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Transformations in Refractory Compounds, Brought about by High
Pressures and Temperatures

Yu.G.Zainulin, S.I.Alyamovskii, and G.P.Shveikin

The influence of high pressures and temperatures on the structural characteristics of the refractory carbides, nitrides, and
monoxides of the transition metals have been examined. The results have been discussed in the light of one of the com-
ponents of Kurnakov’s theory of daltonides and berthollides—the concept of imaginary compounds, developed by Bokii.
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A number of new ideas following from this examination have been formulated.

It has been shown that at high pressures

and temperatures it is possible to obtain new electronic modifications of compounds and to extend considerably the

range of existence of phases of variable composition.

It has been shown that the concept of imaginary compounds is

correct, and it has been suggested that a large number of imaginary compounds are realised at high pressures and tem-
peratures. Other methods of obtaining imaginary compounds have been recommended. The bibliography contains

109 references.
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I. INTRODUCTION

In recent years there has been considerable interest
in the study of processes taking place in a solid under the
simultaneous influence of high pressures (p) and tem-
peratures (¢). This is due because it is thus possible to
bring about various transformations (polymorphic trans-
formations, decomposition and reduction of a substance,
perfection and ordering of a crystal structure, transitions
from the crystalline state to the amorphous and vitreous
states, production of the metallic state, changes in the
electronic structure of compounds and the valency state
of atoms, the synthesis of periodic and “imaginary” com-
pounds, the production of new electronic modifications of
known compounds, etc.); see for example Refs, 1-34,

In the present work an attempt is made to examine
systematically the influence of high p and ¢ chiefly on
refractory carbides and nitrides and partly on oxides of
the transition metals and their reciprocal solid solutions,

The compounds discussed, which are formed chiefly
from metals of sub-groups IVa-Va, belong to the class of
so-called interstitial phases and are distinguished by a
number of characteristic features, which it is appropriate
to discuss briefly. Firstly, most of these compounds
(which exhibit the properties of metals or covalent crys-
tals) have wide homogeneity ranges, and their unit cells
sometimes contain a large number of structural vacancies
in one part (for example the monocarbides of the transition
metals of groups IV and V, and Fe monoxide) or both
parts (for example the cubic NaCl-type monoxides of Ti
and V, and the oxide carbides and oxide nitrides of Ti,
Zr, Hi, V, and Nb). The metal atoms of these compounds
often exhibit cubic or hexagonal close packing, with the
non-metal atoms arranged in the octahedral sites, Under
certain conditions, some interstitial phase compositions
exhibit ordering (NbCy,,s, TaCo,;5, TiO}.005 TiCo.500.5,
VCo.500.5, €tc.). More detailed data on interstitial
phases are given in a number of monographs (see for
example Refs, 35-38).
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II. CARBIDES

The first report of the influence of high pressuresy on
carbides, including those of refractory metals, is found
in papers dealing with the synthesis of artificial diamonds.
In these papers (reviewed, for example, in Refs,2, 23,
and 40), carbides are used as the carbon-containing
material, which liberates carbon at high p and f as a
result of chemical reactions.

The first special study of the influence of high pres-
sures on the refractory carbide (and nitride) of titanium
TiC (and TiN), of unknown composition, was carried out
by Bridgman*, who determined the compressibility and
electrical resistance at a pressure p = 1.2 X 10t kg cm™2
and found that the electrical resistance decreased with
increase in pressure; no structural transformations were
recorded. Semerchan and coworkers#! studied the
influence of pressure (up to 10° kg cm™) and temperature
(1400°) on the hard alloy T15K6 (composition, wt.%: Ti
12.5, C 7.5, Co 6.0, Fe 0.1, remainder W), The speci-
mens in the form of cylinders of diameter 6 mm and
height 8 mm were kept under these conditions for 5 min
in the apparatus previously developed**, The heating was
then stopped, and when the temperature had decreased to
ambient the pressure was also removed. The alloy
treated in this way consisted of three phases—the carbide
WC, a solid solution of tungsten carbide in titanium
carbide TiC-WC, and a solid solution of tungsten (up to
3%), titanium (up to 0.5%), and carbon (up to 0.5%) in
cobalt, Co(W, Ti, C). (Semerchan and coworkers#
report that the loss of carbon by the specimens during this
treatment was prevented, but they do not describe how
this was achieved.) The experimental data are given in
Table 1.4 The decrease in the specific gravity of the
treated specimens compared with the original specimens

f In accordance with the published classification®,
high pressures correspond to p = 10* kg ¢cm™2,
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was attributed# to the filling of the cracks by katlinite—
the medium in direct contact with the specimen, used to
transmit the pressure. The decrease in the lattice
spacing of the phase TiC-WC is related to the additional
solution (up to 5 wt.%) of WC in TiC. In the X-ray dif-
fraction patterns of the treated alloy, the diffraction
maxima were broader, and their point character, observed
for the original specimen, had disappeared. All this

was attributed* to the production of distortions in the
crystal structure of the carbide phases.

Table 1, Influence of high pressure and temperature
on the characteristics of the alloy T15K6, 4!
Characteristics of the specimens Original alloy Treated alloy
Specific gravity, g cm™3 11.25 11,0 =11.48
Average particle size of the phase WC, um 3.46 3.65
Average particle size of the phase TiC-WC, um 3.60 3.56
Concentration of graphite inclusions in the field
of view, % up to 0.5 up to 0.5
Porosity, % upto 0.2 up to 0.
Vickers hardness, kg cm2 1480 1480— 1100
Lattice period of the phase TiC-WC, A 4.3119 4.3105
Width of the 420 diffraction line of the .
phase TiC, min 63 92
Width of the 202 diffraction line of the AN
phase WC, min 80 153

