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Kinetics and Catalysis in Plasma Chemistry

1 Introduction

For nearly fifty years the kinetics of reactions in electrical discharge plasmas has
been intensively studied. These studies were mainly concerned with changes in
rates of reactions due to variation of gas pressure, discharge current and reactant
composition, and were chiefly applied to learn about the reaction mechanism.
A typical and serious drawback ! of homogeneous plasma reactions is their low
energy yields and a pure selectivity. Since excitation in the plasma is not selective,
a significant part of the electrical energy is consumed by the excitation of non-
reacting low energy states. Preferential excitation of high energy electronic states
will increase the chemical yield but not energy yield.

It has been pointed out >¥ that catalytic processes are the only realistic way of
increasing the reactor yield. Indeed, under plasma conditions it i§ experimentally
found ¥ that the catalyst in a heterogeneous reaction shifts the steady-state con-
centrations of the product. There is no analogue for this in the field of thermal
catalysis where the catalyst merely diminishes the relaxation time, without affecting
the equilibrium concentration of the product.

Another experimental problem in studying plasma reactions is that they may
also be catalyzed by the surface of the reaction vessel and by electrode materials.
The mechanisms of surface-catalyzed reactions must involve a sequence of steps:

1) adsorption of the reacting species on the surface,

2) reaction on the surface, and

3) desorption of the products.

Clearly, if one wants to study a homogeneous plasma reaction, it is important to find
conditions under which the surface-catalyzed reactions are negligible. This is the
case with the plasma synthesis of ozone which is now receiving considerable
attention 9.

Because of the complex nature of plasma reactions in this article we shall first
examine the kinetic and mechanistic aspects of some reactions. The kinetics
of the dissociation of a number of molecules in plasmas has been reviewed
recently 7. Therefore, detailed studies of the environmentally and commercially
important reactions of nitrogen with oxygen and hydrogen are presented here.
These are the reactions which have been studied extensively in connection with
heterogeneous plasma catalysis. The kinetics of other relevant plasma reactions
are discussed briefly in the later sections where homogeneous and heterogencous
catalytic effects are discussed. The section on homogeneous catalysis includes a
survey of the effects of added gases in plasma decomposition reactions. Following
the classification originally given by Venugopalan ¥ for a plasma-chemical process,
heterogeneous catalytic effects have been discussed under three categories:

1) effects occurring in the plasma itself,

2) effects originating in the spatial afterglow region, and

3) effects taking place in the quenching or cold trap stage.

In a final section the effects of plasma-treatment of surfaces and materials including
catalysts are described.
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2 Kinetics of Some Plasma Reactions

2.1 The Nitrogen-Oxygen System

The reaction of nitrogen and oxygen in a plasma produces significant amounts of NO
in the gas phase *. At gas pressures greater than 10 Torr some NO, has also been
reported 1712, but at lower pressures NO, is formed usually when the plasma gas
is quenched to temperatures below 175 K **. Even at the higher pressures the NO,
yield decreases rapidly with increasing residence time in the discharge and becomes
almost negligible at t > 30 ms '®. The principle of local thermodynamic equilibrium
limits the concentration of nitric oxide in the plasma in air to 3-5 vol % at T = 4000
to 6000 K and p = 50-760 torr '¥, but concentrations as high as 12-15vol %
have been reported !V using high-current pulsed discharges of less than 1077s
duration.

Vasil’ev and coworkers !> measured the volume concentration of NO in a
discharge, using stainless steel electrodes, as a function of reaction time at constant
power and found that the reaction

k
N, + O, %-} INO )

is representable by a “first” order which is indicative of a direct electron impact
process and/or a vibrationally excited reaction channel. The reaction time was
deduced from the ratio of reaction volume to the volume flow rate of the gases.
Since the rate of formation of NO was found to be dependent on the plasma power U,
they suggested that

[NO] = (ki/ky) [1 — exp (—k,U/v)] 2
where U/v is termed the specific energy Wh dm™* and k, and k, are the rate
constants (dm® Wh™!) for the forward and reverse reactions, respectively. Equa-
tion (2) can be deduced from the fundamental principles of chemical kinetics and the
fact that the reaction rate is proportional to the plasma power if a zero order of
formation of NO is postulated, i.e. changes in initial concentrations of N, and O,
are ignored, which is justifiable if the product concentrations are relatively small. It
follows from eq. (2) that as Ujv — 0

[NO] = k,(U/v) ©)]
and as Ufv —

[NOJ = [NOJ;, = ky/k, @

Typical kinetic curves % shown in Fig. 1 also suggest that with large specific
energies, i.e. long reaction times, a steady state is reached in which the concentration

of the product is independent of the specific energy. Thus, with nitric oxide the

4
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steady state concentration reaches 11-12 vol 9; under the given conditions for a
stoichiometric gas mixture. This steady-state concentration, at which rates of
formation and the decomposition of NO are equal, exceeds the thermodynamic
equilibrium concentration which is calculated to be 6.5 vol %.

The steady state concentration depends on many factors. Figure 2 shows that
[NO],, increased directly with the product ip (i is the current in amperes and p is the
gas pressure in torr) up to ~20 A torr, after which it either reached a limiting value (at
p < 100 torr) or passed through a maximum value (at p > 100 torr)'”. The
divergence of the curves at large ip values apparently is the result of a decrease in the
reduced field E/p with an increase in the gas pressure '*!?. Since E/p serves as a
measure of the electronic temperature T, in the plasma plots of E/p and [NO],,
against ipV for air are compared in Fig. 3. Here V is the potential drop across the
discharge gap. Note that the relation between E/p and ipV is represented by a curve
common to all the pressures, describing the fall of the relative potential gradient
with increase in V. Furthermore, the same figure shows that at all pressures the

8o 1:1
£ O o
gooto-a_
~o '
ITTRT X
. X~
X B -ag X~ g 1
8 L - 2
(=) -~ ;
z =X qir
Fig. 2. Variation of [NOJ,, with ip (A torr)
for air (bottom) and stoichiometrix N, + O,
mixture (to p). A, O, [ and x represent data
1 ! for 50, 100, 200 and 300 torr, respectively ™
50 100
ip, A torr
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dependence of the limiting concentrations on ipV is approximately described by
one curve, which passes through a maximum.

The relations between k, and k,, on the one hand, and ipV, on the other, are quite
different (Fig. 4). Clearly, the conditions for the attainment of high steady-state
concentrations, i.e, the highest values of the equilibrium constant do not coincide
with the conditions for the highest rate of formation of nitric oxide, i.e. highest k,
which corresponds to a pressure of 300 torr and a current of 100 mA. Under the
latter conditions the yields of NO are highest at the beginning of the kinetic curve,
ie. low Ufv.

Emel’yanov and coworkers *” have determined the gas temperature T, from the
molecular spectrum of a discharge in air and found that the change in [NOJ,, is
almost entirely related to the change of T, alone in the temperature range of

4 T.K
I 2000 ‘1500 1250
2.0 , 4 ¥ T
/
!
el i 2r
g 1.5 : P
mz ’I’P ®
E 1"
-U_ Iy - - - — e
.;«.:10 /I\ 1.5+
< k1 g
(e}
=S
0.5} kz <
4
Fﬁ Lo 1
1 1 i 4 1 i
0 04 0.2 0.3 0.4 06 3 0.8
ipV, AV torr 10°/T,K

Fig. 4. Variation of k, (top) and k; (bottom) with  Fig. 5. Variation of In [NO],, with I/ T, at different
ipV at the different pressures given in Fig. 2'”  pressures. [J, O, A, %, @ represent 15, 20, 30,
50 and 100 torr, respectively 2%
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1550-2000 K, regardless of the gas pressure or density (Fig. 5). By including this
temperature dependence in calculating the kinetic constants they found that k, is
independent of T,, whereas k, has a negative temperature coefficient 2. The
observed increase in [NOJ,, with rise in temperature of the gas in the reaction zone
was explained by the accompanying decrease in k; while k, remained unchanged.
It was also demonstrated 2% that the role of thermal reactions involving the formation
and decomposition of NO is insignificant in the experimental range of discharge
powers and gas temperature { <2000 K) investigated.

Table 1 shows that [NO],, also depends on gas composition and the diameter d
of the reactor 17, With regard to gas composition a stoichiometric mixture of N,
and O, rather than “reciprocal air” (N,/O, = 0.25) is desirable. The narrower the
discharge tube the greater is the steady state concentration. Indeed, an investigation 2%
has shown that [NO], increases linearly with 1/d, which indicated the increasing
importance of the heterogeneous component of its formation.

Table 1. Steady-state concentration of nitric oxide as a function of gas composition and pressure
in different reactors '™

P Nz/Oz 4 1 0.25

torr d (mm) 3 20 3 20 3 20
50 7.2 5.0 14.0 8.0 10.3 6.8

100 9.3 5.5 15.5 8.1 12.1 6.8

200 9.0 5.5 12.8 19 9.8 6.1

300 8.3 5.0 11.0 7.2 8.8 5.5

2.2 The Nitrogen-Hydrogen System

The reaction of nitrogen and hydrogen in a plasma gives amimonia, the decompo-
sition of which produces hydrazine.

2.2.1 Synthesis of Ammonia

In a dc discharge in N, + H, mixture Brewer and Westhaver > found that NH,
was formed only in the luminous discharge regions, and predominantly in the
negative glow. Figure 6 illustrates the dependence of the degree of conversion of a
stoichiometric N, + H, mixture into ammonia on specific energy at 5 torr under
flow conditions in a water-cooled quartz reactor with electrodes 5 cm apart and dis-
charge currents of 30 and 60 mA 2. With such short interelectrode separations prob-
ably only the negative glow and the dark spaces adjacent to each electrode are pre-
sent 2, The figure also shows the electron temperatures determined by a double probe
method. The probes were made of W wire of 0.2 mm diameter and were 2 mm apart.
A steady-state degree of conversion (0.66 vol %) is reached at values of electron
temperatures (~1.8 eV) which are independent of specific energy (U/v > 15 Wh
dm ~3). Also, the concentration of electrons n,, as determined by the double probe

7
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[NH31, %

0 15 30
U/v, Wh/dm?

Fig. 6. Dependence of degree of conversion (circles) of a stoichiometric N; + H, mixture into
NH, on specific energy and electron temperature (triangles) for n, = 1.2x 10° and 2.5x 10° cm ™3
at discharge currents of 30 (open points) and 60 mA (closed points), respectively 2%

method, remained almost constant over the given specific energy range, but was
higher the larger the discharge current. Under these conditions the rate of synthesis
of ammonia is described by the equation

d[NHal/ dt = kfm:] [Hz] - kz[NHs]
= k1 - szNH3} (5)

in which k, = k/[N,) [H,] = 0.22 dm® Wh™!
and k, = 0.34dm® Wh™!

are the rate constants for formation and decomposition, respectively, of NHj;.
Since a glow discharge in N, + H, mixtures exhibits emission lines due to NH 2
the ammonia is formed by the addition of a molecule of H, to NH:

NH + H, » NH? ©)

The NH?¥ molecules formed by reaction (6) have excess energy which must be
removed for their stabilization, perhaps by quenching of the reaction mixture
to low temperatures 27, Otherwise, they will be destroyed by the reaction with H
atoms:

In fact emission lines due to NH, have been reported 2. The values of k, and k,
suggest that reaction (7) was preponderant over reaction (6) under the given con-

ditions. From the synthetic point of view a pressure of 100 torr appeared to be

8
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optimum and a gas composition of N,:H, = 5:1 was reported somewhat un-
expectedly to result in the highest NHj; yield 28,

2.2.2 Decomposition of Ammonia

In a dc discharge in ammonia significant amounts of hydrazine were formed only
in the positive column 2°-3*®, This is to be compared with the observation 2* that
the concentration of NH, was a maximum in the negative glow and evenly
distributed in low concentration in the positive column of a discharge in N, + H,
mixtures. Such selective distribution of reaction can be taken advantage of in
avoiding hydrazine formation during ammonia synthesis.

