxides

The thermodynamics of these processes is determined 

by equilibrium in Me – Ca – O systems, where Me is the 

metal being reduced. A feature of such systems is the pre-

sence of oxygen in them. If activities of pure Ме and Са in 

the condensed form are assumed equal to 1, then the gase-

ous oxygen activity is determined by its partial pressure. 

Therefore, the isothermal sections of equilibrium ternary 

phase diagrams of the systems will have different appea-

rance at different values of oxygen partial pressure.

The use of ternary phase diagrams of Me – Ca – O sys-

tem for analyzing calciothermic reduction is convenient 

to consider by the example of the most studied Ti – Ca  – O 

system. An isothermal cross-section of this diagram at 

a temperature of 927 oC is shown in Fig. 1.

The diagrams in Fig. 1 illustrate complicated nature of 

phase equilibriums in this system. In the oxygen corner of 

the diagram, there is placed gaseous oxygen in the standard 

state pO2
 = 1 atm (101 kPa, aO = 1). This pressure remains 

constant up to the boundary with CaO, CaTiO3 and TiO2 

oxygen-saturated phases. In titanium condensed phases, 

the amount of oxygen is determined by the concentration 

scale, and oxygen activity aO as well as its partial pressure 

pO2 decrease in discrete steps at the phase boundaries up 

to aO = 0 at pO2
 = 0 in the metal corners of the diagram.

According to Fig. 1, the Ca – TiO2 cross-section is not 

pseudobinary. When original mixture contains xCa � 0.6, 

CaO and Ti phases will be in equilibrium.

The Ca – TiO2 cross-section shows which phases can 

be in equilibrium when original mixture contains xCa < 0.6. 

List of the phases that are in a two-phase equilibrium as 

the calcium content decreases in the area 0.6 < xCa < 1.0 is 

presented in Table 1.

The Ca – TiO2 cross-section shown as a dotted line 

in Fig. 1 points to the possibility of appearance of oxide 

and metal phases resulting from interaction of TiO2 solid 

particles with the calcium melt. However, neither number 

of these phases nor especially the rate of their formation 

during the interaction of TiO2 with Ca and the transition 

from the initial state to equilibrium may be judged from 

the order of their arrangement in Table 1.

The possibility of calcium reduction of oxides of other 

metals is illustrated in Table 2, in which an affinity of oxy-

gen for different metals is represented [32].

From Table 2 it follows that calcium along with REM 

has the most affinity for oxygen.

Table 2 accumulates standard data at a temperature of 

298 К. The dependence of the Gibbs energy of formation 

on the temperature �G 0
T for some oxides [4].

In fact,

�G 0
298 = �H 0

298 – 298·�S 0
298 , (1)

�G 0
T = �H 0

T – T�S 0
T = �H0

298 – T�S0
298 + 

+ ��
T 

298
 �C0

p dT –  ��
T 

298
 �C 0

p dT / T, (2)

where �G0
298, �H0

298, �S 0
298 are the Gibbs energy, enthalpy 

and entropy at a temperature of 298 К; �C0
p is a difference 

in the heat capacities of participants of the reactions.

Table 1.
Phases, located at the intersection points of the Ca – TiO2 

cross-section with the pseudobinary equilibrium line

in Ti – Ca – O diagram (the numbers of points increase

as content of TiO2 in the composition rises).

Temperature is 927 oC

Point 
No. Equilibrium phases

Point 
No. Equilibrium phases

1 	-Ti + CaO 8 TiO1 + x + CaTiO3

2 
-Ti + CaO 9 Ti2O3 + CaTiO3

3 TiO + CaO 10 Ti3O5 + CaTiO3

4 Ca2TiO4 + CaO 11 Ti4O7 + CaTiO3

5 Ca2TiO4 + Ca3Ti2O7 12 Magnéli phases + CaTiO3

6 Ca2TiO4 +  Ca4Ti3O10 13 Ti20O39 + CaTiO3

7 Ca2TiO4 + CaTiO3 14 TiO2 – x + CaTiO3
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Fig. 1. Isothermal cross-section of a phase diagram of Ca – Ti – O 

system at a temperature of 927 оC
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In all main overall reactions of metallothermy 

Ме IО + МеII = МеI + МеIIО  (3)

all participants of the interaction are in a condensed state. 

Typical temperatures for metallothermic reactions are 

800–1100 оC. As a rule, these temperatures are higher 

than characteristic temperatures (Debye temperatures) 

for all participants of the reactions. Therefore the diffe-

rence in the heat capacity of the left and right parts of the 

reaction (3) is close to zero and

 ��
T 

298

 �C0
p dT –  ��

T 

298

 �C 0
p dT / T � 0.  (4) 

As a result of this, linear dependences �G 0(T) may be 

used for approximate technical computing without any 

special errors.

Much greater difficulties are encountered in thermo-

dynamic calculations of metallothermic reactions, inclu-

ding the calciothermic ones, with the production of two- 

or more multicomponent final products — solid solutions 

or intermetallic compounds.

For this type of reaction:

МеIО + Са+ МеII = МеIМеII + СаО,  (5)

where МеIМеII is a solid solution or intermetallic com-

pound formed by metal МеI and metal МеII.

The Gibbs energy of Ме IМеII formation contributes 

to the resulting change in the Gibbs energy of the reac-

tion (5) besides the difference in the Gibbs energy between 

CaO and МеIО.

From a practical point of view, reactions of type (5) are 

of special interest in the cases where МеIО oxide is found 

to be thermodynamically stronger than СаО, that is, МеIО 

could not be reduced by calcium.

Calciothermic reduction of yttrium oxide, studied in 

[28], exemplifies this reaction:

Y2O3 + 3Ca + 4Ni = 3CaO + 2YNi2. (6)

The Gibbs energy of this reaction calculated in view 

of YNi2 formation at temperatures of 950–1050 оC, was 

significantly negative (from –367 to –389 kJ/mol), that 

is, the possibility of YNi2 formation was confirmed, which 

was proved experimentally [28].

Thermodynamic calculations of the type (5) reactions 

become complicated by the need for availability of ex-

perimental data on thermodynamic functions of МеIМеII. 

These calculations are relatively simple if  МеIМеII repre-

sent phases of constant composition. Otherwise, it is nec-

essary to know the activities of metals, their concentration 

and temperature dependences, especially when forming 

solid solutions based on one of the metals.

Given such dependences or at least their approximate 

estimation, it becomes possible to calculate critical values 

of МеIМеII concentrations, at which calcium reduction of 

МеIО by reaction (5) can take place.

Above there is discussed the thermodynamics of the 

processes, in the reaction zone of which present are only 

the elements that are constituents of the initial and end 

products of the reaction — calcium, oxygen, reducible 

and alloying metals.

From a technical point of view, it turned out to be 

promising to use in the processes of calciothermic reduc-

tion some auxiliary substances, the elements of which are 

not consumed in the reaction and are not included into 

the final products. The advisability of using such sub-

stances may have economic, ecological or technical rea-

sons. Economic reasons are the consequence of using 

cheaper initial materials than metal calcium, simpler and 

cheaper ways of preparing the original charge, extracting 

and cleaning the final products. Ecological reasons lie in 

the possibility of easier and fine cleaning of flushing solu-

tions at the final operations of calcium thermal reduction.

The most prevalent and commonly used auxiliaries in 

calciothermic processes are calcium hydride and calcium 

chloride. The thermodynamics of processes with the use 

of these substances is discussed below.

1.2. Thermodynamics of calcium hydride reduction

The application of calcium metal for reduction of ther-

modynamically strong oxides in industrial conditions is 

difficult, since it is almost impossible to make a dispersed 

powder from it, which is necessary to obtain a homoge-

neous charge mixture.