Pivovarov and coworkers*® subjected specimens of the
hexagonal carbide WC, g, to all-round compression (up
to ~ 100 kbar) with simultaneous heating (up to 2130°C).
Under these conditions, the diffraction maxima became
appreciably broader (the width of the 211 line increased
from 6 mradian to 26 mradian), Moreover, this treat-
ment led to a significant increase in the micro-hardness
(from 1800 kg mm ™2 to 2800-3200 kg mm~2), These
results were attributed to an increase in the density of
dislocations and other defects in the crystal lattice,
leading to plastic deformation of the carbide WC, gq. 3
When the specimen was annealed to 1800° for 1,5 h, the
micro-hardness decreased to 1870 kg mm™2; at the same
time, the width of the diffraction line decreased to 14
mradian. The same effects were observed by Koval'skii
and coworkers*¢, when the carbides WC, TaC, TiC, NbC,
ZrC, and Cr,C, were treated for 3 min under conditions
of quasi-hydrostatic pressure (p = 100 kbar) with simul -
taneous heating to 1400°% part of the carbides contained
up to 3 wt.% cobalt., These datatt are given in Table 2.
Koval'skii and coworkers#** also drew attention to the
marked increase in the micro-hardness and the broaden-
ing of the X -ray lines after treatment. In this case, in
contrast to the earlier data*, annealing did not lead to a
significant change in the micro-hardness of pure tungsten
carbide (the conditions of annealing, however, were
slightly different from those described in Ref. 43, see
Table 2), The addition of cobalt leads to a marked
increase in the rate at which the hardness decreases, as
a consequence of the participation of the liquid phase in
the recrystallisation (see Table 2), including that in WC.

Unlike Koval'skii and coworkers*t, Samsonov and
coworkers®s were able to achieve a significant increase
in the micro-hardness of specimens of titanium carbide
TiC treated under conditions of quasi-hydrostatic pres-
sure in the range 25-80 kbar and temperatures in the
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range 1000-2000°. The specimens were first heated in
cells to the required temperature, kept at this tempera-
ture for 3 min, and then compressed for 1 min, The
maximum micro-hardness achieved in the compressed
titanium carbide® was 3300 kg mm™2,

Table 2, Characteristics of the alloys studied by
Koval®skii and coworkers#,

Original specimens

Parameters

TiC+Co

NbC+Co

zrC
NbC
TiC+Co
WC+Co
wC

Micro-hardness, kg mm-2:
original specimen 2400 | 2900 | 1800 | 1800 | 1600 | 1800 | 1800 | 1350 | 1350
treated specimen 2500 | 2900 | 2600 | 2600 | 2200 | 3100 | 3100 | 2600 | 2600
after annealing* 2400 | 3000 | 1800 | 2100 | 1700 | 1900 | 3000 | 1700 | 2200

Broadening of the lines, radian{S-79 X [1.75 X |1.31:<|1.16 x|1.05|1.13 x12.33¢19.35 X 8.20 X

' x10™4}x 1072 %107 1072|1072 x 1072|1073} 103| x 10-3

* Annealed at 1400° for 3 h.

Samsonov and coworkers® applied static and dynamic
pressures to specimens of hexagonal tungsten carbide
WCx (x = 0.85, 0.90, 0.95) and mixtures of the metal and
carbon black with the same compositions. Shock com-
pression was applied in retaining ampoules; the pressure
at the front of the leading wave was (1.45-1.65) x
10° kg em™. The quasi-hydrostatic pressure treatment
was carried out at 1200° and 90 kbar for 30 min. X-Ray
phase analysis and measurement of the micro-hardness
of the specimens treated in this way revealed individual
granules and conglomerates of granules of the cubic
modification of WC, % The formation of the cubic carbide
WC was observed on compression of both the original
carbides (WC,.q, and WC,.,;) and the mixtures of
tungsten and carbon black having the same compositions.
Explosive shocks*® also led to decomposition of the origi-
nal hexagonal carbide WC,,, to metallic tungsten,
hexagonal W,C and cubic WC. An interesting feature is
that it has been reported?®’ that high-temperature cubic
WC, synthesised under ordinary conditions, has a
restricted range of existence with respect to both com-
position (WCq g, ~0.s,) and temperature (2530-2747°),

Sevast'yanova and coworkers* synthesised cubic
tungsten carbide under conditions slightly different from
those used by Samsonov and coworkers*, Hexagonal
tungsten carbide and a mixture of finely divided metallic
tungsten and carbon black in equi-atomic proportions
were subjected to high pressures (35-70 kbar) and tem-
peratures (1400-2000°), The duration of treatment was
varied from 1 min to 3 min. In addition, the original
specimens contained 0.1-2 at.% of stabilisers —metals
of groups IV and V and their cubic carbides TiC, ZrC,
and VC. When hexagonal tungsten carbide was used as
starting material, the cubic carbide could not be obtained,
even when stabilisers were added. It was formed,
however, by compressing a mixture of the metal and
carbon black containing TiC. The lattice period of the

cubic phase, determined from the 220 line for one of the
heterophase specimens, was 4.336 A. This large value
of the lattice period was attributed to the formation of a
solid solution WC-TiC.
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Clougherty and coworkers#*® treated an equi-atomic
mixture of metallic molybdenum and carbon, and also
Mo,C and carbon, at high temperatures (1800-2500°) and
pressures (40-70 kbar). X-Ray phase analysis of the
resulting specimens showed the presence of ten additional
lines, in addition to those of the phases existing under
ordinary conditions. All were indexed in a cubic face-
centred lattice with period ¢ = 4.27 A. This carbide was
assigned the stoichiometric composition MoC, with four
metal atoms in the unit cell**, Cubic molybdenum carbide
synthesised under ordinary conditions exists in a different
composition range (MoCy.g6_0.76) at temperatures of
1960-2600°, 5051

Table 3. Characteristics of MoCy specimens®2,
. Phase compn. after treatment*

Corrslpnc.irt;feznglnal Phase compn. of original specimen (lattice periods of individua!

pe components)

MoC,y 4, Mo,C ~+ n-MoC, (hexagonal) MoC+n-MoC, (a=3.02 A; c=

=14.41 A)

MoC, gy Mo,C4-C n-MoC,, + Mo,C

Mo(‘,umu Mo+4-C n-MoCar =+ Mo,C

MoCy o144 a-MeC, (cubic) N-MoC, (a=3.011 A; c = 14,63 A)

1-MoC,, (hexagonal) a-MoC,

* Treatment at 25 kbar and 1500° for 14 min.

