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Compositional modification of titanium carbide 
powders by induction plasma treatment 
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Non-stoichiometric titanium carbide powders were treated in an r.f. induction plasma. The 
composition of plasma gas, reactor pressure and powder feed rate were changed as 
experimental parameters, but plate power was kept constant. As the titanium carbide 
powders passed through the plasma, they melted, partially evaporated, and finally 
solidified. During the in-flight process, compositional modification was noted involving 
lattice modification and a change of the non-stoichiometry of titanium carbide depending on 
the plasma and powder feeding conditions. These were mostly due to the removal of carbon 
and oxygen impurity in t itanium carbide while melting. The g-AES analysis indicated that the 
removal of carbon occurred in the plasma treatment. The deposits formed from the vapour 
phase consisted mainly of very fine cubic crystals, some tens of nanometres in size, with an 
appreciable number of vacancies at carbon sites. 

1. Introduction 
A thermal plasma is characterized by relatively high 
temperature and the presence of reactive chemical 
species. Powders injected into a plasma are subjected, 
in-flight, to modifications of their morphology, chem- 
ical composition and crystal structure in a short time 
(of the order of tens of milliseconds). With growing 
interest in the processing of powders under plasma 
conditions, such as in plasma-spray coating, it is be- 
coming increasingly important to know the in-flight 
interaction between the plasma and the powder par, 
ticles. The variation in shape, morphology, chemical 
composition, and crystal structure in plasma-treated 
powders reflects the history of the powder through the 
powder processing, and has a strong influence on the 
properties of the coating. Precise characterization of 
powders is one of the important tools that can be used 
to gain an understanding of the basic processes in- 
volved in plasma treatment. 

Titanium carbide, with a very high melting tempera- 
ture, ~ 3290 K [1], has excellent properties, such as 
high electrical conductivity, high hardness, good cor- 
rosion resistance and high-temperature strength [2]. 
Some composites, such as TiC-A1203, also show im- 
proved toughness [3] and erosion resistance [4]. Tita- 
nium carbide is thus a material of considerable interest 
for plasma-spray coating applications. 

The non-stoichiometry of TiCx can vary over 
a large range (0.5 < x < 1), while its cubic crystal 
structure, of NaCl-type, remains unchanged [5]. 
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When powders are melted in a thermal plasma, the 
temperature of the particle surfaces in the plasma is 
maintained between melting and boiling temperatures. 
The chemical interaction plays a crucial role under such 
conditions: at temperatures above 3000 K, the molten 
titanium carbide particles can react with chemical spe- 
cies, such as hydrogen atoms. The resultant change in 
chemical composition reflects the interaction with the 
plasma. Such knowledge is basic in various plasma- 
processing applications such as reactive spray-coating, 
which is also of considerable interest [6, 7]. 

In this work, the in-flight behaviour of titanium 
carbide powders was studied by examination of 
plasma-treated powders. Attention was paid to the 
modification of chemical composition in plasma- 
treated powders. It is known that the electronic [8, 9] 
and mechanical ([2] pp. 141-84) properties, the sur- 
face energy [10] and ion transport [11] in titanium 
carbide strongly depend on changes in its non- 
stoichiometric composition. 

2. Experimental procedure 
A schematic diagram of the induction plasma torch 
used in this work is shown in Fig. 1. The plasma was 
generated using a radiofrequency (r.f.) power supply 
with a nominal oscillator frequency of 3 MHz and 
a maximum r.f. power of 50 kW. Three gas streams 
were introduced into the torch; these are the powder 
carrier gas, the plasma gas and the sheath gas shown 
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Figure 1 A schematic diagram of the plasma torch. 

TABLE I Plasma generating parameters andpowder feeding con- 
ditions 

(a) (b) (c) 

Sheath gas (1), Ar 82 82 82 
(1 rain- 1) 

Sheath gas (2), Hz 9.6 2.3 9.6 
(1 rain- 1) 

Plasma gas, Ar 28 28 28 
(1 rain- z) 

Powder carrier gas (1), Ar 6.9 6.9 5.4 
(1 rain- 1) 

Powder carrier gas (2), CH4 1.5 
(1 rain- 1) 

Plate power (kW) 32 
Reactor pressure (kPa) 53-93 
Powder feed rate (kg min- 2) 0.004-0.040 

in the figure. The operating conditions are sum- 
marized in Table I. The plasma is confined in a 50 mm 
inner diameter water-cooled quartz tube. The plasma 
discharges into a water-cooled stainless steel chamber 
with an inner diameter of 254 mm and a length of 
1020 mm in which the  absolute pressure was varied 
over the range of 53-93 kPa. 