In this connection it is advisable to use brittle calcium 

hydride CaH2, obtained by the interaction of calcium 

metal with hydrogen at temperatures of 400-500 оC by 

exothermic reaction (192.6 kJ/mol), as a reducing agent:

Ca + H2 = CaH2 (7)

Table 2.
Gibbs energy ��G

0

298 and enthalpy of formation

of �H
0

298 oxides, kJ/g-atom O

Oxides –�G
0

298 –�Н
0

298 Oxides –�G0
298 –�Н0

298

CaO 607.1 635.1 Ta2O5 390.6 417.8

La2O3 – 637.6 Na2O 385.2 416.6

TiO 594.5 607.1 V2O3 381.0 412.8

ThO2 587.4 611.3 MnO 368.4 404.0

BeO 586.2 619.6 Nb2O5 364.3 387.7

MgO 569.4 611.7 Cr2O3 349.6 377.6

Li2O 561.0 595.8 K2O 326.6 360.9

BaO – 556.8 Mn3O4 – 373.0

Al2O3 523.3 548.9 MoO2 273.8 298.9

Ti2O3 – 541.4 V2O5 269.2 312.3

ZrO2 510.8 540.1 WO2 265.0 276.3

UO2 – 529.6 FeO 259.6 269.2

B2O3 397.7 486.9 WO3 252.9 272.1

V2O2 397.7 481.5 MoO3 238.2 246.2

TiO2 427.1 456.4 NiO 217.7 244.5

SiO2 406.1 431.2 CuO – 157.0

U3O8 442.1 442.1 – – –
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Calcium hydride is a brittle salt-like compound of 

ionic type, which is easily crushed into a powder, thus al-

lowing to obtain homogeneous mixtures with powders of 

metals and their oxides. At temperatures above 800 оC, 

CaH2 is actively decomposing with formation of calcium 

and atomic hydrogen. The latter instantly forms the hydro-

gen molecule H2. Meerson G. A. and Kolchin O. P. have 

shown by thermodynamic calculations and experimen-

tally that the main role in reduction of chemically strong 

oxides plays calcium in the liquid and partially gaseous 

states rather than atomic hydrogen, the reducing activity 

of which is significantly lower than that of calcium [33].

When analyzing the equilibrium state in a calcium-

hydrogen system, one should take account of not only the 

influence of temperature, but also a pressure, that is, to 

consider the phase diagram in the temperature–pressure–

composition coordinates [34–35]. Due to the complex-

ity of constructing and perception of information on such 

three-coordinate diagrams, it is advisable to consider two-

coordinate diagrams that are cross-sections or projections 

of the three-coordinate diagram.

Two-coordinate diagrams for calcium-hydrogen sys-

tem are represented in Fig. 2–5. 

The diagram in Fig. 2 is a projection of the maximum 

solubility lines of the Ca – H three-coordinate phase dia-

gram onto the temperature–composition plane. One can-

not use this diagram to determine the equilibrium phase 

composition without additional information about iso-

therms or isobars of hydrogen solubility.

The diagram in Fig. 3 is a projection of the three-phase 

invariant equilibrium lines onto the pressure–temperature 

plane. This diagram gives an idea of the phase transforma-

tions in Ca – H system and allows one to build isobaric 

and isothermal cross-sections, but it also cannot be used 

to determine compositions of the equilibrium phases.

Fig. 4 demonstrates an example of an isobaric cross-

section of a spatial diagram of Ca – H system. Such 

diagrams serve as typical example of type II diagrams in 

which an intensive property (temperature, pressure) is laid 

off along one coordinate axis, and an extensive property 

(composition) is plotted on the other [36]. These diagrams 

make it possible to determine the equilibrium phase com-

positions at given values of temperature and pressure.

A type I diagram [36] in the hydrogen pressure – tem-

perature coordinates is shown in Fig. 5. It defines the do-

mains of existence of different phases at given values of 

two intensive properties (temperature and pressure). Only 

single-phase domains are indicated in this diagram. The 

equilibrium compositions of these phases can only be 

determined if there are isotherms or isobars of hydrogen 

solubility. Such isotherms are available in [34–35].

The behavior of calcium hydride when heated in ar-

gon to a temperature of 1200 oC was studied in [37]. Fig. 6 

illustrates the results of thermal analysis obtained in this 

work, carried out on a differential scanning calorimeter on 

being heated in the temperature range of 20–1200 oC 

at a rate of 10 oC/min.

Analysis of thermograms (Fig. 6) using the depend-

ences of hydrogen equilibrium pressure upon the temper-

ature during CaH2 dissociation [34]:

lgPH2
 = 12.32 – 9610/T (600–780 oС)  (8)

lgPH2
 = 11.62 – 8890/T (780–890 oС)  (9)

has demonstrated, that the process of calcium hydride 

dissociation begins at a temperature above 345 oC, but 
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active phase transformations take place at a temperature 

above 800 oC. At first, a solid-phase polymorphic con-

version of �-CaH2 ���-CaH2 is performed with a maxi-

mum endothermic effect at 815–818 oC; starting from 

the temperature of 825–827 oC, an intense dissociation 

of calcium hydride occurs with simultaneous calcium 

melting and the formation of a melt by �-CaH2 � L + 

+ H2� reaction. The melting point of Ca is 840 oC, but 

according to [38], the presence of impurities in indust-

rial calcium leads to a significant decrease in the melting 

temperature.

The processes, which occur on heating a mixture 

of powders of calcium hydride and metal oxide, can be 

traced by the example of CaH2 + TiO2 mixtures. When 

such mixture is heated, the decomposition of calcium 

hydride takes place sequentially, which sharply increases 

when the melt appears near 825–850 oC; at this tempera-

ture, the process of TiO2 reduction begins (Fig. 7).

When heating the mixtures of CaH2 powder with pow-

ders of two or more metal oxides, the reduction processes 

of particles of different metals happen simultaneously 

orsequentially with the formation of powders of alloys or 

intermetallic compounds at the final stage according to 

the following scheme:

MeIO + MeIIO(MeII) +

+ CaH2 � (MeIMeII) + CaO + H2�.  (10)
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The reducing agent in this process is still calcium 

metal, which is in a liquid state. The reduction stage 

in complex systems usually takes place at temperatures 

around 900 oC, and alloy formation becomes noticeable 

at these temperatures. An examination of the processes 

that occur in this case by the example of the formation of 

intermetallic compounds TiNi, TiFe, TiAl, NiAl, Ni5La, 

SmCo5, ZrAl and others will be discussed below.

1.3. Thermodynamics of calcium chloride reduction
        of metal oxides 

Recently, varieties of calciothermic reduction of metal 

oxides with the use of calcium chloride CaCl2 as an auxiliary 

substance have become widely used [6, 7, 9, 12, 21, 39–43]. 

This group includes such methods as FFC, OS, EMR, 

ESR, ISIB, EMRI MSE, and RPR.

Due to widespread use of calcium chloride in calcium 

thermal reduction, it is interesting to consider in more de-

tail the properties of this compound and the phase equilib-

riums in Ca – CaO – CaCl2 system.

Calcium chloride CaCl2 is a compound with an ionic 

type of chemical bond. In its normal state, it is a hygro-

scopic powder with a density of 2.15 g/cm3, a melting 

point of 772 oC and a boiling point of 1600 oC.

Up to 20 mol% CaO and about 4 mol% Ca can be dis-

solved in molten CaCl2 [9–10, 41, 43]. Segment of the 

isothermal cross-section of a ternary phase diagram of 

CaCl2 – CaO – Ca system at a temperature of 927 oC is 

shown in Fig. 8. Calcium activity in its saturated solution 

in CaCl2 is equal to 1. In accordance with this, the r edu-

cing ability of such a solution is the same as that of pure 

calcium. The activity of calcium and its reducing capabili-

ties to decrease residual oxygen in the solid solution after 

the reduction of metal oxides decreases, as the calcium 

concentration in CaCl2 solution relative to the saturated 

one lessens.

As it is shown in [21], the oxygen content in a Ti-based 

solid solution in the equilibrium state of the system:

O (in Ti) + Ca (in CaCl2) � CaO (in CaCl2)  (11)

is defined by equation:

ln([O]) = ln(r) – 7020/T + 2.49 ,  (12)

where [O] is concentration of O, at%; r = aCaO/aCa; 

T is temperature, К.

Temperature dependences of the oxygen content in a 

solid titanium solution calculated by equation (12) for dif-

ferent values of r are shown in Fig. 9. The hatched graph 

segment indicates an area of experimentally obtained 

values of the oxygen amount in titanium, which are pre-

sented in different papers [4, 21, 41, 44].

As appears from Fig. 9 and equations (11) and (12), 

the minimum oxygen content in the final product 

may be achieved if the reduction process is performed at 

aCa = 1 and aCaO < 1, to which the hatched area of the 

diagram in Fig. 8 corresponds.

In practice, it is difficult to keep optimal reduction 

conditions during entire process, since CaO is continu-

ously formed during the reaction and Ca content decrea-

ses, the r value rises and the oxygen content in the resul-

ting titanium-based solid solution increases.

