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Structural Vacancies in Compounds of Variable Composition

A.1.Gusev, S.I.Alyamovskii, Yu.G.Zainulin, and G.P.Shveikin

The results of studies of compounds of variabie composition based on the high-melting metals of the IVa and Va subgroups
(oxides, nitrides, carbides, oxide carbides, oxide nitrides, carbide nitrides) have been systematically examined. Problems of
atomic ordering in these compounds are discussed, including the development of an inhomogeneous structure and the control
of the vacancy concentration while retaining the original chemical composition and type of crystal structure at high pressures
and temperatures. The thermodynamics of the formation of structural vacancies in compounds of variable composition are

discussed.
The bibliography includes 123 references.
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1. INTRODUCTION

Several new compounds of both fixed and variable com-
position, including compounds with an ordered structure,
have been discovered in the last 15—20 years in many well
known binary systems of the M—C, M—N, and M—O type
(where M is a transition metal from subgroup IVa or Va).
Many were obtained by controlling the concentration of
vacancies in the crystal lattice, and their distribution. This
is true, in particular, of the compounds of the interstitial
phase type based on high-melting metals.

The most characteristic feature of compounds of variable
composition of this type is the presence of a close-packed
sublattice of the pure metal, which acts as a matrix for dif-
ferent atoms accommodated in its interstitial cavities and
forming a non-metal sublattice. In this sense the pure metal
can be formally treated as a special state of the compound of
variable composition in which all the interstitial sites are
vacant. In this case the vacant interstitials should be treated
as a species equivalent to an interstitial atom rather than as
a simple hole in the crystal lattice. When the non-metal sub-
lattice is partially filled the vacant interstitial sites (or
structural vacancies) can diffuse through the lattice and
behave in some respects like real interstitial atoms.

Structural vacancies, like interstitial atoms, can affect
practically all the properties of compounds of variable com-
position of the interstitial phase type.!”® Therefore the
defects in the crystal structure should be treated as one of
the most important properties of the carbides, nitrides, and
oxides of the transition metals, and also of the solid solutions
based on them.*~1* These substances, which have a wide
homogeneity region, can be described as chemical formations
whose composition includes, in addition to metal atoms and
non-metal atoms, structural vacancies®® in the non-metal or
in the metal sublattice, or in both sublattices simultaneously.
It was pointed out* in 1969 that vacancies (like metal atoms
and non-metal atoms) are independent components of the
system and they can affect its properties even more markedly
than the atoms.

In addition to "compounds of variable composition", the
term "non-stoichiometric compounds" is now generally used in
scientific publications, but not always with the same meaning.
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It has been suggested" that the new term is incorrect, since
a non-stoichiometric compound has a fixed composition though
it is represented by a formula with fractional indices. If we
adopt this point of view we must classify the compound
Cu;;Sng (of constant composition) as stoichiometric or as non-
stoichiometric according to the method of writing the formula
(since simplification produces fractional indices: for example
(Cuys sSn, or «Cu, 4,5Sn). The same applies to the many
organic compounds with a molecular structure, often with a
complex chemical composition, which can be expressed by
formulae with integral or with fractional indices. Neverthe-
less their compositions obey the law of multiple proportions,
and the compounds are not non-stoichiometric.

In a realistic and soundly based definition® of a "non-stoi-
chiometric compound" the concept is associated with the
perturbation of the ideal crystal structure. Any compound
having a geometrically regular crystal lattice is classified® as
stoichiometric.

We consider that any compound of fixed composition and
having a lattice shown (by diffraction methods) to be ideal
should be classified as stoichiometric. The integral indices
in the chemical formula of a stoichiometric compound can
have any value (not necessarily small), determined from
chemical analysis and structural studies. The term non-
stoichiometric should be applied to compounds having a
homogeneity region, whose width can be determined by
analytical methods (mainly, compounds with structural
vacancies in their unit cell). The distribution of atoms of
different kinds (or of atoms and structural vacancies) in
each of the sublattices of a non-stoichiometric compound can
be random or ordered.

Clearly, the terms "compound of variable composition"
and "non-stoichiometric compound" used in scientific publica-
tions have equivalent meanings. The carbides, nitrides, and
oxides of the transition metals have wide homogeneity regions
and are most correctly referred to as non-stoichiometric
compounds of variable composition of the interstitial phase
type. This description most fully reflects the special fea-
tures of the crystalline structure of these substances (the
position of the added atoms in the interstitial sites of the
metal sublattice, and the presence of a homogeneity region),
but the term is too long, and in this review we shall use
the shorter term "compounds of variable composition”.
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11. ATOMIC ORDERING IN COMPOUNDS OF VARIABLE COM-
POSITION

It was initially assumed that structural vacancies in the
crystal lattice of compounds of variable composition in their
homogeneity region are randomly distributed. This belief
applied, in particular, to the monocarbides and the mono-
nitrides of the transition metals of subgroups IVa and Va
over the whole of their temperature region of existence, as
shown in the standard monographs. %1112,  However,
ample evidence was subsequently found of the existence of
both short-range and long-range order in the crystal lattice
of these compounds and of their solid solutions.

Using mainly crystallographic arguments Parthe and Yoon'’
defined eight possible types of ordered structures in car-
bides: M,C, M;C;, MgCs, M;3C,, M,C,, M,C,, M¢cCs, and MyC,
(where M = Ti, Zr, Hf, V, Nb, Ta). Most of these have
already been prepared. In multi-component compounds and
in solid solutions the number of possibie variants of the
structure is, of course, even greater. In the systems M—-C,
M—N, M—C—0O, M—N-O, and M—C—-N more than 70 ordered
phases have already been discovered: they are formed from
the basic structures with face-centred cubic (FCC), body-
centred cubic (BCC), and close-packed hexagonal (CPH)
crys"tal lattices. The many superstructures listed in Table 1
were identified by using high-sensitivity diffraction methods
(especially neutron diffraction) and lengthy heat treatments
(hundreds of hours) at relatively low temperatures (1300 K
or less).