Titanium carbide powders were axially injected into 
the centre of the discharge through a powder-feeding 
probe with the carrier gas. The powder, supplied by 
Japan New Metals, TiC-M, shown in Fig. 2a has 
a particle size of less than 325 mesh (45 pro) and the 
chemical composition is TiCo.95. Oxygen atoms dis- 
solve easily into the titanium carbide lattice [5], and 
the commercial titanium carbide powders usually con- 
tain a small amount  of oxygen impurity. The oxygen 
content of the present powder is 0.26 wt %, which is 
slightly higher compared to the usual level of 
0.1-0.2 wt%, with this particle size. In this work, the 
powder with higher oxygen content was used in order 
to study the role of oxygen. 

The powders, which passed through the plasma, 
were  collected on the reactor wall, reactor bottom, 
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Figure 2 Scanning electron micrographs of (a) the initial titanium 
carbide powder, and (b) a plasma-treated powder (plasma composi- 
tion (a) in Table I, reactor pressure 80 kPa, powder feed rate 
0.004 kg min- i). 

cyclone and filter. In all experiments, most of the 
powder was collected on the reactor wall. Preliminary 
deposition experiments were tried on graphite sub- 
strates, which were placed in the reactor chamber, 100 
and 150 mm below the end of the plasma torch confin- 
ing tube. 

The morphology of the treated powders was ob- 
served with a scanning electron microscope (SEM, 
Akashi, ISI-DS130). The crystal phase was identified 
using X-ray diffractometry. For  the determination of 
lattice constant of titanium carbide, silicon (Johnson- 
Matthey, purity >99.999%) was used as an inter- 
nal standard. The content of carbon in the initial 
powder and the plasma-treated powders were deter- 
mined using a carbon analyser (Horiba, EMIA-511), 
and the oxygen and nitrogen contents were deter- 
mined using a LECO, TC-136 instrument. 

In order to determine the distribution of constituent 
atoms, the cross-sections of plasma-treated powders 
were analysed using scanning Auger electron Spectro- 
scopy (g-AES, VG Microlab 320-D). For  analysis the 
powders were encapsulated in an electroconductive 
resin and polished with diamond powders on a disc. 
A 10 kV accelerating voltage of electron beam was 
applied for excitation. The beam diameter was about 
300 nm. Before AES measurement, the surfaces of sec- 
tioned particles were sputtered using an argon ion 
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Figure 3 Auger electron spectra detected from the cross-section of 
a t i tanium carbide particle. The background intensity was defined 
1o be the average of the intensities of both  sides of the signal peak as 
indicaled by arrows. 

C H 4 ,  C 2 H ,  C 2 H 2 ,  C 2 H 4 ,  C2H6, 

(liquid phase) C-Ti, 

(solid solution phase) ~-Ti(h c p A3 phase), 

13-Ti(b c c A2 phase), 

TiC=(fcc B1 phase), 

(solid phase) C(graphite). 

For C to C5, the data by Gustafson [18] were ad- 
opted. The melt of C-Ti was treated as the simple 
substitutional and associated solutions with the Red- 
lich-Kister-Muggianu polynomial [19, 20] yielding 
the following expression for the Gibbs energy per mole 
of titanium atoms 

beam to remove any surface contamination.The dis- 
tribution of constituent atoms was estimated using the 
Auger spectra for TiLMM, CKLL, and OKLL 
transitions, indicated by arrows in Fig. 3. The relative 
peak height was defined by (P-B)/B, where P and B are 
the peak and the background intensities, respectively. 
The background intensity, B, was defined by the aver- 
age of the intensities of both sides of the peak (Fig. 3). 
Typical distributions of relative peak height are given 
in Fig. 8 (see later). 

For transmission electron microscopy (TEM), the 
powders were dispersed in carbon tetrachloride, 
placed on copper grids, and observed with a JEOL 
JEM-2000EX TEM operated at 200 kV. 