The densities of liquid Ca, CaCl2 and solid TiO2 parti-

cles at 900 oC are 1.357, 2.01 and 4.23 g/cm3, respectively. 

Fig. 7. Thermogram for heating a СаН2 + TiO2 mixture within the range 

of 20–1200 oС

Fig. 8. Part of an isothermic cross-section of ternary phase diagram 

of CaCl2 – CaO – Ca system at a temperature of 927 оC

Fig. 9. Equilibrium concentration of oxygen in titanium. The ratio 

of CaO and Ca activities is denoted by an ‘r’ symbol [21]
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Such a large difference in density leads to the fact that the 

molten Ca does not contact directly with TiO2 in real pro-

duction devices. Nevertheless, Ca is fairly well dissoluble 

in CaCl2 (3.9 mol% at 900 oC) with the resulting contact 

of Ca with TiO2 particles.

Generally, as appears from the given thermodynamic 

estimates, the closer the system is to equilibrium, the less 

final metal contains oxygen, but the more expensive the 

product will be, since achieving an equilibrium state re-

quires a long time and decreases productivity. Besides, the 

inevitable oxidation of the powder occurs and the amount 

of oxygen in it increases because of washing, crushing, 

drying. That is why the experimentally obtained values of 

the oxygen content in titanium, which are shown in Fig. 9, 

exceed the ones calculated for equilibrium conditions.

It is interesting nevertheless to note that as follows from 

Fig. 8 and 9 and equations (11) and (12), the reduction in 

the presence of CaCl2 melt has the principal possibility of 

a deeper purification of metals from oxygen impurity than 

calcium reduction even at aCa = 1.

To use this feature, it is necessary to perform reduction 

in a CaCl2 melt under conditions with aCaO << 1.

2. Mechanism and kinetics of reduction processes

The process of reducing solid metal oxide particles 

with calcium melt consists in the disappearance of solid 

particles of original oxide and formation of solid metal 

particles and calcium oxide. The system transition from 

initial non-equilibrium state to the final equilibrium one 

can be carried out using three main mechanisms.

The first mechanism consists in the adsorption of cal-

cium atoms from the melt to the surface of original oxide 

particles, formation of calcium oxide layers on the surface 

of particles, following diffusion of oxygen atoms into these 

layers and formation of solid metal particles in place of the 

central parts of original oxide particles. This mechanism 

is carefully examined in [21] using the example of TiO2 

particle reduction.

The second mechanism, known as ‘fragmentation’ 

and thoroughly studied in powder metallurgy by the ex-

ample of liquid phase sintering [45], involves rapid diffu-

sion of calcium atoms from the surface of original oxide 

particles towards the center along the boundaries of oxide 

grains, the formation and growth of CaO layers on each of 

oxide grains, and resulting initial oxide particle splitting 

into the number of particles corresponding to the number 

of grains that made it up.

The third mechanism is a sort of recrystallization 

through the liquid phase, also known in the theory of sin-

tering [45–46]. It implies that original oxide particles are 

dissolved in the calcium melt, the nuclei are formed and 

metal particles grow from them in the calcium melt.

The predominance of any of these mechanisms is de-

termined by many factors. The main ones are the ave rage 

size of original oxide particles and their size distribu-

tion, structure and state of the surface of oxide particles, 

chemical composition of the initial mixture, the reduction 

temperature, and technological features of the process 

(gas composition and pressure, mixing, force field im-

pacts, etc.).

Each of these factors initiates a specific reduction 

mechanism. In particular, large monocrystalline oxide 

particles tend to the reduction by the first mechanism, 

polycrystalline particles by the second, and fine and na-

nocrystalline particles – through the third one.

In practice, especially if having regard to the fact that 

all commercial-grade powders are characterized by the 

particle size distribution, one can expect the demonstra-

tion of all three mechanisms in different proportion in all 

the reduction cases.

Mechanisms of high-temperature electrolytic calcio-

thermic reduction are not considered in the review, since 

they call for separate discussion. It is only possible to point 

out the works [6–10], in which individual features of the 

electrolytic reduction mechanisms are implemented 

jointly or parallel with the above-mentioned ones. 

The mechanism of reduction of oxide particles by cal-

cium vapor in the absence of a liquid phase in the form of 

pure calcium or its solution in CaCl2 is similar to the first 

option described above.

The rate of calciothermic reduction is influenced by: 

temperature; size, composition and structure of the origi-

nal oxide particles; composition of the initial charge (the 

ratio of metal oxide and calcium), calcium state in the 

form of vapor, melt, solution in calcium chloride or 

another solvents; processing factors (features of the reac-

tor design, a possibility of mixing during reduction, a 

possibility of affecting by the force fields, such as ul-

trasound), composition and pressure of gases in the reac-

tor atmosphere.

The deciding factor affecting the reduction rate is tem-

perature. Most of the processes that define all three reduc-

tion mechanisms described above are diffusive. The rate 

of diffusion depends exponentially on temperature, hence 

the reduction reaction rate, as a whole, also depends on 

temperature exponentially.

It has been experimentally established that the temper-

ature of calciothermic reduction of all metal oxides lies in 

the range of 800–1100 oC. Within these limits, the process 

rate increases multiply. But in practice, when choosing the 

reduction temperature, one have to be guided not only 

by the process rate and, accordingly, on its efficiency, but 

also by the capacity for work of the reactor metal struc-

tures, as well as by an increase in the reduced metals of 

the impurities dissolved in them as well as oxygen in some 

cases. The latter option relates, in particular, to titanium, 

which has a transition temperature (�–�) of 885 oC, and 

contains more oxygen in the �-solid solution than in the 

�-solid one.

3. Process flowsheets and equipment

As indicated earlier, many variants of calciothermic 

reduction are currently being developed. Among manu-

facturing operation of these methods, it is possible to pick 
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out both main operations, which 

are present in almost all methods, 

and the individual ones.

Processing and preparation of 

raw materials, preparation of charge, 

reduction, hydrometallurgical treat-

ment of reduction products: slaking 

of sintered reaction products (cake), 

cake grinding, washing, drying and 

screening of powder may be attrib-

uted as main operations.

The basic flowsheet of calciother-

mic reduction is shown in Fig. 10.

Some oxides, especially the 

hygro scopic ones (TiO2, Cr2O3), 

are calcined at 800–900 oC before 

mixing and grinding. Mixing and 

grinding are most often carried out in ball mills; the ball 

material and sometimes the lining of the drum walls are 

chosen taking into account the minimization of resulting 

contamination of the source materials.

Reduction is usually implemented at temperatures of 

800–1200 oC in reactors that have peculiar features for 

each reduction method.

Cake slaking, grinding, washing, drying and screening 

are carried out using standard metallurgical equipment in 

accordance with the process flowsheet (Fig. 11) [4].

When slaking the crushed cake, calcium oxide and ex-

cess calcium react with water to form calcium hydroxide 

Ca(OH)2 and a small amount of hydrogen from the inter-

action of Ca with H2O. These reactions are accompanied 

by heat release. To avoid oxidation of the reduced metal, 

the slaking temperature is maintained no higher than 60 oC, 

which is regulated by the water supply.

After slaking, the cake is subjected to wet grinding in ball 

mills. The resulting pulp is treated with hydrochloric acid. 

As a result of the interaction of calcium hydro xide with 

acid, a well-soluble in water calcium chloride is formed:

Ca(OH)2 + 2HCl = CaCl2 + 2H2O.  (13)

The treatment is carried out on constant stirring and 

water supply up to pH 5–6. The treatment temperature 

should not exceed 40 oC. After acid treatment, the pow-

der is washed from calcium chloride with water and dehy-

drated by centrifugation, then subjected to vacuum drying 

and screening.

The process flowsheet (Fig. 10) is valid for the simplest 

cases of applying the Kroll process for the molten calcium 

reduction of oxide of one metal, for example, titanium 

dioxide. Process flowsheets become more complicated for 

more intricate cases, for example: when using mixtures of 

oxides and metals as initial substances to produce powders 

of metal alloys or intermetallic compounds; when intro-

ducing auxiliary substances (calcium hydride, calcium 

chloride, etc.) into the reaction zone; on combining the 

calcium reduction process with electrolysis, etc. An exam-

ple of such a scheme for calcium hydride process is shown 

in Fig. 12.

