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Chemical preparation of ultra-fine aluminium
nitride by electric-arc plasma

G.P. VISSOKOV, L. B. BRAKALOQV

Higher Institute of Chemical Technology, Bul. “Kl. Ohridski”” No. 8, 1156 Sofia, Bulgaria

Ultra-fine aluminium nitride has been obtained by interaction of aluminium and nitrogen
in electric-arc plasma. It has been proved that the rate determining step of the process is
the evaporation of the aluminium powder. The most appropriate thermodynamic and
kinetic conditions for obtaining pure, finely dispersed product has been determined. The
prepared aluminium nitride has dimensions of about 50 nm and specific surface of up to
100 m2g~1, The items made by the baking of this product at 1600 K have zero porosity.
The product has a greater chemical reactivity than the one producted by conventional

methods.
Nomenclature Tob particle melting point (K)
a weight content of nitrogen in the pro- Tpy particle evaporation temperature (K)
duct (%) Vg rate of the gas (m sec™)
Cp specific heat of the particle Jkg' K™') « degree of nitride formation (%)
dp particle diameter (m) Qg heat transfer coefficient between the gas
dpo initial particle diameter (m) and the particle (Wm™ K™)
Gy current particle weight (kg) Gy evaporation coefficient (1 in this case)
Gpo initial particle weight (kg) § degree of evaporation (%)
Lop particle melting heat (Jkg™) Ary time for particle melting (sec)
Loy particle evaporation heat (Jkg™) Pg density of the gas (kgm™)
M, molecular weight of the gas Pp density of the particle (kgm™)
M, molecular weight of the particle Pl density of the particle in liquid state
Py gas pressure (Pa) (kgm™)
P, vapour pressure of the particle (Pa) Ogy mean diameter of the molecule in the
S specific surface (m? g™) gas—vapour system (m)
Se course of the particle (m) T the time for which the particle reaches
Sp coefficient of friction resistance of the melting point (sec)
particle Ty relative residence time
Ty gas temperature (K) Ty time necessary for the full evaporation of
7o particle temperature (K) the particle (sec)

Ty mean temperature of the reactor (K)
1. Introduction

The physical and chemical properties of aluminium
nitride (high boiling point*, good insulating proper-
ties at high temperature, hardness, great wear resis-
tance, chemical stability) make it a material of
interest for high-temperature technology. The

addition of aluminium nitride to aluminium and
sintered-metal alloys quickly enhances their
elasticity and refractoriness. Ultra-fine aluminium
nitride is of great interest for the production of
low-porous articles in powder metallurgy.
Aluminium nitride is prepared nowadays by

*The data concerning boiling point are very contentious (they range from 2500 to 2800 K), and this is easily explained
by the fact that AIN decomposes before reaching the boiling point.
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direct interaction of aluminium with nitrogen or
ammonia, The carbo-thermal reactions of Al,04
in a nitrogen atmosphere, or reduction of Al,0,
in a hydrocarbon and nitrogen medium, is used
comparatively more rarely [1]. The aluminium
nitride prepared in this way has low specific sur-
face (less than 0.5m? g™). The items made from
it are sintered at a high temperature (2200 X) and
have considerable porosity (more than 5%).
Therefore, conventional methods cannot provide
for the preparation of aluminium nitride suitable
for use in powder metallurgy. The need for a pre-
paration method producing more dispersed and
with lower sintering point aluminium nitride
brings many researchers to synthesize it from the
gas phase by means of a plasma jet {2—13]. This
product, however, does not meet the requirements
for dispersity, purity and conversion degree. The
experimental conditions used in these researches,
and the low degree of conversion of the reagents,
make the realization of those processes difficult.

In order to find appropriate reagents for a high
degree of conversion we carried out a comparative
analysis of the known thermodynamic data [1,
12—14] and the data obtained by us when deter-
mining the reaction equilibrium:

2AI+ N, =2AIN ~ 322KkImol! (1)

For determining the equilibrium conversion in
Reaction 1 we used the modified Tyomkin—
Schwarzmann method [15]. This method takes
into account the phase transitions of reagents
at equilibrium. The results (Fig. 1, Curves 1 to
4) and their comparison to those of other
researchers (Fig. 1, Curves 5 and 6) show that the
optimum conversion (100% practically) into
AIN, in regions of plasma technology temperatures
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Figure I Calculated thermodynamic values of the degree
of nitride synthesis (a) as a function of temperature: 1 —
Al/N=1:1; 2 — A/N=1:10; 3 — Al/N=1:20; 4 —
AlN=1:30; 6 — AI/N/CI/H=12:30:6:90 [14}); 5 -
Al/N/CY/H = 2:400:6:1200 [14].
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(2500 to 3500 K), is obtained by its direct syn-
thesis from elementary aluminium and nitrogen.