Table 4. Characteristics of specimens obtained by
Dubrovskaya and Nazarova®3,

Original specimens Tma‘ff ig%c(;g‘:i“z (;Ojnlxg? kbar,
concentration of concentration of onen. of
C§::{):r.ecf carbon, wt.% oA carbon, wt.% a A :\{;tr;;{gle;\),
combined free combined free wt.%
Nb, 4sMog sC 11.0 0.28 4.4646 - HET 4.4674 0.1
Nb, ¢Mo, 1,C 10.73 0.60 4.4528 10.38 0.17 4.4420 —
Nb, ,,Mo, ,,C 10.62 0.95 4.430 9.59 0.02 4.4341 —
' 0.63 4.4344 |
Nb, Mo, ,,C 9.63 1.57 4.3926 9.68 4.02 4.3928 — ’
8.88 1.22 4.3897 !
by 3M0g,7C 8.90 | 1.64 | 4.3417 - 0.88 | 4.3629 - !
Nb,,15M0g,55C 7.94 | 242 | 4.295 — 1.01 | 4319 -
4.3273

The behaviour of the carbide phases in the Mo-C
system at high pressures was also studied by Shinyaev
and coworkers®?; heterophase alloys of molybdenum and
carbon, and their mixtures having the composition
MoC, ¢, Were treated for 40 min at 25 kbar and 1500°
in an apparatus of the “anvil with indentation” type (see
Table 3). X-Ray diffraction study after treatment
showed that all the specimens contained the hexagonal
n-carbide. Its lattice periods in the specimen having
the composition MoC, 4, differed considerably from those
of the carbide synthesised under ordinary conditions
(@ = 3,006-3,011 &; ¢ = 14.61-14.64 A).5%5! It was
concluded>? that the homogeneity range of n-MoCx is
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extended towards lower concentrations of carbon at high
p and ¢, In addition, a thermodynamic calculation®®
showed that a pressure of 25 kbar lowers the decomposi-
tion temperature of the hexagonal n-carbide from 1650°
to 1380°,

Dubrovskaya and Nazarova®? tried to achieve additional
introduction of carbon into the lattice of the solid solutions
NbC, ,—MoC, g, to obtain specimens having compositions
close to the stoichiometric. Mixtures of the solid solu-
tions and free carbon were treated at a pressure of 120
kbar and 1500° for 30 min. Chemical analysis of these
specimens showed a decrease in the concentrations of
both free and combined carbon. An interesting feature
is that the lattice period, compared with the original
value, remained unchanged for one of the specimens,
decreased for another, and increased for the remainder
(see Table 4).

The all-round compression of a substance can also be
brought about under dynamic conditions. Compression
by explosion leads to various transformation in a solid!®s
11,13,15,17,20,24,27554,  The influence of pressure pulses on
refractory compounds has been studied by a number of
workers55760,%2  Appreciable micro-porosity has been
reported® in various specimens subjected to compression
by explosion, including TiC, ZrC, NbC, and WC. The
X -ray diffraction patterns (particularly those of the ZrC,
NbC and WC specimens show diffuse broadening of the
lines, indicating that the crystal structure is imperfect.
In addition to the lines due to the original phases the
X -ray diffraction patterns of the carbides ZrC, NbC,
and WC, recorded after compression by explosion®s,
contained extra reflections (in the case of WC these lines
belong to hexagonal o-W,C), the intensity of which
increased with increased strength of the shock wave, It
was concludedss that partial decomposition of the carbides
NbC, ZrC, and WC takes place. The X-ray density of
the compressed specimens remained unchanged®®,

The increase in the strength of the hard alloy WC-Co
(15 wt.% Co) under the influence of an explosion (pressure
105-230 kbar) has been studied®®, The micro-hardness
of the original alloy (1200-1365 kg mm ™) and the carbide
(1824-1994 kg mm ™) increased sharply after compression:
to 21732311 kg mm™ for the alloy, and to 2954-3200
kg mm-2 for tungsten carbide. These results show
satisfactory agreement with results obtained by other
workers*t, The density of the alloy increased® from
13.6 g cm~® to 14.5 g cm™3, and the tungsten carbide
particle size decreased. A phase transformation in
metallic cobalt from the hexagonal tothe cubic modification
was also observeds®,

The influence of dynamic compression (67-190 kbar) on
the structure of the carbides of titanium (TiCyx; x = 0,62,
0.75, 0.83, 0,98), zirconium (ZrCx; x = 0.62, 0.72,
0.80, 0.96), and niobium (NbCy; x = 0.72, 0.82, 0.90,
0.99) in their ranges of existence has been studied®”. The
compression was carried out in cylindrical and annular
retention ampoules. Hexagen, pentaerythritol tetra-
nitrate, and fused trinitrotoluene were used as explosives.
The X -ray diffraction patterns of the carbides, recorded
after shock compression, showed broadening of the
diffraction maxima®’. In addition, some of the specimens
showed an increase in micro-hardness (by 6.8% for
TiCy,625 20% for NbC, ,,, 14.3% for NbC,,g,, 11.1% for
NbC, 4, and 11.6% for NbC,_,,) after the effect of the
explosion, This indicated®’ the passage of plastic defor-
mation in local volumes, which was also related to the
increased density of dislocations in the compressed
specimens,



1228

The influence of shock waves (160-350 kbar) on the
physicochemical characteristics of technical zirconium
carbide (Z2r 87.75%, ccombined 10.15%, cfree 0.1%,

Fe 0.35%, Mg 0.01%) has been studied®®, The dimensions
of the regions of coherent scattering, the degree of
distortion of the crystal lattice, the pyknometric density,
and other characteristics of both the original and the
compressed specimens were determined, The pykno-
metric density remained unchanged (6.45 g cm=3) up to a
pressure of 1860 kbar, thenincreased toamaximum (68.51 g
cm™)at 160kbar, and finally decreasedup to a pressure
in the shock front equal to 350 kabr, reaching a
minimum value (6,37 g cm™3), The lattice period of the
phase remained unchanged at ¢ = 4.688 + 0,002 A, The
Increase in the pyknometric density was attributed®® to

a decrease in the concentration of defects as a resuit of
the “collapse” of micro-cracks and micro-cavities,

