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Formation of Rutile-type Nbg 9,0, by Shock Reduction of Nb,Os
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Shock-recovery experiments on Nb,Os powder specimens are made in pressure ranges up to 50 GPa
using the gun method. *“NbO,” with the rutile structure is formed above about 40 GPa when an open
recovery fixture is used. The tetragonal unit cell dimensions are measured to be a = 4.784(2) A, c=
3.029(2) A, and V = 69.34(6) A3. The metal-to-oxygen ratio is determined to be Nb, 4,0, by means of
thermogravimetry. A comparative study is made on the shock reduction behavior of Nb,Os and

Ta;Os. © 1986 Academic Press, Inc.

Introduction

The niobium-oxygen system has been
rather extensively studied for a wide tem-
perature region (/-3). Numerous poly-
morphs of Nb,Os have been recognized and
several discrete phases have been identified
between Nb,Os—-NbO,. NbLO,, among
others, can also be prepared either by re-
duction of Nb,Os (3) or by oxidation of
niobium metal (4). Even a single crystal of
NbO, was grown by chemical vapor trans-
port (5), indicating that the quadrivalent
state of niobium ions is relatively stable.

Shock-reduction technique has also been
proved to be efficient in obtaining lower ox-
ides of transition metal ions (6—-8). We ob-
served formation of TaO, with the rutile
structure from Ta,;Os by applying an intense
shock wave to powder specimens (8). The
synthesis of rutile-type niobium oxides has
also been reported by Russian investigators
(6); they claimed the existence of several
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rutile polymorphs with different composi-
tions.

In the present study, a reexamination of
shock behavior of niobium oxides was
planned so as to obtain further information
on shock-reduced specimens.

Experimental

Powder specimens used for shock-load-
ing experiments were guaranteed reagent
grade Nb,Os, which was found to be in the
low-temperature form T-Nb,Os (I) by
means of X-ray diffraction analysis (Fig.
1a). Specimens were formed into a pellet
form (10 X 3 mm) by applying a load of 3000
kg/cm?. The density of the pellet was about
70% of the crystal density. The pellet speci-
men was encased in a stainless steel speci-
men container, which was protected by a
conventional momentum trap so as to pre-
vent the destructive effect of shock waves.
Small vents were placed in the specimen
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FiG. 1. X-Ray powder diffraction pattern of niobium
oxides. (a) Starting material of low-temperature form
T-Nb,0s. (b) Specimen shocked to 37 GPa. (c) Speci-
men shocked to 44 GPa. (d) Specimen shocked to 53
GPa. Diffraction lines due to the rutile form Nb,O, are
indexed with tetragonal indices.

container to allow the escape of oxygen
produced by decomposition reaction.

Shock-loading experiments were carried
out by using a single-stage propellant gun
(25 mm bore and 4 m length) (9). The speci-
men container was hit by a stainless steel
flyer (24 mm diameter and 3 mm thickness),
which was accelerated to a velocity of up to
2.1 km/sec. The velocity was determined
by embedding a small magnet in the flyer
assembly and measuring the time of flight
between two coils placed ahead of the gun
muzzle. The pressure was determined by
the value achieved in the stainless steel
container, estimated on the basis of impe-
dance matching.

Recovered products were examined by
X-ray powder diffraction analysis to iden-
tify the shock-induced phases using mono-
chromatic Cu Ko radiation. The specimen
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was analyzed by thermogravimetry and dif-
ferential thermal analysis to determine the
chemical composition. Thermal analysis
was made in a flowing oxygen gas at con-
stant or increasing temperature. Special
care was taken to remove ferroalloy impuri-
ties introduced during shock loading by im-
mersing the specimen in HCI solution for a
few days. The residual iron impurity was
determined to be below 0.1% by wet chemi-
cal analysis.

