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Phase equilibria, phases and chemical compounds in the Ti— C system
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Abstract. The results of experimental and theoretical investiga-
tions of the phase equilibria in the titanium—carbon system are
generalised. The generalised thermodynamic characteristics of
disordered titanium carbide, TiC,, are reported. Peculiarities of
the crystal structures of all the known and hypothetical com-
pounds of titanium with carbon are considered in detail. The
X-ray diffraction patterns which allow identification of all these
compounds are presented. The phase diagrams of the Ti—C
system constructed with allowance for atomic ordering of non-
stoichiometric carbide, TiC,, and for the existence of the molec-
ular cluster-like compounds TigCj2 and Ti13Cae (TiCy) are dis-
cussed. The bibliography includes 142 references.

I. Introduction

Carbides of Group IV and V transition d-metals belong to
strongly nonstoichiometric interstitial compounds.' =3 A typical
representative of strongly nonstoichiometric compounds is cubic
titanium monocarbide TiC, (0.48 <y < 1.00) with the Bl-type
structure, which has found wide practical applications and has
been the subject of intensive experimental and theoretical
research.

In 1823, Wollaston reported the discovery of pure crystalline
titanium in metallurgic slags. However, after a lapse of 33 years
Wohler (Germany) showed that these crystals were titanium
carbide containing nitrogen impurity. More recently in the 19th
century contaminated titanium carbide was extracted from tita-
nium-containing cast iron.*> Some attempts at obtaining pure
titanium carbide by carbothermal reduction of titanium dioxide,
TiO,, were also made (see Ref. 6).

The history of studies of titanium carbide and the Ti—C
system can arbitrarily be divided into three periods.

In the first period (from the middle 1850s up to 1940), titanium
carbide as well as the carbides and nitrides of other transition
metals (zirconium, hafnium, vanadium, niobium, tantalum) were
treated as ordinary chemical compounds of stoichiometric com-
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position. Most studies carried out in this period were related to the
establishment of the types of crystal structure and to the determi-
nation of the unit cell parameters of the titanium carbide samples
obtained in one way or another. Titanium carbide was assumed to
have a stoichiometric composition TiC. By the end of the first
period, investigations of the thermodynamic and various physical
properties of carbides and nitrides began and massive discrep-
ancies between the results of different studies of the properties of
titanium carbide were revealed. These discrepancies could not be
rationalised by the measurement errors or by differences in the
experimental methods. Detailed crystal-chemical studies showed
that the discrepancies were due to the different content of carbon
atoms in the carbide. It was found that, in contrast to other
compounds, the composition of titanium carbide and, broadly, of
the Group IV and V transition metal carbides and nitrides can
vary over a very wide range while their crystal structure remains
unchanged. In particular, the composition of titanium monocar-
bide TiC, can vary from TiCy.45 to TiCj go.

In the second period (from 1940 to 1970s), emphasis was
mainly placed on investigations of the composition—property
correlations for strongly nonstoichiometric compounds (in par-
ticular, interstitial phases). Interest in the carbides peaked in the
1960s, when thousands of communications were reported,
concerning the effect of composition on the crystal-chemical,
thermodynamic, thermal-physical, electrical, magnetic, optical,
mechanical and other properties of these substances. By this time,
the main qualitative concepts of the nature of chemical bonding in
nonstoichiometric carbides have been developed. In the 1970s, the
number of publications concerning basic problems relating to
nonstoichiometric carbides reduced considerably; however, this
time was characterised by increasing interest in applied studies.
Titanium carbide had found wide use in production of hard alloys
for metal-cutting tools. Most of the researchers erroneously
concluded that there was almost nothing left to study in non-
stoichiometric carbides. The first (tentative) variants of the phase
diagram of the Ti— C system were reported,”-® which reflected the
existence of the only compound, viz., cubic titanium monocarbide,
TiC,, with a broad homogeneity region. These phase diagrams
remained nearly unchanged up to the mid-1990s.

For a long time after nonstoichiometric compounds were
shown to have broad homogeneity regions, it was assumed that
non-metal interstitial atoms and structural vacancies (unoccupied
interstices of the metal sublattice) were randomly distributed over
the lattice. However, crystallographic studies reported in 1967 (see
Ref. 9) and more recently revealed that under particular condi-
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tions the interstitial atoms and vacancies can be redistributed over
the sites of the crystal lattice, thus forming different types of
ordered structures. The ordering of carbon atoms and structural
vacancies was first observed in nonstoichiometric titanium car-
bide.?

In the late 1960s, the third period began of studies of non-
stoichiometric compounds, which is mainly related to investiga-
tions into the ordering and its influence on the properties of these
systems. Currently, one can say with certainty that at temper-
atures below 1000 K nonstoichiometric carbides and nitrides exist
in the thermodynamically equilibrium ordered state, whereas their
disordered state is metastable in the same temperature range.

In the 1980s, research into correlations between the properties
of strongly nonstoichiometric compounds and the character of
distribution of the interstitial atoms and vacancies began. It was
shown that the effect of atomic and vacancy ordering on changes
in the properties of a nonstoichiometric compound is comparable
with the effect of varying the composition of the same system
within the homogeneity region of the ordered phase. Therefore,
varying the composition and redistribution of the atoms and
vacancies in the crystal lattice of strongly nonstoichiometric
compounds are two ways of controlling the properties of these
compounds that possess equal rights.

A large number of ordered phases of strongly nonstoichio-
metric compounds was found during the decade from 1990 to
2000. The results of experimental studies and calculations of the
phase equilibria allowed construction of the phase diagrams of the
M-C and M-N (M =Ti, Zr, Hf, V, Nb, Ta) systems with
allowance for both the presence of strongly nonstoichiometric
carbides (MC,) and nitrides (MN,) and their ordering at temper-
atures below 1300 K (see Refs 1 -3 and 10-27).

In 1992, a novel class of molecular metal —carbon nano-
clusters was discovered.?® 3% Three stable molecular clusters —
TigCi2, Ti13C14 and Ti;3Ca2 — were obtained in the Ti— C system.
Some experimental and theoretical studies on titanium dicarbide,
TiC,, were also reported.

Thus, the last two decades are characterised by avalanche-like
growth of the body of information on the phase equilibria and
compounds in the Ti— C system. The phase diagram of this system
was found to be much more intriguing and complicated than it
was assumed previously. The aim of this review was to generalise
the results of recent (reported between 1980 and 2000) experimen-
tal and theoretical investigations of chemical compounds and
phases in the Ti—C system taking into account all available
information. The emphasis is placed on the phase equilibria in
this binary system and on the crystal structure of both the known
and theoretically possible (model) phases and compounds of
carbon and titanium.

I1. Phase diagrams of the Ti— C system at
temperatures above 1000 K and thermodynamic
properties of disordered titanium monocarbide
TiC,

1. Phase diagrams
No phase diagrams of the Ti—C system constructed with allow-
ance for the ordering of nonstoichiometric carbide TiC, were
reported until the mid-1990s. In the text below we will consider the
principal results of investigations into the phase equilibria in the
Ti—C system at temperatures above the ordering temperature of
nonstoichiometric titanium carbide (i.e., at 7> 1000 K).
Detailed studies of phase equilibria in binary carbide-forming
M —C (M is a transition metal) systems were mostly carried out in
1961-1965.3 Up to now, the experimental results [including
those for the Ti—C system at temperatures above 1800 K (see
Ref. 7)] obtained at that time are the most reliable and accurate.
The phase diagram of the Ti— C system is presented in Fig. 1.
In this system, cubic titanium carbide TiC, with the Bl-type
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Figure 1. Experimental phase diagram of the Ti—C system at
T > 1800 K.7

structure is in equilibrium with B-Ti (bec structure) or o-Ti (hep
structure).

The melting temperature of pure metallic f-Ti is 1941+£8 K
(see Ref. 7). The addition of carbon to titanium reduces the
melting temperature of Ti down to the eutectic temperature
[1918 45,40 1923 £7,7 1921 45,4143 1925 K (see Ref. 44)]. The
eutectic L & B-Ti + TiC, was reported to contain 4.4 at.% of
carbon;*® however, metallographic tests’ showed that the content
of carbon in the eutecticis 1.5+ 0.5 at.%. Difficulties in determi-
nation of the eutectic composition by metallographic tests have
been pointed out.”-3°

Allotropic transformation o-Ti & B-Ti occurs at 1155+ 5 K
(see Ref. 8). The addition of carbon to titanium causes an increase
in the temperature of this transformation up to the temperature of
the B-Ti + TiC, & o-Ti peritectoid transformation, which equals
1193+ 3 K (see Refs 41—43) or 1205 K (see Ref. 44).

At temperatures above 1000 K, there is only one nonstoichio-
metric compound in the binary system Ti—C, viz., cubic titanium
carbide TiC, with a very broad homogeneity region from TiCg 47
to TiCoos at T ~ 1920 K.7-3° Raising the temperature up to
3000 K causes a shift of both the lower and upper bounds of the
homogeneity region of TiC, towards a higher content of carbon.
At T ~ 3000 K, the upper bound of the homogeneity region
corresponds to a TiCy g9g composition (see Ref. 8). The highest
melting temperature, 3340+ 15 K (see Refs 7,39,41-43) or
3341 K (see Ref. 44), has carbide TiCoy o which undergoes con-
gruent melting. The temperature of the L < TiC, + C eutectic
containing ~ 63 at.% of carbon is 3049 + 12 K,7 3049 + 6 K (see
Refs 39, 41, 42) or 3048 K (see Ref. 44).

Figure 2 presents the phase diagram of the Ti—C system
constructed by Murray 442> for T > 800 K. The same phase
diagram was also reported in a reference guide.*> Most of the
phase equilibria in this diagram were shown tentatively. Murray
supplemented the phase diagram shown in Fig. 1 with some
essential details by indicating the regions of allotropic trans-
formation o-TisB-Ti and  peritectoid transformation
B-Ti + TiC, s o-Ti. On the other hand, the phase diagram of
this system (see Fig. 2) contained a tentatively shown existence
region of ordered Ti,C phase that was thought to exist and be
stable at temperatures below 2170 K.>4> However, the first
report ? on the stability of the ordered Ti,C phase at T< 2170 K
was found to be erroneous: more recently, numerous studies of the
ordering of nonstoichiometric carbide TiC, revealed that cubic
ordered Ti>C phase (space group Cj,) is formed at temperatures
below 1000 K (see, e.g., Refs 12, 21, 46—56). At T < 1000 K,
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Table 2. Characteristics of special points in the phase diagram of the Ti—C
system at 7> 1000 K.
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Figure 2. Phase equilibria in the Ti—C system at 7 > 800 K.#! 43
Ti>C is the ordered phase of nonstoichiometric titanium carbide TiC,.
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Figure 3. Phase diagram of the Ti—C system at 7 > 1000 K calculated 4
taking into account the results of experimental studies.”- 839

there are several ordered phases in the homogeneity region of
carbide TiC, that are not shown in this phase diagram.

Phase equilibria in the system under study at temperatures
above 1000 K have most reliably been shown in the phase diagram
calculated by Jonsson #* taking into account the experimental data
reported by Rudy ef al.”-3° Jonsson’s phase diagram is shown in

Table 1. Crystal structure of phases that exist in the Ti—C system at
T > 1000 K.

Phase  Existence region Space group Pearson Lattice type
[C (at.%)] notation

B-Ti  0-06 Im3m (03) cn2 A2 (W)

a-Ti 0-1.6 P63/mme (D) hP2 A3 Mg)

TiC,  ~32.0-49.8 Fm3m (03) cF8 B1 (NaCl)

C 100 P63/mme (D) hP4 A9 (graphite)

Phase Composition of T/K Phase trans-
transformation phases involved in formation
reaction [C (at.%)] type

L s B-Ti + TiC, 1.8 0.6 32 1918+5  eutectic
transformation

L s TiC, — 444 - 3340+ 15 congruent
melting

LsTiC, + C 65.1 48.5 ~100 3050+6 eutectic
transformation

B-Ti + TiC, s o-Ti 0.4 344 2.1 1193+3  peritectoid
transformation

L s B-Ti - 0 — 1941 +8  melting

B-Ti s o-Ti - 0 — 1155+5  allotropic
transformation

Fig. 3. The results of investigations of the crystal structure of
different phases and the characteristics of special points of the
phase diagram of the Ti—C system at 7> 1000 K are listed in
Tables 1 and 2, respectively.

2. Structure and thermodynamic properties of disordered
titanium carbide
a. Structure
Disordered cubic titanium monocarbide TiC, with the Bl-type
structure is the most important chemical compound that exists in
the Ti—C system at temperatures above 1000 K. The unit cell of
TiC, comprises two face-centred (metal and non-metal) sublatti-
ces displaced by half the lattice constant with respect to each other
(Fig. 4). All sites in the metal sublattice of TiC, are occupied by
titanium atoms. The number of sites in the non-metal (carbon)
sublattice is larger than that of interstitial atoms (i.e., carbon
atoms), which is typical of nonstoichiometric compounds. In the
disordered state, which is in thermodynamic equilibrium only at
T > 1000 K and is treated as a quenched metastable state at lower
temperatures, carbon atoms are randomly distributed over the
sites. The non-metal sublattice is characterised by the same site
occupation probability equal to the value of y (the relative content
of carbon in the carbide). This is responsible for the retention of
cubic symmetry of the disordered non-metal sublattice and means
that all sites in the carbon sublattice of disordered TiC, are
crystallographically equivalent. A typical X-ray diffraction pat-
tern of homogeneous cubic titanium carbide is shown in Fig. 5.
The lattice constant of TiC, nonmonotonically increases as the
content of carbon increases (Fig. 6).%7

Nonstoichiometric titanium carbide can possess quite differ-
ent thermodynamic properties within the homogeneity region.
Therefore, of particular value are those studies in which the

Figure 4.  Unit cell of cubic disordered nonstoichiometric TiC, with the
B1(NaCl)-type structure. All sites in the metal sublattice are occupied by
Tiatoms, while the sites in the non-metal sublattice are randomly occupied
by C atoms.
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Figure 5. X-Ray diffraction pattern of disordered titanium carbide
TiCy.s» with cubic Bl-type structure (ap; = 0.4306 nm, CukKy, » radia-
tion).
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Figure 6. Lattice constant ag; of the basic crystal lattice as a function of
the composition of titanium carbide, TiC,, in the quenched disordered
(full circles) and annealed ordered (open circles) states.>”

Samples obtained by sintering Ti and TiCy 4 (1, 2), by sintering Ti and C
(3, 4) and by hot pressing Ti and TiCy.s (5 ). The existence regions of the
ordered phases Ti>C, Ti3C> and TisCs are labelled I, 1T and III, respec-
tively.

measured thermodynamic characteristics were attributed to a
certain composition of the carbide with the known (disordered
or ordered) structural state. The presence of the temperature and
concentration dependences of thermodynamic characteristics of
disordered carbide allows quantitative description of high-tem-
perature phase equilibria involving TiC,; however, of much
greater importance is that using these data also provides the
possibility of direct investigations into the disorder—order phase
transformations. Unfortunately, the available experimental data
on thermodynamic characteristics of nonstoichiometric titanium
carbide are scarce.

b. Enthalpy (heat) of formation
Burning of a substance in oxygen in a calorimetric bomb is the
main method of experimental determination of the formation
enthalpy. Most of the data on the formation enthalpy of disor-
dered TiC, were obtained using this technique. The formation
enthalpy can also be determined indirectly from the dependence of
the partial pressure of the components of a compound on the
evaporation temperature.