The influence of pressure pulses on the carbides of
chromium (850 kbar) and molybdenum (1,05 Mbar) has beer.
studied®®, In one of the original heterophase specimens
contalning Cr,C, and Cr,C,, the explosion led to rupture
of the ampoule, X-Ray phase analysis of the products
showed the presence of the higher carbide Cr;,C, in
addition to the original phases., The carbide Mo,C,
however, decomposed to Mo and @-MoCy on compression,
These results were attributed to a change in the electronic
structure of the original phases under the influence of
high pressures,

IIl. NITRIDES

There is very little published information on the
influence of all-round compression on refractory nitrides.
The effect of shock waves on the nitrides of niobium,
zirconium, silicon, chromium, and gallium has been
studied®®, Cylindrical steel retention ampoules were
used, and the explosive was hexagen, The nitrides of Zr
and Si did not show structural transformations®®, but the
crystal structure of chromium nitride became less perfect;
gallium nitride decomposed. Under the influence of the
shock wave, the original hexagonal nitride NbNj ¢s40.08
was converted into the cubic nitride 8 -NbNg, 310,10 With
lattice period 4.39 + 0,01 A and density 7.20 + 0,01gcm=3
(density of the original niobium nitride 7,932 z 0,008
g cm™?), This change in density was attributed to latent
micro-porosity in the NbNy,,, Subjected to shock
compression®,

Cubic (NaCl type) tantalum nitride with lattice period
a = 4,358 + 0,001 A has been synthesised® at p = 30—

100 kbar and ¢ = 1800°% This nitride is fairly stable:

the polymorphic transformation to a phase having the WC
structure, stable under ordinary experimental conditions,
took place only after heating for 4 h in a vacuum

(10™® mmHg) at 1200°, It was assumed® that the com-
position of the nitride obtained differs from the stoichio-
metric composition, since the temperature of its conver-.
sion into the superconducting state (T, = 6.5 K) is

lower than that for tantalum carbide, whereas in the
isomorphous niobium carbide and nitride the opposite T¢
ratio is observed: 17.3K for NbN and 11,0 K for NhC, ¢

Samsonov and coworkers®® applied dynamic pressure
(~ 3 Mbar) to powdered hexagonal stoichiometric
tantalum nitride (TaN,,,) and detected a cubic (NaCl type)
phase with @ = 4,33 A in addition to the hexagonal phase.
Samsonov and coworkers assigned to it the composition
Ta,, N(TaN,,;s) and reported the presence of vacant sites
in the metallic sublattice (pexpt = 15.652 g cm™ 9 although
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this does not follow from the original data (calculation
glves the values of 3.85 and 4,81 for the numbers of
tantalum and nitrogen atoms respectively).

The action of high pressures (up to 80 kbar) and tem-
peratures (up to 2000°) does not lead to structural changes
in the nitride VN or in mixtures of the nitrides TaN and
TayN, s

IV. MONOXIDES

Before examining published data on the influence of
high p and ¢ on the monoxides TiOx and VOy, titanium
oxide carbides and oxide nitrides, and iron monoxide, it
should be noted that all these phases exhibit appreciable
homogeneity ranges and have structural vacancies in
both sublattices (only FeOy has vacancies confined to the
metal sublattice); see for example Refs. 3538,

Table 5, Change in the lattice periods, density, and
percentage of vacancies in TiO,,, with change in pressure
and temperature®’,

l Density, | No. of atoms in the cell

P Temperature (°C) and | Lattice period| measured | Conen. of

FeSSUre | oonditions of preparation|at 28°C, A | at 25°C, jvacancies,| ., o

R em3 %
1
1 bar 1725 (original specimen)  4,1784 4.97 14.0 3.42 3.42
{ bar 1500 (2 d) 4.1798 4.97 14.4 3.42 3.42
1 bar 1500(2d) + 1200 4.1812 — — — -
(3d)

1 bar 1100 4.1817 —_— — — —
9.4 kbar agg 2 igg_] — — — —
.2 kbar . — - — —
22.3 kbar 140 4.1022 5,04 12.9 3.47 3.47
1 bar 4320 4.1805 — — — —
15 kbar 1320 4.1862 5.03 13.0 3.48 3.48
39.3 kbar 1820 4.1938 — — — —
§6.4 kbar 1320 4.2018 — — — —
77.4 kbar 1550 4.2084 5.68 0.0 3.99 8.99
1 bar 1650 4.1788 — — — .
20.9 kbar 1650 4.1877 5.04 18.2 3.47 3.47
27.4 kbar 1650 4.1916 5.04 12.4 3.50 8.50
35.0 kbar 1650 4.1945 - — — —
6.4 kbar 1850 4.2025 - — - -
36.4 kbar 1650 4.2020 — — —

61.6 kbar 1650 4.2045 - — — -
66.2 kbar + 4650 4.2038 5.37 5.88 3.76 3.78
774 kbar 1650 4.2062 5.69 0.0 3.99 3.99

The decomposition of iron(II) oxide under the influence
of hydrostatic pressure (10* kg cm~?) has been studied®,
The original FeO specimen with ¢ = 4,294 A was
subjected to pressure and isothermal heating at 400, 450,
480, 500, 550, and 590°C. The products of the decom-

position of wlistite (@Fe0224 pFe + cFe,0, + dFe0),

obtained under pressure, contain much larger quantities
of the metallic phase than specimens prepared without
using high pressure (other conditions being the same), %¢
The explanation given for this difference®* is that in the
first case the iron ions may partly fill the vacancies in
the metal sublattice of FeO (since pressure generally
decreases the rate of diffusion processes), forming
chiefly the metallic phase. This was proved®t by X -ray
diffraction, magnetic measurements, metallography, and
chemical analysis, The synthesis of stoichiometric
wilistite FeO,,,, by the reaction between Fe, 0 and Fe
at high pressures (> 36 kbar) and temperature (770°)
has been reported®s,
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The simultaneous influence of high pressure (up to
78,1 kbar) and temperature (from 880°to 1650°) on the
monoxide TiO, 4 (@init = 4.1784 A and 4.1796 A) has been
studied®¢,57, At a pressure of 77.4 kbar and temperatures
of 1550° and 1650°, the unit cell of this phase became
complete (that is contained no structural vacancies).