Instrumentation of numerous variants of engineer-

ing processes of calciothermic reduction is mainly pro-

vided by standard equipment used in metallurgical and 

chemical industries. The exception is the apparatus

of the main, principal operation of calcium thermal 

Mixing, grinding

MeO Сa

Reduction

Cake slaking

Grinding

Washing

Drying

Screening

Fig.10. Basic process 

flowsheet of 

calciothermic 

reduction
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HCl

Fig. 11. Process flow diagram of hydrometallurgical processing of a cake: 

 1 – tank for slaking, 2 – evaporator, 3 – acid gauging tank, 4 – 

tank for leaching, 5 – centrifuge, 6 – vacuum drying oven, 7 – 

screen machine

Fig. 12. Process flowsheet of manufacturing powders of metals and alloys 

by calcium hydride method

Original raw material: calcium, powders of oxides and metals

Drying of oxides, metals Hydrogenation of calcium

Grinding of calcium hydride, charge mixing
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reduction — a high-temperature reduction of oxides. These 

operations are performed in high-temperature reactors, 

the design features of which embody the main distinctions 

between the reduction methods.

The main requirements for the materials of these reac-

tors are high hot strength and corrosion resistance, and 

that for the constructions are the presence of a heating 

device, convenience of loading the initial and unloading 

the final reaction products, tightness and ability to work 

in a gas medium atmosphere of a given composition. For 

industrial reactors it is desirable to predict the possibility 

of continuous process.

Research laboratory reactors differ in the use of various 

design and corrosion-resistant high-temperature steels, 

alloys and ceramics. In some reactors, the reactor volume 

is divided into two parts. At the bottom, there is a bath for 

melting calcium or calcium in calcium chloride; at the top 

part, separated from the bottom one by a lattice, there is 

placed the metal oxide being reduced in the form of the 

pieces or porous briquettes compressed from powders. In 

this case, the melt does not directly interact with the solid 

oxide, and the reduction takes place in calcium vapors 

[9, 19, 40, 47–49].

Fig. 13 shows the scheme of an industrial-scale plant 

for producing calciothermic powders of metals and al-

loys [4].

A heat-resistant chromium-nickel (0.2 C, 22.0–25.0 Cr, 

17.0–20.0 Ni, 1.0 Si, 2.0 Mn, wt.%) steel container of di-

ameter 620–720 mm is placed into the furnace lined with 

refractory masonry. The furnace is heated by gas burn-

ers that provide an operating temperature up to 1200 oC. 

Container with the charge is installed into a furnace pre-

heated up to 700–800 oC using a jib. The furnace tem-

perature is being increased for 4–8 hours to 1200±30 oC, 

next is the holding for 8–20 hours. Reduction is carried 

out in argon. After cooling, the container with the reac-

tion products is sent to the hydrometallurgical processing 

area. The output of such a process in one cycle reaches 

250 kg of the finished powder, depending on unit weight 

of the material.

4. Composition, structure and properties of powders
4.1. Metals and alloys
4.1.1. Titanium and its alloys

The process of obtaining titanium powder is histori-

cally one of the best-understood in calcium thermal re-

duction. The purpose of many studies on this topic was 

not only to obtain a valuable commercial product (tita-

nium powder), but also to research into the regularities of 

a calciothermic process as a whole. The advantages and 

disadvantages of various variants of this method have been 

studied by the example of titanium dioxide reduction.

Metallothermic production of titanium sponge and 

powder originated in works by W. J. Kroll [1–2]. The 

methods and apparatus of these works were later used 

as the basis for calciothermic reduction of titanium di-

oxide as well. Rapid development of these works took 

place at the end of the last century and the beginning of 

the present one.

Calciothermic powders of titanium have been obtained 

at once by the Kroll process [15], calcium hydride method 

[4–5, 50], calcium reduction if there is CaCl2 [21], cal-

cium vapor reduction [12, 42], combined calcium and 

electrochemical reduction methods [6, 9–10, 51]. Ther-

modynamics, mechanisms, process flowsheets and ap-

paratuses of these processes are described in the previous 

sections, and properties of the obtained powders are listed 

in Table 3.

Particular attention in studies of calciothermic reduc-

tion of titanium dioxide has been given to identifying the 

potential of the deepest possible titanium refinement from 

oxygen impurities in its solid solution. Thermodynamic 

calculations have shown that it is possible to remove oxy-

gen from titanium up to infinitesimals [21]. Moreover, the 

depth of cleaning from oxygen is determined not only by 

the calcium affinity to oxygen at aCa = 1, but also by the 

minimum possible values of activities of oxidation prod-

ucts, i.e. by the ratio r = aCaO / aCa [21]. The possibility of 

reducing the magnitude of aCaO and therefore that of r to 

very small values occurs when using a melt in which not 

only aCa = 1, but also aCaO << 1, as a deoxidizing medium. 

Such a medium, in particular, is the CaCl2 melt. In prac-

tice, as shown in [21], when comparing thermodynamic 

calculations with experimental values of various works, 

the degree of purification from oxygen is 10–100 times 

worse (Fig. 9). This is explained by the fact that under 

the conditions close to equilibrium, the reduction proc-

ess progresses infinitely slow and takes place at values of 

r = 0.2–0.4, which corresponds to the oxygen content in a 

solid titanium solution of CO = 103 – 105 ppm.

4.1.2. Hafnium 
Hafnium powder was obtained in [56] by calcium 

reduction from HfO2 powder by the Kroll process in a 

steel hermetic retort in an argon atmosphere. Chemical 

composition and properties of the powder are given in 

Table 3.
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Fig. 13. Scheme of a gas-heated shaft furnace [4]:

 1 – container; 2 – charge; 3 – retort cover; 4 – central branch 

pipe; 5 – side branch pipes; 6 – plug; 7 – furnace; 8 – gas 

burners; 9 – furnace refractory masonry



40

R A R E  M E T A L S ,  S E M I C O N D U C T O R S

Table 3.
Properties of calciothermic powders of metals and alloys 

No. Original charge

Chemical composition of the finished powders, wt% Properties

Method of making Source Base 
metal

Alloying 
element

Impurities
dav, μm Others

O C H Ca The rest

1 TiO2 powder,
Ca granules

Ti – 0.13–0.18 – – – – 2–6 – Kroll process [15]

2
TiO2 powders, Ca, 
СаН2 granules

Ti – 0.2–0.3 0.05 0.35 0.08 

Cl-0.04
Si-0.10
N-0.08

�(Fe + Ni) = 0.4

40–60
Bulk density 

1–1.5 g/cm3; 
doesn’t flow

Calcium hydride 
method

[4]

3 TiO2 powder 
(rutile, anatase), 
Ca granules, CaCl2 

powder, 
CaClO4 powder

Ti – 0.10–0.15 – – – – 10–20 –
Method with the 
use of CaCl2 melt

[21, 
52]

4
TiO2 powder, CaCl2 

powder, Ca granu-
les, coarse Ti

Ti – 0.09 – – 0.17 Si-0.28 8–15 –
Ca vapor 
reduction

[53– 
54]

5
TiO2 powder, CaCl2 

powder,
Ca gra nules

Ti – 0.08 – – – – 5 –

Method of com-
bined calcium and 
electroche mical 
reduction

[6, 9– 
10]

6
TiO2, Nb2O5, Ta2O5 

powders, 
lump CaH2

Ti
Nb-30.1
Ta-17.4

0.12 0.081 – 0.43

Ni-0.3
Fe-0.085

N-0.12
S-0.0014

28.8
Bulk density 
1.5 g/cm3; 

doesn’t flow

Calcium hydride 
method

[55]

7
TiO2, Nb2O5, ZrO2, 
CaH2 powders

Ti
Nb-33.2

Zr-8.6
0.081 – – 0.40

Ni-0.2
Fe-0.070
N-0.072
S-0.001

29.9
Bulk density 
1.2 g/cm3; 

doesn’t flow

Calcium hydride 
method

[55]

8
V2O3, 
CaH2 

powders
V – 0.25 0.07 – 0.07

N-0.05
Fe-0.15
Ni-0.1
Si-0.1

<100
Bulk density 
1.1–1.5 g/cm3

Calcium hydride 
method

[4]

9
HfO2 powder, Ca 
granules

Hf – 0.69 – – 0.07
Zr-3.4
Ti-0.10
Fe-0.10

– – Kroll process [56]

10
Nb2O5 powder, 
CaH2 

Nb – 0.52 0.012 1.0 –

Al-0.1
Fe-0.025
Si-0.020
V-0.060

– –
Calcium hydride 
method

[23]