In closed systems 3" pressure changes during the discharge were found to be
associated with a decrease in the average energy of electrons (Fig. 7). The electron
energies were measured by the double floating probe method using W probes .05 mm
in diameter. However, the decrease of the average energy could not be attributed
solely to the increase of gas pressure because the decrease of T, should be slower
on the basis of the experimental data (curve d, Fig. 7) corresponding to the initial
instants during discharge and to different initial pressures. It was explained 32:3%
by a change in the composition of the gas on formation of negative ions as a
result of the attachment of electrons to amnmonia molecules. The decomposition
of ammonia molecules presumably decreased the concentration of negative ions
and lowered the diffusion coefficient of electrons and their average energy. Similar
results were reported ** for a glow discharge at 30 mA, in which T, and E/p
decreased continuously with the duration of discharge.

Simonyan et al. > have determined the energy distribution function for electrons
in a glow discharge in NH; under flow conditions using a probe made of Pt wire
0.1 mm in diameter. In Fig. 8 the normalized energy distribution functions for
electrons in the ammonia plasma are compared with the Maxwell distribution
functions for the given average energy. When the gas flow rate was increased
from 4 to 10 dm® h™?, a slight alteration of the distribution function was observed

08 12

Te, €V

0 50 160

Fig. 7. Time variation of (a) the overall pressure p,...;, (b) the partial pressure of ammonia pyy, and
(c) the average energy of electrons T, during an 80 W discharge at 39 MHz. Curve (d) represents the
variation of the average energy associated solely with the increase of the overall pressure **)
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in the range of energies up to 8 eV, while the average energy of the electrons
remained 6.05 eV. At high gas flow rates, an inflection or an additional maximum
appeared on the distribution curves; the fraction of slow electrons decreased (in
the range 0.5-5.5 eV) with a consequent increase of the average energy. The distri-
bution functions were used to calculate the rate constants shown in Fig. 9 for the
excitation of NH; by electrons:

Evidently with an increase of the flow rate both the average electron energy € and the
rate constant r for the excitation of NHj; increased. Since n, (=3 x 10° cm™3) under
the experimental conditions varied only within the limits of experimental error,
the decomposition rate constant k, (= rn,) must depend on the specific energy
U/v of the discharge.

A study *> of the plasma decomposition of NH; in a 50 Hz glow discharge showed
that the relation between the overall degree of conversion of ammonia and the

10
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specific energy are similar over a wide range of currents (0~80 mA) and pressures
{050 torr), while the vields of N,H, can differ appreciably (Fig. 10). In general
the yield of hydrazine decreased with increase of pressure and this was attributed to
its decomposition in the discharge. However, the results also suggested that hydrazine
is not an intermediate in the decomposition of NH; to the elements in the electric
discharge and the synthesis of hydrazine and the formation of N, and H, proceed
via parallel reactions involving NH and NH,; or two NH, radicals. A kinetic cal-
culation showed that the decomposition of ammonia is a first order process which
indicated that the primary step is the excitation of the ammonia molecule on
collision with an electron (reaction 8).

In another study 3® at low pressure (p < 2 torr) the vield of hydrazine was found
to decrease with residence time in a discharge which emitted both H and NH, lines
(Fig. 11) suggesting that the combination of NH, radicals leads to either N;H, or
NH and NH;. Photoelectric measurements >” of NH, absorption as a function of
time following an rf discharge pulse through ammonia showed that the kinetics
of NH, disappearance to form hydrazine is second order with a rate constant of
~2.3x10° dm® mole™* s, From the synthetic point of view the yield could thus be
increased by reducing the residence time of the hydrazine in the discharge in agree-
ment with the general premise of hydrazine degradation in the discharge 3®. When
the flow rate is high the formation of N,H, may be occurring primarily in the
cold trap so that there is no opportunity for the discharge to affect the decomposition.
An alternative explanation 3% is based on the reaction

N2H4 + H = NH3 + Hz (9)

11
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Fig. 11. Percent decomposition (A) of NH; and N,H, yield (y) as a function of residence time (t)
of NH; in the discharge. Inset shows the relative intensity of H, (4341 A) emission at 49.5 mA and
1.7 torr 3

and is supported by the increase in H atom emission intensities with residence time
(inset Fig. 11).

In yet another study *® in the pressure range 540 torr, but using a capacitively
coupled rf discharge, the decomposition of NH; followed an apparent zero order
kinetics which was interpreted on the basis of a kinetic mechanism involving vibro-
rotationally excited molecules. Figure 12 shows the degree of conversion of NH;
as a function of the mean residence time within a tubular reactor. Simultaneous
spectroscopic measurements at different positions along the reactor axis showed

Fig. 12. Power dependence of the degree of conversion o of NH; (p = 20 torr) as a function of the mean
reidence time . Curves a, b, ¢, d and e for power densities of 1.5, 2.5, 3.5, 4.5 and 5 cal/cm? s, respec-
tively. Inset shows rate constant k (s™') of the primary step of NH; decomposition as a function
of power density at pressures of (1) 5, (2) 20 and (3) 40 torr *¥
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a remarkable disequilibrium existing between the various degrees of freedom: the
vibrational temperatures, which were determined from the relative values of the
band intensity of the sequences Av = +2, +1, —2 of the system N,(CI1, — B*I1),
had a mean value of T, = 3500 K ; rotational temperatures, which were evaluated
from the relative values of the rotational line intensities of the vibrational band
(0, 0) of the NH(c'IT — a'A) system and (0, 2) of the N,(CI1, — B®II,) system
had a constant mean value of Ty = 2000 K. Both temperatures were independent
of the axial position and power density.

The variation of the intensity of NH along the axis was found to be typical for an
intermediate species while those for N, and H, were typical of species whose con-
centration increased with residence time (Fig. 13). Values of the rate constants,
derived from the slope of the plots of Fig. 12 are shown in the inset as a function of
the power density; these values are several orders of magnitude higher than those
usually reported for thermal decomposition of ammonia. Since emission due to NH,
could not be assigned and measured with certainty, it was not possible to discrimi-
nate between the mechanisms:

NH%f - NH + H, (10)
NH#f - NH, + H (1)
Nevertheless it was shown that a reaction scheme including either of these steps
would lead to a zero order kinetics depending on the value of the rate constant for

dissociation of hydrogen. Possibly both mechanisms were operative under the ex-
perimental conditions.

Fig. 13. Intensity I of N, (C*II, — B°I1,) (dashed
lines), NH(A®I — X3Z7) (solid lines) and
H,(G'EZ} — B'E}) (broken line) in arbitrary units
along the reactor axis d at various power densities.
O, &, %, @ represent 0.44, 0.75, 1.3 and
2.13 cal/om® s, respectively %
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Other spectroscopic studies 4! "*4 of the glow discharge in ammonia have con-
firmed that the reaction

predominates in the plasma synthesis of hydrazine. Since decomposition of ammonia
molecule in the discharge to NH and H, involves the formation of only one NH(*A)
for every three NH(3Z) which are inactive in the synthesis of hydrazine **, the hydra-
zine yields will be low as found experimentally. In an ac discharge in ammonia the
relative intensities in the rotational structure of the electronic transition NHCIT — 3%)
gave temperatures in the range 6001400 K (evidently close to the temperature of the
gas) which fell only slightly with increase in specific energy *. Considerable changes
in the yield of hydrazine (Fig. 10) with variation in the specific energy while the gas
temperature changed very little indicated that thermal activation plays a negligible
part in the synthesis of hydrazine in the discharge. Furthermore, a calculation +¥
shows that the thermodynamic equilibrium concentration of hydrazine at 600 K
is ~2x 1077 vol %, whereas the reported concentrations are ~0.5 vol %.

In the same studies **’ a determination of the vibrational temperature from the
relative intensities of bands in the second positive system of N, gave values in the
range 2200-5000 K which did not change with increase in specific energy. Since
the rotational temperature, probably close to the gas temperature, was almost 909
lower than the vibrational temperature, the plasma was non-isothermal under the
experimental conditions which favored hydrazine formation. The non-equilibrium
population of the highest vibrational levels of the nitrogen molecule has been
adduced *¥ as indirect confirmation of the theory of energy catalysis (see Sect. 3).

3 Homogeneous Catalysis

In this section we consider the enhancement of chemical conversion and product
selectivity due to a foreign gaseous substance added to the plasma. Such a catalytic
or sensitizing effect under homogeneous conditions has been attributed to energy
transfer or charge transfer from highly excited and ionic species of the additive
gases *¢). Typical additives which have been studied include the noble gases, H,,
N,, H,0, CO, and Hg. An unequivocal relation between the degree of catalysis
and ionization potential has, however, been observed only in the case of the noble
gases.

3.1 Noble Gas Plasmas

In an attempt to elucidate the fundamental activating process of homogeneous
catalysis in plasmas Rubtsova and Eremin *7-*® studied negative corona discharges
in xenon whose electrical characteristics are very sensitive to changes in gas com-
position ****%. A dc corona discharge was produced in a static system at a negatively
charged pointed Pt electrode 0.2 mm in diameter separated by a 6 mm gap from a
flat nickel-plated anode 20 mm in diameter. The threshold voltages in mixtures of
xenon with O,, CO,, N,, and air are shown in Fig. 14 as functions of concentrations
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air
3k 0
< CO;
- -
x
2k 12
— 1z
N Fig. 14. Threshold (initial) voltage (kV) of the nega-
2 tive corona discharge in a mixture of xenon with
added O,, CO,, N, and air (vol %) at 500 torr 4748

vol %

of O,, CO,, N, and air, respectively. Air, like O, and CO,, increased the threshold
voltage, whereas N, lowered it over the pressure range 250-570 torr.

Since the corona discharge was not observed in spectroscopically pure xenon
before direct breakdown of the discharge gap occurred, it was concluded *” that
the presence of molecular gases is essential to the formation of a negative corona
discharge in xenon. Some gases (O,, CO,, air) form negative space charges which
can carry the current in the outer region of the corona. Under these conditions
the threshold voltage increases with the magnitude of the space charge and with
decreasing mobility of the constituent ions. On the other hand, in the presence of N,
negative space charges are not formed, and the current is carried to the anode
(outside the immediate vicinity of the pointed electrode) by the slow electrons
formed by inelastic collisions with the particles of the molecular gases. That the
effect of CO, on the threshold voltage of the corona is weaker than that of O, is
unexpected, since CO, is heavier and has a higher electron affinity.

3.2 Plasmas in Diatomic Gases

3.2.1 Hydrogen Plasmas

Plasma dissociation of hydrogen has been studied extensively . However, little
is known about the catalytic effects on the dissociation under homogeneous condi-
tions. The effects of oxygen and water vapor have been discussed 3':°, but the
mechanism of the process is not clear. It was suggested that ionization potentials
are important factors in-so-far as the effect of H,O is concerned %,

Zaitsev et al. ¥ determined the distribution function of the energies of electrons
in a hydrogen discharge (p = 0.258 torr, i = 15 mA) and found that the presence
of water vapor and chlorine lead to an increase in the fraction of high-energy electrons
(a secopnd maximum at 10-12 eV of the distribution function). The increase was
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Fig. 15. Variation of the rate of
dissociation of hydrogen with
water vapor concentration. The
curve represents calculated values;
i circles are experimental values 5

0 0.1 1.0 10 100
H,0, %

attributed to a change in the character of the diffusion of electrons in the presence
of negative ions. The experimental distributions and the concentrations of the
electrons were used to calculate > the rate of dissociation of the hydrogen at
various concentrations of water vapor. The experimental rates of dissociation
shown in Fig. 15 were measured by the method of selective absorption of atoms in
a similar discharge. The rate of dissociation is maximum at a H,O concentration of
~0.15% and is approximately three times the rate of dissociation of pure H,.
Clearly, one of the reasons for the effect of additions of water on the yield of H
atoms in a glow discharge is the change in the electron energy distribution function.

The kinetics of the loss of negative ions > showed that increase in the additive
content to 109, is accompanied by change in the recombination coefficient of H
atoms on the wall and increase in the degree of dissociation of the molecules.