The kinetics of the order—disorder transition are largely
determined by the previous history of the sample. Thus,
the ordering of non-stoichiometric compounds was found®®
to be assisted by the addition of hydrogen. A similar effect
was observed’? after the simultaneous introduction of small
amounts of oxygen and nitrogen into the crystal lattice of
the hexagonal carbides Nb,C and V,C. Reports that order-
ing is assisted by additions of oxygen, nitrogen, and hydro-
gen appear also in Refs.71 and 72. In the non-stoichio-
metric compounds of the V—-C system the order—disorder
transition was found’® to depend also on the miecro-struc-
ture of the sample. Furthermore, two different cubic forms
of titanium monoxide TiO, oo have been reported?’ (one of the
NaCl type, with a random distribution of vacancies, and
another with a partially ordered distribution of vacancies
and a 3 times greater lattice constant), stable at 1500—2100 K
and 1250—-1500 K respectively. A third, monoclinic modifica-
tion of TiO; o with a fully ordered distribution of vacancies
is stable at temperatures below 1250 K. However, other
workers prepared compounds of the TiOy type at 1270 K [
and 1070 K, ’® but failed to observe the ordering reported?®:?’
for the compound TiO, o, (and also for other TiO,, composi-
tions). Only one cubic structure (NaCl type) was found in
the entire homogeneity region by using "preparations in
X-ray diffraction equilibrium".

The data in Table 1 suggest that ordering in the non-
stoichiometric monocarbides of the group V transition metals
produces mainly phases of composition MgC; having mono-
clinic and trigonal structures. A structural feature common
to all ordered phases of the non-stoichiometric monocarbides
of the group IV and V transition metals is an alternation of
completely filled and partially filled carbon planes in the
{111lNaC] Or equivalent directions.

In the ordered lower carbides M,C the characteristic fea-
ture is an alternation (in the direction perpendicular to the
¢ axis) of carbon planes filled to different extents with
carbon atoms.

- quenched from 1800—-2300 K contain some short-range order,
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We also note from Table 1 that the ordered phases of non-
stoichiometric cubic titanium, vanadium, and niobium mono-
nitrides have tetragonal structures and differ substantially
from the corresponding ordered carbides. In the unit cell
of the ordered titanium and niobium nitrides the vacancies
are accommodated in the sites of a body-centred tetragonal
lattice. In the cubic monoxides different ordered phases
can be formed according to the oxygen content and the heat
treatment conditions: they have cubic, tetragonal, rhombic,
or monoclinic lattices.

The overall conclusion from the data in Table 1 is that '
ordering phenomena are relatively common in non-stoichio-
metric compounds of the interstitial phase type, and they are
associated with a redistribution of the non-metal atoms over
the octahedral interstitials of the metal sublattice.

111. INHOMOGENEOUS STRUCTURE IN COMPOUNDS OF
VARIABLE COMPOSITION

The previous history of the sample, which affects the rate
of the order—disorder transition, includes the impurities
initially present in the materials or introduced during the
synthesis, the type and duration of the heat treatment
adopted (homogenising, recrystallising, stress relieving),
and the chosen cooling regime.

These effects are clearly illustrated by a full and detailed
study of short-range and long-range order in the non-stoi-
chiometric niobium carbide NbCy, by NMR, °>7%7® structural
neutron diffraction, X-ray diffraction, 3’°® and magnetic
susceptibility. *>’7 It was found that even NbC, samples

but the degree of ordering is small. This increases as the
temperature is lowered to the transition point, but no long-
range order is observed. The structural phase transition,
associated with ordering of the carbon atoms and of the
structural vacancies in the non-metal sublattice of NbC,,,
begins near 1300 K. The NMR spectra for the °°Nb nuclei
in NbCy and the magnetic susceptibility of the niobium carbide
samples containing the ordered NbgC; phase are markedly
different from those for the disordered state of niobium car-
bide. 75778 |
On the other hand the NMR spectra and the magnetic sus- l
ceptibility are almost unaffected by the amount of ordered i
phase in the sample, i.e. they are insensitive to the long-
range order parameter. It follows®’>’7 that in niobium car-
bide samples containing an ordered phase and prepared with
different heat treatment regimes the short-range order param-
eter o for NbCy of any composition is almost the same and
close to the maximum possible value. This conclusion is
confirmed by calculations of o from magnetic susceptibility
data.%»’7 Hence the equilibrium state of niobium carbide in
the two-phase region near the transition temperature has a
high proportion of short-range order, approximately the same
in the two phases. On further decrease in the temperature
the proportion of disordered phase decreases and finally
disappears. i
An analysis of the ratio of short-range to long-range order
in NbCy showed®’ that the presence of the maximum possible
amount of short-range order for the given composition is a
necessary but not a sufficient condition for the appearance
of long-range order. It follows that short-range and long-
range order can be formed by different mechanisms in nio-
bium carbide: only the long-range interactions (probably,

the phonon subsystem) can account for the formation of
long-range order, whereas short-range order may be caused
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by interactions with a radius of action comparable with the
interatomic distance (electronic subsystem).

NMR studies of non-stoichiometric vanadium compounds”
also detected an effect of the interstitial C, N, and O atoms
on the degree of short-range order and on the distribution
of vacancies. In VC,, and VNy the type of short-range
order is determined by the mutual repulsion of the vacancies.
The insertion of oxygen atoms into the crystal lattice of
vanadium monocarbide produces a random distribution of
vacancies in a mutually ordered arrangement of carbon and
oxygen atoms in the resulting oxide carbide VC; sO,.5. The
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insertion of hydrogen atoms into VCy and VNy does not

affect the type of short-range order.

Thus we may conclude

from that work’® that the interactions between vanadium
atoms and their nearest neighbours are responsible for the

formation of short-range order.

The above results (especially those of Ref.57) show that
compounds of variable composition prepared under different

conditions can be structurally inhomogeneous.