3. Results and discussion 
3.1. Thermodynamics of the plasma 

treatment 
Earlier studies reported by the authors dealt with the 
in41ight treatment of alumina powders in r.f. induc- 
tion plasmas [12, 133. Alumina has rigid stoichiomet- 
ric composition and a large number of meta- 
stable phases. The change in shape and size distribu- 
tion and the formation of metastable phases in 
alumina powders varied with the change in heat trans- 
fer from the plasma to the particles and particle resi- 
dence time in the tail-flame region. The change in 
morphology, such as whisker and ultra-fine particles, 
and crystal structure of the deposits from the vapour 
phase were related to the supersaturation in the va- 
pour phase. 

In :he case cf titanium carbide, special a t tentf~ 
was paid to the change of its non-stoichiometry. Equi- 
librium compositions were calculated for the present 
experimental condition by minimization of the Gibbs 
free energy [14, 15] in the system composed of argon, 
hydrogen and non-stoichiometric TiC~ using the 
SGTE and GTT thermochemical databases [16, 17]. 
For simplicity, the oxygen impurities in the titanium 
carbide were excluded. The atomic and molecular 
species included in the calculation are as follows 

(gas phase) Ar, H, H2, Ti, C, C2, C3, 

C4, C5, CH, CH1, C[-[3, 

" v o f21iq G~ q = X c ~  q At- .,-l.Ti UTi -[- RT(Xc In Xc 

+ XTi in XTi) + XcXTi [~ 

l t l i  q / ' y  
"J- Jt~Ti,C~r C - -  XTi ) ]  (1) 

~ ) = - 155000 - 33.3 T [21] (2) 

1L~c(J/molTi ) - 20000 + 9.62 T [21] (3) 

where Xc and XTi are the mole fractions, and ~ q and 
o ('2|iq ,~w are the Gibbs energy of liquid carbon and tita- 
nium, respectively. L-~c is the ~nteracdon energy be- 
tween titanium and carbon atoms. The fcc BI phase 
was treated using an interstitial sublattice model [22], 
which gives the Gibbs energy in the following form for 
(Ti)(C, Va) 

V ~ t'~-B 1 a B1 Yc~ --~ ~tVa t~Ti:V a -}- R T ( Y c l n  Y c  

o B1 + Yvaln YVa) + Yc Yva [ LTi:C, Va 

l I B 1  (V  
-t'- a.~Ti:C, Vat~t C -  Yva ) ]  (4) 

Xc 
l -  g w  = Y c  - (5) 

I - Xc 

~ va(J/molTi ) = - 75 800 [21] (6) 

~L~c, va(J/molTi) = - 76000 [21] (7) 

where ~ and ~ are the Gibbs energy of states 
when all of the interstitial sites are filled with carbon 
atoms and vacancies, respectively, i.e. Ti~C~ and 
Ti~Vav L~c, w is the interaction energy between car- 
bon atoms and vacancies. ~-Ti(hcp A3 phase) and 
I~-Ti(bcc A2 phase)were also treated by the inter- 
stitia] sublallice model in the same way as the fc c B1 
phase. 

The calculated equilibrium composition given in 
Fig. 4 shows that liquid TiC appears in the tempera- 
ture range 3080-3130K. The Ti-C phase diagram 
evaluated by Toth [2] is shown in Fig. 5: the melting 
behaviour of titanium carbide varies depending on its 
non-stoichiometric composition. The calculated equi- 
librium carbon contents in the Ti-C melt and the 
non-stoichiometric TiCx are also included. It is noted 
that the increase of temperature leads to the gradual 
reduction of carbon content in TiC~ up to the melting 
temperature, beyond which a sudden decrease of the 
carbon content is observed. 
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Figure 4 Thermodynamic equilibrium in the Ar-H2 TiC system 
(pressure 80 kPa, Ar 3.78 mol, H2 0.31 mol, TIC0.95 0.3 mol). 
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Figure 5 Phase diagram of the Ti-C system [2]. The equilibrium 
carbon content in the Ti-C melt and the non-stoichiometric TiCx 
determined by calculation in Fig. 4 is shown by a thick line. 