3.2.2 Oxygen Plasmas

In the plasma synthesis of ozone from O, + Ar mixture > the degree of conversion
of O, to O, was independent of the composition of the mixture indicating that Ar
does not play any active part in the reaction. However, the concentration of ozone
formed from oxygen in a silent electric discharge was increased by the addition of
N, 37, the maximum concentration being obtained from a N,:0, mixture in the
ratio 1:4 (Fig. 16). The explanation *® given for the activating effect of N, is that

Fig. 16. Dependence of concentration of
ozone on composition of mixture. The curve
is calculated using the kinetic scheme given
in Ref. 5

0 20 40 60 80 100
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it can function as an energy catalyst. The dependence of the intensity of the nitrogen
bands on the composition of the mixture suggested the role of excited N, in the
synthesis of ozone 3. Certainly NO, NO, and N,O; must be formed in these
discharges. In pulsed discharges through air at atmospheric pressure and low flow
rates the effect of NO, poisoning of the ozone production was found to be impor-
tant %, However, in an ozonizer (barrier) discharge under flow conditions the con-
centration of N,Ojs corresponding to the disappearance of O; was greater than the
steady-state concentration of the lower oxides ¥,

3.2.3. Halogen Plasmas

It is found that the dissociation of chlorine and bromine is greatly accelerated by
the presence of He, Ar and Xe %%:¥, Since the increase in the dissociation rate was
associated with a decrease of E/p it cannot be explained by an increase of the average
electron energy. Consequently, it has been proposed that the noble gas atoms in
their metastable states behave as energy catalysts. Energy catalysis is fairly effective
only when the metastable atom X* gives up almost all its energy on collision with
the molecule M, :

X*+M,>X+Mf>X+M+M

That is to say, energy catalysis must depend on the system under consideration.

3.3 Plasmas of Polyatomic Molecules

The plasma dissociation of ammonia was hardly affected by the presence of noble
gases 52:%%) However, the presence of benzene has been shown % to greatly enhance
the production of N; from ammonia. On the other hand, the total decomposition
of benzene is markedly reduced by the presence of ammonia. In this system certainly
there was some chemical reaction between benzene and ammonia. At the electron
energies in the discharge the collision cross section for benzene ionization is higher
than for ammonia ionization so that ammonia is unlikely to ionize in preference to
benzene unless the ammonia is present in large excess.

In the high frequency decomposition of water vapor > Ar was found to be an
inert diluent, but CO, produced a strong inhibitory effect on the production of
hydrogen peroxide in a cold trap ®®. The inhibitory effect could, however, be mini-
mized by hydrogen discharge cleaning suggesting that surface poisoning was also
involved ¢, Brooks and Sambrook ®® have found that the addition of CO, to a
microwave discharge in benzene resulted in a lowering of the reaction rate and a
change in product distribution. A similar effect was reported ® in the microwave
decomposition of cyclohexane: in this case the presence of CO, had a more
pronounced effect on the distribution of reaction products. The carbon dioxide
did not react chemically in any of these systems. Further, the ionization potential
of CO, is higher than that of benzene or cyclohexane.

In the dissociation of CO, ™ and in the oxidation of CO ™" in a silent discharge,
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Ar and He behaved as inert diluents, while N, acted as an “‘energy catalyst”.
However, in pulse discharges of CO,, N, was found to play the role of an inert
diluent ",

The addition of water vapor in the plasma reaction of H, and CO has a strong
inhibitory effect on the production of methane 7>, but He and Ar increased the
conversion of CO to CH, 7. The addition of He accelerated the decomposition of
CH, to a much greater extent than the addition of H, and this was explained by the
fact that He plays the role of an energy catalyst 7* 7", From a mass spectrometric
analysis of ionic reactions in a glow discharge of methane Drost and Klotz ™ con-
cluded that a relatively small catalytic effect is caused by added gases such as He,
Ar, N;, H, and H,O, primarily due to the additional formation of primary ions
such as CH; and CHY by dissociative charge transfer reactions. Such reactions
can occur only if the ionization potential of the sensitizing atoms or molecules is
higher than that of the molecules of the plasma gas. The addition of He to a
N, + CH, plasma increased the intensity of N,H; ions by nearly one order of
magnitude 7. Luk’yanov et al. " have shown that, depending on the composition
of a CH, + CQ, plasma, Ar has different effects on the yields of carbonyl and
carboxy products, behaving in some cases as a catalyst and in others as an inert
diluent.

3.4 Synthesis of Ammonia

The synthesis of NH; has been studied -89 in the presence of metallic vapor. The
effect of Hg vapor was positive, while Zn and Cd gave negative effects (Fig. 17). An
explanation of the positive effect was offered on the basis of the reactions of excited
Hg* (4.8 eV).

[NHa],VO‘% —
- [®4]

©
1

Fig. 17. Yield of NHj as a function of specificenergy for
different metallic vapor catalysts 7®

i 1
100 200
U/v,Wh/dm3
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4 Heterogeneous Catalysis

In this Section we consider the enhancement of plasma-chemical conversion and
product selectivity due to a foreign substance in the solid phase. The substance
may be placed in the plasma, in the spatial afterglow, in a cold trap for collecting
the products or in all of these regions. Typical solids which have been used include
several transition metals and some of their oxides *). It appears that there is some
connection between the degree of catalysis and the electron work functions of the
metal catalysts. So far as conventional catalysis is concerned attempts to correlate
the electronic factor with catalytic activity and chemisorption — the precursor of
catalysis — has largely been unsuccessful (see Sect. 6).

4.1 Catalytic Effects Occurring in the Plasma Zone

Heterogeneous catalytic effects in the plasma zone may arise from impurities and
coatings on electrodes, packing materials, grids placed in the inter-electrode space,
and coated walls of the discharge tube. Such effects have been studied mainly in
connection with the syntheses of O;, H,0,, NO, NH;, N,H, and CH,.

4.1.1. Effects Due to Materials on Electrodes

Besides supplying a contaminant to the plasma volume the electrodes may influence
the reactions occurring therein by either accelerating or retarding their rates. A
typical case under study for several decades has been the plasma synthesis of ozone.

4.1.1,1 Ozone Synthesis

As early as 1908 Warburg and Leithaeuser ®? reported that ozone concentrations and
energy vields from an ozonizer containing a gold-plated metal electrode were lower
than those obtained from an all-glass ozonizer. Later Starke ®® found that the
concentration of ozone produced in an ozonizer with an Al electrode is only one-
half that obtained in an all-glass ozonizer. More recently the use of a number
of other metals for electrodes has been reported 3+ 7% These include Fe, Mg, Zr,
Hf, Va, Nb, Ta, Cr, Mo, Ti, stainless steel, Duralumin and anodized Duralumin.
However, the steady-state concentrations of ozone were very similar for all the
metals, at a level approximately one-half that achieved in an all-glass ozonizer.
A possible explanation of this effect is that the oxide film formed on the metal
surface during the plasma synthesis of ozone has no catalytic action and, therefore,
roughly equal concentrations of ozone are produced on all the metal electrodes.

A metal ozonizer with a polyester rather than glass dielectric barrier gave higher
ozone concentrations (40-50 vs 20 gm~3 air) and lower energy consumptions %7,
A kinetic treatment of the data has shown that in both types of ozonizers the rate
of ozone destruction is of the same range, but the rate of production is higher in the
ozonizer with a polyester layer. Naturally, the metal ozonizer has the additional
advantage that is is less sensitive to shock and mechanical damages than glass
OZONIZEers.

Salge and coworkers ®® have measured the local ozone distribution within the
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discharge gap using the relative absorption at A = 254 nm. They observed an
increase of the local ozone generation towards the glass dielectric. The increase was
dependent on the voltage steepness applied to the ozonizer: smaller values reduced
the effect and at sine waves the ozone concentration at the dielectric was remarkably
decreased. It has been pointed out ®? that the beneficial effect of the short voltage
pulse is a reduction in the ozone decomposition which otherwise occurs via electron
attachment and a rise of the temperature.

4.1.1.2 Hydrogen Peroxide Synthesis

Surface and catalytic effects in the reactions of dissociated hydrogen-oxygen
systems and the products condensed therefrom have been previously reviewed %%,
Semiokhin et al. °® observed that the fraction of initial oxygen converted to H,0,
and the useful consumption of oxygen fell when a glass-metal (Al, Ni or Sn) ozonizer
was used instead of an all-glass one. In these experiments at 1-3 atm the formation
of water was found to be a catalytic process occurring on the metal electrode surface
rather than one determined by the specific energy. Since aluminium gives an oxide
which is very difficult to reduce, it is probable that the formation of water in the
discharge is catalyzed by metal impurities in the aluminium, e.g. Fe, Zn or Cu.

4.1.1.3 Hydrazine Synthesis

The experiments °*-9 were made with ammonia using an all-glass ozonizer the

surface of the inner electrode of which was deposited with a thin film of a metal.
The metals used were Pt, Pd, Ni, Au and Ag. With recirculation of the gas mixture
at a pressure close to atmospheric steady-state conversions into hydrazine as high
as 13.59, were attained with Pd which is an increase in the N,H, yield by a factor
of ~4 (Fig. 18). The overall conversion of ammonia and the formation of N, and H,
were almost independent of the metal coatings (Fig. 18) suggesting that hydrazine
is not an intermediate in the decomposition of NHj; into N, and H,. Therefore, it
seems that there are two independent reaction pathways: the formation of hydrazine
which is a surface reaction that is dependent on the state of the electrode surface

,....——-&g.Au,N: -soo\,f

- — by

T

430 &

glass >
! 0 Fig. 18. Comparison of the effects
of metals on the decomposition
601 metals A%, of NH; (botiom) and on the
° glass formation y % of N;H, and N, -+H,
°%, (top) as final products in a barrier
z 301 discharge at p = 636torr and i
< = 12.5 mA. The catalysts used were

0 \ \ Pt, Pd, Ni, Au and Ag

05 10
Ut, kWh
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(actually a part of the walls of the discharge tube) and the decomposition of NH;
into N, + H, which is a homogeneous reaction that is independent of the state
of the electrode surface. Presumably the metal coatings retarded the decomposition
of N,H, in the gas phase by accelerating the recombination of hydrogen atoms.

The decomposition of ammonia in these experiments®® was retarded by the
addition of H, and accelerated by N, and Ar to about the same extent in the
absence of catalysts, as in the presence of silver. This was taken as evidence that the
decomposition is mainly a gas phase reaction. On the other hand, the formation
of N,H, was retarded by N, and H, to a considerably greater extent in the absence
of catalysts than in the presence of Ag. Argon somewhat accelerated the formation
of hydrazine in a reactor containing Ag, but retarded it in the absence of metals.
Thus the formation of hydrazine appeared to be associated with the walls of the
discharge tube. It was concluded that the inhibiting effect of H, and the accelerating
_actions of N, and Ar are spatial in character, probably consisting in the deactivation
of excited NH; molecules by H, and in their activation by Ar and N,.

4.1.1.4 Ammonia Synthesis

The effect of metal catalysts on the synthesis of ammonia at atmospheric pressure
has been investigated ¥ in a circulating system using an all-glass ozonizer supplied
with 13 mA curremt at 500 Hz. The catalysts were wires made of Pd, Pt, Fe, Cu and
Ni. About 21 m of 0.1 mm diameter wire was wound over the entire length of the
inner electrode, the separation between the turns being ~1 mm. Compared with
clean glass an increase of ammonia concentration including the steady-state value
[NH,],,, was observed in the presence of the metals, the catalytic activity decreasing
in the order Pd > Pt > Fe > Cu > Ni. In contrast to the conventional catalysis,
here the activity is not estimated from the increase of the rate (rate constant) but
from the increase of the steady-state concentration, which remains unchanged
in the usual type of catalysis.

A linear relationship was found between the catalyst activity and the electron
work function @. A heterogeneous ionic mechanism (Sect. 4.1.1.5) was proposed %9
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to account for the results: The Nj ion which is discharged at the cathode displaces
an electron and dissociates in the adsorbed state, forming N(ads) which reacts
with H and H, from the gas phase:

N3 e, 2 N(ads) (13)
N(ads) + H — NH(ads) —2» NH,(ads) - NH,(g) (14)

Possibly, for a larger ¢ the N7 ion expends a greater part of its energy on the
extraction of an electron from the lattice and displacement of another (which
migrates to the plasma), the energy being otherwise consumed in the raising of
temperature and desorption of atoms.