Calorimetric measurements of the standard formation
enthalpy (AHY 505) of titanium carbide of a nearly stoichiometric

composition TiCy 996 by burning of carbide in oxygen revealed >
that AHf,9q = —183.8£1.7 kJ mol—!. Calculations using the
refined value of the formation enthalpy of titanium dioxide gave
a more correct value: AH7 g = —184.6 4+ 1.7 kJ mol—1.8
Morozova et al.®® determined the formation enthalpies of
disordered cubic carbides of compositions TiCg 79, TiCp o1 and
TiCj oo by burning them in oxygen and calorimetrically measuring
the heat effect. The AHY 504 values for these carbides were found to
be —183.0+2.1, —206.8+0.8 and —192.6+ 2.1 kJ mol~!,
respectively. The dependence of the formation enthalpy (in
kJ mol—"') determined by burning technique>® on the composi-
tion of TiC, can be described by the following formula:!'~3.27

AH 05(y) = —91.07 — 186.7y + 89.0 2.

The formation enthalpies of carbides TiCo 63, TiCo 72, TiCo 50
and TiCoo; (—108.04+7.0, —135.0+7.0, —157.0£7.0 and
—184.0 £7.0 kJ mol—', respectively) were determined from the
data on vacuum evaporation of TiC, in the temperature range
from 1873 to 2673 K.%:61 The dependence of AHF,g (in
kJ mol—!) on the composition of TiC, calculated using these
values has the form ©!

AH?593(y) = 135.6 — 467.8 y + 128.3 )2

Comparison of the AHf,93(y) dependences obtained from
calorimetric and evaporation measurements showed that these
results are in satisfactory agreement for carbides with y > 0.9 but
disagree at lower content of carbon. These dependences cannot be
combined since the discrepancies between them seem to be due to
the systematic errors of the methods employed. However, one can
assume that the formation enthalpy of carbides TiC, (y < 0.9) lies
between the values found from calorimetric and evaporation
measurements.

Analysis of the experimental data on the formation enthalpy
of titanium monocarbide taking into account the position of the
lower bound of the homogeneity region of TiC, suggested '® that
the dependence of AH £59g (in kJ mol—!) on the carbide composi-
tion has the form

AHE y05(y) = 16.75 — 304.49 y + 89.04 2. 0

Mention may be made that dependence (1) is close to the
average between the experimental dependences AHY 595())
obtained from the results of calorimetric® and evaporation ®!
measurements.

c. Enthalpy (heat content)
High-temperature enthalpy (H7 — H5g) measurements are usu-
ally carried out by a mixing technique using an adiabatic-shell
calorimeter. The high-temperature enthalpy of titanium carbide
was measured ©2~9 and the following expressions for description
of the temperature dependences of the enthalpy (in kJ mol—')
were proposed.

For carbide of composition TiCy g9 in the temperature range
from 400 to 1800 K (see Ref. 62):

H7 — Hyog = —19.95 +49.53 x 10737 + )
+1.67x10-6T2 + 1499 T 1.
For carbide of composition TiCy s (the measurement error

was + 1.4%) in the temperature range from 1300 to 2700 K (see
Ref. 63)

Hy — Hiog = —13.68 + 41.13x 1037 + 448 x 106 T2, (3)

Storms® found the following formula for calculating the
enthalpy (in kJ mol—1!) of stoichiometric compound TiC ¢ in the
temperature range from 300 to 3000 K

H — Hig = —22.19 + 55.67x 103 T — @)
—407x1076T2+1763.6 T~ + 16.1 x 1010 T3,
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The enthalpies of disordered carbides TiCy ¢4, TiCo 71, TiCo 52
and TiCpg9 were measured in the temperature range
1300-2500 K by a mixing technique.®* % The authors suggested
a polynomial description of the temperature dependence of the
enthalpy; however, the polynomials did not fulfil the obvious
normalisation condition:

H§ — Hspg = 0at T = 298 K.

Because of this, we calculated the temperature dependences of
the enthalpy (in kJ mol—') of these carbides taking into account
the normalisation condition!?7 using the experimental data
reported by Fesenko et al.%* and the following expression

Hy — Hiyg = A+ BT + CT? + DT\,

The corresponding formulae are as follows:
for carbide of composition TiCg ¢4

Hy — Hyog = —2.42 4+ 24.54% 103 T + (5)
+7.47x 107672 — 1657.1 T,

for carbide of composition TiCy 7;
Hp — Hyg = —2.03 + 2446 x 10737 + (6)
+8.12x10-6T2 - 1780971,

for carbide of composition TiCy s>
Hy — H5gg = —5.75+3090x 103 T + (7
+6.54x10-°T2 - 12049 7!

and for carbide of composition TiCy.g9
HT — Hgg = —12.97 + 36.61 x 103 T + 8)
+6.79x10-°T2+431.1 T

These equations can be combined to derive a common
function

(HT — H398)Tic,. = Q)
= (15.86 + 12.03x 10737+ 9.67x 10=6 T2 —6051.57~1) +
(—=2280 +6.17x 107 3T — 3.09x 10~ T2+ 632827 ")y +

+ (—5.680 + 19.06 x 10=37)y? (kJ mol—1),

which allows estimation of the enthalpy of disordered monocar-
bide TiC, with any content of carbon in the temperature range
from 300 to 2000 K.

d. Heat capacity and entropy

The heat capacity, C,, of titanium carbides of compositions
TiCy.95 and TiCp 99 was measured using the adiabatic technique
in the temperature range from 12 to 300 K. A decrease in the
content of carbon in the TiC, carbide is accompanied by a
decrease in C,. Lorenzelli et al.” measured the heat capacity of
samples of disordered and ordered carbide of composition
TiCo 625 between 0.5 and 5.0 K; however, they presented only the
difference between the heat capacities of the samples.

Since

d(H7 — Hss)
dT ’

the high-temperature heat capacity is usually determined using the
results of experimental enthalpy measurements. This allows the
functions (5)—(9) to be used for estimating the heat capacity of
disordered TiC,.

The entropy, Ssg, of stoichiometric titanium monocarbide
TiCy is 24.24 T mol—! K~ (see Ref. 8). No experimental data
on changes in entropy within the homogeneity region of cubic
carbide TiC, are available so far. To a first approximation, the
dependence of entropy on the composition of carbide MC,, can be

C,=

represented by the additive sum of the entropies of the compo-
nents normalised to the entropy of stoichiometric carbide MC, o,
ie.,

S503(1) = k(S39sm + ¥S3950)- (10)

where k = S3ogmc,,/(S2osm + Ssc) is the normalisation con-
stant and Sjogy and Sy are the entropies of the metal and
carbon, respectively. The entropies of a-Ti and carbon are 30.72
(see Ref. 68) and 5.39 J mol—! K—! (see Ref. 69), respectively.
Taking into account these values and the value
Shosic,, = 24.24 T mol~! K—! (see Ref. 8), the normalisation
constant, k, was found to be 0.671. To a first approximation, the
dependence of entropy (in kJ mol—! K—!) on the composition,
TiC,, has the form

S305(1) = 20.62 + 3.62 y. (11)

e. The free energy
The free energy of disordered carbide can be calculated using the
dependences (1), (9) and (11).

Indeed, thermodynamic properties of solids are usually
described assuming a constant pressure (usually, p is set to 0 or
1). Under isobaric conditions, the internal energy (configuration
energy of a crystal), E, equals the enthalpy H. At 298K, the
enthalpy of a compound is equal to the formation enthalpy of this
compound from corresponding elements, i.e., Hyg = AH{oog.
Taking into account the temperature dependence of the enthalpy
of nonstoichiometric compound MX,, from here it follows that

E(.T) = H(v.T) = Hi(v) + (Hy — Hog)yx, = (12)
=AHpys(y) + (Hr — H§98)MX},'

The free energy (F) of a disordered nonstoichiometric com-
pound MX, is given by the following expression ! -3 14.17.20,22,70

F»,0,T) = Ep,T) — TIS@,0,T) + Se(»,0)] = (13)
= Fo(T) + yF(T) + y?Fx(T) — TS(».0),

where S(»,0,7") is the non-configurational entropy, which is an
explicit function of temperature; Sc(y,0) is the combinatorial
(configurational) entropy, which is independent of temperature;
and Fo(T), Fi(T) and F»(T) are the free energy parameters.

Using the standard entropy, the temperature dependence of
entropy can be written as follows

T
d(HT — H;
S(T) — S;QS + J ( T - 298) )
298

In this case

T
d(HT — H3o8)mx.
S»,0,T) = S3e3(¥) + J %

298

(14)

The free energy of a disordered compound MX, minus the term
responsible for the contribution of configuration entropy, Sc<(y,0),
is given by the expression

Fo(T) + yF\(T) + y*Fx(T) = E(y.T) — TS(».0.T) (15
or, taking into account Eqns (12) and (14),
Fo(T) + yF(T) + y?Fo(T) = AHpg(y) + (16)

T
) d(HT — Hyog)wix,
+ (H()T_H§98)MX‘_T|:S298(y) + J fMX .

298
The expression for a fraction of the free energy (in kJ mol—1)

of disordered carbide TiC, was derived ! 327 from Eqn (16) using
the dependences (1), (9) and (11)
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Fo(T) + yF(T) + y*FxT) = 17
=(32.61 +31.61x1073T —9.67x10-°T2 — 30267~ ! —
—12.03x 1073 TInT) + (—327.29 + 71.49x 103 T +
+3.09%10-6T2+ 316471 — 6.17x 10~ TInT)y +
+(83.36 + 127.65x 10—3T — 19.06 x 10=3 T'InT)y?,

where the parameters Fo(T), Fi(T) and F»>(T) of the free energy
F(»,0,T) [see Eqn (13)] are given in explicit form. Knowledge of
these parameters allows all types of thermodynamic calculations
of the phase equilibria involving nonstoichiometric titanium
carbide.

3. High-temperature evaporation of titanium carbide
Thermodynamic properties of nonstoichiometric carbides are
often determined using measurements of the vapour pressure
above the solid compounds. Of particular interest is the case of
congruent evaporation.

According to the kinetic theory of gases, the rate of evapo-
ration from the surface that is in equilibrium with vapour equals
the condensation rate, which is proportional to the equilibrium
vapour pressure p. Under nonequilibrium conditions (in the case
of, e.g., vacuum evaporation from the open surface) the evapo-
ration rate is independent of the condensation rate and equals the
equilibrium evaporation rate at a given temperature;’! this holds if
the residual pressure in the vacuum chamber does not exceed
10 Pa. Therefore, knowledge of the rate of steady-state vacuum
evaporation allows determination of the equilibrium parameter,
namely, the saturated vapour pressure, and calculation of the
thermodynamic characteristics. If transition from the condensed
phase to the vapour phase is accompanied by dissociation of the
former, the observed evaporation rate and the partial pressure are
lower than the equilibrium values; this can be taken into account
by introducing the evaporation coefficient o < 1.0.

The kinetic and thermodynamic conditions for congruent
evaporation of disordered nonstoichiometric interstitial com-
pounds have been studied in detail in monograph.!'* Thermody-
namics of congruent evaporation of nonstoichiometric
compounds was also developed.” 73,

Evaporation of TiC, at temperatures above 1800 K was
studied by many authors. Mass spectrometric studies of the
composition and the pressure measurements of the vapour above
titanium carbide evaporated from a graphite effusion chamber
(evaporation in the presence of excess of free carbon) at
2200-2500 K showed that the vapours contained elemental
carbon and titanium and the C, and Cs units; no molecular species
TiC were found.” 7% The vapour pressure of titanium above the
titanium carbide —graphite system at 2383-2593 K measured 7¢
by the Knudsen effusion technique was found to be much higher
than that determined by other authors. The value reported in this
study seems to be overestimated, since evaporation of pure
graphite through the effusion orifice was ignored. In the temper-
ature range between 2518 and 2790 K, the vapours above the
titanium carbide —carbon system contained Ti, TiCs, TiC4 and Cs
units.”” According to estimates,’® the gas phase above this system
contains elemental titanium and carbon as the major components
at T < 2500K and Ti, C and Cs units at 7" > 2500 K. Titanium
carbide was shown to undergo dissociation during evaporation at
2200 < T < 2500 K in the presence of excess of free carbon; in this
case, elemental titanium is released in the gaseous state while
carbon is released in the solid state.”#~7¢

Studies of evaporation of carbide TiCpo7 at 2773 K using
Langmuir’s technique revealed that under these conditions the
compound undergoes congruent evaporation and that the
vapours contain mostly elemental titanium and carbon.” The
composition of carbide TiC, affects the vapour pressure, namely,
the vapour pressure of titanium monotonically increases from
1 x10=4 Pa for TiCoos to 0.2 Pa for TiCyss as the content of
carbon decreases (see Ref. 8). Evaporation and dissociation of

carbide TiCpo; in the temperature range between 1873 and
2673 K can be described by the reaction 8¢

TiC,y (s) — Ti(g) + [y — 2(1)IC(g) + 2(T)C(s), (18)

where z(T') = yat T < 2100 K; z(T") decreases from y down to 0 as
the temperature increases from 2100 to 2273K; z(T) =0 at
T > 2273 K. The vapour pressure of titanium above carbide
TiCoo1 at 1900 K was found to be ~6x 10— Pa,8 which is
close to the value reported by Storms.3

Evaporation of titanium carbide was mainly studied near the
upper bound of the homogeneity region of the cubic phase taking
the TiC, samples with y > 0.9 as examples (see Refs 74—77,79
and 80). The evaporation coefficient was assumed to be equal to
unity, though if evaporation is accompanied by dissociation, this
value is less than 1. The results of determination of the vapour
pressure of titanium reported by different authors 8- 74-77.79.80 are
substantially different (from 2 to 40 times).

Vacuum evaporation (at 0.0013 Pa) of samples of cubic
monocarbide TiC, with different contents of carbon
(0.6 < y < 0.93) was studied in the temperature range between
1873 and 2673 K.®-6! The samples represented disordered
titanium carbide, since only disordered nonstoichiometric car-
bides are in thermodynamic equilibrium at 7 > 1300—
1500 K.!-3:1417.70 Al TiC, samples were found to be homoge-
neous and contained one phase with the Bl-type structure.
Evaporation of titanium carbide was studied by Langmuir’s
technique. The evaporation rate

y= Am
Sert

was determined from the mass loss (Am) from the effective
evaporation surface area, Sef, of a vacuum heated sample over a
period ¢. Due to the presence of the open surface pores the Ser
value was larger than the geometric evaporation surface area S

2\ 1/3
sef=S{1+(—9”2P) }

where P is the relative porosity. The evaporation surface area was
determined ¢%-¢1 with allowance for porosity which was deter-
mined as the average between the initial (before the experiment)
and final (after heating) porosity. Evaporation was carried out
until establishment of a constant total evaporation rate V (for a
given temperature) and a constant crystal lattice parameter on the
surface of the sample, i.e., until steady-state regime of the process.