11
Nb2O5 powder, Ca 
granules, CaCl2 

powder
Nb – 0.6–0.8 – – 0.06–0.15 Na-0.056 1

Ssp =
= 1.4–3.4 m2/g

Ca reduction
in a CaCl2 melt

[57– 
58]

12
Ta2O5 powder,
Ca granules

Ta – 0.15 0.28 – 0.08

Fe-0.05
Mg-0.08
Nb-0.11
Si-0.05

– – Kroll process [47]

13
Ta2O5 powder, Ca 
granules, CaCl2 

powder
Ta – 0.5–0.7 0.075 0.22 0.01–0.06 N-0.51–0.65 1–5

Ssp = 
= 1.0–1.6 m2/g

Kroll process;
Ca reduction 
in a CaCl2 melt

[58– 
59]

14
Cr2O3 powder, lump 
CaH2

Cr – – 0.07 – –

Ni-0.1
Si-0.1
Fe-0.2

N-0.009

100–150
Bulk density 

2.0–2.5 g/cm3; 
doesn’t flow

Calcium hydride 
method

[4]

15
YF3 powder,
Ca granules

Y – 0.8 – – – N-0.04 – – Kroll process [60]

16
Powders of  REM 
oxides, Ca granules

Ce
Sm
Y

Dy
Gd

– 1.0–0.5 – – – – – –
Kroll process;
Ca reduction
in a CaCl2 melt

[61–
65]
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4.1.3. Vanadium
The raw material for producing vanadium powder 

is vanadium oxide V2O5. The immediate use of pen-

taoxide is impossible, since the reaction of its calcium 

hydride reduction proceeds with an explosion. There-

fore, first V2O5 is reduced with hydrogen to V2O3, and 

then that to vanadium with V2O3 calcium hydride [4]. 

Properties of the obtained vanadium powders are listed 

in Table 3.

4.1.4. Niobium  
Calciothermic niobium powders were obtained by cal-

cium hydride reduction of niobiumpentoxide [23] and 

reducing Ca in the CaCl2 melt [57–58]. The original 

powders of niobium pentoxide Nb2O5 had some diffe-

rences in the content of impurities, crystal structure, and 

specific surface area, which led to a spread in composition 

and properties of the final reduction products, i.e. nio-

bium powders (Table 3).

4.1.5. Tantalum 
The calciothermic reduction of tantalum from its ox-

ide has been studied in the works [12, 47, 58–59, 66–67].

In the earliest work [47], tantalum was obtained by 

calcium reduction of its pentoxide in a bomb. Sulfur was 

added to the initial charge as a catalyst; this lowered the 

reduction temperature. Ta powder contained a significant 

amount of impurities (Table 3) and was intended for the 

production of ingots by bombardment melting, in which 

the content of impurities was significantly decreased.

4.1.6. Chromium 
The composition and properties of chromium powder 

obtained by calcium hydride reduction of Cr2O3 are tabu-

lated in Table 3 [4].

4.1.7. Yttrium
In [60], the fundamental possibility of reducing YF3 

with calcium was established. The reduction was per-

formed using the Kroll process in a molybdenum con-

tainer. The reduction of yttrium fluoride took place com-

pletely, but the final product, metal yttrium, has included 

significant irregular molybdenum impurities, formed be-

cause of yttrium interaction with the walls of molybdenum 

container. The content of other impurities may be found 

in Table 3.

4.1.8. REM
Information about making, composition and proper-

ties of calciothermic powders of various REM is also con-

tained in [43, 68].

4.2. Intermetallic compounds
4.2.1. Titanium-aluminium system 

Ti3Al, TiAl, TiAl3 aluminides were obtained by the 

Kroll process through the reduction of a mixture of 

TiO2 and Al2O3 powders with calcium melt or vapor, by 

reducing Ca from a CaCl2 melt, by the calcium hydride 

method [43, 68, 69]. The latter is recommended as the 

most handy and productive. The particle size of aluminide 

powders, the content of oxygen and calcium in them are 

tabulated in Table 4.

The same opinion about the prospects of the calcium 

hydride method application for producing TiAl powder 

was reached in [4].

4.2.2. Titanium-nickel system 
In [70, 71], a process of joint sintering and calcium 

vapor reducing a prepressed mixture of nickel and tita-

nium hydride powders from a calcium melt was studied. 

Calcium vapors are used to remove oxygen both being 

present in the initial powders and appearing during the 

mixing and pressing of powders. The final product was a 

compact, the properties of which are shown in Table 4. 

Conditions for obtaining a single-phase TiNi powder by 

calcium hydride method are presented in [72]. It is shown 

that the mechanical and functional properties of TiNi cal-

cium hydride intermetallic compound can be significantly 

improved by thermo-deformation treatment [73, 74].

4.2.3. Titanium-chromium system
Powder of TiCr2 intermetallic compound was manu-

factured by the reduction of a mixture of chromium oxide 

and titanium powders with calcium melted in CaCl2. The 

final powder comprises the agglomerates consisting of sin-

tered TiCr2 particles of size up to 10 μm. The size of TiCr2 

particles has depended on that of the original oxides. The 

resulting powders are recommended as hydrogen absor-

bers [39, 75, 76].

4.2.4. Titanium-iron system
Synthesis of powders of TiFe intermetallic compound 

was performed in the process of calciothermic reduction 

of TiO2 or FeTiO3 (ilmenite) powders with calcium in 

the mode of self-propagating high-temperature synthesis 

(SHS) [77] or with calcium hydride [78]. A hydrogen ab-

sorption capacity was determined for the resulting pow-

ders, and they were additionally alloyed with Zr, Cr, Mn, 

Ni, and Cu in order to increase it [78].

4.2.5. Niobium-aluminium system
In [79], powder of NbAl3 intermetallic compound 

was obtained by the Kroll process using Nb2O5 reduction 

with calcium melt. The powder particles of an equiaxed 

roundish shape were several micrometers in size and con-

tained about 0.15 wt% of oxygen. In [79, 87] there has 

been established the reduction conditions under which it 

is also possible to obtain single-phase Nb3Al and Nb2Al 

powders.

4.2.6. Niobium-tin system
The Nb3Sn superconducting phase powder is obtained 

by Ca or Mg vapor reduction from a mixture of Nb2O5 and 

SnO2 or NbCl5 and SnCl2·H2O powders. The powder has 



42

R A R E  M E T A L S ,  S E M I C O N D U C T O R S

Table 4.
Properties of calciothermic powders of intermetallic compounds

No. Original charge
Basic 
phase

Alloying 
addi-
tives

Impurities, wt% Properites

O C H Ca The rest dav , μm

1
TiO2, Al2O3, TiCl4, AlCl2, 
Al2(SO)3, CaH2 powders

Ti3Al or
TiAl or
TiAl3

– 0.1–0.2 – – 0.02 – 5  

2
TiO2, Al2O3, CaH2 pow-
ders

TiAl – – 0.07 – 0.15
Fe-0.2

<100

3 Ni, TiH2, CaH2 powders TiNi – – – – – –

4 TiO2, Ni, CaH2 powders TiNi – – 0.07 – 0.3 Fe-0.2 1–100

5
TiO2, Cr2O3 powders,
Ca granules

TiCr2 –
0.10–
0.15

– – – – 5–10

6
TiO2,
Fe, Fe2O3 powders,
Ca granules

TiFe – – – – – – 8

7
FeTiO3 (ilmenite), CaH2, 
CaCl2, TiO2, Fe powders

TiFe 
Zr, Cr, 

Mn, Ni, 
Cu

– – – – Ti4Fe2O, TiFe2 50–100

8
ZrO2, Al2O3, CaH2 
powders

Zr3Al2 – 0.35 0.01 – – N-0.02 <63

9
Nb2O5, Al powders,
Ca granules 

NbAl3 – 0.15 – – – - <10

10
Nb2O5, SnO2, NbCl5, 
SnCl2·H2O powders,
Ca granules

Nb3Sn – – – – – – <1

11
Y2O3, Co powders,
Ca granules

YCo5 – – – – – – 20

12
Y2O3, Ni powders,
Ca granules

YNi5 – – – – – – 2–10

13
La2O3, Ni powders; Ca, 
CaH2, Al2O3, CeO gran-
ules

LaNi5
Co, Al, 

Ce
0.3–0.4 0.03–0.06 0.1–0.2 0.1–0.2 0.1–0.2 3–160 

14
Glycine solution; CaH2, 
LiCl; La2O3 powder

LaNi5 – – – – – –

d = 300–
500 nm;

l = 6–10 μm
(rods)