Table 2 lists the values of the kinetic constants calculated using the equation

[NH;] = (k,/k;) [1 — exp (—k,Ut);] (15)
Table 2. Steady-state concentrations of ammonia and the kinetic constants for its formation (k,)

and decomposition (k,) at atmospheric pressure in the presence of catalysts on the electrode
surface *

Catalyst [NH;],, Relative 10° dm® NH,/Wh ki /k,
increase
%% 3 k, k,
— 0.60 — 335 5.52 0.60
Pd 1.60 2.67 427 2.69 1.59
Pt 1.28 2.13 4,78 3.46 1.38
Fe 1.03 1.72 6.35 6.33 1.01
Cu 0.93 1.55 5.27 5.60 0.94
Ni 0.92 1.53 5.78 6.48 0.89

where the energy consumed (Ut); was assumed to be the product of the discharge power
U and the duration t of the experiment at constant current i. According to the
kinetic analysis the catalysts investigated can be classified into two groups:

1} Pd and Pt and

2) Fe, Cu and Ni.

An increase of the rate constant for the formation of ammonia by a factor of ~1.5
with a simultaneous decrease of the decomposition rate constant by ~ 1.5-2, compared
with the constants for clean glass, are characteristic of the first group. For the
second group of metals, the formation rate constant increases by a factor of 1.5-2,
while the decomposition rate constant does not change in the presence of Cu and
actually increases slightly in the presence of Fe and Ni. It is interesting to note
that Fe, which is the usual catalyst for the synthesis of NH,, gives rise to the highest
formation rate constant but not the highest yield.

In another series of experiments ®* palladized Pd and platinized Pt wires obtained
by electrolyzing in PdCl, and H,PtCl, solutions were found to be more active than
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Fig. 20. Variation of the concentration of
ammonia with the energy consumed for Pt,
platinized Pt, Pd and palladized Pd catalysts **

Ut, kWh

Pd and Pt wires, respectively (Fig. 20), perhaps due to their large surface areas
and to vigorous recombination of H atoms on these metals. On clean glass, the
maximum concentration of NH; was reached for the stoichiometric N, + 3 H,
mixture; on palladized Pd for N,:H, = 2:3 (Fig. 21). The displacement of the
maximum concentration of NH; towards N, has been explained on the basis of
an increase of the concentration of N; ions which are discharged on the surface
of the metal and dissociate in the adsorbed state forming the N atoms necessary for
NH; formation.

2
< Pd-Pd
©
L
T
=
= G\0S2
Fig. 21. Variation of [NH,],; with the composition
of the initial nitrogen-hydrogen mixture for
. 1 . | clean glass and palladized Pd as catalyst **
0 L0 80
Hz ) vol %

4.1.1.5 Heterogeneous Ionic Mechanism

The role of positive ions in plasma synthesis is best understood from studies of
ammonia formation where a Pt catalyst in the form of a strip of gauze wound into
a tight roll was fitted into the cavity of hollow water-cooled copper electrodes 7.
Figure 22 shows the variation of the concentration of ammonia with the specific
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Fig. 22. Variation of the concentration of
ammonia with specific energy of the glow
discharge in the presence of Pt catalyst at
the cathode (solid line) or anode (broken
line) for electrode separations of (1) 10
0 and (2) 20 mm, respectively *”
100 200 300
U/v, Wh/dm3

energy U/v. When the catalyst was placed in the cathode the steady state concen-
tration of NH; was the highest, which fact supports the heterogeneous ionic mecha-
nism. When the catalyst was placed in the anode, the yield of ammonia decreased
appreciably — by a factor of 2 and 3 at the inter-electrode separations of 10 and
20 mm, respectively. Perhaps with increase of the distance between the electrodes,
the N atoms formed on the cathode find it more difficult to reach the catalyst-anode.

In the oxidation of nitrogen °®-°% Pt and Fe catalysts placed on the anode has no
significant effect on [NO),,. If the catalysts were placed in the cathode the yield of NO
increased appreciably (Table 3). Similarly, studies 1°°-1°® of the synthesis of hydro-
carbons from graphite and hydrogen in a dc glow discharge established that bom-
bardment of the graphite surface by energetic ions enhances the reaction rate.
Similar applies also to other systems (see Sect. 5.2). In the gasification of graphite
and coal by CO, °V the highest steady state concentration of CO was obtained
in experiments with the carbon placed on the cathode rather than on the anode.

Table 3. Comparison of {NOJ,, for catalyst on the same electrode used as cathode or anode %8-9%

P No catalyst Cathode Anode
torr Pt Fe Pt Fe
50 0.19 4.50 2,67 0.58 0.51
75 1.53 442 2.77 1.75 1.81
100 2.50 5.49 4.07 319 293
4212 — 6.49° — 5.12°

* Values for discharge current of 200 mA ; otherwise 100 mA was used.

4.1.2 Effects Due to Materials in the Inter-electrode Space

4.1.2.1 Ozone Synthesis

The rate of formation of ozone in an oxygen plasma at atmospheric pressure
increased when the ozonizer was packed with materials such as soda glass, TiO,,
2 MgO/Ti0,, BaTiO; and 95 BaTiO;/5 Sn0, 1%, A linear relationship was found
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between the discharge current and the ozone formation rate with and without
packing (Fig. 23) and it is independent of the value of the dielectric constant of the
packing materials (Fig. 23). The ozone concentration was a maximum at a certain
value of the dielectric constant (<10 for soda glass) and was independent of the
dielectric ¢onstant (> 10 for all other materials used) at the higher values of the
current (inset Fig. 23).

4.1.2.2 Hydrogen Peroxide Synthesis

Morinaga '°® found that packings such as soda glass, MgO, TiO, and BaTiO,
destroyed H,0, whereas B,0; and H;BO; did not affect the peroxide yields from
dissociated oxygen-hydrogen systems at atmospheric pressure in borosilicate (Pyrex)
ozonizer tubes. This suggested that catalytic effects and not surface-to-volume ratio
is significant in the decomposition of H,0,. In low pressure sysiems Brunet et al. 1%
have reported similar surface and packing effects on the formation of H,O, from
dissociated water vapor. At first it was suggested 1°%-1%9) that the oxygen evolution
from condensed products in these systems was due entirely to peroxide decom-
position by impurities such as silica and metal particles from the discharge carried
over by the gas stream. Subsequently, it was proven 197-19® that neither catalytic nor
stoichiometric decomposition of peroxide could account for the evolved oxygen.

4.1.2.3 Hydrazine Synthesis

When solid NaOH or KOH was introduced *® into the space between the electrodes
in ~5Smm lumps and a discharge in ammonia was operated at 5torr and 5 mA
the hydrazine content increased by a factor of about seven (Fig. 24). However, the
continuous operation of the discharge caused the catalyst to melt. With intermittent
operation of the discharge 1'% the catalyst did not melt and the degree of conversion
into hydrazine reached ~15%,, double that obtained with a continuous discharge
(Fig. 24). The effect was explained by assuming that the formation of hydrazine
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Fig. 24. Dependence of the degree of conversion v of
ammonia into hydrazine on specific energy (i = 5 mA,
Pruy = 5 torr) for (a) intermittent and (b) continuous
discharges with NaOH as catalyst. Curve (¢) is for con-
tinuous discharge in the absence of a catalyst ''”
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involves the reaction between ammonia molecules sorbed on the catalyst surface
and the NH radicals in the gas phase, which were observed spectroscopically:

NH, (ads) + NH — N,H, (ads) (16)

Surely the mean surface coverage of the catalyst with NH; molecules is higher
during an experiment with an intermittent discharge than with a continuous
discharge under similar conditions.

Spectroscopic investigations “>** also showed that the introduction of the solid
alkali did not lead to an anomalous population of rotational levels in NH but raised
the vibrational temperature from ~3000 K to ~4000 K. It was suggested that the
recombination of ions, presumably N5, on the catalyst surface leads to an increase
in the number of nitrogen molecules at high levels of vibrational excitation. However,
the location of NaOH catalyst at the cathode or anode does not influence significantly
either the decomposition of ammonia or the synthesis of hydrazine (Fig. 25) 'V,
This suggested that ions do not play a significant role in the synthesis of hydrazine
on the surface of solid alkali.

Fig. 25. Variation of the degree
of conversion A of ammonia
and conversion y into hydrazine
with specific energy (i = 10 mA,
p = 3 torr) for the catalyst (a)
on the anode and (b} on the
0 cathode 'V

0 L | : i L i
8 16 24
U/v, Wh/dm?
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The replacement of the basic alkalis by acidic silica gel reduced the vield of
hydrazine almost to zero '°®, Therefore, the basic properties of the catalyst are the
main factors in its action to increase the hydrazine yield. Thus the replacement of
NaOH by KOH does not alter the catalyzed reaction significantly.

In a low pressure (1-40 mbar) plasma produced by an inductivly coupled rf
discharge Rapakoulias et al. * found that the rate of decomposition of ammonia to
N, and H, was increased very much by the presence of W or Mo. Further, the catalytic
effect increased with increasing degree o of nonequilibrium in the plasma (Fig. 26):

a = (T, — TH(T, + Ty (a7

where T, and T, are the vibrational and translational temperatures in the plasma.
A spectroscopic analysis of the gas in the close vicinity of the catalyst surface showed
the existence of a boundary layer in which the vibrational excitation of N, is signi-
ficantly higher than in the bulk plasma. It was concluded that in this boundary a v-v
transfer is occurring from the desorbing N, to the adsorbing NH,. This feedback
transfer surely will increase the efficiency of dissociative adsorption of NHj; leading
to the observed catalytic effect.
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z Fig. 26. Variation of the decomposition rate of
NH, as a function of the degree o of nonequilibrium

: \ in the plasma
40
0.5 0.7 09

4.1.2.4 Ammonia Synthesis

The catalytic effects of Pt, Ag, Fe and Cu gauze formed into rolls and introduced
directly into the interelectrode space, where they were exposed to the discharge
plasma in N, + H, mixtures, have been investigated 79%9%),

Some of the experiments ***®) were done at pressures of 50 and 100 torr and gas
flow rates 1-50 dm® h™!. Under the influence of the discharge alone, a steady-state
concentration of ammonia was attained fairly rapidly at relatively low values of U/v
(Fig. 27), but in the presence of a catalyst a steady state was not attained presumably
due to the experimental conditions which did not provide sufficiently high specific
energies. Therefore, for experiments with catalysts the steady-state concentrations
of NH, shown in Fig. 27 were obtained by circulating the gas in a closed system.
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Table 4. Steady-state concentrations of ammonia and the kinetic constants for its formation (k)
and decomposition (k,) at low pressures in the presence of catalysts in the interelectrode space °3'#

Catalyst [NH,].. Relative dm’® NH,/Wh ki/k,
increase
% 8 k, K,
— 0.75 — 0.106 0.141 0.75
0.36 — 0.139 0.356 0.39
Pt 12.22 16.3 0.413 0.034 12.15
9.6 26.6 0.311 0.032 9.72
Ag 6.5 8.68 0.371 0.057 6.51
5.55 15.4 0.198 0.036 5.5
Fe 4.6 6.15 0.354 0.077 4.6
4.53 12.6 0.158 0.035 4,52
Cu 3.15 4.2 0.235 0.073 3.22
2.3 64 0.203 0.089 2.29

* Two sets of values given correspond to initial pressures of 50 and 100 torr, respectively.

Table 4 shows that the activity of the catalysts varied in the sequence Pt > Ag > Fe
> Cu. The rate constante for the formation (k;) and the decomposition (k,) of
ammonia were calculated using eq. 15. In the presence of catalysts k, exceeded k,,
sometimes by an order of magnitude, but without catalysts k, was significantly
lower than k,. This indicated that the displacement of the steady state was due to
different effects of the catalyst on the rates of formation and decomposition of
ammonia in a plasma. The linear relation (Fig. 19) between catalyst activity and the
electron work function ¢ was adduced as evidence in support of a heterogeneous
tonic mechanism (Sect. 4.1.1.4).