In other

words, depending on the synthesis and heat treatment condi-
tions the samples may contain regions in which the ordering
differs in extent and in type, and the individual regions may

Table 1. Characteristics of the ordered phases formed in non-stoichiometric carbides, nitrides, and oxides
I and in their solid solution.
! Type of
: Ordered phase i;;g:’;;iéhe cNanntemn:,lZJt. % Tstab, K System Lattice constants, A Space group Refs.
. basic phase
TisO CPH ~14.5 1090—1100 H — — 18—22]
Ti,0 CPH ~25.0 ~ 1670 H a=5.1411; c=9.5334 23, 24
Ti,0 CPH ~333 ~ 1270 H a=2,9593; c==4.8454 P3ml 23, 24
TiO,. FCC ~41.2 870—1260 R a=a,/Y2; b=J3a,/¥2 - 25, 26
! o FCC ~50.0 ~ 1250 M a=9.355; b="5.868; c=4.135; y=107°32' A2[m 27] ]
: Tio FCC ~50.0 1250—1500 C a=12.54 Fm3m, Fi3m 27
! TiOh 0 FCC ~ 545 ~ 1090 R a=2.981; b==9.086; c=3.986 — 27
! TiO 1 FCC ~ 056 ~ 1050 T a=6.612; c=4.156 — 27
: 70 CPH ~ 143 ~ 1070 H —_ — 28
70y CPH ~230 ~T10 H — — \29
71,0 CPH ~ 250 870—1070 H a="5.5629; c=31.1850 R32 28]
{ 710, CPH 25.9--20.2 ~170 H a==ug¥3; c=co R3:2 30
| HisO CPH ~ 143 ~1070 H — — 31]
) HIOus CPH ~14.0 ~ 690 H - — 29
{ CPH ~25.0 ~ 1070 H — — 31
BCC ~12.5 — TC a=b=3. 114 c=2.994; a=f=90.3°% y=90" — 32
BCC 16.0—20.0 <2210 T a=2.98; c=3.36 14]mmm 33
BCC 14.0-16.0 <940 T a=11.96; c=6.62 14/mmm 33
BCC 22.0—28.0 <1640 M a=16.68; b=16.50; c=17.60; B=90°20 P2,/c 33
! BCC 32.0—36.0 <1730 M a=23247; b=20.49; c=20.56; B=129°40" c2fm, C2 33
FCC 54.5—56.5 ~870 T =11.72; c=8.245 — 35
FCC ~56.0 <1070 T a=16.623; c=16.515 — 34
BCC ~143 570—770 T a=3.384; c=3.274 - 36
BCC ~200 770970 T a=6.65; c=3.32 — 37
BCC ~333 670—770 T a="6.645; c=4.805 —_ 36
H ~ 665 ~ 1520 T a—1371: c—5985 14,Ja 381
BCC ~14.3 <770 T a=3.363; c=3.254 - 39, 40]
BCC ~20.0 <770 R a=361; 6=2327, c=3,20 —_— 39
BCC ~333 >720 T a=6.675; c=4.721 - 39
T ~333 ~770 T a==4.226; c=8.452 - 41
T ~37.0 <1070 T a=4.144; c=8.781 — 42
BCC ~38 ~570 R a=12.52; b=12.10; c=2.988 — 43
BCC ~T72 ~ 1520 T a=ay}2: c==cp — (391
BCC ~11.0 - T a=b=3.114; c=29%; a=Pp=090.5° y=90° — [32]
BCC ~11.0 — T . — 32
FCC 44.0—17.0 <790 T — 44
FCC ~43.0 1670 T 14/mmm 44
BCC ~1LI 580—650 T 4ao; c=4.024ay - 45
BCC ~11.6 580—650 T =6ay; c==2.08a, — 45
FCC 33.0—40.0 <1470 C a=8.634 Fd3m [46
i FCC 37.0—43.0 <1370 G a=6. 115 c==14.90 R3m 44
i FCC 34.2—41.5 670—1460 C a=2 Fd3m 47
i FCC 39.0—13.0 1370 TG a=6 630 c=16.26 -
H FCC 38.6—42.5 670—1470 C a=2a, — 47—49]
CPH ~33.0 ~ 1800 H a=4.997; c=4.658 — 5
FCC ~455 ~ 1370 M 09; 5=10.81; c=8.81; y=109°47" — 51
; FCC ~455 <1270 G 09; c=14.40 P3, 52
! FCC ~46.6 <1500 C a==8.330 P4,;32 44
FCC 45.0—47.0 <1520 M a=ao}3/2; b=ac}6; c=3ac/y2; y=109°28’ — {50}
CPH ~333 <1470 R a=10.906; b=4.969; c=23.096 Pnma (53, 541
CPH ~333 >1470 H a=a5y3; c=c, — 53
! FCC ~43.0 — C a=4.440 — 55
FCC 42.8—45.5 — TG — —_— 56
FCC 44.7—46.8 <1370 M a=c=54605; b=9.4579; a=y=90"; p=109.47° c2/m [57, 58, 66]
Ta,C CPH ~33.3 <1900 H a==a,; c=¢y P3ml 59
Ta,Cs FCC ~430 - C a=442 —_ 55
Ti,CO FCC ~4L1 - C a= a=2050 Fd3m 60
TiCo.500.5 FCC = - C a=4.28 — 61
TiC<Ny FCC *+¢<0.72 - C a==2a, Fd3m 48,] 49,
62—64]
ZrC«N, FCC x+y<<0.74 - C a=2a, Fd3m 48, 49,
2—64
VCo3500s FCC — - M a=8.28; b=4.14; c=4.20; §=90°41" - 65] !
CaNy FCC 46.6 1300 C a=2a, B | P32 {en
VCeNy Fce 45.5 1500 TG a=a0¥3/2; c=2as/V3 — [68]
Symbols: C, cubic; T, tetragonal; H, hexagonal; TG, trigonal; R, rhombic; M, monoclinic; TC, triclinic;

CPH, close-packed hexagonal;
constants of the disordered basic phase;

_

BCC, body-centred cubic;
Tstap is the stability range of temperature.

