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The reactions o f pure metals Ta, Nb, V, Fe, Si, etc. and Ta-Nb-containing ferroalloys with sodium
(calcium) sulfate (carbonate) melts are characterized by large exothermic effects and formation
of solid, liquid and gaseous products. The liquid phases formed reduce diffusion restrictions and
result in catastrophically large rates o f metal oxidation.
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The oxidation of Ta-Nb containing ferroalloys
takes place during pyrochemical processing of tantalum-niobium ores and secondary raw materials
[1, 2]. Molten salts, in particular sulfates, carbon
ates and their mixtures can be used as oxidizers. In
the present work we studied the interaction between
sodium and calcium sulfates (carbonates) and multicomponent Ta-Nb- containing ferroalloys as well as
their individual components.
Thermodynamic modelling, thermogravimetric
(TG), differential-thermal (DT), and high-temperature X-ray diffraction (XRD) methods were employed
in the present study. The X-ray diffraction patterns
were measured on heating with linear heating rate of
10 degrees/min. The extent of interaction (a) was cal
culated from the ratio of the measured mass change
of the molten mixture to the initial S 0 3 content of the
system.
The metals and alloys were used as powders (parti
cle size < 0.1 mm). The purity of the individual metals
was > 99.9%. The experiments were performed un
der an inert atmosphere or under vacuum. Chemically
pure sodium and calcium sulfates and sodium carbon
ate were calcined for 2 h at 973 K prior to use.
Thermodynamic analysis of the systems M Na2S 0 4 (M = Ta, Nb or V) has indicated many pos
sible reactions. Some of the basic ones are:
2 M + 5 Na2S 0 4 = 5 Na20 + M 20 5 + 5 S 0 2,

(1)

8 M + 5 Na 2S 0 4 = 5 N a ^ + 4 M 20 5,

(2)

8 M 4- 8 Na 2S 0 4 = 8 N aM 0 3 + 4 Na20
+ 2 S 0 2 4- 3S2,

(3)

2 M + 3 Na 2S 0 4 = 2 N aM 0 3 + 2 Na20
+ 2 S 0 2 + 0.5 S2,

(4)

4 M + 4 Na 2S 0 4 = 4 N aM 0 3 + Na2S + S2.

(5)

In order to determine the exact way of the rare
metals oxidation a detailed experimental investigation
has been carried out.
The DT analysis showed only one exothermic
effect on the differential-thermal heating curves
(Fig lb) occurring at 999 K for Ta and at 1023 K
for Nb, irrespectively of the amount sodium sulfate
added to the initial M-Na2S 0 4 mixtures. The results
show that the amplitude of the peak on the thermo
grams increases as the metal to oxygen ratio in the
mixture approaches the stoichiometric value required
for pentoxide formation. The large reaction enthalpies
resulted in an increase of the temperature of the re
acting mixture by 150 - 300 degrees.
The behaviour of the reacting mixture was investi
gated under an optical microscope. It was found that
the process was accompanied by formation of liq
uid phases. The melting points of Na 2S 0 4 (1158 K),
V 20 5 (947 K), Nb20 5 (1783 K) and Ta20 5 (2143 K),
and the formed compounds Na20 and M 20 5 (M = V,
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Fig. 3. The effect o f sample preparation and the Ta / Na 2S 0 4
ratio on the starting temperature o f reaction. 1/1$ is the rela
tive intensity o f a maximum o f X-ray diffraction. 1: pressed
2Ta + 5 Na 2S 0 4 mixture, Ta / Na 2S 0 4 2: (1 / 2.5), 3: (1 /
0.125), 4: (1 /0 .6 2 5 ).
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Fig. 1. a: Thermogravimetric (TG) and b: differential-ther
mal (DT) analysis o f the interaction between sodium sulfate
and rare metals. Ta / Na 2S 0 4 1: (8 / 5), 3: (2 / 5), V / Na 2S 0 4
2: (8 / 5), 4: (2 / 5). a is the extent of interaction, calculated
as the ratio o f the measured mass decrease of the melt to
the initial S 0 3 mass in the mixture.

t. k

Fig. 2. The effect of temperature on the relative intensity
of the maxima of the X-ray diffraction patterns of pressed
8 M + 5 Na 2S 0 4 mixtures. 1: M = V, 1: M = Nb, 1: M = Ta.
I / Io is the relative intensity.