In a recent. investigation *” at a lower pressure (=10 torr) using an Fe catalyst
a relative increase (4-5) in NHj; yield comparable to those reported in Table 4 for
the higher pressures was found. Further, it was found that the temperature of the
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Fig. 28. Effect of Fe catalyst tem-
06k perature on NH; yield in a discharge

’ at 8 mA. (a) Fe in the plasma zone;
(b) plasma gas passed over Fe.
Open points for py, = 3 torr and

/——*\ ® Pu, = 6 torr; closed points for

] 1 pn, = 6torr and py, = 3 torr n
600 800

NH3, mmol/h

TK

catalyst is an important parameter in optimizing the NH; yield (Fig. 28). Analysis
of the plasma emission before and after the catalyst zone revealed an increase of NH
and NH, concentrations suggesting a heterogeneous radical mechanism leading to
ammonia formation:

NH + H, - NH? (6)

The low steady-state concentrations of ammonia in the discharge in experiments
without a catalyst was taken as evidence that the large excess energy of NH¥
molecules is removed more effectively on metallic surfaces than homogeneously
by triple collisions.

Introduction of solid KOH in the space between the electrodes increased the
concentration of NH; by a factor of 18 at U/v = 240 Wh dm ™3 2. In these experi-
ments at ~3 torr and 2040 mA the melting of the catalyst was avoided by using an
intermittent discharge, which operated for 1s with a 4 s interruption. Certainly,
a part of the increase in NH; yield should be attributed to pulsing of the discharge
which is known to minimize product decomposition. Further, decomposition reac-
tions such as

were probably suppressed because H atoms on the surface of the hydrated alkali
may be eliminated by formation of hydrated electrons:

H + OH™ (aq) — ¢ (aq) + H,0 (18)

4.1.2.5 Nitric Oxide Synthesis

The catalytic oxidation of nitrogen
N, + 0, =2NO M

has been studied in a glow discharge with electrodes '**~*'%) and electrodeless dis-
charges 116117,
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The glow discharge experiments 1**711% were performed in a flow-circulation
system at a current of 35 mA. The catalyst consisted of rolled up metallic gauze of
Pt, Cu, Ag or Fe and CuO placed in the positive column of the plasma. For a stoichio-
metric mixture of N, and O, the variation of the percentage of NO with specific
energy is shown in Fig. 29. In terms of their activities the catalysts exhibited the
following sequence: Pt > CuO > Cu > Fe > Ag. The effectiveness of the metal
gauze appeared to relate linearly to the electron work function ¢ (Fig. 30) and to
support a heterogeneous ionic mechanism involving N5. The rate constants for
the forward (k) and reverse (k;) reactions calculated using eq. (2) are given in
Table 5. It is readily seen that the formation rate constant k; increases in the presence
of the catalysts, while the decomposition constant k, diminishes, which leads to an
increase of the ratio k,/k, = [NOJ.

The relative increases in the steady state concentration of NO for different
reaction mixtures given in Table 6 show that a stoichiometric mixture over Pt

i P
104 Fe CuAg Pt

A
A R A
$ .4 Fig. 30. Variation of [NOJ, with

electronic work function ¢ of the
catalyst for different compositions
of N, and O,. Shaded points represent
values of [NOJj, for oxide catalysts
at @ for the corresponding metal.
[ for N;: 0, >~ 1:4; O, 4:1 and A,
0 i | | 1:1 mixtures 1137119
45 5.0 55
P, eV

INOJ, %
[6:]
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Table 5. Steady-state concentrations of nitric oxide and kinetic constants
for a stoichiometric nitrogen-oxygen mixture at 50 torr in the presence
of catalysts in the interelectrode space !4

Catalyst INOL., % dm® NO/Wh Kk /k;
- 2.10 0.17 0.08 2.1
Pt 8.98 0.44 0.049 8.98
CuO 7.80 0.38 0.049 7.78
Fe 6.40 0.25 0.039 6.4
Ag 6.10 0.22 0.036 6.1
Cu 7.03 0.27 0.038 7.03

is the best choice for producing maximum NO under plasma catalytic conditions.
Although the noncatalyzed reaction was found to be pressure dependent, the
catalyzed reaction was independent of pressure. This was explained by the fact
that the reaction in the discharge in the presence of catalysts is determined mainly
by the number of N ions discharged at the cathode, which is independent of the
pressure. Since Townsend’s second coefficient is small (~0.02) under the conditions
of these experiments the number of N ions undergoing discharge can be found
directly from the current. Table 7 shows that the number of NO molecules formed for
each N3 ion in the presence of the catalysts is higher than in the experiments without
catalysts and increased in the same sequence as the activities of the catalysts.

To explain the dependence of NO yield on composition a mechanism was pro-
posed 1'% in which N; ions play an important role. In the case of air the mechanism
included reactions for the decomposition of NO: 118

NO + e~ —» NO~ (19)
NO~ + NO - (NO); (20)
(NO); =N, + 0, + ¢~ @en

With stoichiometric mixture there is an increase of the oxygen concentration in the
mixture which prevents the decomposition of NO. This is evident from the analysis
of the kinetic constants (Table 6): k, does not change on passing from air to a
stoichiometric mixture, while k, greatly diminishes, that is, the reaction

(NO); + O, - 2NO + 05 22)
is preponderant over the reaction:

O+ +M-0; + M (M = 0, or N) (23)
In the case of the 1:4 nitrogen-oxygen mixture reaction (23) was preferred over
reaction (22), since a large amount of O, in the mixture promotes a more complete
utilization of the Nj ions, which can be seen from the increase of k; for the N,: 0, =~

2 1:4 mixture compared with the stoichiometric mixture and air.

31



UM/ON (WP s2 UsAID) o
STONI U1 aswaIOUI 9ATIR[RI 3Y) Q SB USALD) ,

8€0°0 A $¢°E 0s e]
vL00 LYo 8¢ - - - - - - 0 048y
780°0 95°0 8L°€ - — - - — - 05
780°0 95°0 09 - - - - - - §T 0°d

- - - - - - 1K} 620 791 001
- - - 6£0°0 ST0 So'€ 10 €0 9%z 0 ad
- - - - - - 980°0 0£0 161 001
- - - 9£0°0 770 06T 60°0 €0 87T 08 sy
$80°0 LSO §TT 990°0 9¢°0 L9°¢ 1] $€°0 61 001
$80°G L5°0 €LE 6v0°0 8€°0 1L 80°0 €0 LT'E 08 o
- - - - - - 010 050 SLT 001
10 L0 (1% 6¥0°0 50 8T'L 9600 80 L6€ 05
10 Lo £9 SP0°0 or'0 9¢°L - - - §T W
oy o Q oy Rl e 2| 'y ¢ 1oy
STO 1 ¥y = T0/'N d 1s4e3ED)

Mundiyath Venugopalan, Stanislav Vepiek

(s11— g1y SIMIXIW wsdLxo-usBomu jo suonsoduroo JUBIAYIP JOJ SIUEISUOD IWRULY pue aoeds apojda[aIaul o) ut paoe[d ,SISA[RIED JO SSIAIOY 9 Aqe L Q



Kinetics and Catalysis in Plasma Chemistry

Table 7. Number of NO molecules formed for each N ion discharged at the cathode with the catalyst
in the interelectrode space 1137119

Catalyst p= 25torr 50 torr 100 torr

NJ/O, = 4 1 0.25 4 1 025 4 | 0.25
— 1.27 207 1.13 29 26 212 43 21 267
Pt — 515 91 685 636 97 7.64 — —
CuO — — — 46 55 80 59 54 87
Fe — — 7.26 42 367 818 47 - —
Ag — — -— 413 318 6353 46 — —
Cu — — — — 39 — — — —

A steady-state treatment of the mechanism '** showed that in the cases of air
and stoichiometric mixtures the rate of formation of NO is proportional to the
number of N5 ions undergoing discharge on the cathode, that is, to the current.
This is supported by the calculation of the number of NO molecules, formed for each
N ion discharged at the cathode (Table 7). The higher yields of NO molecules
with 1:4 mixture suggested that in this case the rate also depends on O, concen-
tration.

In inductively coupled rf discharges !'¢11" at 0.5-1.5kW WO, and MoO,
exhibited strong catalytic effects in the oxidation of N,: Nitrogen fixation attained
19 9 compared with 8 %; without the catalyst. Analysis of experimental results showed
chemisorption of vibrationally excited N¥ followed by surface reaction with mobile O
of the catalyst to be the rate determining step of the catalytic process. The non-
equilibrium of the plasma accelerated this catalytic mechanism in comparison with
thermal systems. With these catalysts also a significant change in NO yield occurred
with mixtures containing more than stoichiometric amounts of oxygen (Fig. 31).

151
c
.e
g
=10
= W03
© Mo Fig. 31. Variation of % fixation of N, as

QY3 NO with gas composition for WO, and
5 ; | ! MoO; catalysts 119
0 05 1.0 15

4.1.2.6 Hydrogen Cyanide Synthesis

The direct fixation of nitrogen by its reaction with CH, in a plasma has been studied
extensively 1'%, At low pressure hydrogen cyanide, acetylene and hydrogen are
produced 2. A kinetic study '*! of the reaction in the pressure range 5-30 torr
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showed that the slow step is represented by the rate of dissociation of N, in the
discharge. It was proposed *** that thermal dissociation occurs from excited vibra-
tional-rotational levels, the population of which is maintained by the electric field
at values much higher than those corresponding to thermal equilibrium.

In inductively coupled rf discharges at 1-40 mbar N, fixation as HCN increased
very much in the presence of W, Ta and Mo *'23®, Molybdenum was most efficient
and enhanced HCN production by a factor of 509, or more. The catalytic effect
increased with increasing nonequilibrium degree o which is defined by eq. 17
(Fig. 32). A catalysis mechanism was proposed in which the lowest molecular
metastable state of N,(A’E,) or the N, fundamental (vibrationally excited by the
discharge) gain, by chemisorption on the metal, the excess energy necessary for their
dissociation 123,

Hydrogen cyanide is also produced in the plasma reactions of ammonia with
methane '** and with benzene *, Bundles of Ni inserted in a microwave discharge %
in mixtures of benzene and ammonia at a pressure of 40 mbar lowered the total
conversion of benzene, but it had little effect on the conversion of ammonia. The
nickel also altered the distribution of reactant products: the formation of aniline
was enhanced but the formation of HCN and C,H, were reduced.

The presence of hydrocarbons invariably leads to a brownish-yellow polymer
deposit on the plasma walls. Laser action (A = 337 um) is observed in tubes con-
taining this type of deposit if the discharge is maintained in pure H,, H,O or NH,.
Schoetzau and Vepfek '>5 have explained the experimentally observed gain of HCN
lasers in terms of the combined effects of volume processes and wall reactions
— the latter include the formation of excited HCN by the reaction of H atoms with the
deposit formed by discharge-activated polymerization of hydrocarbons in the laser
tube.

4.1.2.7 Reduction of Carbon Dioxide By Hydrogen

The hydrogenation of CO, is the basis of the catalytic purification of technological
gases. Therefore, during recent years increasing attention has been paid to the
plasma reactions of mixtures of CO, and H,. Using a manometric technique and
various proportions of CO, and H, at pressures of 50-600 torr and discharge currents

Mo

% N fixation
N
1

Fig. 32. Variation of rate of HCN synthesis as
function of the degree a of nonequilibrium in the
) plasma »

0 05 1.0
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of 100-300 mA in a circulatory water-cooled system fitted with brass electrodes
Eremin et al. *® found that the reaction occurs in two stages

CO, + H, = CO + H,0 )
CO+H, =C + H,0 (D)

both of which were describable by second order equations. The ratios of the rate
constants k;/k; suggested that the second stage occurs more slowly than the first,
especially at high pressures. The difference in the rates of the two stages is apparently
due to the lower bond strength of CO, (526 kJ mol™*) compared with CO (1070 kJ
mol ™). It must, however, be noted that carbon introduced into a water vapor
discharge under comparable conditions is eroded and CO and even CO, are produced
in such discharges %,

By narrowing the diameter of the discharge tube from 20 to 3 mm a four-fold
acceleration of the reduction of CQO, was accomplished **7", This was interpreted
on the basis of the importance of surface reactions in the process. However, Vepiek
(unpublished) has observed that the steady state of the reaction

shifts to the right-hand-side with increasing discharge current density at constant
tube diameter and that at a sufficiently high current density even CO decomposes
in the plasma ¥, The presence of a tight roll of iron gauze in the plasma zone gave an
acceleration factor of 32 '*®). When grains of mixed catalysts (generally used for
NH, synthesis) of the following compositions:

% Fe,0, FeO  ALO, CaO K, 0 SO, MgO

i 61 30 4 3 1 1 0
HH 51.81 31.84 7.47 2.32 1.18 0.84 4.54

and activated in hydrogen were placed in the plasma region on an iron support
grid the acceleration factors were 143 and 125, respectively 1*®, Such substantial
accelerations make the rate of the first step comparable to that of the second step.
In successive experiments the acceleration factor remained almost constant so that
the deposition of reaction products (C and H,0) on the catalyst apparently did not
deactivate the catalyst.