15

La2O3 powder, carbonyl 
Fe powder, Si powder,
Ca granules

LaFe13–

xSix
Si – – – – – 10

16
Sm2O3, Fe powders,
Ca granules

Sm2Fe17 N <0.13 – – – – 2

17 Sm2O3, Co CaH2 powders
SmCo5,
Sm2Co7 

–
0.30–
0.42

0.02–0.04 – 0.11–0.18
Fe-0.09–0.18,
Si-0.01–0.03

–

18
Nd2O3, Fe(NO3)3, 
(NH4)2MoO2, CaH2

NdFe10Mo2 – – – – –
Sum of 

impurities 1.4%
5–10

19
Nd2O3, Fe2O3; Ca granules; 
FeB, FeCl2·4H2O, NdBH4

Nd2Fe14B – – – – – – 1–100

20
NdCl3; Fe, Ti, FeB powders, 
Ca, NaN3 granules

NdFe11Ti

NdFe11TiNx 

–

–

0.4–0.7

0.4–0.7

–

–

–

–

–

–

N-0.02
�-Fe-2.2

N-0.34–1.34
�-Fe-9.7–39.5

–

–
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Method of making Source
Others

–
Kroll process, Calcium hydride 
method, Ca reduction from a CaCl2 melt

[43, 68–69]

Bulk density 1.2–1.4 g/cm3, microhardness 
of particles 2.7 ±  0.4 GPa Calcium hydride method [4]

– Ca vapor reduction of Ni + TiH2 mixture [70–72]

Microhardness of particles 5.6 ± 0.6 GPa,
bulk density 1.4 –1.6 g/cm3

Calcium hydride reduction
[4]

– Ca reduction from a CaCl2 melt [39, 75–76]

–
Synthesis in a self-propagating high-temperature 
synthesis (SHS) mode

[77]

– Calcium hydride reduction [78]

H absorption capacity – 31.2, CO absorption
capacity – 0.511 L/Pa, Ssp = 0.11– 0.12 m2/g

Calcium hydride reduction [4]

– Kroll process [79]

Temperature of transition to superconducting 
state –255 oC (18.0 K) 

Ca vapor reduction [49]

– Reduction by  the CRD method [25]

Measured are some magnetic properties Reduction by the CRD method [28]

Bulk density 3.45–3.55 g/cm3, fluidity 30–40 s Calcium hydride method [4, 19, 80–81]

– Solid-phase reduction of CaH2 [82]

Measured are some magnetic properties Reduction by  the RD method [30]

Measured are some magnetic properties
Nitriding up to a Sm2Fe17N3 composition after 
reduction

[4, 18, 20, 80, 82]

– Calcium hydride method
[4]

–
Calcium hydride 
method

[22, 26]

Measured are some magnetic properties Reduction by the CRD method (with the use of Ca or CaH2)
[83–86]

Measured are some magnetic properties

Reduction of Ca by the CRD method

Reduction of Ca by the CRD method and consequent 
nitriding 

[26]

[26]
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required careful washing from the reaction products and 

contained impurities of oxides and nitrides. The particles 

of Nb3Sn powder measured less than 1 μm and had a rela-

tively low temperature of transition to the superconduc-

ting state (–255 oC or 18.0 K).

4.2.7. Zirconium-aluminium system
The powder, which is a mixture of particles of Zr3Al, 

Zr5Al3, Zr3Al2 high-temperature phases, was obtained 

by the Kroll method through Ca reducing the mixture of 

ZrO2 and Al2O3 powders with calcium cuttings [4, 88]. 

Composition and properties of the powders are shown in 

Table 4. The main function of the powders is gas absorp-

tion (getters).

4.2.8. Yttrium-cobalt system
Powder of YCo5 intermetallic compound was produced 

by Y2O3 calcium reduction through the CRD method 

[25]. After final refinement from the reaction products, 

YCo5 powder contained 15 at% Y and 75 at% Co, the main 

impurity was CaO. The powder particles had a complex 

spongy shape. The particle size is about 20 μm.

4.2.9. Yttrium-nickel system
Powder of YNi2 intermetallic compound was made 

through calcium reduction of Y2O3 by the CRD method 

[28]. The powder contained 20 at% Y and 70 at% Ni; the 

rest were impurities of CaO, Ca and O. The powder parti-

cles were of a sophisticated sponge shape; the particle size 

was 2–10 μm. Magnetic properties of the powder one can 

find in Table 4.

4.2.10. Lanthanum-nickel system
Powders of well-known hydrogen sorbents based on 

LaNi5 intermetallic compound were obtained and stud-

ied in the works [4, 18, 19, 80–82]. The properties of the 

LaNi5-based powders obtained by the calcium hydride 

method are studied in depth [4, 18, 80–81] (Table 4). 

Alloying of these powders with Co, Al and Ce allows to 

change the hydrogen capacity within the limits of 146–

170 cm3/g and to widely vary the dissociation pressure at 

temperatures of 20–100 oC.

Fine LaNi5 powders were obtained by the original cal-

ciothermic method of solid-phase reduction from a mix-

ture of glycine-containing complex solutions with calcium 

hydride and lithium chloride [82].

4.2.11. Lanthanum-iron system
In [89], the silicon content influence on manufactur-

ing and properties of calciothermic powder of LaFe13 in-

termetallic compound, used as a permanent magnet, has 

been studied. The LaFe13–xSix powder was produced by 

the RD method. The average size of the powder particles 

was 10 μm. The structure of the powder particles is single-

phase with a homogeneous distribution of all elements. 

Changes in the silicon content do not affect the size of the 

particles or their morphology.

4.2.12. Samarium-iron system
Powders of Sm3Fe17 intermetallic compound, which 

are promising magnetic materials, were obtained mainly 

by the RD-method of solid-phase calciothermic reduction 

in the works [4, 18, 20, 19, 80–82]. Following the reduc-

tion, the obtained porous Sm3Fe13 samples were ground to 

the particles of ~2 μm in size and then nitrided at 450 °C in 

ammonia until they were completely converted to the Sm-

3Fe13N3 phase. On grinding, the size of the particles has 

decreased with increasing time, and the oxygen content in 

them has increased. Magnetic properties were improved 

by reducing particle size, while increasing oxygen made 

them worse.

4.2.13. Samarium-cobalt system
Powders based on SmCo5 and Sm2Co17 intermetallic 

compounds are used for manufacturing permanent mag-

nets. These powders are obtained by the calcium hydride 

method [4] reducing a mixture of Sm2O3, Co powders 

and CaH2 cuttings. The powders of Co-37Sm and Co-

41Sm (wt%) compositions based on SmCo5 and Sm2Co17 

phases respectively, have gained acceptance. As a result 

of calciothermic reduction and subsequent refinement, 

both sorts of powders also contain Sm5Co19 intermetallic 

compound as an impurity; it is further decomposed into 

SmCo5 and Sm2Co17 on heat treatment in the production 

of permanent magnets. Powders contain 0.30–0.42 wt% 

of oxygen and small admixtures of carbon, calcium, iron 

and silicon (Table 4).

4.2.14. Neodymium-iron-molybdenum system [22]
To make NdFe10Mo2 intermetallic compound by cal-

ciothermic method, there was used the initial mixture 

of Nd2O3, Fe(NO3)3·9H2O and (NH4)2MoO2 powders, 

which by means of a complex heat treatment was trans-

ferred into a mixture of Fe2O3, NdFeO3 and Fe2(MoO4)3 

fine powders. The latter was subjected to a calcium hydride 

reduction in which a single-phase powder of NdFe10Mo2 

intermetallic compound with no more than 1.4% of impu-

rities was formed whereby solid phase diffusion (Table 4). 

Sponge powders of NdFe10Mo2 up to 10 μm in size have 

contained a small amount of oxygen, which can be eas-

ily lessened on subsequent vacuum remelting, that is for 

which the obtained powders were intended. The powders 

are promising as hard magnetic materials.

