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PHYSICO - CHEMICAL PROBLEMS OF THE NITRIDE
SYNTHESIS IN A SHF-DISCHARGE PLASMA

V.N. Troitski, V.I. Berestenko, S.V. Gurov, I.A. Domashnev
Institute of New Chemical Problems, USSR Academy of Sci., USSR.

ABSTRACT

Problems associated with the synthesis of ultrafine transitio-
nal-metal-nitride powders have been considered. The TiN powder
dispersion is shown to be controlled within the range 10 to 100
nm, and the VNy composition within its homogeneity range by va-
rying the basic characteristics of the plasmochemical process.
Physico~-chemical properties of these powders are investigated.

1. INTRODUCTION

The process design to produce ultrafine nitride powders by hy-
drogen reduction of chlorides in a SHF nitrogen plasma flow

/1 to %/ gives rise to the following problems: quest for opti-
mal kinetic conditions in a plasmochemical reactor to ensure a
thermodynamically possible yield of nitrides; control of the
powders dispersion in a wide particle-size range using the ba-
sic parameters of the plasmochemical process; formation of the
needed phases throughout their homogeneity range; revealing of
physico-chemical characteristic features of the nitrides ob-
tained.

Preliminary thermodynamical calculations of M-Cl-H-N systems,
where M - Ti, 2r, Hf, suggest that a correlation between the
starting components of the gross-reaction 2MC14+4H2+N2=2MN+8HC1
being stoichiometric, due to the presence of chlorides in the
equilibrium (MCl4 and MClj in a moderate temperature range,
MClo and MC1l at high températures) the conversion efficiency of
MCl4 into MN is insignificant and has a maximal value in a re-
latively narrow temperature range (fig.1). In order to fix the
nitrides under these conditiona, the reaction products must be
"quenched" and the nitrides be further separated from lower
chlorides. The calculations show that in the case, that the ex-
cess of hydrogen and nitrogen is greater than 100~fold, as com-
pared with stoichiometry, there exists a wide temperature range
wherein chlorides undergo a 100% conversion into corresponding
nitrides. Therefore, in ensuring of the thermodynamically ne-
cessary conditions, the real parameters of the process have to
be determined by its kinetic characteristics.

A kinetic consideration of said process is difficult due to the
fact that studies of heat and mass transfer in a plasmochemical
reactor are in an early stage. For simplicity, the diffusion
processes occurring in the reactor can be presented as an in-
teraction of various-size turbulent globules of initial hydro-
gen and chloride jets with the surrounding nitrogen plasma flow.
Molecular intermixing and heating of the reactants, as they
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Fig.1. Temperature dependences of
nitrides yield with MCl4:Hp:N2
ratios (here M - Ti (1); Zr (2);
Hf (3)) being 2:4:1 (a) and
2:4000:1000 (b). '

stay in the high temperature zone (Tdif), occur in the turbu-
lent globules. The rates of chemical reactions being great at
elevated temperatures and under the operation of active plasma
particles gives evidence to presume that the limiting stage of
the process is the stage of molecular mixing and heating of the
starting materials in the flow to be completed at a definite
path length (L ~woT). The molecular intermixing time (t~8/
Cgif) depends on the diffusion rate (Cgir~f(T)) and the turbu-
1en£ globule size. The latter may be determined by Reynold's
criterion ( § ~f(wgdo/v)). The diffusion length and, accordingly,
the conversion ef?iciency of the starting materials (A) will
mainly be determined by the consumption of the reactants intro-
duced into the reactor (wgy), by the channel diameter to intro-
duce the reactants (dg), by the temperature of the process and
by several other factors which allow for the flow gas dynamics,
physico-chemical properties of the intermixing masses, appara-
tus linear dimensions etc. (L{(A)~ f(wg, dos, T, eoe, kil)le
Despite of the fact that these reasonings are not yet a correct
formulation of said problem, they indicate the direction of the
quest for optimal parameters of the process.

2., EXPERIMENTAL

An experimental investigation of the above mentioned dependence
has been carried out for different conditions to introduce a
chloride-hydrogen mixture into the nitrogen plasma flow. The
investigation results are presented in fig.2.

A comparison between curves 1 and II shows that a channel dia-
meter diminution intensifies noticeably the intermixing process
and, accordingly, increases the total efficiency of the star-
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Fig.2. TiCly total conversion efficiency
as a function of its consumption in va-
rious versions of the reactor: I- trans-
versal introduction of TiCl4 via one 2
mm dia channel into a plasma flow at T=
4500K, the reactor walls temperature
being 400K; 1I- the same via four 0,75
mm dia channels; III- the same via six
0,8 mm dia channels, the temperature of
the reactor walls being 1100K; IY- axial
introduction of TiCl, via one 2,5 mm dia
channel into a plasma flow at T=3000K,
the temperature of the reactor walls be-
ing 1100K. *

ting chloride conversion., The reaction completeness is gtill
greater affected by the reactor temperature conditions (curves
II and III). An increase of the reactor-wall temperature from
400 to 1100 K results in a smoothed temperature profile of the
reacting flow and increased energy contribution to the process
due to a decrease of heat losses in the reactor.

A comparison between curves III and IY shows that despite a so-
mewhat lower power supply and worse mixing conditions due to a
larger channel diameter, the total TiCly convergion efficiency
and the consumption range at which chloride reduction is 100%
are greater for the case of an axial introduction of the reac-
tants. This proves evidence for a fuller use of the central re-
gion enthalpy of the plasma flow.