The overall time of vacuum evaporation of titanium carbide
samples varied from 2—8 h at 2673 K to 54 h at 1873 K. During
evaporation the lattice constant on the surface of the samples
remained virtually unchanged, which indicated a constant com-
position of TiC, at T' < 2673 K.

Evaporation of carbides TiC, at T' < 2273 K led to release of
elemental carbon on the surface of the samples, whereas no
elemental carbon was found on the surface of the TiC, samples
at higher evaporation temperatures (7' > 2273 K). These data and
the results of evaporation rate measurements suggest that at
T < 2273 K evaporation of titanium carbide TiC, is described
by reaction (18). Indeed, at 7' < 2100 K the pressure and evapo-
ration rate of metallic titanium are much higher than those of
elemental carbon;®® because of this, carbon is mainly released in
the solid phase and can thus be found on the surface of the
samples. As the content of carbon in TiC, decreases (especially at
y <£0.8), the amount of elemental carbon released on the surface
rapidly decreases. Raising the temperature leads to an increase in
the evaporation rate of carbon and no elemental carbon was
found on the surface of TiC, samples at 7 > 2300K. At
T > 2273 K, which corresponds to complete evaporation of
carbon released on the surface, the z(7T') value equals zero, and
the equilibrium in system (18) loses ambiguity. Since at temper-
atures below 2600 K (in the absence of excess elemental carbon)
the vapour above titanium carbide contains mostly elemental
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Table 3. Total evaporationrate V'(kg m=2 s

1) and partial pressure pt; (Pa) in the temperature range between 2273 and 2673 K, evaporation coefficients

ari and oc, atomisation enthalpy (A, Haeg /kJ mol—1), formation enthalpy (AHf 3 / kJ mol—!) and evaporation enthalpy (A,H5eg /kJ mol—!) of TiC,

samples.®!

TiC, InV=a->b/T o oc Inpy; = a— b/T (see?) A, Hog AHY 58 AsH3og
a b a b see® see®

TiCoez 21.5454+0.091 72609 £ 225 0.80+0.05 0.40+0.05 29.538+0.084 73836+209 1028+2 1025+2 —108+7 553+70

TiCo72 21.8824+0.034 75111 +£85 0.90+£0.05 0.45+£0.05 29.721+£0.035 76339+87 1119+2 1115+2 —135+7 644+70

TiCoso 21.998+0.129 77011 £322 0.90+0.10 0.45+0.10 29.987+0.170 78601+423 1198+6 1193+4 —157+7 723+70

TiCoo1 21.700+0.027 79115+ 67 0.60£0.05 0.30+£0.05 29.921+£0.023 80342+ 57 1303+1 1299+1 —184+7 828+70

aFor carbide TiC,, In p¢: = Inp; + Iny. ® Found using the equation of the second law of thermodynamics (see below). ¢ Found using the equation of the

third law of thermodynamics (see below).

titanium and carbon and does not contain C, units and larger
carbon molecular species and titanium carbide molecules,’® one
can suggest congruent evaporation of TiC, in the temperature
range between 2273 and 2673 K following the reaction

TiC, (s) — Ti () + ¥C (). (19)

This character of evaporation of TiC, has been confirmed
experimentally.’8 80

An increase in the evaporation temperature causes a rapid
increase in the evaporation rate: e.g., the evaporation rate of
TiCy.02 increases by a factor of more than 20000 as the temper-
ature increases from 1873 to 2673 K. For TiC, samples with
different contents of carbon the temperature dependence of the
evaporation rate has the form

b
InV=a— .
n a—=

In Table 3 we present the values of the coefficients ¢ and b for
some carbides. The evaporation rate of carbide of composition
TiCoo> calculated using this dependence for 2773 K is
108 x 10~> kg m—2s~!'. This is rather close to the estimate
(93-113) x 10=3 kg m—2 s~ ! for the evaporation rate of TiCo .97
at2773 K.7®

If a compound MC, undergoes congruent evaporation, the

observed partial pressures of its components, pm and pc,
are 14.71,80

V(2rRT Ay)'?

= = V7 20
PM = OmMPm M > (20)

yV(2nRTAc)'"?
I >

where o, ac and pyy, pe are the evaporation coefficients and the
equilibrium partial pressures of the metal and non-metal compo-
nents of condensed carbide MC,; V' is the total evaporation rate;
Am and Ac are the atomic masses of the metal and carbon,
respectively, and M = Ay + pAc is the molecular mass of carbide
MC,..

Under equilibrium congruent evaporation one gets p¢- = y py:
hence from Eqns (20) and (21) it follows !4 that

ey ﬁ 1/2
C M AM >

(e2y)

Pc = ocpe =

In Fig. 7 we present the dependences of the partial pressure of
titanium on the composition of carbide TiC,. At any temperature,
the larger the deviation of the carbide composition from the
stoichiometric composition, the higher the prj value. Earlier, an
analogous type of change in pt; was reported for 7= 1900 K.?

PTi /Pa
I
100 -
2673K
° 2573K
10! +
o
2473K
1072 -
2273K
103 - 2173K
2073K
10— o ] °
o 2
a3
1873K
10-5 1 1 1 1
0.6 0.7 0.8 0.9 y
Figure 7. Partial pressure of titanium, pri, as a function of the compo-

sition of titanium carbide, TiC,,: pressure pr; above the TiC, carbide at
1900 K (7);® data®! (1) and pressure pr; above the TiCy g7 carbide at
2773 K (3).7°

Taking into account the relationship

_ Ac 1/2
pc=y Ay Pums

the equilibrium constant, K, of reaction (19) is (when calculating K
values, the partial pressure is given in atmospheres):

A »/2 ’ . N A~ /2
yy(ﬁ) =OC§VII+))(PM)(1H)y} (ﬁ) .2

Knowledge of the equilibrium constant K allowed estimation
of the enthalpy of process (19);°! in the case of evaporation
accompanied by dissociation this is the atomisation enthalpy
A, H5g. In accord with the second law of thermodynamics, the
A, H3gg value was found using the available temperature depend-
ences of K and by solving Van’t Hoff’s isobar equation

14y
K = pupc = py;”

dinK A, Hy
dT =~ RT?

(23)

Calculations of A, H5yg were carried out with inclusion of
correction A for the temperature dependence of the enthalpy of the
components of reaction (19):
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A = (HT — H3o8)1i(e) T Y(HT — H3og)c(e) —
- (Hg" - H;98)TiCy(s)-

The A, Hjog values for carbides TiC, under study were found
by the least-squares minimisation of the expression

RInK(T) =c— Autlos + 4 A,

T
where ¢ is a constant, using the experimental dependences K(7).
The heat effect of reaction (19), i.e., the atomisation enthalpy of
carbide TiC,, was also determined using the equation of the third
law of thermodynamics.

AatHggg = TA(I)/T — RTInK

with allowance for the calculated temperature and concentration
dependence of the reduced potential A@’.

The calculated standard atomisation enthalpies, A, H5gg, of
titanium carbides of different composition and the evaporation
coefficients oy and oc are listed in Table 3. The parameters of the
dependences InV'— T and In p3; — T (see Table 3) correspond to the
temperature range of congruent evaporation of TiC, (from 2273
to 2673 K).

The dependence of the atomisation enthalpy on the composi-
tion of carbide TiC, calculated by the least squares method using
the A, H5g values calculated from the equations of the second and
third laws of thermodynamics has the form:

AuHos(W)ricy = 335.4 + 1177.8y — 128.3 )2 £7. (24)

For compounds MX,, the atomisation enthalpy is given by the
expression

Ay Ho3(y) = AHYy + yAJHY — AH705(), (25)

where A Hy; and A Hx are the evaporation enthalpies of the
components M and X, respectively, and AH?»g5(y) is the forma-
tion enthalpy of compound MX,. The expression for the depend-
ence of the heat of formation of carbide TiC, on its composition
derived using the relationships (24) and (25) and the reference data
on the evaporation enthalpies of titanium and carbon,
AHT = 471 and AHE = 710 kJ mol—! (see Ref. 68) has the
form 60-61

AHpp5(y)mic, = 135.6 — 467.8 y + 128332+ 7. (26)

The AHf,9g values for carbides of compositions TiCy 79,
TiCpo; and TiCyg were found to be —157, —184 and
—204 kJ mol—', respectively;°! this is in fairly good agreement
with the results of earlier studies [¢f. the AH} 593 values of — 183,
—207 (see Ref. 59) and — 184 kJ mol—! (see Ref. 58) for carbides
of compositions TiCg 79, TiCp91 and TiCy 996, respectively]. The
dissociation enthalpy of a gaseous titanium carbide molecule is
473 £ 60 kJ mol—! (see Refs 68, 81). Using this value, the evapo-
ration enthalpy of titanium carbide TiC, was also roughly
estimated %61 as the difference between the atomisation and
dissociation enthalpies (see Table. 3).

4. Nanocrystalline titanium carbide

Establishment of the fact that reduction of the grain or crystallite
size down to and below a certain threshold value can cause
substantial changes in the properties of solids®?~ 8¢ gave a strong
impetus to investigations of the nanocrystalline state of matter.
Pioneering studies in this field were reported by Gleiter 370 who
developed a method for fabrication of compact nanomaterials
from nanopowders (the so-called ‘compaction’). Ultradispersed
and nanocrystalline transition metal carbides can be prepared by
plasmachemical synthesis, mechanochemical synthesis, intense
plastic deformation and structure ordering.®!-°? Investigations of
the nanocrystalline state of carbides are directed at making them
less brittle and at improving their plasticity with simultaneous
retention of high hardness typical of these compounds.

Ultradispersed transition-metal carbide powders are usually
obtained by the interaction of chlorides of corresponding elements
with dihydrogen and methane or other hydrocarbons in the low-
temperature (4000—8000 K) argon plasma. The particles of such
powders are single crystals 10 to 100—200 nm in size. Finely
dispersed titanium, zirconium, niobium, tantalum, boron and
silicon carbide powders were prepared by a plasmachemical
technique.?3- %4

Gas-phase synthesis involving laser heating of the mixture of
reactant gases is a kind of plasmachemical synthesis.?>~ 9% Laser
heating allows control of homogeneous nucleation and excludes
contamination. As the intensity of laser radiation increases, the
size of nanoparticles decreases due to an increase in the temper-
ature and in the heating rate of the reactant gases.

In the last decade, a mechanochemical technique has found
wide use for the synthesis of nanocrystalline carbides. Mechanical
milling is the most efficient method for production of large
amounts of powders of different nanomaterials including car-
bides. Mechanochemical synthesis of nanocrystalline titanium
carbide from a mixture of the metal and carbon powders was
reported.”® The mixture was ball milled. Formation of carbide
occurred after pulverisation over a period of 4 to 12 h; the average
particle size of the nanocrystalline powder after 48 h milling was
7+ 1 nm.

Nanocrystalline powder of cubic titanium carbide was also
prepared by pulverising metallic titanium and graphite in a
sapphire ball mill. The components were taken in a ratio that
provided a Tis4Css composition of the product.!® The ball-to-
powder mass ratio was 10:1. Milling was performed at room
temperature in an argon atmosphere.

After pulverisation for 2000 s the X-ray diffraction pattern of
the reactant mixture exhibited only broad reflections of elemental
carbon and titanium (Fig. 8). Milling over a period of 1.1 x 10* s
led to nearly complete disappearance of the graphite reflections.
New reflections appeared after pulverisation for 1.5 x 10* s cor-
responded to a new cubic phase with the Bl-type structure, viz.,
titanium carbide. The lattice constant of titanium carbide pre-
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Figure 8. Changes in the X-ray diffraction patterns of a powder mixture
TissCse as a function of milling duration (¢) in the mechanochemical
synthesis of titanium carbide (CuK, > radiation).!00

t=2x103 (1), 6x103 (2), 8x10% (3), 1.15x10* (4), 1.5x10* (5),
22x10%(6),4x10*(7),8x10*(8)and 7.2 x 10° s (9).
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pared in this manner was 0.4326 nm. Prolonged milling (4 x 10* s)
led to complete disappearance of the reflections of metallic
titanium and to an increase in the intensity of titanium carbide
reflections. After 8 x 10* s, mechanical deformation of the powder
particles developed and the grain size reduced dramatically, which
was manifested in substantial broadening of reflections in the
X-ray diffraction pattern. Pulverisation for 72 x 10* s resulted in
the formation of titanium carbide nanocrystals. No observable
changes in the state of the carbide sample were detected upon
further extension of milling duration to 10° s.

Figure 9illustrates the changes in the powder grain size during
pulverisation according to X-ray diffraction and electron micro-
scopy studies. The formation of nanocrystalline titanium carbide
involves four stages. The first stage (milling for no longer than
1.1 x 10* s) is characterised by the formation of Ti/C composite
particles with an average size of ~1000 nm. Metallographic tests
revealed an onion-like structure of these species comprised of
titanium and carbon layers. In the second stage, which takes from
1.1x10% to 2x 10* s, solid-phase interaction between titanium
and carbon occurs, resulting in coarse-grained titanium carbide
particles 800 to 1000 nm in size. The third stage takes from 2 x 10%
to 8 x 10* s and involves intense milling of titanium carbide grains
followed by the formation of finely dispersed powder with a rather
broad grain size distribution (from 5 to 100 nm in diameter); in
this stage, titanium carbide grains form agglomerates of size 5 to
10 um. The last, fourth, stage takes 8 x 10% to 1 x 10 s and is
characterised by ‘grain size homogenisation’ of the nanocrystal-
line powder. Carbide powder thus obtained had a particle size of
~2+ 1 nm while its grains were agglomerated into spherulites of
size no greater than 300 nm.

d /nm
Ti
1000 i $
g C / TiC
Ti/C composite particles
100
10 | ol
[ ] °
1 r TiC nanoparticles
1 1 1 1 1 1
10! 102 103 104 10° t/s
Figure 9. Grain size (d) of milled TigsCse powder as a function of milling

duration ¢ in the mechanochemical synthesis of titanium carbide.'%°

The grain size was determined from broadening of X-ray diffraction
reflections (/) and by electron microscopy (2).

Titanium carbide powders prepared '°° by milling over differ-
ent periods of time (2.2 x 10%,4 x 104, 8 x 10*and 7.2 x 10° s) were
sintered in activated plasma. This type of sintering is a kind of hot
pressing. Salient features of the method are the use of pulsed
voltage for plasma activation and combination of nonaxial
torsion with pressure. Sintering for less than 8 min resulted in
compact titanium carbide samples of high density (up to
5.2 g cm %) while the average grain size remained less than
70 nm. The microhardness of the sintered samples (32 +3 GPa)
was no greater than that of conventional coarse-grained titanium
carbide TiC, (0.9 < y < 1.0).