Fig. 4. Changes o f the relative intensity of X-ray diffrac
tion maxima upon heating o f a pressed 8 Ta + 5 N a 2S 0 4
mixtures. 1: Ta, 2: Na 2S 0 4, 3: N aTa03.

Nb, Ta) indicate that only vanadium-containing
products are liquid. For interactions including nio
bium and tantalum, initial melting of sodium sulfate is
more probable. Formation of liquid phases enhances
diffusion and results in very high rates of metal-oxidation. A similar conclusion can be drawn from the
TG data (Fig. la). The periodic blocking of the metal
surface by crystalline products makes the process sim
ilar to unstable combustion of exothermic mixtures.
The results of the high-temperature XRD measure
ments (Figs. 2, 3) showed that the integrated intensi
ties of metal peaks remain constant so long as there
is no product formation on the surface of the metal
sample absorbing part of the 7 -radiation. The temper-
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Fig. 5. The effect of temperature on the extent (a) and rate (b) of interaction in Ta+CaS0 4 mixtures. Ta / C aS 0 4 1: (1 / 5),
2: ( 2 / 5 ) , 3: ( 4 /5 ) .

ature at which the interaction and the fast decrease of
the intensity of the metal peaks in the XRD patterns
begins depends on the ratio of the components in the
mixture and the intimacy of their contact (Fig. 3).
When the M/O ratio in the mixture is close to that
stoichiometrically required for M 20 5 formation, the
intensity of the diffraction lines of the reacting metals
also decreases faster, in agreement with the DT data.
The interaction of the studied metals with sodium
sulfate under vacuum begins at 743 - 773 K.
As the temperature is further increased (up to
823 K) the intensity of the XRD lines of tantalum
and niobium decreases (Fig. 4) with the simultaneous
increase of the intensity of the N aTa0 3 and N aN b0 3
diffraction maxima. At temperatures between 823 and
903 K the intensities of the diffraction lines remain
constant. On heating above 903 K, the rate of the
reactions accelerates so much that at 1023 K the pro
cess is complete. In the case of vanadium oxidation
the dependence J / J 0 on T does not exhibit horizontal
regions. The reaction slowly develops at 773 - 843 K
and then vigorously finishes between 853 - 863 K.
This more intensive vanadium oxidation (in compar
ison with tantalum and niobium) can be explained
by the formation of low-melting vanadium pentoxide
and sodium vanadates.
The reactions of sodium sulfate with Fe, Mn, Si, W,
and Sn followed similar patterns as described above

for the group 5 metals. In this case, the large en
thalpy changes of the reactions also promoted the
local temperature increase and melting not only of
the low-melting products and eutectics but also of
NajSO^particles. The highest reaction rates were ob
served for M/O ratios close to that stoichiometrically
required for the formation of oxides (sulfides) con
taining M in the highest oxidation state.
When calcium sulfate was used as oxidant, large
exothermic effects and very high reaction rates were
observed again. However, in this case the process
began at temperatures by 200 - 300 degrees higher
than in Na 2S 0 4-containing systems. The determin
ing role in the process was played by the forma
tion of liquid products capable of dissolving calcium
sulfate, by the reactions on the gas-solid interface
and also by the durability of the oxide films present
on the metal surface. The tantalum oxidation was,
for example, accompanied by the formation of ßTa20 5, CaTa4O n , CaTa20 6, TaS2, CaO, CaS and S 0 2
(Fig. 5). The rather fast tantalum oxidation was pro
moted by gaseous products such as oxygen, sulfur
and sulfuric anhydride taking part in the reactions,
and also by continuous exposure of the tantalum sur
face due to cracking of the layer of /?-Ta20 5 and the
tantalates formed. It has been reported that /3-Ta20 5
plays a significant role in high-temperature oxidation
of tantalum by oxygen [3].
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Table 1. Oxidation of the multicomponent alloys.
Test
No

1
2
3
4
5
6
7

Oxidizer to
initial alloy (wt.%)
Na2S 0 4
C aS04
Na2C 0 3
_

40
30
40
15

50
40
30
-

50
50
60
60
60
60
60

Composition (wt.%)
Secondary alloy
Oxide melt
Nb
Sn
Nb
Sn
0.22
0.11
4.17
8.13
10.30
0.46
20.40

16.25
17.31
16.00
13.31
12.02
17.28
11.95

Fig. 6 . Thermodynamic modelling of the effect of the wtration of sodium sulfate to alloy on the composition o f the
alloy after oxidation of this alloy at 1573 K.