Results

The first sign of a phase change in
shocked Nb,Os was observed above about
30 GPa. X-Ray powder diffraction of the
shocked product showed it to be mostly the
Nb;2049 phase with orthorhombic symme-
try (Fig. 1b) (10). Above about 40 GPa, in-
dication of another new phase, assigned to
the rutile structure type, was noticed in the
X-ray powder diffraction pattern (Fig. 1c);
complete conversion was attained above
about 50 GPa, as shown in Fig. 1d. Most of
the diffraction lines were successfully as-
signed on the basis of the tetragonal unit
cell, as summarized in Table 1. The unit cell
dimensions were determined to be a =
4.784(2) A, ¢ = 3.029Q2) A, c/a = 0.6331(5),
and V = 69.34(6) A3 by the least-squares
method. For comparison purposes, the unit
cell dimensions of a stoichiometric speci-
men of NbO,y,, offered by S. Kimura,
were also measured and tabulated in Table 1
.

Results of thermogravimetry to deter-
mine the chemical composition of the rutile
form Nb,O, are shown in Fig. 2. When the
temperature was increased at a constant
rate of 5°C/min, the weight increase due to
oxidation became very noticeable above
700°C, and nearly zero around 1100°C (Fig.
2a). The oxidation product was found to be
Nb,0y by X-ray powder diffraction analy-
sis. The orthorhombic unit cell dimensions
were determined to be a = 28.78Q2) A, b =
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TABLE 1

OBSERVED AND CALCULATED d SPACINGS OF
SHOCK-REDUCED Nby¢s0; AND STOICHIOMETRIC

NbO; ooz
Nby 9.0, NbO; o02¢
hkl dops. (A)  deae. (A)  dope (A dege, (A)
110 3.383 3.383 3.433 .429
101 2.560 2.559 2.548 2.548
200 2.395 2.392 2.424 2.425
111 2.258 2.257 2.257 2.256
211 1.748 1.748 1.7567 1.7566
220 1.690 1.692 1.7148 1.7145
310 1512 1.513 1.5337 1.5335
002 ’ 1.515 1.4974 1.4975
301 1.412 1.411 1.4221 1.4225
112 1.384 1.382 1.3724 1.3723

a=47852) A

c=3.0292) A
cla = 0.6331(5)

V = 69.34(6) A3

a = 4.8494(5) A
c = 2.9949(3) A
cla = 0.6176(1) A
V = 70.43(2) A3

a Synthesized by S. Kimura (3).

3.825(2) A, ¢ =20.661(1) A, and V = 2274(2)
A3, in good agreement with the previously
reported values (10). The chemical compo-
sition of the rutile form Nb,O, thus deter-
mined was x = 0.94. On the other hand,
when the specimen was held at constant
temperature of 850°C, the weight increase
was saturated after a lapse of 6 hr, indicat-
ing completion of the oxidation process
(Fig. 2b). The final product was found to be
B-Nb,Os (11). The chemical composition
of the rutile form Nb,O, was again esti-
mated to be x = 0.94.

Discussion

The tetragonal unit cell volume of Nbyg,
O, obtained by shock reduction in the
present study is significantly smaller than
that of the stoichiometric NbO, oy synthe-
sized in a reducing atmosphere (3). The di-
mension of a of the former is considerably
smaller than that of the latter, while ¢ is
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unchanged, thus resulting in a sizeable in-
crease in the c/a ratio. The unit cell dimen-
sions as well as the chemical composition
of the shock-reduced rutile were found to
be quite reproducible for relatively wide
shock-loading conditions, in contrast to
previous observation by Adadurov et al.
(6), who claimed formation of a series of
rutile-type compounds with different metal-
to-oxygen ratios, i.e., from NbO, 3 to
Nby 530,. However, in spite of a seemingly
systematic variation of the unit cell dimen-
sion of a and ¢ with the composition, they
observed only a very small difference in the
unit cell volume normalized for two for-
mula units. This is rather difficult to under-
stand because the difference in the metal-
to-oxygen ratio implies a difference in the
amount of lattice vacancies, and hence
should be reflected as a considerable
change in the unit cell volume.