On the basis of the thermodynamic analysis
we decided to synthesize pure, highly dispersed
aluminium nitride from powder-like aluminium
and nitrogen.

Today it is generally accepted that the rate
determining step of heterogeneous plasma and
chemical processes is the evaporation of the most
refractory condensed phase [16—19]. A major
effect of this supposition is that one must ensure
not only the relevant thermodynamic conditions
(temperature and reagents ratio), but also ade-
quate residence time of the particles in the reactor
so that they evaporate completely. Such con-
ditions allow the desired product to be prepared in
gaseous phase. After appropriate swift cooling of
the reaction mixture the product can be prepared
in the required highly dispersed form. These con-
siderations necessitate modelling of the particle
evaporation process. The following equations
recommended in [16--19] are used for calcu-
lating the following.

1. The rate of change of the particle diameter
in the case of sublimation or particle temperature
lower than the evaporation temperature:

dd M-l +M—1 1/2
Up _ _p368x 107 T Me) p
dr Pp Ogy
Ty + T,
X Py (2P + Py) "—Zg;—p @
where
1+ MM Ty +
A = 1736 x1071 ;’Mg s T,
Qy Ogy dp

2. The rate of change of the particle diameter
with particle temperature equal to the evaporation
temperature:

dd, 2aT
—2 = — Ty—T, 3
i L G O
3. The linear speed of the particle:
ds
—= = v, [1 —exp (—7/1y)) €Y
where
_ 4dppp
Ty = ————
3 5p Vg Pg

4. The rate of change of the particle tempera-
ture with the latter lower than its melting point:



T,  6ap
—2 = —L_(T,—T, 5
KR ONNG

5. The rate of change of the particle tempera-
ture with the latter higher than its melting point:

ar; 60 L dd
d_p —= __.__T_(Tg__Tp)_i,__EX__E
T Cp Pp dp 2cpdpdr
©6)

6. The time for particle melting:

Th +ATh

f ap (Tg —Tpp) dr =
™
= 0.167 dpo pp Lpp N

The system of Equations 2 to 7 has been solved
with the aid of the program RKF45 [20]. The
Runge—Kutta—Fehlberg method has been used in
this program for solving the system of ordinary
differential equations [21]. In the solution we
assumed that the reactor is isothermal — an
approach which does not lead to an essential error
in this case [19]. When modelling the process the
most unfavourable case of evaporation — that in
which the particles used in the experiment have
largest diameter (50um) — has been taken into
account.

It is necessary that the particle residence time
in the reactor (7;,) is related to the time necessary
for its full evaporation (), for one and the same
temperature in the reactor when determining the
impact of the evaporation kinetics on the degree
of conversion. That is why the quantity of relative
residence time (7,.) has been used:

Ty = TplTy

®
For determining 7, the system of Equations 2 to
7 has been solved with the following initial con-
ditions: dp =50um; s, =0m; Tg=Ty; 7=
Osec; T, = 300 K. The time necessary for particle
full evaporation has been determined from the
solution of the system when d, =2.1 x 107%m
— the diameter of the aluminium nitride molecule.
Besides the relative residence time the degree of
evaporation () has also been introduced:

g = (Gpo _Gp) X 100/GpO (%) (9)

The degree of nitride synthesis (degree of change
of the basic aluminium into AIN), and the specific
surface of the aluminium nitride, as the most
important, basic characteristics of the prepared
product, have been determined. The nitrogen
content of the product has been determined using

the method of Keldal [1], and the degree of
nitride synthesis (&) by the formula:

a = 100a/34.15 (%) (10}
The specific surface has been determined by the
Klyatchko—Gourvitch method [22], based on the
low-temperature adsorption of air at 77.4K. The
temperature of the plasma jet and the reactor has
been determined on the basis of energy balance.

2. Experimental procedure

The experiments were carried out using the equip-
ment described previously [23]. Aluminium pow-
der (99.99% purity) was injected at a rate of
7 x 1072 gsec™ into the end of the active part of
the arc from the vibratory-feeder by means of
nitrogen (99.99% purity). The size of the particles
was between 25 and 50 um and the specific surface
was 3.5m2 g™, Argon or a mixture of nitrogen
and argon was used as the plasma-forming gas. The
experiments were carried out in two stages: in a
cold-wall (CW) reactor and in a hot-wall (HW)
reactor. The CW reactor is a copper heat exchanger
(0.04 m in length) cooled with water. The tempera-
ture of its inside wall is about 650 K. This causes
high radial and axial temperature gradients. The
HW reactor is made of refractory ceramics and is
housed in a water-cooled case. The temperature of
its inner wall is about 2000 K. It has a more
homogeneous temperature field than the CW
reactor.