In addition to the compositional modification re- 
sulting from heating and melting of the powder, the 
chemical composition also changes through the evap- 
oration and subsequent condensation process. The 
condition can also be described using the thermodyn- 
amic analysis. In Fig. 6, the variation of carbon con- 
tent is shown as a function of the mole fraction of 
TiCo.95 in the system. The concentration of titanium 
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Figure 6 Variation in the melting and evaporation of titanium 
carbide as a function of the mole fraction of TIC0.95 in the Ar-H2 
system (pressure 80 kPa, Ar 3.78 mol, H2 0.31 mol). (a) Variation in 
melting and evaporation temperatures. (b) Variation in carbon 
contents in TiC~ (solid) and Ti-C melt. 

and carbon, evaporated from the titanium carbide 
powder is relatively low in the region far enough away 
from the original powder particles. When consolida- 
tion occurs from the vapour  phase, the condition 
corresponds to the small mole fraction of TiCo.95 in 
Fig. 6. Under such conditions, consolidation passes 
directly from the vapour  to the solid phase with a rela- 
tively low carbon content in the formed aerosol, giving 
rise to a high concentration of carbon vacancies in its 
lattice. 

The variation of carbon deficiency induced by 
the heating, melting and vaporization followed by 



deposition from the vapour phase, is responsible for 
the non-uniformity of the chemical composition in 
plasma-treated powders. 

3.2. Compos i t i ona l  mod i f i ca t i on  in mel ted  
par t ic les 

Scanning electron micrographs of plasma-treated tita- 
nium carbide powder are shown in Fig. 2b. The 
melting and evaporation of the particles was partially 
achieved, because the plasma-treated powder consists 
of spheroidized and partially spheroidized particles, 
and submicrometre fumes deposited on them. For the 
same plasma composition and reactor pressure, the 
number fraction Of spheroidized particles decreased 
with the increase of powder feed rate. These particles 
were always covered with fumes formed through con- 
densation from the vapour phase. The surface of the 
spheroidized particle shown on the right-hand side of 
the figure, in which the fumes were removed by treat- 
ment in an ultrasonic bath of ethanol, is smooth, 
a clear indication that they were molten in the plasma. 

X-ray diffractometry showed that no other crystal 
phase but titanium carbide was formed in the powders 
collected. Crystalline carbon was not found even in 
the powders treated with Ar-Hz-CH4 plasma, where 
the amorphous carbon could be formed from the 
vapour phase. It is seen in Fig. 7a that the plasma 
treatment gave rise to an increase in the lattice con- 
stant, which changed depending on the plasma gen- 
eration and powder feeding conditions. 

Careful measurement of the lattice constant can be 
used to detect changes in chemical composition, be- 
cause it is known that the lattice constant of titanium 
carbide varies depending on the ratio of carbon and 
titanium atoms [2]. Also, the dissolution of oxygen 
lowers the value of the lattice constant [23]. As the 
amounts of evaporation were rather small, the lattice 
constant obtained by X-ray diffractometry reflects the 
average chemical composition in the spheroidized 
particles. In the estimated chemical composition, 
[Ti] [C]x[O]r, by the carbon and oxygen analysis, the 
value of x was more than 0.9, where the lattice con- 
stant has a one-to-one relation with composition, 
TiCx, as shown in the inset figure of Fig. 7. The 
reference data for TiCo.95, TiCo.94 and TiCo.93 are 
indicated in Fig. 7. This change is probably due to the 
removal of oxygen and/or carbon atoms from their 
lattice sites. 

Plasma generation and powder feeding conditions 
affected the interaction between plasma and fed par- 
ticles. At the lower powder feed rate, a particle absorbs 
more heat and, as seen in Fig. 7, the lattice constant 
increases with decreasing powder feed rate, irrespect- 
ive of the plasma generating conditions. Comparing 
the results for two runs using Ar-H2 plasma at 
60 kPa, it is noted that the lattice constant increased 
with increasing hydrogen content in the plasma. This 
may be related to the increase in the heat transfer rate 
from the plasma to the particles. It is known that the 
thermal conductivity of Ar-H2 plasma increases with 
increasing hydrogen content, and that the higher ther- 
mal conductivity gives rise to higher heat transfer 
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Figure 7 Variation in the lattice constant of titanium carbide in- 
duced by plasma treatment: ((D, tD, O, ~ ) Ar-Hzl plasma composi- 
tion (a); (fN) Ar-H2, plasma composition (b); (A) Ar Hz-CH4, 
plasma condition (c). (~) 93 kPa, (I~) 80 kPa, (O, D, A) 67 kPa, ( ~ ) 
53 kPa. Reference data [5] is inset of the lattice constant of TiCx as 
a function of composition. 