The results obtained by El-Eskandarany et al.' pointed to
high efficiency of mechanochemical synthesis for fabrication of
nanocrystalline titanium carbide; however, no data on the chem-

ical composition of the carbide were reported in this study. The
assumption '%° that the composition of mechanochemically syn-
thesised titanium carbide is identical to that of the initial mixture
(Ti44Cs6) seems to be doubtful. The reported lattice constant of
titanium carbide is somewhat smaller, while the measured density
is higher than the corresponding parameters of stoichiometric
carbide TiCj (0.4328 nm and 4.91 g cm~—3, respectively). The
reason for such a high density of titanium carbide obtained by
El-Eskandarany et al.!% is particularly incomprehensible. Even
assuming that the synthesised carbide with the Bl-type structure
has the same composition as the charge [i.e., Tip.44Cos6 (Or
TiCy 27 1?)], the metal sublattice of this carbide should contain
defects, since for the Bl-type structure the number of sites in the
non-metal sublattice is the same as that in the metal sublattice and
there are no possibilities of arranging any sort of excess atoms. If a
particular sort of atom is in relative excess, the sublattice formed
by the other sort of atom contains structural vacancies. In our case
titanium carbide with the defect metal sublattice can have a
composition Tip79C1.00; however, its density should be 20%
lower than the calculated (theoretical) value. Noteworthy is that
no vacancies were found so far in the metal sublattice of carbides;
therefore, the metal sublattice of transition metal carbides is
assumed to be perfect. Taking into account the aforesaid, the
results obtained by El-Eskandarany et al.'%° should be thoroughly
checked. We believe that titanium carbide synthesised in that
study was highly contaminated with metal, which led to higher
density of the material compared to the theoretical value.

A promising way of producing compact nanomaterials is to
employ intense plastic deformation.’%-9% 101 Preparation of com-
pact samples of nanocrystalline titanium carbide using this
technique was reported.!?? Milling and compacting experiments
were carried out with coarse-grained (d & 2—5 pm) powder of
nonstoichiometric carbide TiCy¢. Intense plastic deformation
was produced by applying torsion under quasi-hydrostatic pres-
sure. X-Ray diffraction studies revealed retention of the Bl-type
cubic structure of all plastic deformed titanium carbide samples;
however, the diffraction reflections were substantially broadened
(Fig. 10). Evaluation of the grain size from the broadening
magnitude showed that the compacted nanocrystalline samples
of nonstoichiometric titanium carbide had an average grain size
lying between ~30 and 50 nm. Contrary to metals, titanium
carbide is very hard and brittle; therefore, it is of considerable
interest that the grain size of titanium carbide was smaller than
that of the metal samples after nearly identical plastic deforma-
tion.
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Figure 10. Broadening of the (111)p; reflection of nanocrystalline tita-
nium carbide of composition TiCy ¢> prepared by intense plastic deforma-
tion (/) and coarse-grained (grain size ~5 um) carbide TiCo ¢ (2).102

2Ais the total width of the reflection at half-maximum (CuK,; > radiation).
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I11. New chemical compounds in the Ti— C system

The discovery of molecular clusters of carbon and the first
observations of the Cg fullerene molecule 93105 gave an impetus
to investigations into the synthesis, structure and properties of
fullerenes (see, e.g., Refs 106—108) and to an intensive search for
methods of obtaining molecular clusters of other substances. By
analogy with fullerenes, molecular clusters were expected to have
unique physical and chemical properties that differ from the
properties of the known polymorphous modifications of the
same substances.

1. Molecular cluster TigCi2

In 1992,%8 search for new molecular clusters led to the discovery of
unusual, stable charged cluster TigC}, corresponding to a penta-
gondodecahedral molecule of stoichiometric composition TigCy,
(Fig. 11 ). In an ideal dodecahedral molecule, all atoms are
arranged on a sphere whose surface is obtained by linking
adjacent atoms and comprises twelve regular pentagons. In this
molecule, all carbon and titanium atoms are tricoordinated
(similarly to fullerene Cep), occupy identical sites and are distrib-
uted over the vertices of the dodecahedron in such a manner that
the Ti atom is linked to carbon atoms only while six C, units
alternate with eight Ti atoms. The dodecahedral structure of
TigCi2 can be represented as a cube with eight titanium atoms at
the vertices and a C; unit in each face. The point symmetry group,
T, of this structure includes 24 symmetry elements (rotations and
reflections). High symmetry of the met-car (metallocarbohedrene)
molecule implies its stability.

Figure 11. Dodecahedral structure of a TigCi> molecular cluster of T}
symmetry () and a fragment of structure of T; symmetry (b).2°

Yet another possible structure of the TigC;- cluster is charac-
terised by the point symmetry group T, (see Fig. 115).2° In this
structure, titanium atoms occupy two types of lattice sites and
each type of site forms a tetrahedron. The smaller tetrahedron is
rotated by 90° about the larger tetrahedron. The sites in the
titanium sublattice differ in arrangement with respect to the C,
units. Indeed, six C, units are arranged parallel to the edges of the
larger tetrahedron built of Ti(1) atoms and perpendicular to the
edges of the smaller tetrahedron formed by four Ti(2) atoms. The
Ti(1) atoms are linked to three adjacent carbon atoms while the
Ti(2) atoms form bonds with six carbon atoms. The Ti(1)— C and
Ti(2) — C distances are 0.193 and 0.219 nm, respectively.?’

The issue of which structural type is practically realised is still
to be clarified since no molecular crystals of met-cars have been
synthesised so far.

Clusters TigCj, were synthesised using the gas-phase plasma-
chemical technique with helium as inert gas, hydrocarbons
(methane, ethylene, acetylene, propylene and benzene) and tita-
nium vapours as reactants; the pressure of the gas mixture in the
reactor was 93 Pa. A rotating metallic titanium rod was evapo-
rated by exposing it to focussed radiation of a Nd laser operated at
532 nm, thus creating an ionised metal vapour beam. Neutral and
ionised clusters were separated from other reaction products and

analysed mass spectrometrically. The mass spectra of the reaction
products exhibited a sharp peak corresponding to the TigCi»
molecule. In addition to neutral molecules, the mixture of ionised
gases also contained stable TigC/, ions.

The cluster TigCj, was assumed?® to be a member of a novel
class of molecular clusters and called metallocarbohedrene or met-
car (see Ref. 106). In met-cars, both the transition metal and
carbon atoms form a cage-like structure. Indeed, other MgCi»
clusters of such transition metals as Zr, Hf, V,3%-3!1 Cr, Mo and
Fe32 were obtained after a short time. Met-cars have been
reviewed.33.34

The high stability of the cluster TigC;» is thought to be due to
peculiarities of its molecular and electronic structure; chemical
bonds in the TigC;» molecule are similar to those in the carbon
fullerenes.?® However, in contrast to Cgo fullerene, both ionised
and neutral MgC;, molecules are comprised of five-membered
rings only. The shape of the surface of stable cluster TigCj> is
similar to that of hypothetical unstable (and, hence, unfeasible)
Cy fullerene. This fact shows that full similarity of chemical
bonds in the clusters MgCj» to those in carbon fullerene is hardly
probable.

Indeed, calculations of the equilibrium crystal and electronic
structure of the cluster TigCio with 7, symmetry (see Ref. 35)
showed that the bonds between the titanium atoms and three
adjacent carbon atoms differ from the bonds between carbon
atoms in graphite or Cgo fullerene. In particular, the Ti—C and
C —C bond lengths in the TigC;> molecule differ by nearly a factor
of 1.5 and equal 3.76ap and 2.63a (ap = 0.052918 nm is the radius
of the first Bohr orbit), respectively. According to Reddy et al.,3°
the Ti—C bond is ~30% longer than the C—C bond. On the
other hand, the distances from carbon and titanium atoms to the
centre of the cluster are nearly equal. This means that the real
dodecahedral structure of TigCj» is strongly distorted. The bond-
ing states of the cluster TigC;» are thought to be composed of the
Ti d-AOs and the C, MOs while the Fermi level lies between the
bonding and antibonding states of titanium, thus providing
stability for the cluster.?> Analogous conclusions that clusters
M;C)» have a distorted rather than ideal pentagondodecahedron
shape were obtained in calculations reported by other authors.

Comparative analysis of the electronic structure of the TigCi»
met-car of T), and T, symmetry showed 3’ that in both structural
types the highest occupied energy level corresponds to a sharp
peak of the density of states (DOS) composed mainly of the C2p-
and Ti3d-AOs. High chemical stability of compound TigC)2 is due
to a combination of strong Ti3d—C2p interactions between the
titanium atoms and C, unit on the one hand and to the C-C
interactions in the carbon units on the other hand. In both
structural types, TisCj» has an open electron shell and can there-
fore be both electron acceptor and donor.

The atoms in met-car molecules are tightly bound. For
instance, the bond energy in the TigC;> molecule is 6.1-6.7 eV
per atom.3%-36.3% For comparison, this parameter is 7.4—7.6 eV
per atom for Cg fullerene molecule (see Refs 109, 110) and 7.2 eV
per atom for titanium carbide TiC with the Bl (NaCl)-type fcc
structure.?®

Modern concepts of the geometry and electronic structure of
molecular clusters TisCi> (see Refs 29,35-38) provide good
explanation for their chemical stability and specific features of
the reactivity towards both polar and nonpolar compounds.
Combination of high reactivity and stability of TigCj» clusters
was confirmed experimentally.!!!

Molecular cluster TigCi> has been the most detailed studied
new compound in the Ti—C system; however, no macroscopic
amounts of this substance were obtained so far.

T Calculations for Tj, and T, symmetry were carried out using the structure
parameters and interatomic distances reported by Reddy et al.’¢ and by
Lin and Hall,? respectively.
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2. Polymorphous modification of dicarbide TiC,
Comparative analysis of the electronic structure of hypothetical
metastable polymorphous modifications of carbide TiC; o with
the B2 (CsCl)-, B8 (NiAs)-, B3- and B4 (sphalerite and wiirtzite
ZnS)-type structures and that of the real carbide TiC, o with the
Bl-type structure showed ''? that search for new stable modifica-
tions of titanium carbide should be performed among those
substances that are structurally similar to or derived from the Bl
type.

Titanium dicarbide, which can have several types of crystal
structure, was studied as a representative of this group of
substances.!!? 113 The ThC,-type monoclinic structure (space
group C2/c) has a tetrahedral body-centred metal sublattice
while the C, units occupy the octahedral interstices. In the CaC,
(Clla)-type tetragonal body-centred structure [space group 14/m
(@ i,,)] the C, units also occupy octahedral interstices. The Clla
structural type can be derived from the Bl-type lattice by extend-
ingit along the ¢ axis; sites in the non-metal sublattice are occupied
by the C; units oriented along the ¢ axis. The unit cell of titanium
dicarbide with this structural type comprises two formula units
TiC, (Fig. 12). The atomic coordinates in the unit cell are listed in
Table 4; the running coordinate of carbon atoms, z/c = 0.427,
was determined assuming the same length of all Ti— C distances in
the unit cell because each type of atom occupies sites of the same
type. Figure 13 presents the X-ray diffraction pattern of tetrago-
nal TiC; calculated using the atomic coordinates listed in Table 4.

OTi

o C

Figure 12. Unit cells of body-centred tetragonal TiC, with the CaC,
(Clla)-type structure, space group I4/m (Ci,,) (a), and with the CsCl
(B2)-type structure, space group P4/mmm (D) (b).

The non-metal sublattice of titanium dicarbide with the B2
(CsCl)-type tetragonal structure [space group P4/mmm (D.,)] is
built of C; units. The unit cell of this structure comprises one
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Figure 13. X-Ray diffraction pattern of tetragonal TiC, with the CaC,
(Clla)-type structure, space group J4/m (C3,). Calculated for Cuk,,»
radiation.

formula unit TiC; (see Fig. 12). The atomic coordinates in the unit
cell are listed in Table 4. The running coordinate, z/c, of carbon
atoms remains unknown so far and can vary between 0 and 0.5.
The C—C separation in the C, unit is 0.124 nm; in titanium
dicarbide this distance should be somewhat longer due to tita-
nium—carbon interatomic interactions. This suggests that the
most probable z/c values lie between 0.25 and 0.31. Figure 14
presents the X-ray diffraction patterns of tetragonal titanium
dicarbide TiC, (space group P4/mmm) calculated for several
different positions of the carbon atom (z = 0.10, 0.25, 0.30 and
0.40). Position of the carbon atom has a strong effect on the
intensity ratio of diffraction reflections, namely, an increase in z
from 0.1 to 0.4 causes a decrease in the intensities of the (001) and
(111) reflections and an increase in the intensity of the (101)
reflection.

Similarly to cubic monocarbide TiC,, in titanium dicarbide
with the CaF, (C1)-type cubic structure [space group Fm3m (0})]
(Fig. 15) titanium atoms form a face-centred metal sublattice.
However, carbon atoms occupy tetrahedral rather than octahe-
dral (as in TiC,) interstices. Naturally, the lattice constant of
titanium dicarbide must be larger than that of titanium mono-
carbide, since only in this case is the size of the tetrahedral
interstice sufficient to contain a carbon atom. Analysis of the
crystal structure of cubic TiC, showed that it is a typical
representative of interstitial phases. In the nondistorted crystal

Table 4. Crystal-chemical characteristics of possible (model) modifications of titanium dicarbides.

Dicarbide structure Space group Unit cell parameters /nm Atomic coordinates in the unit cell
a b ¢ atom position  x/a yv/a zla z/c
Tetragonal CaC; (Clla) 14/m (C3)) 0.3668 — 0.617 Ti 2 (a) 0 0 - 0
C 4 (e) 0 0 — 0.427
Tetragonal (derived from CsCl-type P4/mmm (DY) 02594  — 0.337 Ti 1 (a) 0 0 - 0
structure) C 2 (h) 1/2 1/2 — —
Cubic of the CaF, type (C1) Fm3m (03}) 0.487 — — Ti 4 (a) 0 0 0 —
C 8(¢) 1/4 1/4 1/4 _
Monoclinic of the ThC, type (see?) C2/c (C5)) 0.510 0.310 0.510 Ti 4 (e) 0 0.2 0.25 —
C 8(f) 0.30 0.13 0.05 -
Cubic F&3m (T3) 0.588  — — Ti 4 (a) 0 0 0 -
Cl 4(b) 1/2 1/2 1/2 —
C2 4(d) 3/4 3/4 3/4 —

2 The angle f§ in the unit cell is 103.9 °.
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Figure 14. Effect of the position of carbon atom (z) in the unit cell of
tetragonal TiC, with the CsCl-type structure (space group P4/mmm,
a = 0.2594, ¢ = 0.337 nm) on the intensity ratio of diffraction reflections
(calculated for CuK,; > radiation).

2 =0.40 (1); 0.30 (2); 0.25 (3) and 0.10 (4).

Figure 15. Unit cell of cubic TiC, with the CaF, (C1)-type structure, space
group Fm3m (03).

lattice of this compound each carbon atom has a regular tetrahe-
dral environment (four titanium atoms) while each titanium atom
is surrounded by eight carbon atoms arranged at the cube vertices.
The unit cell of cubic titanium dicarbide comprises four TiC,
formula units. The calculated X-ray diffraction pattern of this
dicarbide is shown in Fig. 16.

The electronic energy spectrum of hypothetical titanium
dicarbide TiC, with the ThC,-type monoclinic structure [space
group C2/c (C$;)] was calculated.!2 113 The lattice constants of
this compound are ¢ = ¢ = 0.510 and b = 0.310 nm.'!? The unit
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Figure 16. X-Ray diffraction pattern of cubic TiC; with the CaF (C1)-
type structure, space group Fm3m (O ;). Calculated for Cuk,; » radiation.