Three series of experiments in the CW reactor
were carried out with a flow rate of plasma-form-
ing argon of 7.08 x 107 m® sec™ and an alumin-
fum to nitrogen of 1:30, 1:35 and 1:40 (mol:
mol). Three series of experiments in the HW
reactor were carried out also with an aluminium to
nitrogen of 1:30 and different flow rates of
plasma-forming argon; 4.72 x 10™*, 7.08 x 10™
and 9.44 x 107™* m3 sec™!,

Further, the impact of the cooling rate on the
reaction mixture in the cooling equipment was
studied. A heat exchanger providing a cooling
rate of dT/dr ~ 2 x 10° Ksec™ was used after the
CW reactor, and after the HW reactor a cooling
rate of dT/dr ~ 8 x 10° K sec™ was used.

3. Results and discussion

The results obtained for the degree of conversion
(Fig. 2) show that with an increase of temperature
to about 3300 to 3800 K, and of the dimension-
less residence time to about 098 to 1.03 (log
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Figure 2 Dependence of the
degree of nitride synthesis (o)
on the temperature of the (a)
cold-, and (b) hot-wall reactor,
and the dependence of the
degree of nitride synthesis (o)
and the degree of evaporation
(8) on the logarithm of the
dimensionless residence time of
the aluminium particles (log 7,)
with dpean = 50um (c). (a)
1 — for CW reactor with con-
sumption of plasma-forming gas,
argon, of 7.08 X 10™* m? sec™?
and Al:N equal to 1:30 (e), 1:

{a) 2OIOO 30I00 4(7'00 7{K)
o(%):p(%)
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35 (a) and 1:40 (w). 2 —
equilibrium degree of nitride
synthesis at Al:N =1:30. (b)
1 — HW reactor with consump-
3 tion of plasma-forming gas,
argon, of 4.72 X 107* m?® sec™!
(©); 2 — 7.08 Xx10™* m® sec™?
©); 3 — 9.44 x10™* m® sec™?
(o) and permanent mol ratio
Al:N =1:30; 4 — equilibrium
degree of nitride synthesis. (c)
Dependence of the degree of
nitride synthesis for: 1 — CW
reactor (e, o, m); 2 — HW reac-
tor (o, &, o). 3 — dependence of
the degree of evaporation. For
all experiments the consumption

20‘0
3_-"
(c) -3 -2 -1
7, = —0.05 to 0.07), the conversion increases to

the maximum (about 100%) after which it
decreases. The comparison of the degree of nitride
synthesis (a) (Fig. 2c, Curves 1 and 2) and the
degree of evaporation (8) (Fig. 2¢, Curve 3) shows
that for relative residence times less than or equal
to one they are similar and almost coincide quan-
titatively. For residence times greater than that
necessary for particle evaporation (7, > 1) the
experimental degree of nitride synthesis deter-
mined almost coincides with the thermodynamic
one (Fig. 2a, Curves 1 and 2 and Fig. 2b, Curves
1 and 4). These facts show undoubtedly that
Reaction 1 is limited by the evaporation rate of
the condensed phase. The difference in the degree
of nitride synthesis, on the one hand, and the
theoretical thermodynamic degree of conversion
and the theoretical degree of evaporation on the
other, besides the assumed approximations in
Equations 2 to 7, are probably due to additional
factors. For relative residence times 7, < 0.08 (Fig.
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of powder-transporting gas,
T — nitrogen, was 1.11 X 10™* m?
0 g T, ! sec™l.

2¢) the degree of nitride synthesis is greater than
the theoretical degree of evaporation, probably
because of the measurable rate of Reaction 1 in
heterogeneous conditions. For 0.08 £ 7, = 1.03
the lower degree of nitride synthesis is probably
due to the condensation of AIN from the gaseous
phase on the still evaporating aluminium particles.
This increases the particle evaporation temperature
and decreases the degree of evaporation of the
particles. For 7, 2 1.03 the conversion degree is
greater than the theoretical value (Figs. 2a and b)
probably for the continuing reaction in the cooling
equipment in heterogeneous conditions. The
difference in the conversion degree in the various
reactors (Fig. 2¢, Curves 1 and 2) is determined by
the more unfavourable temperature condition in
the CW reactor. The particles, entering wall areas,
evaporate to a considerably lesser degree at this
temperature than at the theoretical one corres-
ponding to the reactor temperature. The lower
degree of evaporation determines the lower degree



of conversion in the CW reactor. The presence of
this “wall” effect is the reason that the conversion
degree does not reach 100%.