FCC, face-centred cubic;

a,, by, ¢y are the lattice
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be combined in different ways. The relative amount and
size of the regions can also differ between samples. So far
these effects in interstitial phases have tended to be ignored,
in spite of the extensive data available on this problem in
the case of metal alloys (see, for example, Ref.80). The
type of structural inhomogeneity in the sample can have a
marked influence on the physicochemical properties of the
substance: these effects are often incorrectly attributed to
electronic factors. In this sense establishing a state close
to equilibrium becomes especially relevant to the solution of
the fundamental problem in physicochemical analysis: the
study of the composition—structure—property dependence.

Most of the alloys and solid solutions used in modern tech-
nology are in a hetero-phase state which gives them special
physical properties: a high mechanical strength, hardness,
and heat resistance, a low electrical conductivity, etc. Many
structural and physical studies have shown that the proper-
ties of interstitial and of substitutional solid solutions are
determined by the morphology, substructure, and nature of
the conjugated phases. The required types of substructure
are generated by using appropriate methods of heat treat-
ment: quenching, annealing, etc.

Neutron diffraction, X-ray diffraction, and electron micro-
scopic work has shown that hetero-phase structures are very
diverse and differ in the shape of the inclusions and in their
orientation relative to the crystallographic axes of the host
crystal, as well as in their mutual disposition. In metal
alloys we often find a periodicity (or a modulation) in the
distribution of the inclusions: under these conditions the
phase which is precipitated by the decomposition of the cubic
(uniform) solid solution can have a similar or a lower sym-
metry. The periodicity of the distribution of inclusions can
be so marked as to generate an additional diffraction pattern.

In terms of conventional thermodynamic considerations
the shape of a crystal of the new phase can be related to its
surface tension; this point of view suggests that the
deposited crystals should be in the form of regular polyhedra.
However, in studies of hard alloys based on interstitial
phases (carbides, nitrides, carbide nitrides) it was found
that the crystals of the new phase often consist of platelets
or needles, whereas regular grids are formed by the pre-
cipitated phases in metallic alloys. On the other hand from
the standpoint of classical thermodynamics as applied to
phase transitions the free energy of a two-phase system
depends on the total volume of each phase, but not on the
relative position of the inclusions or on the area of their
faces: it follows that the distribution of the inclusions should
be random.

The special features of phase transitions in solids cannot
be explained without allowing for the elastic stresses created
during the transitions. The orientational relationships, the
shape, and the mutual arrangement of the mother phase and
of the precipitate are inexplicable otherwise. However, this
approach has not so far been adequately explored in respect
of non-stoichiometric compounds of the interstitial phase
type. One of the few studies of the effect of the elastic
deformation energy on the formation of solid solutions of
carbides and nitrides® established a correlation between the
elastic deformation energy, the decomposition temperature of
the solid solution, and the possibility of developing short-
range and long-range order. In particular it was shown

that short-range order is observed in solid solutions of com-
pounds of variable composition when the maximum energy of
the elastic deformation is approximately 3—5 kJ mole™!,

Thus from a knowledge of the elastic deformation energy we
can assess the extent of disturbance of the crystal lattice
and the likely type of short-range order, and we can identify
hidden regions for the decomposition of the solid solution,
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which strongly affect the physicochemical properties of these
solutions.

IV. FILLING OF STRUCTURAL VACANCIES IN COMPOUNDS
OF VARIABLE COMPOSITION

Problems associated with the filling of structural vacancies
in the crystal lattice of compounds of variable composition
at high temperatures and pressures are of direct interest.
The possibility was first suggested as a result of a study ®
of the monoxide FeO,, at high temperature and pressure.

It was later shown®3 that defect-free FeOy can be obtained
by the simultaneous application of high pressure (7.74 GPa)
and temperature (1920 K) to the material (which contained
~14% of vacancies in each sublattice in its initial state).
Large increases in the density and in the lattice constant of
the sample were observed. The partial or complete filling
of the vacancies as a result of thermo-baric treatment has
been observed also in other materials: ®*~°2 for example,

in titanium and vanadium monoxides, in the oxide carbides
of titanium, vanadium, and niobium, and in the oxide
nitrides of titanium and vanadium (Table 2).

From the data listed in Table 2 we conclude that the vacan-
cies can be filled only by the combined application of high
temperature and pressure. Vacancies can be filled in either
sublattice up to a predetermined threshold value, when all
the sites in the sublattice are occupied by atoms of the appro-
priate kind and all the vacancies have disappeared. We
should stress that vacancy filling is possible only under static
loading conditions. Dynamic (shock) compression does not
result in the disappearance of structural vacancies. The
data in Table 2, like other published results, ®*7%? suggest
a definite sequence (in space and time) of processes stimu-
lated by the thermo-baric treatment: in other words, they
suggest a diffusion mechanism for the filling of vacancies.

The thermo-baric treatment produces not only vacancy
filling but also a change in the state of charge of the atoms.
This is shown by the fact that the X-ray emission spectra of
the samples of composition TiO, g3 and TiO,,,; have a differ-
ent shape %2 gfter the thermo-baric treatment (Table 2).

The decrease in the concentration of structural vacancies and
the change in the charge state of the atoms caused by the
application of high temperature and pressure should produce
marked changes in the properties of compounds of variable
composition. It has long been assumed that the states
established at high temperatures and pressures can be studied
only under those conditions, because the state is not retained
when the pressure is lowered to normal values.

We have shown® that the state induced by high temperature
and pressure can be preserved indefinitely even under normal
conditions: in this way the characteristics of a substance
subjected to thermo-baric treatment can be investigated by
conventional methods.