4.2.15. Neodymium-iron-boron system
Powders of hard magnetic Nd2Fe14B intermetal-

lic compound were obtained by solid phase diffusion 

RD using Ca or CaH2 as a reducing agent [83–86]. The 

Nd2O3, Fe2O3, B2O3 powders, Ca granules, CaFeB, 

FeCl2·4H2O, NbCl3·6H2O, NdBH4, FeCl3·4H2O cut-

tings were used as starting substances in different works. 

By using powders of the initial substances of different dis-

persities, varying the conditions of reduction and refine-

ment of the final powders from the reaction products, 

it was made possible to change the size of Nd2Fe14B 
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particles in the range from 1 to 100 μm, while their 

oxygen content has significantly increased as the parti-

cle sizes have decreased.

4.2.15. Nd – Fe – Ti and Nd – Fe – Ti – N systems
Powders of promising hard magnetic NdFe11Ti and 

NdFe11TiNy intermetallic compounds were obtained in 

[26] using different variants of the CRD solid phase dif-

fusion methods. When obtaining NdFe11Ti, the original 

materials were NdCl3, powders of Fe, Ti, FeB and gran-

ules of Ca. NdFe11Ti alloys can be saturated with nitrogen 

when they interact with sodium nitrogen (Na3N) at 450 oC. 

In this case, the NdFe11TiNy intermetallic compound is 

formed, and a layer of soft magnetic �-Fe is formed at the 

grain boundaries of this phase. Compositions of mag-

netic phases and some of their properties are tabulated 

in Table 4.

4.3. Refractory compounds
4.3.1. Carbides

Calciothermic reduction of rare metal oxides with 

formation of refractory carbides takes place on heat treat-

ment of MeO, CaC2 and CaH2 mixtures.

Calcium carbide CaC2 is a strong reducing agent, and 

from a thermodynamic point of view, it is able to both 

reduce oxides of rare metals and lead to the formation 

of their carbides at the same time. However, even G. A. 

Me erson and his colleagues in the early works [90–91] 

have not met with success in their attempts to obtain stoi-

chiometric, oxygen-free titanium carbide at temperatures 

less than 1300 oC in this way. Similar results were also ob-

tained by calcium and graphite reduction of rutile pow-

der at temperatures up to 950 oC, when the powders of 

non-stoichiometric titanium carbide 10 μm in size were 

obtained [92].

The mixture of calcium carbide and calcium hydride 

turned out to be the most interesting and 

promising reducing agent and carbidizer in 

this system [4, 49, 93–95].

Properties of refractory carbides ob-

tained with the use of CaC2 and CaH2 by 

means of their reduction and carbidization 

from corresponding oxides are represented 

in Table 5 [4]. Fig. 14 demonstrates typi-

cal outward appea rance of the particles 

of carbide ZrC.

4.3.2. Nitrides
Manufacturing of refractory nitrides by calciothermic 

reduction of oxides of rare metals comprises two stages. 

At the first stage, powder of the metal is obtained by calcium 

hydride method according to the technology described 

above, at the second one this powder is nitrided in nitrogen 

medium at temperatures of 1000–1200 oC; the formation 

of nitride is limited by solid phase nitrogen diffusion into 

the metal with arising of nitrides. The particles of nitrides 

are of irregular shape with the size from  to 100 μm. The 

average size dav ~40 μm.

Depending on duration and temperature of nitriding, 

the nitrogen concentration in a nitride grows and practi-

cally reaches the stoichiometric value.

Chemical and phase composition of the powders of 

nitrides of titanium, zirconium and chromium are tabu-

lated in Table 6 [4].

4.4. Composite materials
Powders of composite materials are a pool of particles, 

each presenting the composite material in miniature. In 

addition, the particles consist of two or more phases that 

have different functional purposes.

NNon-ferrous Metals. 2020. No. 2on-ferrous Metals. 2020. No. 2. . pp. 31–50pp. 31–50

Table 5.
Properties of calcium hydride powders of transition metal carbides

Powder
Chemical composition, wt%

Phase composition
Specific surface S, 

m2/gCtot Cfr Ti Zr Hf Cr Ca O

Titaium carbide 20.02 0.03 base – – – 0.05 0.3 TiC1.0 1.8–3.2

Zirconium carbide 11.3 0.06 – base – – 0.1 0.3 ZrC1.0 1.2

Hafnium carbide 6.2 0.06 – – base – – 0.3 HfC1.0 0.6

Chromium
carbide

10.9 0.06 – – – base 0.1 0.3
Cr3C2-50
Cr7C3-50

1.4

Table  6.
Content and particle sizes of calcium hydride powders of transition metal 

nitrides [4]

Powder
Chemical composition, wt% Phase

composition
dav, 
μmTi Zr Cr N O Ca

Titanium nitride base – – 23.5 0.1 0.08 TiN1.0

40–63Zirconium nitride – base – 13.2 0.1 0.07 ZrN1.0

Chromium nitride – – base 11.7 0.1 0.10 Cr2N

100 nm 50 nm

Fig. 14. Characteristic morphology of the particles of ZrC powder 

obtained by calcium hydride method
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Calcium hydride reduction makes it possible to obtain 

powders of composite materials consisting of both coated 

particles and the particles dispersion reinforced by inter-

nal nitriding or carbidization [4, 96, 97]. Technologically, 

it is convenient to carry out these processes in one appa-

ratus in two stages. At the first stage, the technology de-

scribed above is used to obtain the particles of metals or 

intermetallic compounds. At the second stage, one should 

implement an external or internal saturation after the in-

troduction of nitrogen, carbon or gases containing them 

into the system, that is, obtain either particles coated with 

nitrides and carbides, or the ones dispersion reinforced by 

nitrides or carbides precipitations.

Examples of obtaining the powders of composite ma-

terials by calcium hydride reduction followed by nitriding 

or carbidization will be given below.

4.4.1. Composite metal nitride powders [4]
Experimental composite metal nitride powders were 

obtained by calcium hydride recovery with subsequent ni-

triding. The reduction process was carried out using the 

technology and in the apparatus described in Section 3. 

After the reduction was completed, nitrogen was fed into 

the same device, and nitriding was performed according to 

the modes shown in Table 7. The composition and proper-

ties of the obtained experimental composite powders are 

listed in Table 8 and Table 9. All powders had a complex, 

spongy structure of the particles.

The shape and size of the powder particles are typical 

for the powders obtained by the calcium hydride method. 

Fig. 15 shows a photo of the Ni3Al – TiN powder particles 

after nitriding. The microhardness of nitride phases and 

Table 7.
Charge components and nitriding modes of experimental metal nitride 

powdered alloys [4]

No. Material designation Charge components Nitriding mode

1 TiN – Ni TiO2 + Ni + CaH2 1200 oС, 11 h

2 Ni3Al – TiN TiO2 + Al2O3 + Ni + CaH2 1200 oС, 8 h

3 NiAl – TiN TiO2 + Al2O3 + Ni + CaH2 1200 oС, 8 h

4 TiN – TiAl TiO2 + Al2O3 + CaH2 1200 oС, 10 h

5 TiN – Ni3Al TiO2 + Al2O3 + Ni + CaH2 1200 oС, 12 h

6 TiN – Ti2Ni TiO2 + Ni + CaH2 1200 oС, 12 h

7
Nichrome

(80/20 wt%) – (Cr2N+CrN)
Cr2O3 + Ni + CaH2 1050 oС, 5 h

8
Nichrome

(70/30 wt%) – Cr2N
Cr2O3 + Ni + CaH2 1100 oС, 4 h

9 (AlN + TiN) – Ni TiO2 + Al2O3 + Ni + CaH2
1100–1200 oС, 5 h
1340–1380 oC, 5 h

Table 8.
Chemical and phase composition of nitride-containing experimental composite powders

No.
Material desig-

nation

Chemical composition, wt%
Phase composition, 

wt%
Main elements Impurities

Ti Ni N Cr Al O C Ca Fe S

1 TiN – Ni base 39.4 13.4 – – 0.21 0.06 0.11 0.07 <0.01 TiN ~ 60; Ni ~ 40

2 Ni3Al – TiN 11.7 base 3.4 – 11.9 0.15 0.04 0.09 0.08 <0.01 Ni3Al ~ 85; TiN ~ 15

3 NiAl – TiN 23.2 base 6.7 – 26.6 0.14 0.05 0.07 0.09 <0.01 NiAl ~ 70; TiN ~ 30

4 TiN – TiAl base – 15.8 – 11.4 0.24 0.06 0.08 0.06 <0.01 TiN ~ 70; TiAl ~ 30

5 TiN – Ni3Al base 21.6 16.7 – 3.5 0.24 0.08 0.10 0.12 <0.01 TiN ~ 75; Ni3Al ~ 25

6 TiN – Ti2Ni base 5.8 15.9 – – 0.18 0.07 0.09 0.11 <0.01 TiN ~ 70; Ti2Ni ~ 30

7
Nichrome

(80/20 wt.%) –
(Cr2N + CrN)