The results for the dependence of specific
surface on temperature and residence time (r,) are
similar (Fig. 3). They unambiguously show that
for the same cooling conditions of the reaction
mixture, the size of the specific surface is deter-
mined by the degree of particle evaporation (Fig.
2¢, Curve 3) for 7, £ 1.05 (Fig. 3c). The cooling
rate in the cooling equipment determines the
largest possible surface of the product for 7, ~
1. This, as well as the “wall” effect and the greater
temperature gradients in the CW reactor, where
the reagent cooling rate is significantly lower, is
the cause of the considerably smaller surface as
compared to the case of HW reactor (Fig. 3c) for
the same relative residence time. The decrease in
specific surface with the increase in temperature
at 7, 2 1 is the result of accelerated coagulation
and baking of particles in the cooling equipment

because of its greater temperature, which is again
due to the low cooling rate. The specific surface of
the product can be significantly increased by
increasing the cooling rate. Thus, in additional
tests with a cooling rate of dT/dr ~ 107 Ksec™,
aluminium nitride with a specific surface of about
200m? g™ and a conversion degree of practically
100% is obtained.

The plasma—chemically synthesized aluminium
nitride is a highly dispersed powder which is light
grey in colour. The results from chemical, X-ray
and spectral analyses show that the nitride is
similar in structure to the stoichiometric material
and its basic impurities are excess aluminium and
oxygen. The results from electron micrograph
analysis show that the particles have spherical
form and presumably uniform particle size. The
basic fraction has a diameter of 40 to 50 um.
Due to its high dispersion this nitride is distin-
guished physically and chemically from that
obtained by conventional methods. The fine
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less residence time of the
aluminium particles (ry) with
dmean = 50 um (c). (a) For CW
reactor with consumption of
plasma-forming gas, argon, of
7.08 X 10 ™% m?® sec™! and a Al:
N ratio of 1:30 (e), 1:35 (&)
and 1:40 (=), (b) for HW
reactor with permanent mol
ratio Al:N=1:30 and con-
\ sumption of plasma-forming gas,
argon, of: 1 — 4,72 X107 m?
sec? (0); 2 — 7.08 X10™* m?®
sec™? (2); 3 — 9.44 X 10™* m?
sec™! (o). (¢) 1 — CW reactor
(e, 4, m); and 2 — HW reactor
(o, 5, o). For all experiments
the consumption of powder-

/ transporting gas, nitrogen, was
1.11 X 107 m?® sec™!.
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dispersion determines the chemical reactivity of
the powder obtained and this exhibits itself in
the interaction with humid air. It has been estab-
lished that with continuous exposure to atmos-
pheres with 100% relative humidity aluminium
nitride is completely hydrolysed to hydroxide and
ammonia, It has been found that baking of ultra-
dispersed samples of aluminium nitride begins at
1000K and at 1600K the samples reach zero
porosity. The reduction of the optimal baking
temperature of the plasma-synthesized aluminium
nitride is determined by its extraordinary high
activity due to the large specific surface (60 to
100m?2 g™1) and the structure defects fixed during
the swift cooling. These properties allow the
utilization of aluminium nitride prepared in this
way in the production of items with very good
exploitation features by the methods of powder
metallurgy.

4, Conclusions

With the present research the direct synthesis of
ultra-dispersed aluminium nitride in electric-arc
plasma is achieved. With a temperature up to
3500 K the process occurs by evaporation of
aluminium and synthesis of aluminium nitride in
the gaseous phase and on the phase boundary by
diffusion, The rate determining step of the process
is the evaporation of the aluminium powder. A
product with practically 100% purity, with diam-
eter of its spherical particles less than 60 nm, and
specific surface up to 100m? g™}, can be obtained
using the plasma—chemical technique. Baked at
a maximum temperature of 1600 K the samples
have zero porosity. The cooling equipment used
does not provide a sufficient cooling rate. For the
synthesis of a more dispersed product, cooling by
injecting cold gaseous jets (argon or nitrogen), may
be recommended. One can conclude from the data
presented that the product with maximum dis-
persity and purity could be obtained at tempera-
tures of 2900 to 3400 K and relative residence
timesof 7, =1.0to 1.1.
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