Figure 17. Unit cell of monoclinic TiC, with the ThC,-type structure,
space group C2/c (C$,). The two Ti atoms and one C atom arranged
beyond the unit cell are also shown.

cell of monoclinic titanium dicarbide constructed using the atomic
coordinates for monoclinic ThC, (see Ref. 114) is shown in
Fig. 17 (the atomic coordinates in the unit cell are listed in
Table 4). The unit cell comprises four formula units TiC,.
Distorted octahedra built of six titanium atoms contain two
asymmetrically arranged carbon atoms (connected by a dashed
line) separated by 0.251 nm. Atoms of the C; units are shared by
two neighbouring octahedra while the C — C bonds pass through
their common edges; the C — C distance in the C; units is 0.097 nm
(in Fig. 17, the atoms of these units are shown connected by an
arrow). The X-ray diffraction pattern calculated for polycrystal-
line dicarbide TiC, with this unit cell is shown in Fig. 18.
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Figure 18. X-Ray diffraction pattern of monoclinic TiC;, with the ThC»-
type structure, space group C2/c (C$;). Calculated for CuK, » radiation.

In polymorphous modifications of TiC, with the CaCs-,
CsCl-, CaF»,- and ThCs-type structures the Fermi level lies in the
region of delocalised d-states of titanium;''? 13 therefore, all the
four TiC, modifications behave as metals. The most stable is
dicarbide with the ThC,-type monoclinic structure. In dicarbide
with the CaCs-type structure the C— C bonds in C; units are the
strongest, whereas the Ti—C bonds are poorly populated and,
hence, weaker. Calculations for cubic TiC, with the CaF,-type
structure showed the absence of C—C bonds. According to
calculations of the electronic structure of titanium dicarbides
with the CaC,- and ThC,-type structures, the density of electron
states at the Fermi level depends on the orientation of C, units in
the crystal lattice. This implies the possibility of modifying the
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Figure 19. Arrangement of C, dimers in hypothetical titanium dicarbide
with body-centred tetragonal structure of the CaC, (YCy) type (a) and
possible orientation disorder types of the carbon dimers (h—f).!!2

electronic structure and properties of titanium dicarbide by means
of orientation ordering of the C; units.

Some of the possible types of orientation ordering of C, units
are shown in Fig. 19.112.113 The simplest form has the electronic
spectrum of dicarbide TiC» with ordered CaC,-type structure (see
Fig. 19 a). Changes in the orientation of a fraction of C, units are
accompanied by complication of the DOS distribution profile and
by the appearance of new peaks. The most probable orientation
type of C, units is to some extent similar to the ThC,-type
structure (Fig. 19 d).!'? The least probable is the orientation of a
fraction of C; units along the edges of the unit cell (Fig. 19 ¢).

Experimental studies concerning the search for titanium
dicarbide are scarce. A carbon-—titanium compound with the
concentration of bound carbon of greater than 50 at.% was first
obtained in the high-temperature interaction of ethylene with
titanium tetrachloride (gas-phase synthesis).!!> The carbide thus
obtained had a CsCl-type cubic lattice with a lattice constant of
0.313 nm and was thought to have a TiC, composition. However,
attempts at reproducing these results !5 failed.

A recent microdiffraction study ''® on films prepared by ion
sputtering of carbon and titanium followed by vapour deposition
revealed the formation of a compound with a body-centred lattice
and composition TiC,. The deposition temperature was varied
from 330 to 770K; thin films were deposited on fresh KCI
cleavages, coatings 10 to 18 um thick were obtained on glassy
substrates. Films condensed at 330 K and annealed at 700 K for
3 h contained only titanium monocarbide. As the deposition
(condensation) temperature increased from 330 to 620 K, the
phase composition of the films remained unchanged; however, the
fcc lattice constant of titanium carbide in these films reached
~0.455 nm at a carbon content of greater than 65 at.%. A gas-
phase electron diffraction study also revealed a decrease in the
intensity of reflections accompanied by an increase in the diffuse
background at a carbon content of greater than 60 at.%. The
electron diffraction patterns of the films containing ~ 65 at.% of
carbon and deposited at 670 K exhibited three diffuse lines
assigned to the body-centred lattice with a lattice constant of
~0.3 nm. A homogeneous film was prepared by condensation at
770 K; the partial pressure of reactants (gaseous carbon and
titanium) was 8x 10-% Pa, the film growth rate was
~0.1 nm s—! and the content of carbon in the vapours was
~66 at.%. The results obtained allowed one to suggest the
formation of TiC; films, a body-centred lattice of this compound
with a lattice constant of 0.294 nm and the structure of titanium
dicarbide.

The results reported by Perekrestov and Pavlov!'® and
especially their interpretation provoke some objections. First of
all, no direct determination of film composition was made (at best,
the content of carbon in the gas flow was monitored indirectly).
The proposed crystal lattice structure of TiCs is not body-centred.
This is a cubic lattice [space group F43m (Tf,)] with a face-centred
metal (titanium) sublattice and a diamond-like non-metal (car-
bon) sublattice [44 type, i.e., two face-centred lattices displaced by
(1/4 1/4 1/4) with respect to each other]. In the unit cell of this
structure (Fig. 20) half of the carbon atoms occupy the octahedral
interstices of the titanium sublattice, while the rest of the carbon
atoms occupy half of the tetrahedral interstices of the titanium
sublattice, so each of them is tetrahedrally surrounded by four
titanium atoms and by four carbon atoms. This unit cell comprises
four formula units TiC; and the lattice constant is 0.588 nm. The
atomic coordinates in the cubic unit cell of TiC, (space group
F43m) are listed in Table 4 and the calculated X-ray diffraction
pattern is presented in Fig. 21.

Figure 20. Unit cell of cubic TiCa, space group F43m (T3), a = 0.588 nm.
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Figure 21. X-Ray diffraction pattern of polycrystalline cubic TiC», space
group F43m (T3), a = 0.588 nm. Calculated for Cuk,; , radiation.

In addition to clusters MgCi2 (see Section 111.1), laser-assisted
plasmachemical synthesis led to the formation of cluster-type
nanoparticles M,,,C, M = Ti, Zr, Hf, V;m:n ~ 1:2).2%.30.31 For
M = Ti, molecular clusters of composition Ti;3Cz> were usually
formed (i.e., the titanium : carbon ratio was close to the corre-
sponding parameter in ideal TiC,). Preferable formation of nano-
clusters with a high content of carbon (M : C ~ 1:2) occurred at a
high concentration of hydrocarbon in the gas phase and at an
increased laser power, which led to an increase in the hydro-
genation degree of the hydrocarbon and, correspondingly, to an
increase in the content of carbon in the plasma.

Thus, analysis of the available data suggests that titanium
dicarbide TiC; can belong to five structural types. These are the
ThC,-type monoclinic structure [space group C2/c (C$;)]; CaCs
(C11a)- and CsCl (B2)-type tetragonal structures with 14/m (C i,,)
and P4/mmm (DJ,) space groups, respectively; CaF, (C1)-type
cubic structure [space group Fm3m (03)] and a cubic structure
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with a diamond-like carbon sublattice and the F43m (T3) space
group.

3. Endohedral fullerene Ti(@ C>s and rhombohedral titanium
carbide

The discovery of C, fullerenes (n = 60—90) (see Refs 70—73, 117,
118) and further studies of these compounds showed that the C,
clusters containing less than 60 carbon atoms are of low stability.
Fullerenes with a small number of atoms (e.g., Cas fullerene) can
be stabilised by preparing endohedral complexes M @ Cag in which
the dopant atom is placed inside the carbon sphere. A Ti@Cas
endohedral complex was also synthesised.!!®

The possibility of stabilising unstable Cog fullerene by inter-
calating it with both non-metal atoms of 2p-elements (B, C, N and
0) and metals (3d-elements such as Sc, Ti, V, Cr, Fe and Cu) was
studied theoretically.!'? 120 When estimating the formation prob-
ability of endohedral M@ C,g complexes with 3d-metals, one can
take into account the geometric, chemical and kinetic factors. In
the case of Cag fullerene the maximum radius of a metal ion that
can be placed inside the carbon sphere lies between 0.09 and
0.10 nm (see Ref. 121); all 3d-metals fulfil this geometric criterion.
The chemical factor is favourable if electron density transfer as a
result of intercalation favours an increase in the bonding character
of the MOs. The kinetic factor includes the formation mechanism
of endohedral complexes. They are prepared by rolling a graphene
sheet around the metal atom adsorbed on the graphite surface.
This can occur if the interaction between the metal and the
graphite surface causes strengthening of the M —C bonds and
weakening of the C— C bonds (especially of the interlayer bonds).
Recent studies ''> 120 showed that intercalation of metal atoms is
accompanied by electron density transfer from these atoms to the
atoms of the fullerene cage, by changes in the populations of the
overlapping C-AOs, by the formation of the M —C bond and by a
change in the pattern of the electronic energy spectrum.

The endohedral complex Ti@Cag with the Ti atom at the
centre of the Capg polyhedron was shown to be the most stable
(with inclusion of the chemical and kinetic factors).!?° Probably,
this complex can be considered as a possible molecular cluster-like
compound that can be formed in the Ti— C system.

The results of a recent study 2 on the electronic structure of
hypothetical metastable polymorphous modifications of TiCj g
prompted us to mention a study by Dubrovinskaia et al.'?> who
experimentally found a rhombohedral modification of titanium
carbide. The sample of cubic titanium carbide (no composition
was reported) with a lattice constant of 0.4327 nm was subjected
to quasi-hydrostatic pressure (~ 10 GPa) at 300 K. This resulted
in broadening of the diffraction reflections of the Bl-type cubic
structure and in splitting of the (111)p; reflection into two lines
corresponding to the rhombohedral structure at a pressure of 18
and 38 GPa. The authors believed that rhombohedral distortion
of the cubic unit cell is due to extension of its [111] diagonal, which
led to splitting of the (111)p; reflection into the (003) and (101)
rhombohedral lines and to splitting of the (200)3; reflection into
the (104) and (110) lines. Rhombohedral titanium carbide pre-
pared at a pressure of 38 GPa has a unit cell with the lattice
constants a = 0.29442 and ¢ = 0.73354 nm (in a hexagonal set-
ting).

IV. Ordered phases of nonstoichiometric titanium
carbide TiC,

The ordering of interstitial atoms was experimentally found for
most of the nonstoichiometric transition metal carbides, nitrides
and oxides. In disordered nonstoichiometric compounds the
interstitial atoms and structural vacancies form a substitution
solution in the non-metal sublattice, all sites of the non-metal
sublattice being crystallographically equivalent. Ordering causes
redistribution of the interstitial atoms and vacancies over sites of
the non-metal sublattice, thus making the lattice sites inequiva-
lent. The crystal lattice is divided into at least two sublattices

differing in site occupation probabilities by the atoms of the same
sort. Ordering is accompanied by symmetry reduction of the
crystal, since some of the symmetry elements of a disordered
non-metal sublattice that match the occupied and vacant sites do
not belong to the group of symmetry elements of the ordered
crystal in which these sites become crystallographically inequiva-
lent.

From the aforesaid it follows that the nonstoichiometry
responsible for the fact that the number of interstitial sites is
larger than that of atoms occupying these sites is a prerequisite to
the ordering in defect carbides.

Description of different ordered phases of nonstoichiometric
carbides, nitrides, oxides and their solid solutions can be found in
reviews 122123127 and monographs.2-3- 14.17.27.70

Compared to other carbides (except for vanadium carbide
VC,), the ordering in nonstoichiometric titanium carbide TiC,
with the Bl-type cubic structure has been studied in most detail;
however, the mechanism of this process is still to be clarified. A
great body of experimental information on the chemical compo-
sition and structure of ordered phases of titanium carbide TiC,
published earlier has not been confirmed later. The main charac-
teristics of both experimentally observed and theoretically calcu-
lated ordered phases of nonstoichiometric titanium carbide are
listed in Table 5.

As mentioned above, disordered titanium carbide TiC,
(TiC,[d1—,) is characterised by an extremely broad homogeneity
region from TiCyag to TiCjoo (see Refs 2,3,14). Within this
region, carbon atoms and structural vacancies [] form a substi-
tution solution in the non-metal sublattice. Depending on the
composition and the synthesis and heat treatment conditions,
TiC, can exist in a disordered or ordered state. The disordered
state is in thermodynamic equilibrium at 7> 1100 K, while the
ordered state is in thermodynamic equilibrium at 7" < 1000 K.
Due to the low diffusive mobility of the atoms, the disordered state
of nonstoichiometric titanium carbide is retained upon quenching
from T > 1100 K to rather low temperatures (~ 300 K) and exists
as a metastable state at 7 < 1000 K.

Order-parameter functional (OPF) calculations!~318.20,22
showed that monocarbide TiC, can form three ordered phases of
compositions Ti>C, TizC, and TiCs. According to the inverse
Monte Carlo calculations performed for a narrower composition
range from TiCyss to TiCp 70 (see Ref. 12), the ordered phases
Ti,C and Ti3C; are in thermodynamic equilibrium at 7' < 950 K ,
which is in agreement with the results of the above-mentioned
calculations.! 3 18:20.22 Experimental studies of carbide TiC, in
the composition range 0.5 <y < 0.7 revealed the existence of
ordered phases of the Ti,C type with cubic (space group Fd3m)
and trigonal (space group R3m or P3;21, the former being more
probable) symmetry (see Table 5), orthorhombic ordered phase
TizC, (space group €222,) and hexagonal ordered phase TisCs
(see Ref. 130). The trigonal ordered phase TisCs (space group
R3m) was reported erroneously. Virtually no studies of the order-
ing of TiC,, (y > 0.7) were performed until the mid-1990s.

Let us consider in more detail which ordered phases of the
compositions Ti>C and TizC; can be formed in nonstoichiometric
carbide TiC,.

According to different studies of TiC,, an ordered phase of
composition Ti,C with cubic (space group Fd3m) (see
Refs 9,46-48,50) or trigonal (space group R3m) (see
Refs 12,49) symmetry is formed in the range 0.5 < y < 0.65 at
T < 1100 K.* Cubic Ti,C phase is thought to be metastable.
Initially,*%- 12° the cubic phase was assumed to have a higher Tirans

i Information on the existence of the trigonal (space group P3,21) Ti,C
(TisCs + x) phase is erroneous: formation of a trigonal (space group P3;21)
M,C-type phase with the unit cell parameters a = b = ag/V2 (a = {1)2
1/2 0}51) and ¢ = 3V2 xap (¢ = {222} 1) based on the basic Bl-type
structure is impossible, since in this case the sites of the metal and non-
metal sublattices partially match one another.
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Table 5. Characteristics of ordered phases of nonstoichiometric titanium carbide TiC, with cubic Bl-type structure.