The gradual decrease in the concentration of vacancies
with change in p and ¢ ¢7 is shown in Table 5, The
number of atoms in the unit cell was determined®” from
data on the composition and lattice periods, and from the
density of the specimens, measured by flotation, hydro-
static weighing, and powder pyknometry. Table 5 shows
that increase in pressure leads to a regular increase in
the lattice period and density, and to a decrease in the
number of vacancies.

With increase in pressure to ~ 60 kbar at room tem-
perature®® the lattice periods of specimens of non-
stoichiometric Tiy. 4 and TiO,, ,; decrease. The same
results were obtained for wilstite®®. The authors cited®,
however, were not convinced that the vacancies were
filled under the conditions of their experiment. In fact,
calculations® showed that the disappearance of the
vacancies, as observed in Ref. 67, should lead to an
increase in a after treatment of the specimens, whereas
the values of a for the monoxide specimens, including
FeO, acquired practically their original value after the
high pressure was removed.

The equilibrium concentration of structural vacancies
in TiO at high pressures and temperatures has been
calculated™ by the methods of statistical thermodynamics.
The calculations indicate that the concentration of
vacancies decreases from 14.5% at a pressure of 1 bar
to ~10-14% at 100 kbar.

Subsequent experiments™»™ confirmed the chief
results of the previous studies on the filling of the vacan-
cies in titanium monoxide, and also gave new data,
Specimens of TiOx in the homogeneity range (x = 0,86~
1.24) were subjected to all-round compression at p =
50-60 kbar and ¢t = 1100~-1300°7* This led to a consider-
able decrease in the number of vacancies in both sub-
lattices of TiOx (see Table 6), The same result was
obtained’ by treating specimens of TiO,, 4 and TiO,,,, at
p = 90 kbar and { = 500-1300°, The lattice periods of
these specimens increased sharply compared with the
original specimens (Table 7), and this was attributed to
filling of the structural vacancies in the metal sublattice
(TiO,,g5) and oxygen sublattice (TiO, ,,) to give complete
lattices.

An interesting result was obtained by Zainulin and
coworkers’™ who found that a specimen of TiO, ,,, syn-
thesised at ¢ > 1300°, consisted of three phases, unlike
other specimens, Its X-ray diffraction pattern, in
addition to the lines of the cubic monoxide with a = 4.230 A,
showed a phase with interplanar spacings close to those
for orthorhombic TiO,(II),?® and tetragonal Ti0,. The
latter was readily indexed in a structure of the rutile
type with lattice periods a = 4,575 A, ¢ = 3.080 A&,

c/a = 0,673, These values differ considerably from the
values corresponding to rutile stable under ordinary
conditions: a = 4.59373 &, ¢=2.95812 &, c/a =0.64395,78
In the opinion of the authors cited’, this indicates that at
p = 90 kbar and ¢t > 1300°, the TiO,,,, specimen decom-~
poses to TiO, and a Ti,0 phase having a lower oxygen
content than TiO, 4. In fact, according to Ehrlich™, the
lattice period (and the intensity ratio I,;,/I,4,) of the
monoxide TiOx obtained under ordinary conditions
increases with decrease in the oxygen concentration over
its homogeneity range. According to the data obtained by
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Zainulin and coworkers™, a(TiO,,4) (for p = 90 kbar
and ¢ = 1020° and 1200°) is smaller than the period of the
cubic lattice in the two-phase specimen of TiO,,,,; the
same applies to the ratio I;;/I5p0.

Table 6. Influence of pressure and temperature on the
structural characteristics of the phase TiOy. ™

Characteristics of the original TiOy (;?(;%;t;’lg:lcf Characteristics of the compressed TiOyx
xin ] | number of } number of
TiOy densit lattice atoms in cell D, densi lattice atoms in cell
enm_g{, period, kbar | ¥ °Cc em‘g” period,, |™ |

gom A ny | no g om A i no
0.86 5.057 4.189 | 3.63 | 3.12 [ 60 | 1300 {5.117 | 4.205 3.72 3.20
0.89 5.043 4,491 13.60 ) 3.201 50 | 1100 15.462 | 4.200 3.7 3.30
0.90 5.029 4,190 | 3.58 | 3.22 | 60 | 1300 [5.129 | 4.207 3.70 3.33
0.91 5.025 4,186 13,56 | 3.241 60 | 1300 |5.083 | 4,203 3.64 3.31
0.95 5.054 4.185 | 3,52 ] 3.34| 50 | 1300 |5.177 | 4.200 3.66 3.48
1.00 5.000 4,484 1 3.45)3.45 | 50 | 1300 |5.058 | 4.200 3.54 3.54
1.01 4.984 4.181 | 3,43 ] 3.47 | 60 | 1300 |5.043 | 4196 3.50 3.54
©1.03 | 4.929 4.173 | 3.35 1 3.45 | 60 | 1300 |5.064 | 4.200 3.51 3.62
1.06 | 4.975 4.174 (3.36 1 3.56 | 60 | 1100 [4.996 | 4.196 3.43 3.64
1,07 4.975 4.174 | 3.36 | 3.60 | 60 | 1300 |5.032 | 4.193 3.44 3.68
1.10 4.947 4,178 [ 3.32 1 3.65| 60 | 1300 [5.013 | 4.192 3.40 3.74
1.12 4.947 4.176 1 3.30 | 3.70 | 60 | 1300 |5.000 | 4.190 3.37 3.78
1.13 4.921 4.173 | 3.27 [ 3.70 | 60 | 1300 [4.969 | 4.189 3.34 3.78
1.17 4.914 4174 13,241 3.79 | 60 | 1300 |4.963 | 4.188 3.30 3.86
1.18 4.907 4,173 13,22 1 3.80| 60 | 1300 [4.934 | 4.187 3.26 3.85
1.22 4.851 4471 [ 3.14 | 3.83 | 60 | 1300 |4.942 | 4.182 3.23 3.94
1.24 4.870 4170 | 3141 3.90{ 50 | 1300 }4.938 | 4.198 3.25 4.03