The changes in properties are clearly seen in the case of
the monoxide VO, q;.°%%* After thermo-baric treatment the
magnetic susceptibility (which initially obeyed the Curie—
Weiss law) becomes temperature-independent; it also changes
by a large amount.®* A study of the effect of thermo-baric
treatment on the electronic structure of VO, g; (by comparing
calculations by the SCF MO LCAO method in the MWH approx-
imation with X-ray emission spectra) showed that the change
in the parameters of the electronic structure (electronic
configuration of the atoms, effective charges, bond occu-
pancies in nearest-neighbour atoms) varies monotonically
with pressure. An increase in pressure changes the occu-
pancy of the valency orbitals of vanadium towards the value
for the neutral atom. This is confirmed by X-ray emission
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dita, which indicate, in particular, a decrease in the degree
of p—d hybridisation of the wave functions of the vanadium
atoms. ®*

The use of high pressures and temperatures, especially
in the case of compounds with structural vacancies in both
sublattices, has helped to solve another important problem:
the preparation of the so-called imaginary compounds whose
existence had been predicted by Mendeleev.®> A detailed
discussion of this problem will be found in Refs.88, 92, and
96—100: we shall only state that the imaginary chemical
compound concept is one of the chemical methods of predicting
not only the region of existence of compounds of variable
composition but also the possibility of preparing new com-
pounds.

Table 3. Conditions for the formation of the cubic car-
bides V,C, VC, ,, and Nb,C.

VoC (Ref.108) VCy g (Ret.108) NbyC (Ref.102)
T.K
AG, keal mol::'1 p,GPa  |AG, kcal mote™ p,GPa |AG, kcal mole”} p, GPa

700 0.97 43.6 45 92.3 —

{000 1.77 79.6 10 205.0 5.0 205.0
1300 2.04 927 19 389.5 —
2000 — — — — 7.0 285.0
5000 — — — — 11.0 430.0

The crystal-chemical conditions for the production of
imaginary chemical compounds in interstitial phases have
been formulated: 8%:°%,%8-102 they state that thermo-baric

Table 2.
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treatment can be used to change the concentration of struc-
tural vacancies (up to the complete elimination of vacancies)

'in one or in two sublattices simultaneously with formation of

a stoichiometric compound. Hence, it is pointed out?®,%2,%71%

that the stability regions of the cubic carbides and nitrides
of subgroup IVa—Va metals can be shifted as far as the com-
positions M,C, M,N (lower limit) and MC, ,, MN, , (upper
limit), which are not accessible under normal conditions.
The most detailed thermodynamic treatment of this phenome-
non will be found in Refs.101 and 103-106. It has been used
in calculations of the thermo-baric conditions of formation of
stoichiometric, defect-free titanium monoxide, !°? and zir-
conium®®19%1% gnd vanadium carbides. *!%1%¢

The writers,*°? using Leipunskii's method!®” in the quasi-
one-component approximation, have calculated the formation
conditions at high p and T (Table 3) of the cubic modification
of the lower niobium carbide Nb,C, which usually crystallises
in the hexagonal system. The free energy difference AG
between the hypothetical cubic carbide Nb,C and the hex-
agonal carbide obtained in practice was identified with the
quantity pAV, where AV is the change in volume of the crys-
tal accompanying the transition between the two modifications
(ignoring the baric compression and the thermal expansion
of the crystal’’?). The same approach was later used®® to
calculate the conditions for the thermo-baric synthesis of
the cubic (NaCl type) V,C and VC, , carbides. As Table 3
shows, extreme values of p and T are needed to yield these
compounds. The estimated pressures needed to give the
cubic modifications of the carbides Nb,C, V,C, and VC; , are
probably too high because of the neglect!®?1% of baric and
thermal effects. According to our calculations®%% the
thermo-baric synthesis of the defect-free cubic vanadium -
carbide VC; , at 700, 1000, and 1300 K requires pressures of
20, 27, and 37 GPa respectively, i.e. much lower than those
given in Ref.108. Nevertheless all theoretical estimates®”
106,108 of the effect of thermo-baric treatment on compounds

Chemical composition, lattice constants (a), density (p), and number of formula units in the unit

cell (n) of the monoxides, oxide carbides, and oxide nitrides of titanium and vanadium before (I) and after
treatment at pressure p and temperature T for time 1 (II).

a, A p,gcm 3 n Thermo-baric treatment condition
Composition Refs.
1 [} 1 1 1 1 D, GPa T, K 7, min
TiOo.s8 4.1890 4.2107 493 5.50 3.52 4.01 9.0 1470 2 [84]
TiO, 27 4.1667 4.1742 4.79 4.90 3.06 3.15 - 9.0 1510 3 [84]
FiCo.tO0.57 4.2910 4.3080 4.84 5.15 3.70 3.98 9.0 1470 1 [85, 861
TiCo.2200.44 4.2416 4.2471 4.91 5.00 3.92 4.01 7.74 1970 5 [90]
TiCo.1200.1¢ 4.2864 4.2909 4.82 4.90 3.8l 3.92 7.74 1870 5 [90]
TiCo. 300011 4.2671 4.2739 4.84 5.16 3.55 3.83 7.74 1870 5 [90]
TiCo. 190051 4.2333 4 2566 4.87 5.22 3.52 3.84 7.74 1870 5 [90]
TiNp.3700.51 4.2270 4.2448 5.14 5.32 3.82 4.00 9.0 1670 2 [85, 86]
TiNo.1300.28 4.2260 4.2329 5.07 5.14 3.93 4.00 7.74 1270 5 [89]
TiNe,3200.40 4.2206 4.2260 5.07 5.10 3.91 3.96 9.0 1870 5 [89]
TiNo.22 40 42110 4.2222 5.10 5.15 3.93 4.00 9.0 2070 5 [89]
VOo.o 4.0447 4.1203 5.70 6.21 348 4.00 9.0 1870 1.5 (88}
VOuor 4.0574 4.1030 5.63 6.10 3.41 3.82 9.0 1870 15 [88)
VOi.ui 4.0689 4.1073 5.62 5.90 3.40 3.67 9.0 1770 15 [88]
VO .01 4.0874 4.1123 5.53 5.75 3.34 3.54 7.74 1670 2 [88]
VCo.c200.16 4.1307 4.1519 5.64 5.75 378 393 774 1670 7 187]
VNo.5600.21 4.0820 4.0920 5.94 6.02 3.92 4.00 9.0 2070 15 [91]
VNo.5:00.33 4.1100 4.1351 5.89 6.03 3.84 3.99 90 2070 1 011
VNo.160n.50 4.1161 4.1375 5.77 5.92 371 3.87 9.0 2070 1 o1
VNa.s100.18 4.1203 4.1351 5.89 5.98 3.73 3.87 9.0 1870 2 91}
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of variable composition lead to the same conclusion: the con-
centration of vacancies can be lowered, and new modifica-
tions of the compounds can be produced, by using this treat-
ment.