In the case of a 100% TiCly conversion the total amount of vo-
latile admixtures in TiN does not exceed 1to 2% (0,8 to 1,5%
NH4Cl and 0,2 to 0,5% amidochlorides and low Ti chlorides). Al-
lowing for the fact that in TiN the titanium-containing admix-
tures are less than 1%, one can assume that under said condi-
tions of 100% TiCl, conversion efficiency the TiN yield is clo-
se to 100% as well. In case IY at chloride consumption 0,05 g/s
the power consumption to produce 1 kg TiN makes up 130 MJ. That
agrees with the thermodynamical calculation results.,

As no developed crystallization theory allowing for the kinetics
of chemical reactions in the flow is available and because of a
variety of operative factors in the experiment, one has to in-



- 858 -

vestigate the general effect of different characteristics of the
production process, as well as of the equipment, on the disper-
sion of the nitrides obtained. An averaged characteristic of
this dispersion can be the specific surface value (Fgp) measu-
red by the low temperature krypton adsorption. The experiments
have shown that an Fg, change of the nitride powders hag a dif-
ferent character depending on the chloride consumption (Fig 3a},
the dispersion minimum being apparent within a TiCl, consump-
tion range (1,7 to 2,8)-10-2g/s. Here, a smaller Tiél4 particle
slze and a more pronounced dispersion change with respect to

the TiCl4 consumption are observed at an axial introduction of
the reactants into the reaction zone. A most likely causative
factor for this fact is a lower (as compared with a transversal
scheme) temperature level of the process and.a smaller effect

of coagulation on the particle growth.
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Fig.3. TiN specific surface as a function of the TiCly
consumption (a) and of the nitrogenm consumption (b)

at an axial (1) and transversal (2) introduction of
the reactants.

The investigatione of TiN F p as a function of the plasmofor-
minﬁ nitrogen consumption ag a constant TiCl, consumption (1,7
10-<g/s) under its 100% conversion have shown that the two
schemes to introduce the reactants are mutually complementary
over the dispersion range, and enable one to prepare TiN pow-
ders with a mean particle size being 10 to 100 nm. '
Due to the error of a chemical analysis of superfine nitrides
the compositions cannot be always distinguished from the homo-
geneity range, therefore the crystal lattice parameter was used
as a characteristic to trace the nitride composition. As seen
from fig.4, under said conditions, the VN; composition got
changed, actually, throughout the homogeneity range, whereas
the TiN composition is close to a stoichiometric one at a suf-
ficiently wide change of the production process characteristics.
X~-ray investigationa of ultrafine powders have shown that TiN
crystal lattice gets contracted (fig.5). After a vacuum anneal
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Fig.4. Change of VN, unit cell
parameter at different consump-
tions of VCly introduced into the
plasma flow by reactor scheme III.
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Fig.9. TiN unit cell parameter as a function
of a mean particle size.

of the samples at T=1300 K the lattice period increases by 4-
104 nm, that exceeds the measurement error by an order of mag-
nitude. The same samples demonstrate a noticeable static dis-
placement of atoms from their equilibrium positions to give rise
to energy excitation of near-to-surface atoms by 0,02 to 0,03
eV, which is equivalent to the sample heating up to %00 to 650
K. Size effects of physical-chemical properties are also demo-
nstrated by ultrafine nitride powders. Thus, in niobium nitride
a pize effect of Lhe phase transilion was observed to be mani-
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fegted in the fact that for a 0,04 m mean-particle size pow-
der the activation energy of the phase transition of a metasta-
ble cubic phase into a stable hexagonal one is 2,5 times lower
than that for nitride with a particle size of the order 100 m.
The thermal-oxidative stability of nitrides produced under dif-
ferent conditions obeys the general law of the form Tox=Tm(F/
Fm)—ﬂ, where T,y 18 the sample temperature at which the oxida-
tion degree reaghes 1%, Tp and Fp characterize a massive sample
with a mean particle size 1 mm, The parameters of this equa-
tion for the nitrides investigated are tabulated in Table:

Nitride TiN HfN _ 2rN VN
;i 1110 1020 980 890
n 0,064 0,065 0,073 0,075

For TiN superfine powders the starting sintering temperature,
(i.e. the heat treatment temperature for free-poured powder in
vacuum, at which a bend of a graphic Fg, dependence on Typ is
observed and Fsp starts dropping) obeys the law of the form:
Tin=Tpexp -c(ly,=1)/1 , where 1 is a pean particle size of the
powders; T=1630mK; lg=1 mm; ¢=9,210-5,

The investigations of the superconducting properties of TiN
using 10 nm mean-particle powders /6/ showed that their magne-
tic field was stronger by an order of magnitude than that of a
massive sample, and that the screening ability of TiN small pa-
rticles, dispersed in a matrix was greater.

3. RESULTS

The thermodynamical and macrokinetic conditions are established
for a 100% chloride conversion into nitrides in the plasma flow
providing for the preparation of powders with a mean particle
size ranging from 10 to 100 nm with an increased nonequilibrium
of the crystal lattice.

Considerable size effects are shown to be manifested in the ac-
tivation process, in particular, in phase transitions, sinte-
ring, oxidation of transitional-metal nitrides.
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