Com-  Existence Symmetry Space Unit cell parameters Ref. Note?
position region (lattice type) group /nm
Ti,C TiCo 50— TiCop.71 cubic Fd3m a = 2ag 9, 48 carbon sublattice is partially ordered;
Tirans & 950—1030 K
Ti,C TiCo 58— TiCo.63 trigonal R3m a=b=c= (ao\/é)/2 12, 128 calculated; Tirans < 900 K; the homogeneity
region corresponds to 750 K
TizCr,  TiCo.es—TiCoes orthorhombic C2224 a= ao\/i, b= 3ao\/§, 12, 129 calculated; Tirans < 720 K; the homogeneity
c=2ap region corresponds to 650 K
Ti,C TiCo.49—TiCyp 54 cubic Fd3m a = 2ay 21 Tirans < 1000 K; the homogeneity region
corresponds to ~600 K
Ti,C TiCy.55—TiCyp.s9 trigonal R3m a=b=c= (ao\/g)/Z 21 Tirans < 1010 K; the homogeneity region
corresponds to ~600 K
TisC,  TiCoez—TiCoe7 orthorhombic C2224 a=aoV2,b=3ayV2, 21 Tirans < 990 K; the homogeneity region
¢ = 2ap corresponds to ~600 K
TicCs  — hexagonal - a=b=(apW6)/2=0.529, 130 phase was found in thin films
¢ = (4apV/3)/3 = 0.996
Ti,C TiCo.47—TiCo 54 — — - 18,20,22  calculated; Tirans < 950 K; the homogeneity
region corresponds to 600 K
TizCy  TiCo.e2—TiCo.70 — — — 18,20,22  calculated; Tians < 930 K; the homogeneity
region corresponds to 600 K
TicCs  TiCo.g0— TiCo.00 — — — 18,20,22  calculated; Tirans < 920 K; the homogeneity

2 T'rans 18 the disorder — order transformation temperature.

region corresponds to 600 K

value than the trigonal phase, thus being an intermediate ordered
high-temperature phase with respect to the disordered phase and
low-temperature trigonal phase of composition Ti,C. Tashmetov
et al."3! reported a consecutive phase transformation

1070 K

disordered phase (space group Fm 3m)

) _ 1050K
== cubic ordered phase (space group Fd3m) —

— trigonal ordered phase (space group R3m).

However, de Novion ef al.'? suggested that in TiC,, (y > 0.58) the
cubic phase Ti,C can exist as a metastable phase for which Tirans is
~10 K lower than for the trigonal ordered phase.

Analysis of the results of experimental structural stud-
ies 9 12:46-50. 128, 131 ghowed that cubic superstructure TirC is
usually found in annealed TiC, samples with y < 0.55-0.56,
whereas the samples with 0.58 < y < 0.65 are characterised by
trigonal ordering. It should be noted that the X-ray diffraction
patterns of both cubic and trigonal ordered phases of composition
Ti>C exhibit identical sets of superstructure reflections and can be
distinguished only given trigonal distortions in the phase with the
space group R3m and taking into account the directions of static
atomic displacements.!?¢ Probably, this is the reason for attribut-
ing the observed superstructure reflections in annealed carbide
TiC, (y = 0.59) to the cubic phase Ti,C in the studies*0~4830
concerned with the cubic model of ordering.® Other
authors 12:49-128.129, 131 showed that trigonal phase Ti,C is the
major ordered phase of TiC, (y > 0.6).

The assumption of the existence of ordered phase Ti3C, in the
composition range TiCoeo—TiCo70 was confirmed by some
experimental studies. An elastic neutron scattering study '>° of
annealed single crystal TiCy ¢ revealed the presence of the (2/3 2/
3 0) superstructure reflections. The X-ray diffraction pattern of
annealed carbide TiCy 70 exhibited weak superstructure reflec-
tions with the reduced diffraction vector | q | ~ 2.03 characteristic
of the orthorhombic phase TizC, (space group €222,).'32 Diffuse
neutron scattering maxima corresponding to the (2/3 2/3 0)
reflections and due to short-range order in TiCoy7¢ were
detected.!33 Estimation of the short-range order parameters in a

single crystal of composition TiCq 64 !> using the diffuse neutron
scattering data showed that agreement between the calculated and
experimental data is the best when annealed carbide TiCo.ea
contained a mixture of two ordered phases Ti»C and TizC,. The
existence of a trigonal phase TizC, was also confirmed by the
OPF 18.20.22 and Monte Carlo %12 calculations. A theoretical
study'® also suggested the formation of an ordered phase TisCs
in carbide TiC, (0.78 < y < 0.88). The calculated disorder—order
transformation temperatures for the TizC, and TicCs phases did
not exceed 950 K.18.20.22

The structure of the ordered phases of nonstoichiometric
carbide TiC, has been studied in detail.?!

Samples of nonstoichiometric titanium carbide TiC, with
different carbon content (0.52 < y < 0.98) were synthesised by
hot pressing the mixtures of TiCy 9g and metallic titanium powders
(T=1773-2173 K, p =20-30 MPa) in highly pure argon
atmosphere for 30 min or by solid-phase vacuum sintering the
TiCo.94, carbon black and metallic titanium powders (7 =
2000 K, p = 0.001 Pa) for 6 h. The ordered state of the carbides
obtained was achieved by annealing the samples with gradual
lowering of the temperature from 1070 down to 770 K for 340 h.
Annealing resulted in the appearance of superstructure reflections
in the X-ray diffraction patterns of carbides TiCo 50, TiCo 52,
TiCo.s4, TiCo.s5, TiCo.ss and TiCop 62 .

The X-ray diffraction patterns of the annealed carbides
TiCo.s0, TiCos> and TiCopss exhibited identical sets of super-
structure reflections. The first superstructure reflection with the
reduced wave vector |q| = (2apisind)/A ~ 0.870 in the region
20 ~ 17.8—17.9 ° corresponds to the vector {1/2 1/2 1/2} of length
|q| ~ 0.866. The next three superstructure reflections at
20 ~ 34.5, 45.9 and 55.4° correspond to the vectors {3/2 1/2
1/2}, {3/2 3/2 1/2} and {3/2 3/2 3/2}. The {3/2 3/2 1/2} super-
structure reflection is very weak. Taking into account the posi-
tions of the observed superstructure reflections and the absence of
trigonal splitting of the (331) 1, (420) 51 and (422) 5, lines, one can
suggest that annealing led to the formation of the ordered cubic
phase Ti,C (space group Fd3m) in carbides TiCy s, TiCo 52 and
TiCo.sa. The channel of disorder—order structural phase trans-
formation TiC, (space group Fm3m) === Ti,C (space group
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Figure 22. Cubic unit cell (space group Fd3m) of the Ti,C superstructure
in the lattice with the Bl-type structure (Ti atoms are not shown).!7-27-126

Figure 23. Trigonal unit cell (space group R3m) of the Ti,C superstructure
in the lattice with the Bl-type structure.!”-27-126

Fd 3m) includes all four arms of the {ko} L1fsh1tz star:
= (by + by + b3)/2, kY = b1/2, k) = b2 and K = bs/2.8

The unit cell of cubic superstructure M,C (space group Fd 3m)
is shown in Fig. 22. The translation vectors of and the atomic and
vacancy coordinates in the unit cell are listed in Table 6. In
completely ordered, ideal cubic superstructure M,C all metal
atoms occupy sites of the M3 type (the subscript and superscript
denote the number of vacancies in the first and second coordina-
tion sphere of the metal atom, respectively). The non-metal
sublattice of this superstructure is characterised by alternation of
the (111); atomic planes in which 1/3 and 2/3 of the total number
of sites are vacant.

Table 6. Characteristics of cubic [space group Fd3m (Oﬁ)} M,C super-
structure: a; = (200) 51, a2 = (020) g1, a3 = (002) p;.16-27 126

Atom Position Atomic coordinates in ideal
ordered structure
X/ay y/ax z/as
C1 (vacancy) 16 (¢) 1/8 1/8 1/8
C2 16 (d) 5/8 5/8 5/8
MI 32 (e) 3/8 3/8 3/8

The X-ray diffraction pattern of annealed carbide TiCo ss
exhibited the {1/2 1/2 1/2}, {3/21/2 1/2} and {3/2 3/2 3/2} super-
structure reflections at 20 ~ 17.9°, 34.4° and 55.4° (see Ref. 21).
No {3/2 3/2 1/2} reflection was observed. An important distinc-
tion of the X-ray diffraction pattern of annealed carbide TiCy ss
from those of annealed carbides of compositions TiCg so, TiCy s2
and TiCy s4 is the presence of trigonal splitting of the (220)p,
(B1D) 51, (222)p1, (331)p1, (420)51 and (422)p; lines. This is an
indication of the trigonal ordered phase Ti>C (space group R3m)
formed in carbide TiCy sg upon annealing.

The unit cell of the trigonal phase is shown in Fig. 23. Its
translation vectors and the atomic and vacancy coordinates in
ideal trigonal structure M>C are listed in Table 7. The TiC, (space
group Fm3m) == Ti,C (space group R3m) disorder — order phase
transition channel mvolvmg the formation of this superstructure
includes one arm, k( )= b,/2, of the {ko} Lifshitz star.

§ For a detailed description of all stars {ks} of the wave vectors of the first
Brillouin zone and their arms for a crystal with a fcc lattice, see Refs 2, 3
and 70.

Table 7. Characteristics of trigonal space group [R3m (D ;’d)] M,C super-
structure: ag = §(121) g1, b = 1 (211) 1, € = 3 (112) .10:27:120

Atom Position Atomic coordinates in ideal ordered
structure
X/a /b z/ew

C1 (vacancy) 1 (a) 0 0 0

C2 1(b) 12 12 1/2

Ml 2(¢) 1/4 1/4 1/4

The non-metal sublattice of completely ordered trigonal
structure M,C (space group R3m) is characterised by alternation
of the (111)p atomic planes with completely occupied (by
interstitial atoms) and completely vacant sites along the [111]3
direction. This superstructure must have a highly distorted metal
sublattice. In completely ordered, ideal trigonal superstructure
M-C all metal atoms occupy identical sites of the M3 type with
three vacancies in the first and four vacancies in the second
coordination sphere.

The X-ray diffraction pattern of annealed carbide TiCo.¢2
exhibited both the {1/2 1/2 1/2} (20 ~ 18.0°) and {3/2 3/2 3/2}
(20 ~ 55.2°) superstructure reflections from the trigonal ordered
phase Ti>C (space group R3m) and some other superstructure
reflections that were absent in the X-ray diffraction patterns of the
carbides of compositions TiCo.so, TiCo.s2, TiCo.s4, TiCo.s5 and
TiCoss (see Ref. 21). These are the reflections in the ranges
20 ~ 30.6-30.7°, 41.2°, 42.6° and 55.4-55.5° with reduced
wave vectors of lengths |q|~ 1.488, 1.970, 2.038 and 2.607,
res?ectlvely The first two reﬂectrons are associated with the

{2/3 2/3 0} and k< kgl) arms of the {k4} star, while
the other two reflectrons are associated with  the
kY §1/3 2/5 —1/25, kY = =k, kY = (—13 23 —1/2
and k arms of the {ks} star. This set of superstructure
reﬂectlons can correspond only to the orthorhombic ordered
phase Ti3C; (space group C222;). The transition channel involv-
ing the formation of this phase includes two arms of the {k,} star
and four arms of the {k;} star (see Ref. 126). Characteristic of this
superstructure are the {1/3 —2/3 —1/2} and {2/3 2/3 0} reflec-
tions which should be observed in the regions 26 ~ 18.4° and
19.4°, respectively. The experimental X-ray diffraction pattern in
this interval of angles exhibited a slightly ‘swollen’ slope of the
{1/2 1/2 1/2} superstructure reflection of the trigonal phase
TipC.2!

The orthorhombic unit cell of the M3C, superstructure is

shown in Fig. 24. Its translation vectors and the atomic and
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Figure 24. Orthorhombic unit cell (space group C222;) of the Ti;C,
superstructure in the lattice with the Bl-type structure.? 3. 17-27.126

vacancy coordinates in this superstructure are listed in Table 8.
The existence of orthorhombic ordered phase M3C; (space group
(222)) of titanium carbide TiCy ¢4 was suggested!? based on the
results of Monte Carlo simulations. In completely ordered ortho-
rhombic structure M3C; two thirds of all metal atoms occupy the
sites of the type M3 while the rest metal atoms occupy the sites of
the type M3.

Metallographic tests of annealed carbides TiCy 5o and TiCy ss
in reflected polarised white light showed that the former exhibited
neither grain interference from the disordered phase nor surface
precipitate interference from the ordered phase.?! This can occur if
both phases belong to the cubic crystal system. Particular grains of
annealed carbide TiCy ss were coated with plate-like and prismatic
precipitates of the ordered phase. The symmetry of these precip-
itates was different from that of the disordered phase while their
shape was typical of the crystals that belong to the trigonal crystal
system and, unlike the crystals of the disordered cubic phase,
exhibit an interference pattern (i.e., are anisotropic). Therefore,
the results of diffraction studies of the ordered phases of non-

Table 8. Characteristics of orthorhombic [space group €222, (D3)] M3Cs
superstructure: ag, = (110) 51, by = (330) 51, €n = (002) .17 27- 126

Atom Position Atomic coordinates in ideal ordered

structure

X/arh /b z/Cth
C1 (vacancy) 4 (b) 0 1/6 1/4
C2 (vacancy) 4(b) 0 1/3 1/4
C3 (vacancy) 8(¢) 1/4 5/12 0
C4 4 (b) 0 0 1/4
C5 4(b) 0 1/2 1/4
Co6 4 (b) 0 2/3 1/4
C7 4 (b) 0 5/6 1/4
c8 8 (¢) 1/4 1/12 0
C9 8 (¢) 1/4 1/4 0
MI 4 (a) 0 0 0
M2 4 (a) 12 0 0
M3 8 () 1/4 1/12 1/4
M4 8 (¢) 1/4 1/4 1/4
M5 8(c) 1/4 5/12 1/4
M6 8 (¢) 0 1/6 1/2

M7 8 (c) 0 1/3 12

stoichiometric carbide TiC, were confirmed by the results of
metallographic tests.

Thus, low-temperature annealing of carbide TiC, leads to the
formation of some ordered phases. These are the cubic phase Ti.C
(space group Fd3m) in the composition range TiCo 50— TiCo.54,
the trigonal phase Ti>C (space group R3m) for TiCo 55— TiCo 58
and the orthorhombic phase TizC, (space group C222;) in the
range TiC0_53*TiCo_(,3.

Figure 25 presents the calculated X-ray diffraction patterns of
the cubic and trigonal ordered phases Ti,C formed in carbides of
composition  TiCoso (a1 = 0.4305nm) and  TiCoss
(ap1 = 0.4310 nm), respectively. The X-ray diffraction patterns
were calculated assuming the maximum degree of long-range
order characterised by the parameter # equal to 1.00 and 0.90 for
the ordered carbides TiCy so and TiCy ss, respectively. The X-ray
diffraction patterns of the cubic and trigonal ordered phases Ti,C
exhibit identical sets of superstructure reflections; however, dis-
tortion of the ideal lattice of the trigonal phase [slight extension
alongthe (1 —1 1)p; axis]leads to splitting of the (311) 51, (222) 51,
(420) 51 and (422)p reflections. Trigonal splitting of the (222)p
reflection into two lines, viz., the (0 0 12) and (0 2 4) lines, is
shown in the inset in Fig. 255 as an example; the doublet «; 5 is
due to the use of Cuky, > radiation. The superstructure reflections
are of rather high intensity: for instance, the intensity of the first
superstructure reflection is 30 times lower than that of the (111)
reflection and only 3 times lower than the intensity of the (222)3,
reflection. This makes the ordered phase Ti>C readily detectable.
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Figure 25. X-Ray diffraction patterns of cubic (space group Fd3m,
a = 0.861 nm) (a) and trigonal (space group R3m, the lattice constants
for hexagonal setting are « = b = 0.3048 and ¢ = 1.4982 nm) (b) ordered
Ti>C phases formed in titanium carbide of the compositions TiCy sy
(ap1 = 0.4305 nm) and TiCoss (ap; = 0.4310 nm), respectively. The
long-range order parameter, #§ = Hmax, equals 1 () and 0.90 (b).