The results obtained so far on the oxidation of pure
metals allow to assume that high rates of reactions and
small diffusion restrictions can be expected during
liquid interaction between sodium (calcium) sulfate
and multicomponent Ta-Nb-containing alloys. In this
case, a selective oxidation of the components of such
alloys is possible using a limited amount of the oxidiz
ing agent. The theoretical predictions were checked
by studying the interaction of the ferroalloy contain
ing (wt. %) 42.0 Nb, 2.41 Si, 3.13 Al, 3.34 Mn, 5.62
Sn, 0.64 Ti, and 0.32 Zr with a sulfate - carbonate melt.
It is known that sodium carbonate is a weak oxidizer
and all the same was used as diluent, capable of form
ing low-melting compounds with refractory products.
The thermodynamic computer modelling of the pro
cess (based on the principle of minimizing the free
energy of the system) has shown that selective oxi
dation of the above ferroalloy by sodium (calcium)
sulfate is possible with a sulfate salt load of 50 - 60%
with respect to the weight of the alloy. In this case

24.61
24.50
24.07
24.45
24.18
24.00
24.50

0.31
0.36
0.14
0.09
0.09
>0.01
>0.01

Fe
3.79
2.95
1.55
0.73
1.24
1.69
0.96

Extraction (wt.%)
Oxide melt
Second alloy
Nb
Sn
99.8
99.9
96.1
90.3
86.7
99.6
73.8

94.0
92.4
96.8
98.3
98.4
99.9
99.9

Na2COj/»lk>y, wt. •/•

Fig. 7. Thermodynamic modelling o f the effect o f wt-ration
o f the sodium carbonate to alloy ratio on the composition
of the alloy after oxidation of this alloy at 1573 K.

of a new (secondary) alloy containing (wt. %) 75 - 80
Fe, 15 - 20 Sn and less than 1 of the remaining ele
ments can be obtained (Fig. 6 ). If sodium carbonate
is used in place of sulfate as the oxidant, the amount
of oxidizer (Na2C 0 3) required for the above selec
tive oxidation to yield the secondary alloy is 15 times
greater than in the sulfate-containing system (Fig. 7).
To confirm the thermodynamic predictions the ex
periments were performed on a laboratory scale using
Na2S 0 4 + Na 2C 0 3 and C aS04 + Na 2C 0 3 mixtures
(Table 1). The experiments were carried out as fol
lows. An alumina crucible was charged with 20 - 50 g
of a chosen reaction mixture and lowered into an open
vertical tube furnace preheated to 1573 - 1623 K. The
temperature was risen to 1673 - 1723 K, the melt
formed was kept in this temperature range for 10 15 min, and then it was cooled. The interaction pro
ceeded rather vigorously and was completed within
some minutes.
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The data presented in Table 1 and Fig. 6 show that
the results of experimental tests are close to those
predicted by the thermodynamic calculations, and the
deviations observed probably arose from the atmo
spheric oxygen participating in the oxidation. Good
separations of tin and other metals (e. g., niobium)
were observed using salt mixtures containing 50 60% Na 2C 0 3 and 40 - 50 % Na2S 0 4 (CaS04). When
sodium sulfate was used, the oxidation was more
exothermic and produced a less viscous slag.

We have thus established that high-temperature re
actions between metals and sodium (calcium) sul
phate are characterized by a variety of processes and
large exothermic effects. The high reaction rates re
sult in a fast completion of the interactions, therefore
allowing effective use of such salts for the oxidation
of multicomponent alloys, in particular the Ta-Nbcontaining ones studied here.
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