Table 7, Characteristics of the original specimens and
the specimens obtained at a pressure of 90 kbar and
different temperatures™,

Dura-
Compn. and charac- tion of| Phase compn. Lattice No. of for-
teristics of the origi- | £ °C | treat- |of compressed Type of lattice period, A | mula units
nal phase ment, specimen I ’ (n) in cell
min f |
TiO,, g5 5004 2 single-phase* FOC* 4.189 —
a=:4.1890 A;
n==3.52
ditto 1020 1 single-phase FCC 4.2107 3.98
» 1200 | 2 single-phase FCC 4.2170 4.01
TiOl oy 720 3 single-phase [es 41742 3.15
a=4,1667 A;
n=3.06
ditto 1240 | 1 single-phase FCC 4.1740 3.14
» 1300 2 three-phase 1) FCC 4.23 —
2) tetragonal a=4.575; —
(rutile type) ¢=3.080
3) orthorhombic a=4.531; —
(a-PbO7 type) | b="5.498;
¢=4.900

*The lines at large angles on the X-ray diffraction
pattern are indistinct.
** Face-centred cubic.

Indirect evidence of the decomposition of the TiO,,,
specimen was also obtained by Banus and coworkers™,
who obtained a very large cubic lattice period for a
single-phase specimen of Ti0,.,, (see Table 6); this
diverged considerably from the general a = f(x) relation-
ship, This value of a can probably be attributed to the
decomposition of TiO,,,, to TiOx (x < * 24) and TiO,;
because of the small quantities prese.., however, the
presence of TiO, could not be detected by X -ray diffraction.

The influence of dynamic pressure on titanium
monoxide has also been studied’®s’”, The following mix-
tures were subjected to shock compression™ (p ~800kbar,
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t ~ 1730°C): Ti + TiO, = 2Ti0,.,; 2Ti + 3TiO2 = 5TiO,.,
3Ti + 2Ti0, = 5Ti0,,;. The reaction products in all
cases contained a cubic (NaCl type) phase with lattice
periods equal to 4,177-4,179 A, 4.169 A, and 4.188 A
respectively. The subsequent action of shock waves on
the monoxide synthesised in this way did not alter the
lattice periods™. Similarly, no significant change in the
concentration of structural vacancies was observed when
TiOy. g4 TiO,,06, and TiO, ,, were subjected to shock
compression at pressures up to 600 kbar,?’

Table 8, Change in the structural characteristics of
the vanadium monoxide phase under the influence of
pressure p = 60 kbar and ¢ = 1300°C, 8

Characteristics of the original VOy Characteristics of the original VOx

xin . lattice number of atoms . densit lattice number of atoms
VOy dgerclrs‘l:-);, period, in cell g om" ’ pe[Aiod’ in cell

A ny no rv ro
0.86 5.736 4.03% 3.506 3.015 5.816 4.043 3.589 3.087
0.88 5.752 4.039 | 3.515 3.093 5.797 4.054 3.579 3.150
0.94 5.677 4.053 3.451 3.244 5.732 4.066 3.518 3.307
0.96 5.674 4.058 3.445 3.307 5.751 4.068 3.518 3.877
0.99 5.602 4,068 3.401 3.367 5.650 5.084 3.471 3,436
1.02 5.583 4.077 3.388 3.436 5.858 4.086 3.456 3.525
1.09 5.507 4.099 3.30 3.644 5.581 4.104 3.349 3.650
1.45 5,419 4.120 3.292 3.788 5.458 4.124 3.326 3.825
1.20 5.371 4.130 3.249 3.899 5.402 4.133 3.275 3.930
1.23 5.329 4.133 3.209 3.947 5.374 4.133 3.236 3.980

Specimens of vanadium monoxide (ajnit = 4.0738 A)
have been subjected to the simultaneous influence of high
pressures (56.4 kbar) and temperatures (1650°.87 An
increase in the lattice period (due to the filling of
vacancies) to 4.1004 A and even 4.1295 A was observed®’,
A similar result was obtained by other workers™ who
subjected specimens of cubic vanadium monoxide VOx
(x = 0.86-1,23) to a pressure of 60 kbar and T = 1300°
under static conditions, The results of these experi-
ments’® are given in Table 8; the lattice period increases
considerably, and the degree of defect character of the
phase decreases. An interesting feature is that, in spite
of the high pressure and temperature of treatment
(p = 56.4 kbar, ¢ = 1650°), the lattice period of the
monoxide NbO (which can be regarded as crystallising in
a NaCl structure with 25% ordered vacancies) remains
unchanged®?,

Stable zirconium and tantalum monoxides cannot be
synthesised under ordinary conditions (vacuum or inert
medium, high temperatures).™ Zainulin and coworkers®
attempted to prepare ZrO and TaO. The experiments
were carried out at p = 77 kbar and ¢ = 800-1250° for
10 min under static conditions in a standard compartment®,
Specimens of the corresponding oxides were first heated
at a reduced pressure of 1.3 X 10”7 mmHg and # = 1400°
for 10 h, after which the resuling powders were placed
in cylinders of Ta (for the TaO specimen) or zirconium
(for the ZrO specimen). The products of the reaction of
the mixture of Ta and Ta,0, contained an unknown phase,
which crystallised in the orthorhombic system (a =
11,35 &, 6 = 8.199 &, ¢ = 8.396 A). The mixture of
Zr and ZrO, treated at 950° contained small quantities of
a cubic phase isostructural with NbO. Comparison of
the volumes (V) of the starting materials and final products
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of the reaction Zr + ZrO = 2ZrO (-AV/V = 4.9%) and
3Ta + Ta,0 = 5Ta0 (~AV/V = 12.2%) showed that these
reactions should take place with a decrease in V. It was
therefore suggested® that it is possible in principle to
obtain the monoxides TaO and ZrO at high p and ¢.