The inset demonstrates trigonal splitting of the (222)p; reflection into the
(0 0 12) and (0 2 4) lines due to slight extension of the basic cubic lattice
along the (1 —1 1)p; axis (lattice constant, ¢ = 1.4982 nm, is increased
compared to the value ¢ = 1.4930 nm for the ideal trigonal cell). Calcu-
lated for Cuk,; » radiation.
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_ o Table 9. Characteristics of monoclinic [space group C2/m (C3)] MeCs
= 3 2 22 superstructure: am = 1 (112) g1, b = 3 (110) 51, em = (112) ;.70 126 134
— (=) (= —
— (=] N —
z d a RS Atom Position Atomic coordinates in ideal ordered
—~ — [\ (= = (==}
= = s 8 = e structure
=
& X/am V/bm z/em
2
§ Cl (vacancy) 2 (a) 0 0 0
E 2 2(d) 0 12 12
C3 4 (g) 0 1/3 0
c4 4 (h) 0 1/6 12
sa z22llzll 23 9« Ml 4(i) 1/4 0 3/4
So —a—=||=]] w3 ae M2 8(j) 1/4 2/3 3/4
= Fw\ LS JULE : : . -
O sites of the reciprocal lattice of the monoclinic ordered phase
L L L L MCs (space group C2/m) showed that the first Brillouin zone of
20 40 60 20 /deg the disordered fcc lattice contains five inequivalent superstructure

Figure 26. X-Ray diffraction pattern of the completely ordered (1 = 1.00)
orthorhombic Ti3;C, phase (space group C222;, a = 0.6109, b = 1.2328
and ¢ = 0.864 nm) formed in titanium carbide of composition TiCy ¢67
(ap1 = 0.432 nm). Calculated for CuKk,; » radiation.

The X-ray diffraction pattern of the ordered orthorhombic
phase Ti3Cy (space group C222;) formed in the carbide of
composition TiCy ¢67 is shown in Fig. 26. A characteristic feature
of the orthorhombic superstructure TizC, is the presence of three
superstructure reflections in the range 19° < 20 <31°.

A hexagonal ordered phase TisCs with the packing defects
characteristic of the 4H polytype was found in the Ti—C thin
films.!3% The translation vectors of the unit cell are as follows:
a={211}p, b= {121} 5 and ¢ = {111} ;. The films were pre-
pared by electron beam sputtering of sintered carbide TiCyo, by
magnetron sputtering of titanium and carbon and by laser beam
sputtering of titanium and graphite or carbide TiCy 9. The ordered
phase TicCs corresponds to disordered carbide TiCpg3 with a
lattice constant, ag;, of 0.4326 nm; however, the lattice parame-
ters of the hexagonal ordered phase '3° correspond to disordered
carbide TiC, with the basis cubic lattice constant ag; = 0.4319 nm
characteristic of carbide TiCo.¢s3-0.70 (see Fig. 6). The underesti-
mated ag; value can be due to oxygen impurity.

Ordering of nonstoichiometric carbides MC, can cause the
formation of monoclinic and trigonal superstructures M¢Cs with
C2/m (or C2) and P3; symmetry, respectively. The unit cell of
monoclinic superstructure MCs (space group C2/m) is shown in
Fig. 27 while its translation vectors and the atomic and vacancy
coordinates are listed in Table 9. Translation of all superstructure
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Figure 27. Monoclinic (space group C2/m) unit cell of the M¢Cs super-
structure in the crystal lattice with the Bl-type structure. Interstitial atom
(1), metal atom (2) and vacancy (3).70-126- 134

vectors belonging to three stars, {ko}, {ks} and {ks}. These
superstructure vectors are included in the MC, (space group
Fm3m) == MCs (space group C2/m) phase transition channel
involving the formation of the monoclinic ordered phase MsCs.

The non-metal sublattice of the monoclinic superstructure
MsCs (space group C2/m) is divided into four inequivalent
sublattices differing in site occupation probabilities by carbon
atoms. Because of this, the non-metal sublattice is characterised
by alternation of two types of non-metal atomic planes along the
[111]5: direction. In the first type of atomic planes one third of all
sites belongs to the first sublattice while the other sites belong to
the third sublattice, each site of the first sublattice being sur-
rounded by six sites of the third sublattice. In the second type of
planes one third of all sites belongs to the second sublattice while
the other sites belong to the fourth sublattice; each site of the
second sublattice is surrounded by six sites of the fourth sublattice.

The trigonal unit cell (space group P3;) of superstructure
MCs is shown in Fig. 28. Its translation vectors and the atomic
and vacancy coordinates in ideal trigonal superstructure MgCs are
listed in Table 10. The disorder—order phase transition channel
involving the formation of the trigonal superstructure M¢Cs
includes thirteen arms of three stars, {ko}, {ks} and {ks}.

The unit cell of monoclinic superstructure MgCs (space group
C2)is presented in Fig. 29. The translation vectors of this unit cell
and the atomic and vacancy coordinates in ideal monoclinic
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Figure 28. Trigonal (space group P3;) unit cell of the MCs superstructure
in the crystal lattice with the Bl-type structure. Interstitial atom (/), metal
atom (2) and vacancy (3).70- 126,134
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Table 10. Characteristics of trigonal [space group P3; (C3)] MCs super-
structure: ay = % (211) g1, by = % (112) g1, e = 2(11 1) p.70- 126,134

Table 11. Characteristics of monoclinic [space group C2 (C3)] MeCs
superstructure: am = 1 (112) g1, b = 3 (110) 51, €m = (112) 5,70 126134

Atom Position Atomic coordinates in ideal ordered Atom Position Atomic coordinates in ideal ordered
structure structure
X/ay y/btr z/ey X/t y/bm z/em
C1 (vacancy) 3 (a) 1/9 8/9 1/6 C1 (vacancy) 2 (a) 0 0 0
C2 3 (a) 4/9 5/9 1/6 C2 (vacancy) 2 (b) 0 1/3 12
C3 3 (a) 7/9 2/9 1/6 C3 2 (a) 0 1/3 0
c4 3(a) 1/9 5/9 13 c4 2(a) 0 2/3 0
C5 3 (a) 4/9 2/9 1/3 C5 2 (b) 0 0 12
c6 3 (a) 7/9 8/9 1/3 c6 2(b) 0 2/3 12
Ml 3 (a) 1/9 5/9 1/12 C7 4 (c) 0 1/6 1/4
M2 3 (a) 4/9 2/9 1/12 C8 4(c) 0 12 1/4
M3 3 (a) 7/9 8/9 1/12 C9 4 (c) 0 5/6 1/4
M4 3(a) 1/9 2/9 1/4 Ml 4(0) 1/4 1/6 1/8
M5 3(a) 4/9 8/9 1/4 M2 4(c) 1/4 12 1/8
M6 3 (a) 7/9 5/9 1/4 M3 4(c) 1/4 5/6 1/8
M4 4(c) 1/4 0 3/8
M5 4(c) 1/4 13 3/8
[001] 51 M6 4(c) 1/4 2/3 3/8
c
A ol o I the difference between the directions and magnitudes of static
)9{\ o 2 atomic displacements. Analysis of the X-ray diffraction pattern
9 o3 taking into account these displacements allows unambiguous
e N symmetry determination (monoclinic or trigonal) of the ordered
NN Z N Q/“ phase TieCs. . .
([; ;d» 4’,2'-176*“ The intensities of syperstructure. reﬂec}tmns of the TieCs
5. A8 phases are very .low.: for instance, the intensity of the first super-
i *c}f/ EZNE structure reflection is 230—240 and 30— 32 times lower than those
N 258 b of the (111); and (222) 5 reflections, respectively. Comparison of
o f 47; ™ the X-ray diffraction patterns of completely ordered phases Ti,C
D4 [010]51
a
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Figure 29. Monoclinic (space group C2) unit cell of the M¢Cs super- z
structure in the crystal lattice with the Bl-type structure. Interstitial atom % = =)
(1), metal atom (2) and vacancy (3).70-126- 134 g - e
superstructure MCs are given in Table 11. The transition channel
involving the formation of this ordered phase MCs includes nine : : : :
superstructure vectors of the reciprocal lattice belonging to four b
stars, {ko}, {ka}, {ks} and {ko}. The non-metal sublattice of this - = 2
superstructure is divided into five inequivalent sublattices and is = = g
characterised by alternation of two types of non-metal atomic ﬁ _ g Qm
planes along the [111]p; direction. The first type of atomic plane E § = § o § g Q
contains an equal number of sites of the first, third and fifth iz
sublattices, each site of a given sublattice being surrounded by the 2 @
sites belonging to the other two sublattices. The second type of o n a
atomic plane is formed by the sites belonging to the second and |
fourth sublattices; here, each site of the fourth sublattice is
surrounded by six sites of the second sublattice.
In Fig. 30 we present the X-ray diffraction patterns of the : : : :
ideal, completely ordered monoclinic phases TisCs (space groups 20 30 40 20 /deg

C2/m and C(C2) formed in titanium carbide TiCops3
(a1 = 0.4326 nm). Positions and intensities of superstructure
reflections in the X-ray diffraction pattern of the ideal, completely
ordered trigonal phase TicCs (space group P31, a = b = 0.5299,
¢ = 1.4987 nm) match those of the monoclinic phase TicCs (space
group C2/m), since the transition channels involving the forma-
tion of both phases include the same superstructure vectors. For
the real monoclinic and trigonal ordered phases Ti¢Cs, the
intensities of superstructure reflections should be different due to

Figure 30. X-Ray diffraction patterns of completely ordered (n = 1.00),
ideal monoclinic TicCs phases (space group C2/m and C2) formed in
titanium carbide of composition TiCo g3 (ap; = 0.4326 nm). Calculated
for CuK, > radiation.

Characteristics of the monoclinic TigCs phase:

space group C2/m, a = ¢ = 0.5299 nm, b = 0.9177 nm, f = 109.47° (a);
space group C2, a=0.5299 nm, b =09177 nm, c¢=1.0597 nm,
B =109.47° (b).
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and Ti¢Cs shows that the intensity of the first superstructure
reflection of the Ti»C phase is nearly an order of magnitude higher
than that of the TisCs phase.

For all completely ordered phases M¢Cs the relative stoichio-
metric concentration of interstitial atoms (ys) equals 5/6. Consid-
eration of the non-metal sublattices of these superstructures
reveals that the [111]p; direction is characterised by alternation
of the (111)z atomic planes with completely occupied (by
interstitial atoms) sites and the defect (111)p, planes in which
one third of sites is vacant (see Figs 27—-29). Each vacancy is
surrounded by six interstitial atoms that form a regular hexagon.
Peculiarities of completely ordered carbide structures M¢Cs have
been studied in detail 134

Completely ordered monoclinic and trigonal carbide struc-
tures MgCs with C2/m (or C2) and P3; symmetry, respectively, are
characterised by the identical environment of the metal atoms by
the sites of the non-metal sublattice that form the first and second
coordination spheres. Indeed, there are only two types of site for
the metal atoms in these structures, viz., M% (metal atom with one
vacancy in the first and one vacancy in the second coordination
sphere) and M? (metal atom with one vacancy in the first and two
vacancies in the second coordination sphere). In ideal, completely
ordered structures M¢Cs (space groups C2/m, P3; and C2) two
thirds of all metal atoms occupy the sites of the type M} while the
other metal atoms occupy the sites of the type M?.

V. Phase diagrams of the Ti— C system constructed
with allowance for the ordering of TiC,

The results of  experimental,'417.70-126.127  theoreti-
cal 17312.22.135-137 and numerous structural studies of nonstoi-
chiometric carbides MC, with the Bl-type basis structure
including titanium carbide TiC, revealed the possibility of for-
mation of superstructures of the types M>C, M3C, and M¢Cs.
Particular types of superstructures formed during the ordering of
a given carbide MC, and the corresponding concentration ranges
are determined by the positions of the upper and lower boundaries
of the homogeneity region of the disordered carbide and by the
equilibrium conditions at these boundaries.

The most efficient method for calculating the low-temperature
phase equilibria associated with the ordering of nonstoichiometric
compounds is the above-mentioned OPF approach. Calculations
of the phase diagram of an ordering system by this method require
only knowledge of the Fo(T'), F1(T') and F»(T) parameters of the
free energy F(y,0,T) of disordered nonstoichiometric carbide
MC, . These parameters for TiC, are listed in Section II.2.

According to the results of thermodynamic calculations 8 60- 63
and crystal structure analysis,* the MX3, M4X3, MgXs and MgX5;
superstructures can be formed by the first-order phase transition
mechanism, whereas the M>X superstructure can be formed by the
second-order phase transition mechanism. Transition between
two ordered phases occurs as a first-order phase transition.

1. Calculated phase diagrams of the Ti— C system
Let us consider the phase diagram of the Ti—C system obtained
from the OPF calculations with allowance for the ordering of
nonstoichiometric titanium carbide TiC,."20

There is only one compound capable of ordering in the Ti—C
system, cubic carbide TiC,. At the lower boundary of the
homogeneity region, titanium carbide is in equilibrium with
metallic o-Ti(at 7 < 1150 K) or B-Ti(at 7 > 1150 K). According
to calculations,!® at 1000 < 7' < 1900 K the carbide that exists
near the lower boundary of the homogeneity region of the
disordered phase TiC, has composition TiCg3,—TiCo37. The
exact position of the lower boundary of the homogeneity region
has not experimentally been determined so far; different estimates
gave TiCpas (see Ref. 8) or TiCo47 (see Ref. 41) at 1900 K.
According to calculations,** at 1900 K near the lower boundary
of the homogeneity region the carbide has a TiCy s> composition.
Calculations 8-41-44 revealed that as the temperature is lowered,

the lower boundary of the homogeneity region of disordered TiC,
is shifted towards the region with higher y at a rate that is
somewhat higher than that predicted by calculations.'®

The low-temperature portion of the phase diagram of the
Ti— C system, corresponding to the ordering of carbide TiC,, was
calculated by the OPF method.!3-20

The broad homogeneity region of TiC, allows the formation
of phases of the types Ti»C, TizC, and TisCs (Fig. 31) during the
ordering under thermodynamic equilibrium conditions. Accord-
ing to calculations, an ordered phase Ti,C is formed by the
second-order phase transition mechanism with the disorder—
order transition temperature 7ans = 920—950 K. The homoge-
neity region of the Ti,C phase is fairly broad (TiCp 42— TiCyp s¢ at
700 K and TiCyp 49— TiCy 54 at 800 K) and is confined from the left
and from the right by two-phase regions, (a-Ti + Ti,C) and
(Ti,C + TizCy), respectively. The ordered TizC; and TigCs phases
have homogeneity regions of comparable width (TiCop 59— TiCo 71
for Ti3C, and TiCy 74— TiCy g7 for TigCs at 700 K) and are formed
by the first-order phase transition mechanism. All order—order
phase transformations in titanium carbide also occur as first-order
phase transitions. The calculated values of Tirans, ASirans and the
heat of phase transition, AHi;ans, for all possible order —order and
disorder—order first-order phase transformations of titanium
carbide are listed in Table 12. By and large, the ordering in
carbide TiC, occurs at 7' < 1000 K.