rates from the plasma to the particles [24]. The effect 
of the reactor pressure on the powder treatment was 
also investigated. The results given in Fig. 7, for an 
At-H2 plasma, show that when the reactor pressure 
increases from 53 kPa to 93 kPa, the lattice constant 
increases at the powder feed rate, ~ 0.006 kg min-  1. 
This is due to the decrease of the plasma velocity and 
the corresponding increase of the particle residence 
time in the plasma with the increase of the reactor 
pressure. By the addition of methane to the plasma, 
the removal of carbon/oxygen atoms was suppressed. 
This may be related to the change in chemical com- 
position of the plasma surrounding titanium carbide 
particles rather than changes in the thermal conduct- 
ivity of the plasma, which is hardly affected by such 
a small concentration of CHr 

Deposition on a graphite substrate was attempted 
for the plasma composition (a) at pressures of 67 and 
80 kPa, and (b) at 67 kPa, with a powder feed rate of 
0.007-0.008kgmin -1. As mentioned above, heat 
transfer from the plasma to a particle varies in the 
following order: ( a )a t  80kPa > (b)a t  67kPa  > 
(c) at 67 kPa. Greater heat transfer gives rise to a lar- 
ger degree of powder melting and deposition. The 
deposition efficiency was observed to vary in the same 
order. Higher deposition rates were attained with 
a substrate 100 mm below the end of the plasma- 
confining tube compared to that at 150 ram. This is 
mainly due to cooling of melted particles. The lattice 
constant of titanium carbide showed no appreciable 
change between the powders collected on the reactor 
wall and the deposits on the substrate, regardless of 
the substrate position. 

In order to observe directly plasma-treated pow- 
ders, g-AES was employed. Because Auger electron 
spectroscopy uses the electrons emitted from a solid 
surface of a few nanometres in depth, it is applicable to 
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Figure 8 Distribution of elementary atoms in the cross-section of plasma-treated powders (plasma composition (a) in Table I, reactor 
pressure 80 kPa, powder feed rate 0.004 kg min- 1) for (a) a completely melted particle and (b) a partially melted particle, obtained by g-AES. 
(i) SEM, (ii) titanium, (iii) carbon, (iv) oxygen. 
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the estimation of the distribution of elementary atoms 
in a particle. In Fig. 8a (i) and b (i), scanning electron 
micrographs of the cross-section of dSmpletely and 
parlially melted titanium carbide parlicles mounted in 
electroconductive resin are shown, respectively, in 
Fig. 8a (ii-iv) and b (ii-iv), the bright areas indicate 
a htgh intensity of the Auger signal and the dark areas 
indicate a low intensity. 

Under the plasma and powder feeding conditions of 
Fig. 8, most particles were melted and spheroidized. 
As can be seen in Fig. 8a (ii-iv), even in the completely 
melted particle, the distribution of elementary atoms 
is not uniform. Although titanium carbide itself is 
brittle, such non-uniformity in the chemical composi- 
lion in a particle would hinder the propagation of 
a crack and give high fracture toughness ~o the par- 
ticte. Completely melted particles could be polished 
without the appearance of any cracks, while small 
cracks were observed to develop in partially melted 
particles during polishing. This may be related to the 
homogeneous texture of the particles. 

The observation of a partially melted particle pro- 
vided information for the understanding of the com- 
positional change induced by the plasma treatment. 
The dark region in the distribution of the Auger sig- 
nals from titanium atoms (Fig. 8b (ii)), corresponds to 
~be concavities in the cross-seclion IFig. 8b (i)). The 
distribution of titanium atoms in k cau be regarded as 
uniform. However, the signal distribution from carbon 
atomz has dark contrast at the edge of the particle, as 
indicated by arrows in Fig. 8b (iii). The thickness of the 
layer is 1-1.5 gm. The dark layer is certainly an in- 
dication of high carbon deficiency along the particle 
~urface. However, it was not clearly confirmed 
whether the oxygen deficiency was formed by the 
plasma treatment. The data from o-AES showed that 
the oxygen content was high in the surface layers, as 
shown in Fig. 8b (iv). Ag the powders were collected 
and stored in air, oxygen atoms could easiIy be incor- 
porated into carbon site vacancies of the titanium 
carbide lattice. 