4.1.3 Effects Due to Materials on Plasma Walls
4.1.3.1 Hvdrazine Synthesis

Devins and Burton ? reported an increased vield of hydrazine by about a factor of
three if platinum-coated walls were used in dc discharges in ammonia. Rubtsova
and Eremin '?* also found significant catalytic effects with Pt and thin coatings
of a number of other metals deposited on the walls of a quartz tube 22 mm in diameter
(Fig. 33). When the current was raised from 1 mA to 11 mA, the relative activity
of Pd increased but that of Ni was unaffected. With increase in temperature the
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transition metals give up the hydrogen which entered into their crystal lattices.
Palladium is almost free of hydrogen at ~300 °C, but nickel only at about 700 °C.
Clearly an increase of wall temperature due to the increase of the current in the
range studied is insufficient to remove hydrogen from the nickel and therefore
its activity remained low as before.

Although the metals greatly increased the extent of formation of hydrazine they
caused little effect on the decomposition of ammonia ¥, However, the addition
of H, and N, in the presence of Ag inhibited both the decomposition of ammonia
and the synthesis of hydrazine, N, showing a more pronounced inhibiting effect %%,
Since Ar had no influence under the same conditions, but, like N, and H,,
accelerated the decomposition of NH; and retarded the formation of hydrazine in
the absence of metals 13, suggesting that the added gases decomposed both NH;
and N,H, in the bulk phase, behaving as energy catalysts of the decomposition
process. In the presence of Ag, surface processes probably played the main role
which accounts for the inertness of Ar.

4.1.3.2 Ammonia Synthesis

Copper, Ni, Fe and Pt deposited on the discharge tube walls by cathodic sputtering
at a low pressure, increased the stationary concentrations of ammonia by factors
of 1.5-2.0 compared with an uncoated silica surface (Table 8) **". The experiments

Table 8. Steady-state concentration of ammonia as a function of discharge
current for various metal coatings in the discharge tube at 50 torr 3V

Catalyst [NH;k,. %% Relative increase
i{(mA) = 35 1060 225 35 100 225
— 094 081 1.0 —_ — —
Pt 135 163 198 144 202 1.8
Cu 1.24 132 — .32 1.63 —
Fe - 1.3 171 — 1.66 1.71
Ni 1.03 130 15 1.1 161 1.5
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were performed with stoichiometric mixtures of N, and H, at ~50 torr in a
discharge tube of 3 mm diameter. The data given for coatings in Table 8 are to be
compared with those given in Table 4 for catalysts placed in the interelectrode
space. The latter location for the catalyst appears to have a distinct advantage with
respect to product yield. At lower pressures (~1 torr) and currents (=~15mA)
increasing the temperature of the Pt-coated wall in a wider tube (d = 12 mm)
increased the rate of formation of NH; to a maximum at ~600 K (Fig. 34) 132,
This is to be compared with a similar temperature effect observed for a Fe catalyst
placed in the plasma zone (Fig. 28) 27,

iy 8mA
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Z Fig. 34. Variation of NH; yield as a

function of temperature of the Pt-

0 \ . coated discharge tube walls **%
300 600 300
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4.2 Catalytic Effects Occurring in the Spatial Afterglow

In some discharge-flow systems notably O, !3%, H,0 63:134.13%) 11,0, 136:137) and
N, + H, 1*® the yields of products were found to depend on reaction time of the
dissociated gases in the spatial afterglow rather than in the plasma itself. When the
surface-to-volume (S/V) ratio of the spatial afterglow region was increased in experi-
ments using dissociated water vapor 1*%), the yield of hydrogen peroxide in a cold
trap at 77 K increased to a maximum value and then decreased (Fig. 35). Only in one

20

Fig. 35. Yield of H,0; as a function of
surface-to-volume (8/V) ratio of uncoated
(Pyrex), H;PO,-coated, and KCl-coated
after-glow regions. Inset shows the H,0O,
yield as a function of S/V ratio of
uncoated (Pyrex) afterglow region for
coated cold traps at 77 K 139

101

He 0o, umol/h
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investigation ®> the plasma was produced using discharges with internal electrodes
so that these dependencies of the product yield were ascribed to non-catalyzed
processes.

4.2.1 Effects Due to Wall Coatings

In experiments using dissociated water vapor '** coating the glass walls of the
spatial afterglow region with H,PO, increased the H,O yield considerably at all
S/V ratios studied, but coating with K Cl decreased the H,0, yield very much and
practically no H,0, was obtained at S/V > 8 cm ™! (Fig. 35). When the same region
was jacketted with either ice-water (0 °C) or Dry lce-acetone (—80 °C) and water
was deposited on the walls prior to the discharge, the H,O, yield decreased by about
20-25%,. These effects have been explained in terms of the degree of “wetness” of
the surfaces and correlated with the acidity or alkalinity of surfaces. For example,
on acidic surfaces a proton is donated and on alkaline surfaces an electron is
donated to the reactive species such as O,H:

O,H + H*-surface —» '/, H,0, + '/, O, + H"-surface (24)
O,H + e -surface — '/, H,0 + 3/, O, + e -surface 25

In the absence of work using labeled coatings there has been no verification of the
mechanism involved in these surface exchange processes.

There are few- investigations of heterogeneous catalysis in the afterglow region.
The effect of platinum sputtered on to the glass walls of the afterglow region of a
microwave discharge in N, + H, mixtures has been reported '*?. Figure 36 shows
the mol %, conversion of N, to NHj; as a function of the reaction time t of N, in the
spatial afterglow. It also shows the catalytic effects on the N + H, reaction. At
t > 1s, the catalytic effects were temperature dependent, as it was indeed the
case 27 for Pt placed in the glow itself. Increasing the pressure and/or concentration
of N, in the gas mixture increased the yield of NH,;. For example, a mixture containing
12 mole % N, at 0.1 torr yielded up to 13 mole %, NH;. As the pressure was increased
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to 0.7 torr the NH; yield increased to ~27 mole 9. This is very much greater than the
best value (12%) reported by Eremin et al. °*+%%) for heterogeneous catalysis by Pt
in a glow discharge.

4.2.2 Effects Due to Catalysts Placed in the Afterglow

When an Fe catalyst was placed in the afterglow of a N, + H, plasma more
ammonia was obtained, but not as much as that was obtained with the same catalyst
placed in the plasma zone (Fig. 28) 27 Significant nitriding of iron is known to
occur in low pressure discharges '*Y, but it was not known whether nitriding was
responsible for the high yields. However, catalysts such as CuO and Fe,0; pro-
duced more nitric oxide when placed in the afterglow than in the plasma zone 2.
Further, the NO yields were greater with the oxide catalysts than the respective
metals *2), In this connection it is interesting to note that treatment of Cr,0; in
hydrogen (reductive) and argon (inert) plasmas showed strong warm-up with
simultaneous formation of nitrogen oxides when exposed to air 143149,

In connection with the synthesis of methane and other organic substances plasma
reduced mixtures of CO, and H,, that is, CO and H,O have been passed over a
number of mixed catalysts 1**) previously reduced in a stream of H, for several
hours at 420-440 °C. Figure 37 shows a typical kinetic curve from such an experi-
ment. The upper section ab of the curve corresponds to the plasma reaction, the
horizontal section bc¢ corresponds to the conditioning at 150 °C of the catalyst, and
the vertical section de corresponds to the afterglow stage of the reaction which is
rapid. Note that an appreciable acceleration begins immediately after the tem-
peratures was raised to 185-190 °C (Section c¢d of the curve). Since the process is
highly exothermic, much heat is evolved, the temperature rises rapidly and the
catalyst is heated. To stop the reaction the catalytic reactor was cooled to 185 °C
(Section ef of the curve).

A number of these experiments *> at 800 torr and 75 mA using a Co—Zr
catalyst showed that in the temperature range above 190 °C the catalytic reaction
produced chiefly methane (Table 9) and to some extent liquid products — ethanol,
hydrocarbons, formaldehyde and water -~ collected in a trap at 195 K. A partial

800

600

200

Fig. 37. Dependence of the overall
pressure in a circulation system of
CO, and H, on the reaction time %
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Table 9. Products from plasma reduced CO, and H, passed over a Co—Zr® catalyst **>

Reaction mixture Product gases, °; Conversion, %

CO,:H, Co, H, co CH, CO - CO, CO, - CH,
1:3 12.5 0 44 83.1 9.4 62
1:3.29 16.1 6.3 0 77.6 13 63
1:33 12.5 105 0 77 10 62

2 Co0:Zr0,: MgO:kieselguhr = 100:20:6:200

reconversion of CO into CO, was also observed, probably as the result of the reaction
(see Sect. 5.1.1):

2CO0->CO, +C (26)
It was necessary to choose the composition of the initial CO,:H, mixture (Table 9)
such that upon completion of the plasma reaction a mixture is obtained with the
ratio CO:H, = 1:2, which is optimum for the synthesis of organic compounds
in the catalytic stage.

When the heating of the Co—Zr catalyst was avoided **® by diluting it with silica
gel in the proportion of 1:1 appreciable amounts of organic substances, both liquid
and solid, were formed. The main liquid products condensing at 195 K were hydro-
carbons (Table 10) and water, the highest degree of conversion into these substances
reported being 48.5%,. The solids which were formed on the catalyst and silica gel
were paraffinic hydrocarbons with melting points higher than 190-200 °C. The -

Table 10. Condensed products from the plasma reaction of CO, and H, in a circulation system
with catalysts placed in the afterglow 45-14%)

Catalyst composition Catalytic reaction started upon
completion of the plasma

reaction

Plasma and catalytic reactions
proceed at the same time
sequentially

Co—Zr catalyst
(Co:ZrQ,:MgO: kiesel-
guhr = 100:20:6:200)
(Co—Zr):silica gel = 1:1

Ammonia catalyst

(Fe,0,:FeQ: ALO;:Ca0:

K,O = 60.57:33.24:
2.87:2.58:0.74%)

Methanol catalyst
(Cu0:Zn0O:ALO, =
= 2:1:0.16)

Ethanol, formaldehyde,
hydrocarbons (not analyzed)

Heptane, octane, isooctane,
nonane, decane, isodecane,
undecane

2.2-dimethylpentane, heptane,
2,4-dimethylhexane, 2,3-di-
methylhexane, octane, 2,5-di-
methylpentane, nonane, decane,
undecane

methanol, carbon black

acetaldehyde, methanol, ethanol,
hexane, octane, isooctane, nonane,
isononane, decane, isodecane,
undecane, dimethythexane

methanol, carbon black
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degree of conversion into solid paraffins was 11.9-19.6% for those remaining on
the catalyst and 11.9-21.5%, for those remaining on silica gel. The catalyst could
be regenerated by periodic distillation of these substances in an atmosphere of H,
at 550-600 °C. There was no elemental carbon on the catalyst and silica gel.

Other catalysts that have been used in these experiments *47-14®) include an Fe
(ammonia) catalyst and a Cu/Zn (methanol) catalyst. Table 10 gives the products
condensed at 195 K from the catalytic reaction started upon complete reduction
of the CO, + H, mixture in the plasma (two-stage experiments) and from both plasma
and catalytic reactions proceeding at the same time sequentially in a circulation
system (one-stage experiments).

Only when the Fe catalyst was initially exposed to a CO:H, mixture in molar
proportions CH, was formed and CO,, reduced previously to CO in the plasma,
was regenerated:

2CO + 2 H, = CH, + CO, @7

Calculations of the equilibrium concentrations of the reactants in reaction (27)
at different temperatures and the experimental data have shown that in the tem-
perature range 180-360 °C the CO + H, mixture should be converted almost
entirely into CH, and CO,. With the Cu/Zn catalyst CH, was not found in the gaseous
products which consisted essentially of unreacted CO, and H,.