– base 4.3 38.4 – 0.14 0.05 0.12 0.08 <0.01
Nichrome

(80/20 wt.%) ~70;
Cr2N ~ 20; CrN ~ 10

8
Nichrome

(70/30 wt.%)
– Cr2N

– base 1.8 38.7 – 0.12 0.06 0.10 0.09 <0.01
Nichrome

(70/30 wt.%) ~ 85;
Cr2N ~ 15

9 (AlN + TiN) – Ni 15.2 19.8 24.9 – base 0.22 0.08 0.06 0.12 <0.01
AlN ~ 60;
TiN ~ 20;
Ni ~ 20

а

Ni3Al

TiN

b

Ni3Al

TiN

Fig. 15. Microstructure of the particles of Ni3Al –

TiN composite powders with content:

 a — ~25 vol% TiN; b — ~80 vol% TiN
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data from X-ray phase analysis 

attests that their composition is 

close to the stoichiometric one.

4.4.2. Composite metal
                 carbide powders [4]

When obtaining metal car-

bide powders by calcium hydride 

method, calcium carbide is in-

troduced into the initial charge 

in the amount that is determined 

taking into account the produc-

tion of the rated metal carbide. 

After heat treatment at a tem-

perature of 1150-1200 oC for up 

to 20 hours, the reaction products 

are subjected to a standard hydro-

metallurgical processing.

In [4, 98], the alloys based on 

nickel and iron and promising for 

the use as coatings and binders of 

hard alloys, were selected for the 

production of composite metal 

carbide powders, the particles of 

which are dispersion reinforced 

refractory carbides of rare metals.

The charge and modes of 

obtaining experimental compos-

ite metal carbide powders, their 

chemical, phase composition 

and some properties are given in 

Tables 10–12 [4]. All the powders 

were characterized by a complex, 

spongy structure of the particles.

5. Conclusions

Calcium thermal reduction 

along with magnesium thermal 

reduction are mainly meant for 

manufacturing of rare metals 

and represent one of the primary 

Table 9.
Physical and processing behavior of experimental nitride-containing

composite powders

No. Material designation
Particle 
size, μm

Microhardness of main 
phases of alloy, GPa 

Bulk density,
g/cm3 

1 TiN – Ni 1…100
TiN = 19.7±0.6

Ni = 0.9±0.3 
1.15

2 Ni3Al – TiN 1…160
Ni3Al = 5.2±0.4
TiN = 19.9±0.4 

1.32

3 NiAl – TiN 1…60
NiAl = 3.7±0.5
TiN = 20.0±0.5

1.41

4 TiN – TiAl 1…60
TiAl = 2.8±0.5

TiN = 19.6 ±0.6
1.28

5 TiN – Ni3Al 1…60
TiN = 20.1±0.3
Ni3Al = 4.9 ±0.4

1.24

6 TiN – Ti2Ni 1…100
TiN = 20.1±0.3

Ti2Ni = 11.7±0.3
1.23

7
Nichrome

(80/20 wt.%) –  (Cr2N + CrN)
1…160

Nichrome = 1.8±0.3
Cr2N = 15.4±0.2
CrN = 10.2±0.2

1.46

8
Nichrome

(70/30 wt.%) –  Cr2N
1…160

Nichrome = 2.3±0.4
Сr2N = 15.7±0.3

1.53

9 (AlN + TiN) – Ni 1…160
AlN=14.8±0.5
TiN=21.3±0.2
Ni= 0.8±0.4

1.37

Table 10
Charge components and modes of making of carbide-containing experimental

composite powders

No. Material designation Charge components
Reduction-

carbidization mode 

1 TiC – Fe(Ni,Mo) TiO2 + Fe + Ni + Mo + CaC2 + CaH2 1150…1200 oС, 12 h

2 (Cr3C2 + Cr7C3) – Ni Cr2O3 + Ni + CaC2 + CaH2 1200 oС, 10 h

3 TiC – Ni(Mo) TiO2 + Ni + Mo + CaC2 + CaH2 1200 oС, 10 h

4 (Cr7C3 + TiC) – Ni(Mo) TiO2 + Cr2O3 + Ni + Mo + CaC2 + CaH2 1200 oС, 10 h

5 TiC – Ni3Al TiO2 + Ni + Mo + Al2O3 + CaC2 + CaH2 1200 oС, 10 h

6 Cr7C3 – Ni3Al Cr2O3 + Ni + Mo + Al2O3 + CaC2 + CaH2 1150 oС, 14 h

7 Cr7C3 – NiAl Cr2O3 + Ni + Mo + Al2O3 + CaC2 + CaH2 1150 oС, 14 h

Table 11
Chemical and phase composition of carbide-containing experimental composite powders 

No. Material designation
Chemical composition, wt%

Phase composition, wt%
Ti Cr Сtot Сfr Fe Ni Mo Al Ca O

1 TiC – Fe(Ni,Mo) base – 13.9 0.04 23.5 5 1.5 – 0.1 0.2 TiC ~ 70; Fe(Ni, Mo) ~ 30

2 (Cr3C2 + Cr7C3) – Ni – base 9.5 0.02 0.2 29.3 – – 0.1 0.3 Cr3C2 + Cr7C3 ~ 70; Ni ~ 30

3 TiC – Ni(Mo) base – 15.8 0.03 0.1 15.9 5.1 – 0.1 0.1 TiC ~ 80; Ni(Mo) ~ 20

4 (Cr7C3 + TiC) – Ni(Mo) base 19.0 14.0 0.06 0.3 17.3 8.0 – 0.1 0.2
Double carbide Cr7C3/TiC + 
+ Cr7C3 ~ 70; Ni(Mo) ~ 30

5 TiC – Ni3Al base – 14.4 0.05 0.1 20.6 4.3 3.2 0.1 0.2 TiC ~ 70; Ni3Al ~ 30

6 Cr7C3-Ni3Al – base 6.3 0.06 0.2 25.9 0.3 3.5 0.1 0.2 Cr7C3 ~ 70; Ni3Al ~ 30

7 Cr7C3-NiAl – base 7.2 0.04 0.1 13.4 0.1 6.2 0.1 0.1 Cr7C3 ~ 70; NiAl ~ 30
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parts of metallothermy as a whole. Both of these industries 

have specific advantages and disadvantages that determine 

the advisability of their application in each specific case of 

obtaining rare metals and their alloys. The main advan-

tages of calcium as a reducing agent are its high affinity for 

oxygen, relatively low solubility in many rare metals, and 

lower pyrophoricity than that of magnesium. High cost of 

calcium is its weakness. Magnesium is cheaper than cal-

cium. The experience of its use as a reducing agent, in-

cluding the industrial one, is already about 80 years. The 

shortcomings of magnesium are its affinity for oxygen, 

which is smaller than that of calcium, and considerable 

solubility in some rare metals.

As appears from the presented review, attention to the 

development of the methods of calciothermic production 

of rare metals has increased dramatically over the past 20 

years. The reason for this was the emergence and devel-

opment of new branches of technics, the key elements 

of which are materials containing rare metals. These in-

clude hard magnetic materials based on Sm – Co and 

Fe – Nd – B systems; high temperature superconduct-

ing materials based on the Nb – Sn system; hydrogen 

sorbents and accumulators, containing rare metals and 

REM; microelectronics and computer engineering ma-

terials. The base of most of these materials are interme-

tallic compounds, for which the calciothermic method 

of obtaining is best suited.

This also explains that the majority of recent inves-

tigations in the field of calcium thermal reduction are 

aimed at the development of the RD-reduction tech-

nology, destined for the production of intermetallic 

powders.

The calciothermic industry as a whole is today only in 

searching for optimal methods, process flowsheets and in-

strumentation. The production of powders by these meth-

ods is limited to an experimental-industrial scale or small-

batch production. This is in many respects determined by 

the fact that current demand for these materials is limited 

to approximately the same scale. However, in proper time, 

the specialists in the field of calcium thermal reduction 

are bound to be ready to satisfy the inevitably increased 

demand.
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