On the whole, both the experimental and the theoretical
studies of compounds of variable composition under thermo-
baric conditions so far reported indicate the possibility
(previously unknown) of controlling the properties of a sub-
stance only by changing the concentration of vacancies in
the unit cell while retaining the initial composition and struc-
ture type.

V. THERMODYNAMICS OF THE FORMATION OF STRUCTURAL
VACANCIES

It is clear from the above discussion that structural vacan-
cies should be distinguished from the point defects of the
vacancy type usually discussed in the literature, which are
formed either at high temperatures (thermal vacancies) or
by irradiation (Frenkel defects).

In the description of point defects!®® the energy of forma-
tion of the vacancies (E) is assumed to be constant: under
these conditions the change in the free energy of the crystal
due to the formation of n vacancies is

AG=nE—TAS (LD

where AS is the entropy change resulting from the addition
of n vacancies to the crystal. In the case of point defects
the contribution of the vibrational component of the entropy
to AS is assumed to be negligibly small (on the evidence of
experimental data on thermal vacancies). Therefore the
quantity AS is practically equal to the configurational com-
ponent of the entropy, i.e.

N! (2)

AS=kIn ———
! (N —n)!

where N is the number of sites in the crystal and k is Boltz-
mann's constant.

By minimising the free energy and simplifying we can
obtain from Egns.(1) and (2) the following expression for the
concentration of point defects of the thermal vacancy type:

e fmexp(—o2) (3

The energy of formation of thermal vacancies in metal and
metal-like compounds is E = 1 eV (for example, E is 1.27,
1.10, and 0.95 eV in copper, silver, and gold respectively*i®).
At room temperature this value of E corresponds to a very
low relative number of thermal vacancies (¢ = 107*7), i.e. the
average distance between thermal vacancies is of the order of
a millimetre. At 2000 K the equilibrium relative number of
vacancies becomes ¢ = 2 x 10~%, Hence, as reported, *°° the
equilibrium concentration of thermal vacancies in metals is
negligibly small even near the melting point.

In compounds of the interstitial phase type such as transi-
tion metal carbides, nitrides, and oxides a high concentration
of structural vacancies is a characteristic property, and the
concept of point defects in these materials is almost mean-
ingless. ! Furthermore, in compounds of the interstitial
phase type (for example, oxides) vacancies can exist in two
sublattices at the same time (the non-metal and the metal
sublattice); vacancies in the two sublattices have different
effects on the properties of the compound.'** Obivously,
the vacancies in compounds of variable composition have a
non-thermal origin, and their formation is closely related to
the structural properties of the interstitial phase: these
vacancies are therefore now called structural.
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The presence of a large number of structural vacancies in
compounds of variable composition has a marked effect on
the vibrational entropy, which cannot be neglected in this
case. The thermodynamic description of non-stoichiometric
compounds allowing for the formation of structural vacancies®
3,9,13,14,113-118 i based on the following considerations.

Consider a compound (in equilibrium at some temperature
T) consisting of i non-equivalent sublattices each containing
n; vacancies and Nj filled sites. The free energy AG(n) of
such a crystal at constant pressure can be written®

\

AG(n)=AG+§}n§AH.odm-T(ASK+H§AS.~dm] )

where AG = AH - TAS is the free energy of the defect-free

crystal, AH is the heat of formation of the defect-free crys--
tal, AS is the change in entropy accompanying the formation
of the defect-free crystal, AH; is the energy of formation

of the structural vacancies in the i-th sublattice of the crys-
tal, AS; is the change in vibrational entropy due to the for-

mation of vacancies in the i-th sublattice, and

ASR=kZ In{ (V;+n) YN dn ]

is the change in the configurational component of the entropy
on formation of the vacancies.

It follows from (4) that the heat of formation of a crystal
containing structural vacancies is

AH (n) = AH+ ZSAH,-dn,« (5)
°
and the entropy change is
ap
AS(n)==AS + ASc + Zj'ASidm (8)
o

Eqgn.(4) can therefore be written in terms of the free energy
of formation of the structural vacancies:

In general Eqn.(4) assumes a dependence of AH; and ASj
on the concentration of structural vacancies, i.e. it assumes
interactions between the vacancies. Assuming that AS; is
negligibly small and that no interaction takes place between
the vacancies (i.e. adopting the weak defect interaction
approximation) gives a change in the energy of formation of
vacancies proportional to their number, so that Eqn.(4)
reduces to Eqn.(2). Thus formula (2) is a special case of
Egn.(4) which can be used to describe the behaviour of both
structural vacancies and point defects; the parameters of
this description are the quantities AH; and ASj.

On reaching the equilibrium vacancy concentration for the
given temperature c¢; = nj/N; the free energy 4G(n) goes
through a minimum, i.e. 3AG(n)/9n; = 0. Using this con-
dition in conjunction with the Stirling formula for the series
expansion of AS; we obtain from (4), after simplification,
an expression relating the equilibrium concentration of
structural vacancies in the i-th sublattice to their energy
of formation and to the vibrational component of the entropy:

kTInc= —AH+T-AS, (8)

It follows from (8) that at any temperature above the
absolute zero the vacancies are thermodynamically stable and
their concentration can be decreased indefinitely but not
brought to zero. Furthermore, if AHj and AS; are constant
and independent of the number of structural vacancies we
can expect a linear relationship between Inc; and T3,

Data on the congruent evaporation of titanium and zirco-
nium nitrides have been used’!”>!!® to determine the energies
of formation of structural vacancies in the nitrogen sublattice
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of these compounds on the assumption that vacancy inter-
actions are negligible: the result (expressed for one mole-
cule) was 0.94 + 0.32 and 1.13 * 0.06 eV respectively. The
change in the vibrational component of the entropy caused
by the formation of vacancies in zirconium nitride was
found**® to be (0.31 + 0.04) x 107° eV K™!, However, the
calculation!® of the heat of formation AH 34, and of the free
energy of formation AG%g, of zirconium nitride in its homo-
geneity region from the observed energies of formation and
vibrational entropy changes of the structural vacancies gave
a discrepancy between experiment and calculation increasing
with the number of nitrogen vacancies and reaching 25% at
the lower boundary of the homogeneity region. The dis-
crepancy was attributed!'® to the neglect of the concentration
dependence of the energy of formation of the vacancies.