In the single stage experiments the degree of conversion of CO into CH;OH and
carbon black were 1.57 and 51.0%, respectively. In the two-stage experiments
3.7-5.0% of CO was converted to CH,, 1.9-2.62%; of CO into CH,OH, 20.4-32.6%,
of CO into carbon black, and 4.02-6.38%, of CO into CO,. Calculations of the
equilibrium compositions of the gaseous mixtures in the reaction

CO + H, = C(s) + H,0(g) (28)

showed that at the temperature favoring the synthesis of methanol (=270 °C) the
CO:H, mixture can be converted almost completely into carbon black. In the
plasma-catalytic experiments at ~1 atm the reduction of CO to carbon black and
the formation of methane compete with the synthesis of methanol as expected from
thermodynamic considerations.

4.3 Catalytic Effects Occurring in the Cold Trap

Winkler and coworkers 4% found that the product yields from electrically
dissociated hydrogen-oxygen systems depended upon arrangement and temperature
of the cold trap. Both hydrogen peroxide and polyoxide yields increased with
decreasing trap temperature. Coating the trap walls *** with concentrated solutions
of HyPO, or KClI decreased the H,0, yields considerably (inset, Fig. 35) indicating
that reaction (24) was certainly not taking place at 77 K. In fact, only traces of H,0,
were found at S/V > 8 cm™!. However, when 1 N H;PO, solution was used for
coating the H,0, yield was unaffected. More dilute solutions of H;PO, increased
the H,0, yield as expected. Coating the trap with ice 1> increased the H,0, yield
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considerably, but the yield was independent of the relative thickness of the ice
coating. Probably the ice-coated surfaces reduced the recombination of H atoms
significantly and produced more O,H which reacted with H to form more H,0,.

The yield of ammonia as a function of trap temperature *”’ in the plasma reaction
of N, with H, is shown in Fig. 38. Below the trap temperature of 120 K the NH,
yield increased indicating that ammonia was formed by reactions in the cold trap.
When the trapping zone was covered with metal foils the NHj yields increased signi-
ficantly 1*. At 77 K, compared to Pyrex, Ag and Pt surfaces produced a relative
increase in NH; yield of 1.23 and 1.35, respectively. If ammonia were formed by the
reaction

NH + H, — NH? (6)

then the energy removal is more effective on the metallic surface than on glass.
Further work is necessary before these effects can be fully understood.

5 Catalytic Processes in Deposition and Etching of Solids

As in the previous sections, some of the processes to be discussed here do not obey
the classical definition of catalysis. Nevertheless, they have a similar effect in
promoting reactions which would, otherwise, not proceed at the given temperature
because of a high kinetic barrier for thermal activation. In fact, some of the
reactions would be even impossible to proceed thermally because of instability of
the products at the high temperatures necessary for the thermal activation.

Electrons, ions, atoms, radicals and excited species are typically those promoting
such reactions. In intense glow discharges, their concentrations reach significant
values changing the overall reaction stoichiometry and, consequently, the steady-
state concentrations of reactants and products. Thus, purely catalytic effects of the
plasmas are observed only in weak discharges ',

The catalytic effects to be discussed include the processes taking place in the gas
phase and on the surface of the solid. The former have the effect of promoting the
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gas-phase chemical reactions leading to the deposition at a significantly lower
temperature than without the plasma. This is a principal advantage of low pressure
plasma CVD (chemical vapor deposition) as compared to conventional methods,
and it is being utilized in the fabrication of electronic devices, polymerization, prepa-
ration of protective coatings and others *6-152715%) Processes taking place on the
surface during deposition, such as ion bombardment and recombination of atoms
and radicals influence the structural (and related) properties of the deposit. The
final effect can be either beneficial (high density, stable films with excellent electronic
properties) or deleterious (high stress in the film, amorphization), depending on the
particular conditions **3-*°%, Jon and electron bombardment of solids in an appro-
priate gaseous environment can also lead to enhanced rate of etching, nitriding,
hydriding, oxidation and others.

A topic of great potential application which will not be discussed in any detail
here is the plasma treatment of solid catalysts, the reason being the very limited number
of papers published so far. Nevertheless, it is the opinion of the authors that this field
will undergo very promising development in the near future. In many instances the
treatment of solid catalysts is being performed in order to facilitate the creation of
active sites or their regeneration after poisoning. The highly reactive components of a
plasma can be utilized to perform such transformations at low temperatures thus
avoiding, e.g. the problems of sintering and decrease of active specific area. Since,
as a rule, only the surface of the catalysts is to be modified, there are apparently no
limitations due to the low pressure at which glow discharges typically operate.

As in the whole field of catalysis, the crucial problem which arises is the incomplete
mechanistic understanding of the processes under consideration. This is even more
serious in the case of heterogeneous systems under plasma conditions,

5.1 Chemical Vapor Deposition

The subject involves essentially two different processes, the enhancement of the de-
position rate and the modification of the properties of the deposit. Since the former
has been discussed recently V', emphasis will be on the second.subject.

5.1.1 Control of the Deposition Rate

In many systems that are conventionally used for CVD, the chemical equilibrium
is on the solid side, but high temperatures are required in order to achieve sufficient
reaction rates. Several examples of such systems in use for fabrication of optical
fibers 137 and electronic devices 1-*32 7134 gre;

SiCL(g) + 0,(g) — SiO,(s) + 2 Cltg) (29)
GeCly(g) + 01(g) — GeO,(s) + 2 Cly(g) (30)
SiH,(g) — Si(s) + 2 Hs(g) 3n
3 SiH,(g) + 4 NHa(g) — SizNy(s) + 12 Hy(g) (32)
B,H(g) — 2 B(s) + 3 Ha(g) (33)
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In a glow discharge, the deposition can be facilitated with a high rate even at room
temperature. However, impurities originating from the incompletely decomposed
reactants, such as chlorine in 8i0, and GeO, and hydrogen in Si, Si;N,, B, which
are incorporated in large quantities at a too low deposition temperature degrade the
properties of the deposit. Thus, higher temperatures have to be used (e.g. ~ 1000 °C
for optical fibers, 250 °C for a-8i, Si0,, 2300 °C for Si;N, and 2400 °C for B).
In all these cases the deposition temperatures is less than that required in a con-
ventional process. The advantage of using plasma to catalyze the reaction is the
possibility to optimize the deposition temperature solely with respect to the materials’
properties.

Very limited mechanistic studies of these reactions indicate that electron impact
induced processes, such as dissociation and ionization, are the primary steps *®).
This conclusion is likely to apply to most systems since the contribution of uncharged
radicals to the overall reaction rates is small in weak discharges at low temperatures *.
However, caution is advisable in considering any mechanistic interpretations of such
complicated processes. For example, more recent results show that ion- and electron-
impact induced processes taking place on the surface of the deposit are those actually
controlling the deposition rate of microcrystalline silicon !33-139:160)[n their work
Vepfiek et al. have shown that, whereas increasing ion bombardment under a strongly
negative bias increases the deposition rate only slightly, a dramatic decrease of
the deposition rate is observed when the substrate potential is driven above the
“wall potential” and it reaches zero value at a substrate potential which is still
somewhat negative with respect to the surrounding plasma %169,

As mentioned above, weak discharge operating at a low current can catalyze
reactions which cannot be promoted thermally because of the instability of the
reaction products at high temperatures. This applies to systems involving stable,
strongly bonded educt molecules, such as N, and CO, and products which are
unstable at high temperatures (e.g. MoN, WN). Example of such a system which
has been studied in some detail is the Boudouard’s reaction

2CO02C0O, + Cs)

Below ~ 300 °C the equilibrium is far on the right-hand-side but the decomposition
of carbon monoxide with formation of CO, and deposition of solid carbon proceeds
only at an extremely slow rate because of the high dissociation energy of CO '¢'-1%%,
A weak discharge operating at a current density of a few mA/cm? efficiently enhances
the reaction rate ', the probable reaction mechanism being the dissociative attach-
ment on CO followed by associative detachment of O~ and CO V.

Weak discharges are also being used in order to promote polymerization of
hydrocarbons and halocarbons. The plasma polymerization proceeds via a chain
reaction, initiation of which occurs by electron impact induced formation of free
radicals. This subject has recently been summarized in several excellent review articles
152,164-166) and the reader is referred to them for further information.

5.1.2 Control of the Structural Properties of the Deposit

The control of the structural and, consequently also of chemical and physical pro-
perties of the deposit can be achieved via discharge induced modification of the gas
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phase composition, or via particle-impact-induced surface processes, or a combined
effect of both. In the following section we shall discuss several illustrative examples.

5.1.2.1 Discharge-Induced Modification of the Gas Phase Composition

In many instances the evaporation and deposition of solids is kinetically hindered.
This applies particularly to associative and dissociative sublimation in which case
evaporation and condensation coefficients down to 107 were found 677169,
Examples are:

Dissociative sublimation

MeN(s) = Me(g) + '/, Na(g) (34
with Me: Al, Ga, Mg, Ti, Si, . . .

CdS(s) — Cd(g) + /2 Sx(e) (35
EuCh(s) - Eu(g) + [(1 — @)/2] Chy(g) + aCh(g) (36)

with Ch: S, Se, Te

Associative sublimation

AsO;,, (Claudetite) — '/, As,Oq(g) 37N
P (black, red) — !/, P,(g) (3%)
NaCl(s) — (1 — o) NaCl(g) + (2/2) NaCl),(g) (39

Upon condensation, a high activation energy is necessary in order to dissociate
the gaseous species, such as N, S,, Chy, As,Og, P,. If such an energy is not provided,
nonstoichiometric deposits, such as MeN, _,, CdS, _,, EuCh, _, or metastable modi-
fications, P, (s, white), As,O¢ (Arsenolite), result. In some cases both the evaporation
and condensation can be facilitated by proper catalysts. Some examples are 1707172

P(s. red, black) 2% P,(g) (40)
similarly: As

I(ads)

P(s, red) /= P,(g) 41)

similarly: Se, Te

AsOj,,(Claudetite) “2=» As,Oq(g) 42)

Instead of iodine, aluminium trichloride can be used to catalyze reactions (41) and
(42) 172).

Except for reaction (36) which has not been studied under plasma conditions so
far, it has been shown that in all the systems given above either the evaporation
or the deposition, or both, can be accelerated by low pressure plasmas !+16%:173=177),
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In particular, the deposition of phosphorus under catalytic effect of discharge
plasmas was studied already in the last century (for summary of the literature see
Refs. 176178 and it represents the most illustrative example to be discussed here.

The sublimation of phosphorus with and without the aid of discharge plasma is
schematically shown in Fig. 39, together with the various solid polyforms and the
conditions for their mutual transformations '™, The thermodynamically stable
black phosphorus as well as the slightly metastable red phosphorus evaporate
associatively with formation of tetrahedral P, molecules. Upon nonactivated con-
densation these molecules remain preserved and the metastable, white phosphorus
is deposited. Thus, both the evaporation as well as the condensation of red and black
phosphorus is kinetically hindered. The effect of the discharge maintained in the
phosphorus vapor is to dissociate these valence saturated P, molecules, which faci-
litates conditions for the formation of the polymeric red phosphorus. By means of
chemical transport even the stable, orthorhombic modification, amorphous as well as
polycrystalline has been obtained '-135:177),

A similar effect of the discharge has been demonstrated for the sublimation of
arsenic oxide, As,0;. In this case the equilibrium vapor over solid As,O, consists
of As,O¢-molecules, each being formed of four AsO,;, coordination polyhedra 8%,
Upon non-activated condensation, the cubic, molecular crystal lattice of Arsenolite
is formed even at temperature above —26 °C where it is metastable. If a glow
discharge is maintained in the vapor, the As,O4-molecules are broken up into
fragments and the Claudetite modification is deposited 7%,

The properties of the deposit, in particular its stoichiometry, can be influenced also
in the case of dissociative sublimation if one of the gaseous species forms a relatively
stable molecule. Nitrides, eq. (34), represent a classical example. In most of these
systems, especially in the case of dielectrics on which dissociative chemisorption
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of nitrogen requires a high activation energy the partial pressure of atomic nitrogen
is orders of magnitude less than that of N, and of the respective metal at equilibrium
with the solid phase. Therefore, nitrogen-deficient solid, or even an almost nitrogen
free metal (e.g. Al) is deposited upon non-activated sublimation. The dissociation
of N, can be readily facilitated in a glow discharge !’ via vibrational-vibrational-
pumping mechanism 7 and, as result, stoichiometric nitrides are formed. Besides
the above-mentioned Si;N,:H, high quality dielectric films of P;Ns and PyN;H, _,,
x = 1.4 89 were deposited at 350 °C and single crystals of AIN, TiN '™ and
of Si;N, 1% were grown at a relatively low temperature of £1100 °C.