As was suggested by the thermodynamic calcu- 
lation shown in Fig. 5, the lattice modification during 
melting is probably due to the removal of carbon 
atoms in the present plasma treatment, which is accel- 
erated by the chemical reaction. The results of thermo- 
dynamic calculation given in Fig. 4 indicate the pres- 
ence of hydrogen atoms in the temperature range of 
titanium carbide melting This suggests that chemical 
species in the plasma such as CH, CHz, CH~, C2H, 
CzH z and OH, would be formed by the following 
reaction with hydrogen atoms 

TiC,O,(1) + 13H(g) -~ TiC~.O~,(1) 

+ 13' CH~(g) + 13" OH(g) 

(8) 

Also, it could be possible that carbon species are 
removed from titanium carbide melt as CO, which is 
very stable in the gas phage even at high temperatures 

TiC=Os(1) --. TiC,.Ov.([) + 5CO(g) (9) 

The preferential removal of oxygen also agrees with 
the impurity refining during single-crystal growth. 
O@ge~ impurities: ffer6 not detectable in l he grown 
single crysla]s, although the feed material had an oxy- 
gen impurity of about 0.15 wt% f25]. Although kin- 
etic data are not available for the reaction between the 
melt and the gas phase, the idea of removal during 
melting is consistent with the result that no appreci- 
able difference was obtained in the lattice constant in 
the collected powders on the reactor wall and the 
deposits on the substrate. The powders in these two 
cases had the same thermal histories in the high tem- 
perature region of the plasma, but had different ones 
during their solidification steps. 

3.3. Formation of carbon site vacancies 
durin9 the deposition from the 
vapour phase 

The composition of deposits obtained from the va- 
pour phase was also noted to undergo chemical cha- 
nges. The spongy mass surrounding the spheroidized 
particles in Fig. 2 is the deposit from the vapour phase. 
As shown in the transmission electron micrograph 
given in Fig, 9, the deposit consists of very fine nano- 
crystalline cubic particles some tens of nanometres in 

Figure 9 (a) T~:ansm.L~ion, electron microgr2,ph of the dep~stts 
from the vapour pha~e, and (b) the electron diffractiort pattern. 
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size. The faceted morphology shows that the deposit 
was not formed by the condensation to liquid droplets 
which subsequently crystallized, but more likely by 
the direct condensation from the vapour to the solid 
phase. The electron diffraction pattern revealed that 
the particles were composed of TiC with a lattice 
constant of 0.42-0.43 nm. This small value is an in- 
dication of the presence of a high concentration of 
carbon vacancies and oxygen incorporation in the 
lattice structure. Based on the lattice data given by 
Storms [5] for the TiCx system, the value of x in our 
case is estimated to be close to 0.5 (see Fig. 7). Such 
a low carbon content in the lattice structure, further 
suggests the formation of these nanocrystalline cubic 
powder through its direct condensation from the va- 
pour to the solid phase as indicated in Fig. 6b. The 
formation of a high concentration of carbon vacancies 
was also reported in the synthesis of ultrafine powders 
of some transition metal carbides. Ultrafine powders 
of ZrC1-x were formed by d.c. thermal plasma depos- 
ition [-26]. Phase formation in the Zr-C system is very 
similar to that of the Ti-C system. By using r.f. induc- 
tion [27] and d.c. [-28] thermal plasmas, ultrafine 
powders of cubic WCI_~ (0.3 < x < 0.4) were ob- 
tained. 

4. Conclusion 
Thermal and chemical interactions between the r.f. 
induction plasma and the immersed powder particles 
were clarified experimentally. Titanium carbide pow- 
ders were subjected to modification in their chemical 
composition and morphology by r.f. thermal plasma 
treatment. Compositional changes of titanium carbide 
were observed in the melted and spheroidized pow- 
ders which seemed to depend strongly on the plasma 
generation and powder feeding conditions. This reflec- 
ted changes in the heat transfer from the plasma to the 
particles and changes in the concentration of the 
chemical species in the plasma. A mechanism has been 
proposed for the removal of carbon and oxygen atoms 
from the titanium carbide lattice, p-AES observations 
showed that the plasma treatment gave rise to a non- 
uniformity in chemical composition of the melted 
particles. Deposits obtained from the vapour 
phase were ultrafine nanocrystalline cubic TiC pow- 
ders. The large number of vacancies observed at car- 
bon sites was attributed to the rapid cooling of the 
vapour on leaving the high-temperature region of the 
discharge. 
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