V. OXIDE CARBIDES AND OXIDE NITRIDES

Specimens of the cubic oxide carbide TiC,, ,0,.5; and
oxide nitride TiN,;,0,.5; have been subjected to all-round
compression under quasi-hydrostatic conditions at p =
90 kbar and ¢ = 620-1400° (Table 9).8 The lattice
periods of the specimens of the oxide carbide and oxide
nitride treated at ¢ = 90 kbar and ¢ = 1200-1400° are
significantly greater than the original values (Table 9),
This result, together with the results of the pyknometric
determination of the densities, led to the conclusion®
that the structural vacancies in the unit cell of these
phases are filled. An interesting feature is that in the
oxide carbide TiC,,,,0,.5;, both sublattices are complete,
whereas in the oxide nitride only the metal sublattice is
completely filled. There are no other published data on
the influence of high p and ¢ on the characteristics of
phases of this kind,

Table 9., Change in the structural characteristics of
titanium oxdie carbide and oxide nitride under the influence
of pressure ¢ = 90 kbar and different temperatures®,

. No. of
ior - Duration | Phase compn. Lattice .
C it d
il ot 1S9 | 4 oG | of treat- fof compressed | TYPEOF | period, | It
ment, min| specimen lattice A in the cell
TiCy (O 5y 3=429010 A; | 620 3  {singlephase | Fcc* | 4.2012 | 3.70
n=3.70 .
ditto | 1200 1 single-phase | FCC 4.308 3.98
TiNu noo 0 a=4.2270 A; 700 2 two phases of| FCC 4.21 —
n——: i g ) the same type 4.23
ditto 12001 4 . 4.239 3.99
» 1400 9 single-phase FCC 4.2448 4.00
single-phase FCC

* Face~centred cubic

VI. SUMMARY

Before discussing the above results, it is appropriate
to mention briefly one of the component parts of
Kurnakov's theory of daltonides and berthollides —the
concept of “imaginary” compounds®. Kurnakov, in an
examination of the chemical character of berthollides,
postulated the following possible treatments:

a) berthollides are definite compounds in a state of
dissociation;

b) berthollides are solid solutions of definite compounds,
unstable in the free state;

¢) berthollides are solutions of polymorphic modifica-
tions of the components, unstable in the free state.

The term definite compounds is here understood to
mean chemical compounds of constant composition, which
obey the law of simple and multiple proportions. In
accordance with this, Kurnakov proposed three types of
equilibrium diagram (Fig.1). The compounds AB_, AB_,

Aan which are unstable in the free state and which obey ’
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the laws of stoichiometry, and the modification of the
component B,, were later, at Ageev's suggestion®®,
called “imaginary”. Kurnakov, referring to the method
of finding imaginary compounds and modifications,
warned that considerable difficulties are encountered in
attempts to distinguish these cases experimentally; this
can be done only tentatively, by comparing with analogous
systems in which the singular ordinate ABy (Fig. 1) or
the second modification (B,) of the component B (Fig. 1¢)
can be observed directly. In other words, it is necessary
to assume the existence, in a given system A-B, of an
imaginary compound ABn’ ABn , ANn or an imaginary

1 2
modification B, if these phases are present in an analogous

system.

b
|
.;’.‘4L_x._
A i
|
!
]
A AR, B A B

Types of equilibrium diagram with imaginary

Figure 1.
compounds and an imaginary modification of a component
according to Kurnakov, formed: a) by isomorphous

mixing of non-existent compounds or definite compounds

unstable in the free state, AB, and AB,,; b)froma
compound AB, which is unstable or non-existent in pure
form; c¢)from a second (B,) modification of component
B, unstable in the free state.

Subsequently, these ideas of Kurnakov were developed
in detail by many workers (see for example Refs, 83-97),
The nature of imaginary compounds not realised under
ordinary conditions was first developed from the struc-
tural viewpoint by Bokii®!, Bokii regarded berthollides
as phases of variable composition, in which the limiting
degree of filling of the regular system of points (RSP)
of the structure is not achieved. In other words, if
the processes of substitution, introduction, and removal
of atoms under given experimental conditions do not
reach the limits characteristic of a given structure,
the limiting rational composition is not realised in
these phases. In Bokii's opinion, this composition,
corresponding to the imaginary compound, can readily
be determined by extrapolating the curve characterising
the change in the RSP to the composition at which the
RSP is completely filled (although this composition will
lie beyond the limits of the homogeneity range), It should
be noted that in Kurnakov's work®®, for berthollides
with and without a maximum on the “composition—
property” diagram, two (Fig.la) and one (Fig.16) limits
respectively were noted, corresponding to the imaginary
compound., According to Bokii*, however, any curve
(on the “composition—property” diagram) which does
not end at a component or at 4 compound can be
continued in both directivus as far as the corresponding
compound. In Kurnakov's opinion, the determination
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of the composition of imaginary compounds on the
“composition—-property” curve requires the availability
of the maximum number of points (in order to carry
out the extrapolation over the shortest possible
distance), whereas according to Bokii®!, the composi-
tion of the imaginary compound can readily be deter-
mined from only one point, and the position on the
curve, characterising the change in the RSP, at which
this extremal point is situated is not important, It is
only in the case of a berthollide with a maximum that
it is necessary to use two points, since the change
takes place in two RSP,

From the foregoing, and with allowance for the ideas
put forward by Zainulin and coworkers®®, it is possible
to explain various results obtained using high pressures
and temperatures, in particular datat®,52,53,55767,11-173,82
which indicate broadening of the homogeneity range of
various phases. Thus stoichiometric cubic (NaCl type)
molybdenum carbide, synthesised at high p and ¢ and
unstable under ordinary conditions, is the limiting
compound at which the RSP is completely filled, In
this connection, from data obtained* at high p and ¢,
the upper limit of the range of existence of the phase
MoCy must be assigned the composition MoC, , (under
ordinary conditions, the carbide MoC,,,, is obtained®s5?),

A composition close to the limiting composition is
observed?8:9° for cubic rhenium carbide ReC (@ =
4,005 A), synthesised at p = 160-180 kbar and ¢ = 1000°
(T = 2-5 min), which cannot be obtained under ordinary
conditions. For various monocarbides of metals of
sub-groups IVa-VIa, the compositions with the maximum
saturation by carbon correspond to the formula MC 1,00
The composition MC,,,, for these compounds can also be
realised at high p and £, It may be noted that the specific
values of £ and ¢ required to achieve the limiting com-
position with respect to non-metals cannot always be
chosen immediately, Thus in the opinion of Boiko and
Popova®!, the composition of cubic tantalum nitride,
obtained for the first time, is not stoichiometric; this
is also indicated by other data?,