A comparison of experimental and calculated values of the
activity of carbon in the homogeneity region of zirconium
carbide similarly led to the conclusion!® that satisfactory
agreement between experiment and calculation is obtained
only by allowing for the dependence of the energy of forma-
tion of the vacancies on the composition of the compound.

A detailed analysis®®**%1!® of existing experimental data on
the congruent evaporation of a series of carbides and nitrides
with a structure of the NaCl type has shown that the depen-
dence of Inc on T is non-linear, and therefore that a change
in defect density in these materials affects either the energy
of formation of the vacancies, or the vibrational component
of the entropy, or both, i.e. that vacancy interactions are
present.

In compounds of variable composition with an NaCl type
structure each metal atom is octahedrally surrounded by six
sites of the non-metal sublattice which form the first coordina-
tion sphere; the second coordination sphere consists of
twelve metal atoms. Let us consider a compound containing
structural vacancies in only one of the sublattices (for
example, the non-metal sublattice). We shall assume that
the interaction between the non-metal atoms is limited to the
first coordination sphere. When all the sites in the non-
metal sublattice are filled the energy of formation of the
vacancies will be denoted by AH,, and the vibrational com-
ponent of the entropy by AS;. If all the sites of the non-
metal sublattice adjacent to a given non-metal atom are
vacant we shall use the symbols AH, and AS,. In general,
when some of the sites are occupied by non-metal atoms but
some (n) are vacant, the energy of formation of the vacancies
can be expressed as the sum

AH,= (1—n)AH,+nAH, (9

Similarly, we can write for the vibrational component of the
entropy

AS,=(1—n)AS,~nAS, (10)

If only the vibrational component of the entropy increases
with the defect density, by inserting (10) into (4) and solving
the resulting equation we obtain an expression for the equi-
librium concentration of vacancies which allows for the
dependence of ASB on the number of vacancies in the homo-
geneity region of the compound:

kT Inc,=(1—n)TAS,+nTAS,—AH (11)

If only the energy of formation of the vacancies AHR varies
with the number of defects the corresponding expression is

kT Inc;=TAS—(1—n)AH,—nAH, (12)
Lastly, if both AH and AS are dependent on the defect
density we have
kT Inc;=(1—n)TAS,+nTAS,— (1—n)AH,—nAH, (13)
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Eqns.(11)—(13) assume the existence of a self-consistent
solution for the equilibrium concentration of vacancies c; at g
given temperature T for known values of the parameters
AH,, and AS, ,.

Thus even allowing for interactions only in the non-meta]
sublattice and assuming a simple linear dependence implies
consicering three types of solution and determining which
of these solutions best describes the experimental data.

The quantities AH,, AH,, and AS,, AS,, have been deter-
mined, *%1%11% and their statistical significance in describing
the equilibrium concentration of structural vacancies in
titanium, zirconium, and niobium carbides and nitrides by
Eqns.(11)—(13) has been assessed by using the Fisher
criterion, F.*?' By comparing the dispersion obtained for
each of these equations with the F criterion we obtain a
statistical proof of the dependence of the energy of forma-
tion of vacancies and of the vibrational component of the
entropy on the defect density of the compound; this sug-
gests the presence of interactions between the vacancies, in
keeping with earlier data.®”s’%%%7% An anpalysis of these
results’ %1% 4150 showed that the allowance for the depen-
dence of the vibrational component of the entropy on the
number of structural vacancies is more important than the
corresponding correction for the energy of formation of the
vacancies. As the defect density increases, the energy of
formation of vacancies AHB in the carbides and nitrides of
titanium, zirconium, and niobium decreases (Table 4),
denoting the presence of mutual repulsion between the vacan-
cies.

Table 4. Energies of formation of structural vacancies AHR
and changes in the vibrational component of the entropy
ASp in the formation of structural vacancies in non-stoichio—
metric compounds. -

Compound AHB, eV 103ASB, ev Kl Refs.
ZrCi_n 0.524—0.520n 0,009—0.318n 13,-115]
VCian 0.150 . 0010 3
NbC;n 0.532—0.411n ~0,002—0.0892 115]
TiNi—n 1.347—0.401n 0415—0.241n 14]
ZrNjen 1.867—0.614n 0.726—0.462n 113,14]

The quantities AHB and ASp for vanadium carbide were
determined’® in the approximation of non-interacting atoms,
because the precision of the experimental data on the heat of
formation of vanadium carbide was insufficient to determine
the dependence of the energy of formation of the vacancies
and of the vibrational entropy on the number of vacancies.
The temperature dependence of the free energy of formation
of the vacancies in the carbon sublattice for the vanadium
carbide VCy, (for one formula unit of the compound) was
found to be*

AG,eV=0.415+1574-10-*T+7.553-10~* T°—0.17 1g T—
—0.458-10~° T 1g T+4.522 T-*

In compounds with defects in both sublattices, such as the
cubic modifications of titanium and vanadium monoxides, for
which congruent evaporation data are not available, the
energy of formation of the structural vacancies can be calcu-
lated by using Eqn.(5). An attempt to calculate the energy

of formation of vacancies in titanium monoxide has been
However, no attempt was made to evaluate

reported. 12!
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the precision of the experimental data on the heat of forma-
tion of TiOy, in the homogeneity region, and as a result the
form of the dependence of the energy of formation of the
vacancies on the defect density of the metal and of the oxygen
sublattice was incorrectly chosen; the results'?! cannot
therefore be treated as reliable. In Refs.2 and 116 the
energies of formation of the metal and the oxygen vacancies

in Ti0, and VO,, are calculated by using the methods of
mathematical statistics to allow for the precision of the experi-
mental data, giving more meaningful results.