T /K
TiC, \\ TiC,+L
000 3050 K
2500 -
964
2000 TiC
960 - TieCs
. 1 1 1 1
1500 - B-Ti 048 050 0.52 0.54
B-Ti+TiC,
97K Ti,C + Ti5C,
1000 TICHTICS | e,
919K N _ '
o-Ti TisCs+ TiC,
500 a-Ti+ Ti,C
1 1 1
0 0.2 0.4 0.6 0.8 1.0 y

Figure 31. Equilibrium phase diagram of the Ti—C system constructed
with allowance for atomic ordering of nonstoichiometric cubic titanium
carbide TiC,, (see Ref. 1). A portion of the ordering region corresponding
to peritectoid transformation TizC, + TiC, — Ti¢Cs (T = 963 K) is
shown in the inset (magnified); the coordinates, y = C/Ti, of points 7, 2
and 3 are 0.5236, 0.524 and 0.5255, respectively.

The calculated phase diagram of the Ti—C system (see
Fig. 31) is in agreement with the results of experimental studies
(see Section 1V). Different authors reported the formation of an
ordered phase Ti>C with cubic or trigonal symmetry (space group
Fd3m or R3m, respectively) in carbide TiC, in the region
0.5<y<0.65at T <1100 K. The X-ray diffraction patterns of
annealed titanium carbide of composition TiCy o — TiCo_ 79 exhib-
ited superstructure reflections characteristic of the ordered phase
Ti3C,. Recently,'?® an ordered phase TigCs with hexagonal
symmetry was found in thin Ti—C films.

The existence of a trigonal ordered phase Ti,C and an
orthorhombic ordered phase TizC, was also confirmed by the
Monte Carlo calculations of the phase diagram of the Ti—C
system for the composition range TiCo 57— TiCo 70 (Fig. 32).10-12
Landesman e at.'3® showed that short-range order and disorder —
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Table 12. Thermodynamic characteristics of the disorder —order and order —order phase transformations in nonstoichiometric titanium carbide TiC,

(see Ref. 1).
y TizC*Ti_ng Ti3C2*Ti6C5 Ti5C5*TiCy
Tlrans AStrans AHtrans Ttrans AStrans AHtrans Ttrans AStrans AfItrans
/K /T mol—! K—! /kJ mol—! /K /T mol—! K—! /kJ mol—! /K /T mol—! K—! /kJ mol !
0.52 948 0.09 0.08 — — - - - —
0.53 926 0.15 0.14 961 0.003 0.003 962 0.02 0.02
0.54 893 0.25 0.22 959 0.013 0.013 961 0.03 0.03
0.55 853 0.28 0.24 956 0.03 0.03 960 0.04 0.04
0.56 795 0.32 0.25 951 0.05 0.05 959 0.06 0.05
0.58 460 0.29 0.13 940 0.12 0.12 955 0.10 0.09
0.60 — — — 924 0.19 0.18 949 0.15 0.14
0.62 — — — 902 0.29 0.26 942 0.22 0.21
0.63 — — — 891 0.35 0.31 938 0.26 0.24
0.64 — — — 877 0.41 0.36 934 0.30 0.28
0.65 — — — 860 0.48 0.42 929 0.35 0.32
0.66 — — — 841 0.56 0.47 924 0.40 0.37
0.68 — — — 794 0.74 0.59 912 0.50 0.46
0.70 - - — 733 0.91 0.66 898 0.62 0.56
0.72 — — — 639 0.99 0.63 882 0.75 0.67
0.73 - - — 566 1.00 0.57 874 0.82 0.72
0.74 — — - 472 0.90 0.42 864 0.90 0.78
0.75 — - — 320 0.69 0.22 854 0.97 0.83
0.76 — — - - - - 843 1.05 0.88
0.78 — - — — — - 818 1.20 0.98
0.80 — — — - — - 789 1.34 1.06
0.82 — - — — — - 755 1.46 1.10
0.83 — — — - — - 728 1.49 1.08
0.84 — — — — — - 713 1.49 1.07
0.85 — — — - — - 689 1.48 1.02
0.86 — — — — — - 662 1.43 0.95
0.88 — — — — — - 601 1.27 0.76
0.90 — — — — — - 528 1.05 0.55
0.92 — — — — — - 444 0.82 0.36
0.94 — — — — — - 348 0.58 0.20
0.95 — — — — — - 294 0.46 0.14
T/K in the non-metal sublattice that are the nth meighbours. The
energies V7, of the pairwise interactions in the non-metal sublattice
of the carbides TiCy 7¢ and TiCg ¢s were calculated %12 not only
for the nearest (71) and next-nearest (7>) neighbours, but also for
more distant sites in the third (¥3) and fourth (V4) coordination
200 - spheres. The energies of the pairwise interactions were calculated
from the experimental data on high-temperature diffuse neutron
TixC(R3m) scattering '3 using three methods, namely, the mean field approx-

700

TirC + TisC
e SRO+ TisCs

600 1 1 1
0.60 0.65 0.70 'y

Figure 32. Portion of the phase diagram of the Ti—C system obtained
from Monte Carlo calculations with allowance for the ordering of non-
stoichiometric titanium carbide TiC, in the composition range TiCo.57—
TiCo.70 (see Refs 10, 12).

SRO denotes a phase with the Bl-type structure and short-range order.

order transitions in nonstoichiometric carbides and nitrides can be
described by using the Ising Hamiltonian for the non-metal fcc
sublattice. In this case the Hamiltonian is defined as the sum of the
effective energies, V,, of the pairwise interactions between the sites

imation, the inverse Monte Carlo method and the cluster variation
method. The best agreement with the experiment was achieved
when the phase diagram was calculated by the Monte Carlo
method. The formation of an ordered orthorhombic phase
TizCs, was reported to occur as a first-order phase transition.!> 139
This conclusion is consistent with the results of OPF calculations
of the ordering in TiC,.!8:20

Some distinctions in the mutual positions of the ordered
phases Ti,C and Ti3C; in the phase diagrams of the Ti—C system
obtained from the OPF (see Fig. 31) and Monte Carlo calcula-
tions (see Fig. 32) are due to the fact that the OPF method treats
the free energy of a compound as a function of its composition and
long-range order parameters, whereas in the second method the
energies of the interatomic interactions are determined by the
short-range order parameters.

2. Experimental phase diagram of the Ti— C system
constructed with allowance for low-temperature (at

T < 1000 K) equilibria

The phase diagram of the Ti—C system at 7' < 1000 K was
constructed based on the experimental results on the ordering of
carbide TiC,.?! Using the data on the structure and electrical
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resistance of annealed and quenched samples of TiC,, it was
shown that cubic ordered phase Ti,C (space group Fd3m) has a
homogeneity region extending from TiCp49_¢.51 to TiCps4_0.55,
while the trigonal superstructure Ti-C (space group R3m) is
formed in the composition range TiCyss—TiCoso. The
TiCy.s0—TiCo 63 range corresponds to a two-phase region [Ti,C
(space group R3m) + Ti3C, (space group C222,)]. The existence
region of the orthorhombic ordered phase TizC, (space group
(C222)) is fairly narrow and does not exceed TiCp 63— TiCo 7. The
lowest annealing temperature was 770 K. Since no ordered phase
TisCs was detected after annealing the TiCy 3 and TiCy g5 samples
at such a low temperature, the transition temperature of this phase
was assumed to be lower than 770 K. The portion of the
equilibrium phase diagram of the Ti—C system corresponding to
the ordering of nonstoichiometric titanium carbide TiC, is pre-
sented in Fig. 33. A consecutive transition was suggested 2! in the
range 0.54 <y < 0.57

' _ o 990+20K
disordered (space group Fm3m) carbide TiC, ——=

960 +£20 K

== cubic (space group Fd 3m) ordered phase Ti,C

== trigonal (space group R3m) ordered phase Ti,C.

The ordered orthorhombic phase TizC, is formed following a
peritectoid reaction

Ti>C + TiC, — Ti3C;

at 990+ 10 K in the composition range 0.61 <y < 0.63. The
ordered phases Ti>C with cubic and trigonal symmetry can be
observed over a broad composition range of nonstoichiometric
titanium carbide, from TiCo4o to TiCoe3. However, only in the
TiCo.49-0.50— TiCp 53 0.50 range is the homogeneity region of the
ordered phase Ti,C (see Fig. 33). The composition range in which
the formation of an ordered phase TicCs is possible is shown
tentatively since this phase was not found experimentally. The
hysteresis in the temperature dependences of the electrical resist-
ance 2! suggested that the TiC, 2 Ti>C and TiCy 2 Ti3C, trans-
formations  are  first-order = phase  transitions  with
Tirans = 980—1000 K. This value is in good agreement with the
value Tirans & 1000 K found for titanium carbide TiCy ss from
electrical resistance measurements. 40

Thus, experiments revealed that ordering of TiC, in the ranges
0.52 <y <0.55 056<y<0.58 and 0.62<y<0.68 at
T < 1000 K leads respectively to the formation of the cubic

T /K
a-Ti+TiC, TiC,+TiC TiC,
1000 - TiC, + TisCa
919K Ti,d) Ti>C (R3m) + TizC»
300 (R3m) \_TizCy (€222)
\ . .
- - Ti¢Cs+ TiC,
o (_\\\\\16 5 1 y
\ N4
600 = o i+ \ ™
+TirC |TiC TisCo+ | TieCs \\ \
(Fd3m) |(Fd3n +TieCs D
400 \ \ \
\
1 1 1 1 I| |\ \
0.4 0.5 0.6 0.7 0.8 09 y

Figure 33. Low-temperature portion of the equilibrium phase diagram of
the Ti—C system.2!

Formation of the ordered orthorhombic Ti3C; phase occurs at 990 + 10 K
as the peritectoid transformation Ti,C + TiC, — Ti3Cs; the region of
phase equilibria involving ordered TisCs phase is tentatively shown by the
dashed line.

(space group Fd3m) and trigonal (space group R3m) ordered
phase Ti>C and orthorhombic ordered phase TizC, (space group
C222,). This is consistent with the phase diagram of the Ti—C
system (see Fig. 31) obtained from OPF calculations '8 (note that
for Ti,C-type superstructures the OPF method leads to a common
region of existence, from TiCy 46 to TiCy sg, without separation
into the cubic and trigonal phases).

As mentioned above (see Section III), recent studies of the
Ti—C system revealed the existence of molecular cluster-like
compounds TigCi> and Ti;3Cs; in addition to nonstoichiometric
cubic titanium carbide TiC,. The phase diagram of the Ti—C
system constructed with allowance for the ordering of nonstoi-
chiometric carbide TiC, and for the existence of molecular cluster-
like compounds TigCi» and Ti;3Ca; (TiCy) is shown in Fig. 34.

T /K
3500 F L TiC,+L
3000 = 3050 K
2500 |
TiC, TiC,+C
2000 L L+TiC,
pri 1918K
TisCra TiC
100 i pmivmic,| 2 W
1213 : :
1193 K 3+4
1000 H o-Ti+TiC, Lo
i 9K 4
. I
500 fo-Ti+TiaC (Fd3m) Lo
1 | | 1
0 20 60 80 C (at.%)

Figure 34. Phase diagram of the Ti— C system constructed with allowance
for the existence of molecular cluster-like compounds TigCj> and Ti;3Can
(TiC,) and for the atomic ordering of nonstoichiometric cubic titanium
carbide TiC,..

Ti>C (space group Fd3m) (1), Ti>C (space group R3m) (2), Ti3Cx (space
group C222;) (3) and TieCs (Ti>C, Ti3C, and TigCs are the ordered phases
of titanium carbide TiC,) (4).

VI. Conclusion

For more than a century it was thought that there is only one
compound in the Ti—C system, namely, cubic titanium carbide
TiC, with a broad homogeneity region. However, the studies of
this system carried out in 1990s revealed the formation of (i)
ordered phases of nonstoichiometric titanium carbide with differ-
ent composition and symmetry and (ii) molecular cluster-like
compounds.

Among the new phases of titanium carbide, the ordered phase
Ti»C, which can have a cubic or trigonal symmetry, has been
studied in most detail. This phase is readily formed as a result of
annealing the TiC, samples at 1300—1500 K followed by gradual
lowering of the temperature down to 600—700 K over a period of
several hours. It can also be found even in the TiC, samples
(y = 0.5-0.58) synthesised by solid-phase vacuum sintering of
titanium and carbon at 2000—2200 K and cooled down to 300 K
during further self-cooling of the furnace. Using a special regime
of long-term annealing, one can obtain the Ti,C phase with the
maximum extent of long-range order.

Ordered phases of the Ti3C; and TigCs types are much more
hard to obtain. Similar to the Ti>C phase, they can be of different
symmetry while their chemical composition remains unchanged.
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Bulk samples of these phases can be obtained only after long-term
(several hundreds of hours) annealing at 7' < 1000 K. The results
of experimental and theoretical studies suggest that these phases
are in thermodynamic equilibrium at temperatures below
900—-1000 K. A hexagonal TicCs phase was found in thin films
synthesised by electron beam and laser sputtering of titanium
carbide.

Molecular cluster-like compounds TigCi2 (Ti2Cs) and Tij3Can
(~TiCy) were obtained by laser-assisted plasmachemical syn-
thesis. The most convenient procedure for preparation of these
compounds in the crystalline form is to stabilise them in thin films
deposited on a substrate (molecular clusters with a characteristic
atomic ratio, C: Ti = 1.5 or 2).14! This allows one to obtain thin
films of a compound Ti,Cs or TiC, with the crystal structure
similar to that of the substrate. Indeed, the synthesis of titanium
oxide, fullerene and amorphous carbon nanocrystals with a
different structure on the solid surfaces of different chemical
nature (graphite, polymers, oxides) was reported.'#> Chemical
modification of the substrate surface or heat treatment of the film
cast provide additional possibilities of forming a particular type of
the crystal structure of the film.

The main methods of experimental detection of new com-
pounds and phases include X-ray, electron or neutron diffraction.
We believe that the model X-ray diffraction patterns of most of
the phases of the Ti—C system, first reported in this review will
essentially facilitate identification of new phases and interpreta-
tion of the results obtained.

Thus, analysis of studies on the Ti—C system carried out in
1985-2000 showed that not only titanium carbide TiC,, but also
other chemical compounds and phases are formed in this system.
They were discovered using novel, advanced methods of synthesis,
thorough studies of phase equilibria at temperatures below
1300 K and highly sensitive mass spectrometric and diffraction
methods of analysis of products of the chemical interaction. One
can expect (and some experimental proofs have already been
reported) that binary systems comprising carbon and other
transition metals can appear to be no less interesting than the
Ti—C system.

This work has been written with the financial support of the
Russian Foundation for Basic Research (Project No. 01-03-
96510).
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