This in the case of carbides and nitrides with the
NaCl structure, the maximum concentration of the non-
metal is characteristic of the compositions MC,,, and
MN,,, (or, with allowance for complete filling of the
RSP, M,C,and M,N,). The question of the lower
boundary of the homogeneity range of these phases is
of interest.  From structural considerations®, for the
NaCl structure it should correspond to the compositions -
MX(MX;) or, less probably, MX. (The carbide Nb,C
has been obtained!®, but its formation is apparently due
to impurities). It should be noted that the carbide
TiCy,s ' and the nitrides TiN, ., '°2 and ZrN,,, '° can be
obtained even under ordinary experimental conditions.
However, there are as yet no data on carbides and nitrides
of analogous composition for other transition metals,
synthesised at high p and ¢{. As noted by Bokii®, the
width of the homogeneity range of a phase naturally is not
always determined by purely structural factors; it is
also influenced by the valency state of the atoms.

Mention must also be made of the oxides of various
refractory metals. As already noted, at high tem-
peratures and pressures, increase in these parameters
leads to an increase in both the lattice period of the
phases TiOx and V Oy and their densities (for a given composi-
tion), duetothefilling of the vacancies in the unit cell of
the monaxides. Here, however, there is also a
change in the charge state of the atoms. In fact
for example, the complete monoxide TiO, o, in



1232

contrast to the defect structure apparently contains no
M-M bonds, since the M atoms are completely shielded
by oxygen atoms!®, The X-ray emission spectra of
compressed specimens of TiO,.q (90 kbar, 1200°, 3
min ) and TiO,,,, (90 kbar, 1240° 1 min) also 1nd1cate
a change in the charges on the atoms“”‘.

In Batsanov's opinion®*, a change in the charge is
also responsible for the increase in the lattice periods
of NdF, after shock compressmn (ainit = 7.035 A,
cinit = 7.211 &, acompr = 7.066 A, ccompr =
7.230 A) Batsanov also gave the same explanation
for the observed increase!® in the lattice periods of
Co and Ni subjected to dynamic compression.

»
Q
T

J2 -

Jé -

JZ

28

) 2 VO W W W
a5 47 49 11 13z

Figure 2, Limits of the change in the degree of filling
of the unit cell of the phase TiOx (range of existence of
electronic modifications of titanium monoxide); 1) data
from Ref. 79 for the phase TiOx synthesised under
ordinary conditions; 2) and 3) data from Refs. 67 and 72
for the phase TiO, obtained at high p and ¢.

In the homogeneity range of titanium monoxide®,®7
it is possible to distinguish three imaginary compounds:
Ti,0(T1,0,), Ti0,, and TiO, ,(Ti,0,) with filled metal,
non-metal, and both sublattices respectively. The
compounds Ti O, and Ti O, can be regarded as already
realised®”s’, As far as the compound Ti,O0(Ti,0,) is
concerned, it has been noted® that it may correspond to
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the cubic phase detected in the decomposition of TiO,,,,
(90 kbar, 1300°, 2 min), The same imaginary compounds
are revealed in the homogeneity range of VOx. Up to

the present, however, it has been possible to synthesise
only the monoxide having an almost completely filled non-
metal sublattice, with the composition VO,,,, 7® (instead

of VO,,33).
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Figure 3. Limits of the change in the degree of filling

of the unit cell of the phase VOx (range of existence of
electronic modifications of vanadium monoxide); I) data
from Ref, 79 for the phase VO, synthesised under ordinary
conditions; 2) data from Ref, %8 for the phase VOy

obtained at high p and ¢,

Thus in the case of phases having dual defect character,
it is possible, by filling the structural vacancies in one
or both sublattices (by the action of high temperatures
and pressures), without changing the composition, to
obtain compounds with different concentrations of electrons
in the unit cell, that is new electronic modifications.

This feature is illustrated in Figs.2 and 3. It can be
seen that in addition to the imagina.ry (limiting) compounds
M,0,, M;0,, M,O,), it is possible in the Ti-O and V-0
systems to obtain a large number of phases in which the
number of particles in the unit cell varies within the
ranges indicated in Figs.2 and 3. If the degree of
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completeness changes under the influence of p and ¢ along
a straight line parallel to the ordinate (x = const), it
follows that in the general case, as far as the limiting
degree of filling of one of the sublattices, corresponding
electronic modifications of the phase MOy, which exists
under ordinary experimental conditions, are realised
successively.  This may be followed by decomposition
with the liberation of metal (for x < 1.0) or oxygen
(for x > 1,0) or filling by the atoms of the “other”
sublattice, In the case of compounds with vacancies in
only one of the sublattices, however, filling of the
unoccupied positions can take place only with a simul-
taneous change in composition, In other words, in
order to obtain, for example, defect-free FeO it is
necessary to introduce a sufficient additional quantity of
iron atoms into the lattice of wiistite FexO. This
was demonstrated by Katsura and coworkers®® who
synthesised stoichiometric wiistite at p = 36 kbar and
¢ = T70°

In conclusion, other methods of realising imaginary
compounds may be mentioned, for example the use of
low temperatures (¢ < 0°C) and high pressures® and
also the use of super-fast quenching from high tem-
peratures!o’, In addition, cubic tantalum nitride has
been obtained'®® by treating the metal in an atmosphere
of nitrogen, ionised by a glow discharge, at { > 1600°,
Finally, Bokii®', following Kurnakov®¥, considers that
imaginary compounds can be obtained using chemical
additives.  This possibly applies to the cubic (NaCl
type) carbide Nb,C, synthesised by Umanskii'®,
Finally, the possibility of obtaining chemical compounds
of this type by ion implantation is not excluded (see
for example Ref., 109). A large number of imaginary
compounds, including those predicted by Ageev®®® may
also be realised by the methods described above, in
addition to the use of high temperatures and pressures.
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