It follows from Egn.(5) that the heat of formation of the
crystal containing defects (AH(n)) can be expressed in terms
of the heat of formation of the defect-free crystal (AH) and
the energy of formation of vacancies in each of the sublat-
tices. For the monoxides of vanadium and titanium (com-
pounds with a double set of defects) we have

AH(n):AH—}-SAHMan—{—j‘AHodna (14)
where AHM and AHQ are the energies of formation of vacan-
cies in the metal and the oxygen sublattice respectively.

The form of the dependence of AHp and AHg on the com-
position of the compound is not known, but these quantities
can be determined by using existing experimental data on
the composition dependence of the heats of formation in the
homogeneity regions of titanium and vanadium monoxides!!»1?
in conjunction with structural data?’"2?? for these compounds.
In the zeroth approximation we assume that the energy of
formation of the vacancies is independent of the composition
of the compound: this gives

AH(n) =AH+AHuny+AHqgng (15)

According to (15) the heats of formation of the monoxides
should be directly proportional to the numbers of defects in
the metal and in the oxygen sublattice. However, it has
been shown experimentally that the dependences deviate from
linearity and have a point of inflection near the equiatomic
composition. *12  The deviations may be due to experimen-
tal error, or to the dependence of the interatomic bond
energy on the composition of the monoxides, resulting in a
change in the energy of formation of the vacancies in the
homogeneity region of the compound.

To allow for possible interatomic interactions we shall
assume that AHy depends on the interaction between metal
atoms and AHQ on the interaction between oxygen atoms in
the first coordination spheres of the metal and oxygen atoms

respectively. Let AHM and AHO be the energies of forma-
1 1

tion of vacancies in the metal and in the oxygen sublattice
in the perfect (defect-free) lattice of the monoxide, and let
A_HM2 and L\HO2 be the energies of formation of vacancies in
the metal and the oxygen sublattice when all the sites in the
metal or the oxygen sublattice adjacent to the given metal or
oxygen atom are vacant. In general, when only some of
the lattice sites are occupied by metal or oxygen atoms, the
energy of formation of metal and oxygen vacancies can be
expressed as (as was done for the carbides and the nitrides)

as a sum of the products of AH and AH (or AH__ and
M M, 0,

AH o } by the fractional number of filled and of empty sites
2
in the metal (or in the oxygen) sublattice:

AHy= (l_ﬂn)AHM[‘*‘ nyAHy;
AHo= (1—no)AHo,+noAH,,

Allowing for the nature of the dependence of AHy and AHgp
on the concentration of vacancies, four variants of the
description of the heat of formation of a crystal containing
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defects in terms of the energy of formation of the vacancies
in each of the sublattices are possible. According to (14)
these variants correspond to the following cases: 1) the
energies of formation of vacancies AHy and AHQ are constant
and independent of the vacancy concentration; 2) only AHM
varies with the concentration of vacancies, whereas AHQ
stays constant; 3) AHQ varies, and AHyp stays constant;

4) AHy and AHQ vary simultaneously. The Fisher criterion
F has been used?,11® to identify which of these four assump-
tions has the highest probability, i.e. gives the best descrip-
tion of existing experimental data allowing for their precision.
By comparing the dispersion with the value of the F criterion
it was shown that in the case of titanium monoxide the ener-
gies of formation of the vacancies in both sublattices are
dependent on the concentration of the appropriate defects.
Clearly, a similar dependence can be expected in vanadium
monoxide, but the precision of the experimental data'’*? on
the heat of formation of VO, in the homogeneity region is too
low to establish this fact unambiguously. The energies of
formation of structural vacancies in the metal and the oxygen
sublattice of titanium monoxide TiOy are AHp, eV = -15.104 -
1.225 ny and AHg, eV = -2.068 + 12.678 ng respectively. !¢
For the vanadium monoxide VO, the energy of formation of
vacancies in the metal and in the oxygen sublattice is AHy =
5.32 eV and AHQ = 8.172 eV respectively.?

Thus by treating structural vacancies as analogues of
interstitial atoms we can describe non-stoichiometric com-
pounds in terms of a simple thermodynamic model. The
change in the energy of formation of vacancies in the homo-
geneity regions of these compounds allows us to identify the
nature of the interatomic interactions. Knowing the energy
of formation of structural vacancies in the carbides, nitrides,
and oxides of the transition metals we can calculate the syn-
thesis conditions of the defect-free compounds,!?!,104~108

---00o--~

The above discussion shows that structural vacancies in
compounds of variable composition can be treated as analogues
of interstitial atoms: for example, the deviation from stoichio-
metry can be wholly described as the formation in the non-
metal sublattice of a substitutional solution whose components
are interstitial atoms and structural vacancies. Evidently,
the defect state of the crystalline structure, i.e. the presence
of a high concentration of structural vacancies, is the most
important property of compounds of variable composition of
the interstitial phase type.

The presence of a large number of structural vacancies
offers some additional flexibility in the controlled synthesis
of compounds of variable composition having prescribed
properties. One possibility is to use a thermo-baric treat-
ment to vary the vacancy concentration while preserving the
initial composition and structure of the compound. Another
means of fine control of all the properties of a compound of
variable composition relies on the redistribution of the
interstitial atoms and vacancies over the sites of the non-
metal sublattice. The study of vacancy distributions is of
direct scientific interest because it offers a key to an under-
standing of the nature of interatomic interactions in com-
pounds of variable composition. This is because the rear-
rangement of atoms and vacancies in a crystal lattice is a
manifestation of interactions at the atomic level. So far the
effect of the nature of the vacancy distribution on the prop-
erties of non-stoichiometric compounds has not been ade-
quately studied, but we consider this approach to be very
promising from a practical as well as a scientific aspect.
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