Two different explanations for nonstoi-
chiometry exist in terms of either a metal
deficient dioxide or an oxygen-cxcess

5

a

—~h
32
=3
=
2
[
3z 2
]

1

0

] 500 1000 1500
temperature (°C}
6
b

3 850°C
S g .
= 800°C .
3 700C
=g
g2
<

1

00 2 4 6 8

time(hour)

FiG. 2. Results of thermogravimetric analysis of
shock-reduced Nb,O, with the rutile structure. (a)
Mass increase with temperature when the specimen
was heated with an increasing rate of 5°C/min in an
oxygen gas flow. (b) Mass increase with time when the
specimen was kept at a constant temperature in an
oxygen gas flow.
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Fi1G. 3. Variation of the unit cell volume with com-
position for rutile form Nb,O, and Ta,0,. (a) Kimura
(3), (b) Adadurov et al. (6), (c) Terao (4), (d) This
work, (e) Syono et al. (8).

rutile. The correct model for niobium diox-
ide could be established from density mea-
surements. However, these data are not
available for the present specimens. We
tentatively prefer the metal-deficient model
to the anion-excess model because the unit
cell volume decreases with increasing non-
stoichiometry. This trend has also been
clearly demonstrated in tantalum dioxide
(8). The contrary tendency might be antici-
pated for the oxygen-excess model. The te-
tragonal unit cell volume of the rutile form
Nb, O, and Ta, 0, is plotted against compo-
sition, x, in Fig. 3. The composition depen-

389

dence of the unit cell volume is approxi-
mately represented by a straight line,
common for both niobjum and tantalum ox-
ides of the rutile type. This relationship
may be understood in terms of the same
ionic radii of Nb’* and Ta**, and presum-
ably, Nb** and Ta** (12). The observed
linear decrease in volume with x should be
correlated to the increase in the cationic va-
cancy.

The shock reduction behavior of niobium
and tantalum oxides, is summarized in
Table II. In the case of tantalum oxides,
shock-reduced rutile phase has a composi-
tion close to stoichiometry, although the
yield of the rutile phase remains 70% at
best. In the course of subsequent oxidation,
the rutile form of TaO, was continually oxi-
dized to Tay30O,, with no change in crystal
structure.

On the contrary, shock-reduced niobium
oxides have greater nonstoichiometry al-
though complete conversion to the rutile
phase is generally attained. Oxidation of
the rutile phase Nby 440, leads to formation
of either Nb;,0O, or B-Nb,0s, depending on
the heating condition, in contrast to the
case of oxidation of TaO,. This discrepancy
may be related to a relative difference in
reactivity of niobium and tantalum oxides.
Because of the high melting point of Ta,0s

TABLE II
COMPARISON OF SHOCK-REDUCTION BEHAVIOR OF Nb,Os5 AND Ta,0s

Shock reduction

Products of
Starting Final products subsequent
materials Intermediate (50 ~ 55 GPa) oxidation in O,
T-NbyOs Nb;,0x Rutile Nb,Ox: heating rate
~40 GPa Nbi%0, 5°C/min, ~1200°C
V = 69.34 A3 B-NbjOs: kept at 850°C
Yield = 1.0 for 6 hr
B-Tay O — Rutile Rutile: Tay:0;;
Tal%0, V = 66.02 A%; heating rate
V=69.72 A* 15°C/min, ~1200°C

Yield = 0.7
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(1870°C), oxidation temperature up to
1100°C would be insufficient to reconstruct
a more stable crystal structure associated
with the valence change from Ta** to Ta’".
This explains why the shock-reduced rutile
Tag 970, has been oxidized to Tag g0, with-
out change in crystal structure. However,
in the case of niobium oxides, oxidation
treatment up to 1100°C, or even at 850°C in
the thermogravimetry experiment at con-
stant temperature, seems sufficient for
changing the crystal structure from rutile to
Nb2059 or B-Nb,Os, respectively, proba-~
bly due to a higher reactivity as revealed by
the lower melting point of Nb,Os (1490°C).

The mechanism that leads to the fast re-
duction of Nb,Os, accompanied by oxygen
release during a short duration of shock is
not yet established. Recently we observed a
similar shock reduction of Nb,Qs single
crystal to the rutile form Nb,O,. Shock
temperatures in the case of single crystals
should be much lower than for the powder
specimens because of zero porosity (13).
This strongly suggests that shock reduction
is essentially related to the shock-loading or
-unloading processes, rather than simply to
high-temperature effects. The decomposi-
tion reaction in the decompression stage,
which was observed in vanadium hydride
and deuteride (/4), might have some rele-
vance to the decomposition reactions ob-
served in transition metal oxides under
shock processes.
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