The activation of the gas phase enhances also the rate of the kind of reactions given
by eq. (43)

A(s) + (m/n) B.(g) = ABy(s) (43)

whenever the dissociative chemisorption of the gaseous molecules B, on the AB,,-
surface is the rate determining step without the discharge. Since high atom fluxes
of the order of =5x10'® cm™2 s™* impinging on the surface are obtained already
in a weak discharge with =19 of dissociation at a total pressure of 1 torr, the rate
determining step of the reaction becomes the bulk diffusion. Nitriding of metals
is a typical example of such kind of reactions which were studied in some detail
(e.g. Ref. 1#3190) Enhancement of the reaction rate by a glow discharge has also
been observed for hydriding of metals 1°*-1%2 and it is expected to occur in far
more heterogeneous systems than those studied so far.

5.1.2.2 Surface Processes Influencing the Properties of the Solid

Two cases are to be distinguished: Surface processes influencing the chemical
reaction described by eq. (43) and those affecting the structural properties of the
deposit. As in the previously discussed examples there is a more or less continuous
transition between the catalytic effect of weak discharges and a “thermodynamic”
effect of intense discharges depending on the extent of the plasma-surface-interaction
and on the energy of the impinging species.

The rate of reaction (43) can be enhanced by ion- or electron-impact-induced
dissociation of physisorbed molecules *® having a similar effect as the activation
in the gas phase (Sect. 2.1.2.1). Such effects probably occur also during the *“ion-
nitriding” of stainless steel but, in this case, the mechanism is complex and not well
understood ¥, To the same category belong the recent studies of Rabalais and
coworkers on the reactions of low and medium energy ions with solid surfaces #7197,
Increasing the energy above a certain threshold leads to ion implantation and the
interaction becomes more complex **®).

In considering the effect of surface processes on the structural, and related chemical
and physical properties of the deposit a distinction has to be made between the
effect of bombardment by energetic ions and chemical processes taking place on
the surface under action of thermal or low energy species (B, < 5-15eV). The
former is observed if the deposition takes place on the cathode or under a large
negative bias of the substrate whereas the latter dominates at floating potential
which is only several volts negative with respect to the plasma. In spite of the large
number of experimental papers the understanding of the processes under considera-
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tion is rather poor and any attempt at generalization and formulation of summarizing
guidelines is a rather difficult and risky task. Nevertheless the present authors believe
that such an attempt with all its limitations is more worthy than a descriptive review
of the experimental work which was, in most cases, performed under different
conditions and therefore does not allow a fair comparison.

In summary, the available experimental data suggest that exothermic chemical
and physical processes on the surfaces and bombardment by low energy species
(Euin & 15eV) have the effect of facilitating the formation of thermodynamically
more stable structural modifications whereas bomb ;rdment by energetic ions
By, = 107 €V) promotes the formation of metastable phases. Thus, only the former
effect should be regarded as catalytic one. In the following, examples will be given
to illustrate these general trends.

Among the most attractive tasks for a plasma chemist is the possibility of prepa-
ration of diamond, a high temperature and high pressure modification of carbon.
The conventional synthesis of diamond is performed in its stability region at a
pressure of several ten kilobars and several thousand degrees Kelvin, using suitable
solvent catalysts in order to overcome the kinetic barrier for the transition from
sp? to sp® hybridization of C-atoms. Without a catalyst the graphite — diamond
transition occurs only at pressures of several hundred kilobars 19%-290),

The preparation of diamond in the metastable region at a pressure of ~1 bar
can be performed via epitaxial growth on a diamond substrate from suitable gases
such as CH, and CO containing C atoms promoted to hybrid states of high
energy 2°1 209 Following Ostwald’s rule of stages '®”, the metastable diamond
phase can be quenched. Although of great scientific interest, this method is, however,
of no practical use for industrial production.

From the practical point of view a more viable method of preparation of diamond
and “diamond-like”” carbon materials is the low pressure discharge assisted CVD
and related methods, such as ion beam deposition. Among the number of papers
available, there seems to be some confusion about the experimental conditions used
and the results obtained.

Schmellenmeier 2°* was probably the first to report on the deposition of hard,
carbonaceous films on the cathode of a dc discharge in gaseous hydrocarbons. He
verified by means of X-ray diffraction that the deposit contained crystalline particles
with cubic lattice showing two strong Bragg diffraction lines of diamond, the
typical lines of graphite being absent 2%49,

About twenty years after the pioneering work of Schmellenmeier a number of
scientific papers appeared on this subject. These can be divided into two groups:

Aecisenberg and Chabot 2°? and others 2°%:205:206) yged carbon-ion beams with
energies of ~50-100 eV to deposit hard, transparent films of high electric resistivity
in which microcrystals with diamond lattice were identified by X-ray and electron
diffraction methods. A related technique -— sputtering of carbon target with a
simultaneous bombardment of the substrate with low energetic ions {<100eV) —
has been used by Weissmantel and coworkers (see Ref. 2°7’ and the references therein)
for deposition of carbon films in which several high pressure metastable phases were
identified together with the cubic diamond.

Most of the researchers have used cracking of hydrocarbons in an R.F. glow
discharge for producing thin films of variable properties ranging from hydrocarbon
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polymers 1%+168 15 hard, amorphous, “diamond-like films 2°° “2!% The properties
of the films are strongly dependent on the deposition temperature, the nature of the
hydrocarbon gas used (e.g. Ref. '} and on the bias of the substrate. A large
negative bias and low deposition temperature favor the formation of the “‘diamond-
like” films whereas graphitic carbon is obtained at a temperature above ~ 600 °C
and floating potential 1%, The physical properties of the “diamond-like carbon”
are intermediate between those of graphite and diamond and such a material contains
significant quantities of incorporated hydrogen (10-25 at%) V. The electron spin
resonance study by Gambino and Thompson 2!V indicated that a significant
quantity of the carbon atoms are in the graphitic sp* hybrid state. Although the
understanding of the structural properties of this material is far from being com-
prehensive the available data favor a model of hydrogenated, disordered network
with a variable mixing of the aromatic, sp®, and diamond-like, sp®, carbon atoms.
Thus, in agreement with the general rule outline above, intense bombardment by
energetic atoms favors the formation of metastable phases.

The discharge activated deposition of amorphous and microcrystalline silicon
(a-Si and pc-Si, respectively} is presently among the most important applications of
plasma chemistry 2!*, This field has been opened up by Spear and Le Comber who
where the first to demonstrate in 1975-76 the possibility of substitutional doping
of a-Si 2!’ but only recently some, although still incomplete, understanding of the
chemical processes during the deposition has been achieved !55-156.158-160.217) The
catalytic effect of the plasma on the decomposition of silane, reaction (31), was
already mentioned in Sect. 5.1.1. Significant data on the mechanism of the gas
phase reaction were provided in particular by Turban et al. **®. However, very
limited data are available on the role of surface processes on the deposition of a-Si.
In the case of the preparation of pc-Si by means of an intense discharge in a
mixture of H, with =1 at% SiH, the deposition takes place only if the electric
potantial of the substrate is negative (floating or biased) with respect to the plasma !>
160) At a floating potential in a dc discharge the deposition rate is directly pro-
portional to the ion flux density to the substrate with a proportionality factor of
~0.7 159, The probable interpretation has been given in terms of ion-impact induced
fragmentation of a physi-sorbed SiH, followed by chemisorption of the SiH, frag-
ment and subsequent decomposition into solid silicon and H, ***. This result points
to the possibility that such surface processes may control the deposition rate also
in other system in which the gaseous monomers (stable in the plasma) display a low
sticking probability for the chemisorption,

The most interesting aspect of this system is the possibility of controlling the
structural properties of the silicon films via a proper control of the surface processes
which allow to deposit, at the same temperature, either a-Si or pc-Si. Furthermore,
it is also possible to control, within certain limits, the mean crystallite size of
pc-Si by a proper choice of the substrate bias at, otherwise constant discharge
parameters and deposition temperature.

The decisive parameter controlling whether a-Si or pc-Si will be formed is the
departure of the system from a partial chemical equilibrium *%%-2!7, (We consider
here the typical range of T4 ~ 70-400 °C.) In a weak discharge in silane, which
is far away from such an equilibrium, i.c. the residence time of the species in the
plasma zone, t,.,, is small compared with the characteristic time, t, of reaction (31),
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a-Si is deposited whereas pc-Si is obtained in an intense discharge when the system
approaches partial chemical equilibrium, i.e. t < t,. The crystalline-to-amorphous
transition has been studied recently in some detail '® Accordingly, the formation
of the thermodynamically more stable pc-Si phase is catalyzed by exothermic
recombination processes taking place on the surface of the growing film,

In agreement with the general rule outlined above, bombardment of the growing
film by energetic ions results in the formation of a less stable phase, either pc-Siof a
smaller crystallite size or even a-Si. This is illustrated in Fig. 40 which shows the
dependence of the crystallite size on the bias and the discontinuous transition to a-Si
atV, < —900 V (see Ref. 2'* for further details). It is seen that the ion bombardment
causes a decrease of the crystallite size as compared to that obtained at the floating
potential. The apparent increase of the crystallite size between V, ~ —200 and
~—800V is at the present time somewhat difficult to understand because of
problems associated with separating the effect of the finite crystallite size and that of
stress in the films on the broadening of the X-ray diffraction lines. At bias larger
than ~—900 V only amorphous films are obtained; this has been verified also by
other methods as well 2*#:2'9, Since with decreasing crystallite size the free energy
of pe-Si increases as compared with that of a single crystal Si and a-Si is metastable
even with respect to pc-Si of a crystallite size D = 30 A, 21® these results confirm
in a consistent way the general rule that bombardment of the growing film by
energetic ions causes the formation of less stable phases.

5.2 Chemical Evaporation of Solids
The chemical evaporation, also called “etching”, eq. (44):
aA(s) + (b/n) B.(g) —» A,By(g) (44

can be catalyzed either via formation of reactive radicals (e.g. atoms) in the gas
phase or by bombardment of the solid surface with ions or electrons of a medium
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energy (£ 100 eV). In the former case the activation energy is simply provided by the
dissociation of the stable, gaseous monomers and the resulting fragments, typically
atoms, subsequently react with the solid. The effective activation energy as obtained
from the temperature dependence of the reaction rate [eq. (44)] amounts typically
to a few kcal/mole or it can be even negative indicating a complex mechanism of the
surface reaction with some intermediate, exothermic pseudo-equilibrium of the
chemisorbed species. Included in the many systems that have been studied are the
reactions of atomic oxygen with carbon, molybdenum, tungsten, atomic chlorine
and fluorine with boron, carbon, molybdenum and tungsten 2% and atomic hydrogen
with carbon %21,

The reactive species can also be produced directly on the surface by ion- or electron-
impact induced fragmentation of the physisorbed molecules of the reactant B,
(eq. 44). An example of this kind is the etching of Si, 8i0, and other materials by
XeF, upon bombardment of the surface by Ar* ions or electrons. Alternatively, the
molecular ion B can dissociate upon collision with the surface and, subsequently,
undergo chemical reaction. This kind of processes have been reviewed recently by
Winters 222). At ion energies above the threshold value for sputtering the situation
is more complex and physical and chemical sputtering *°® usually dominates.

The mechanistic understanding of such surface processes is in general very limited.
Most of the data available were obtained in experiments with atom-, ion-, and elec-
tron-beams under conditions where the particle fluxes are orders of magnitude less
than those in the glow discharge, Since the typical surface processes have complex
mechanisms with parallel reaction paths, scaling of the results of the beam experiments
to the plasmas at 1072 — 1 torr is difficult and in general not justified. Nevertheless,
they represent a very significant contribution which is highly desirable for a better
understanding of the plasma chemistry. The reactive ion etching of silicon (and
other materials) is probably the best example illustrating this point. This field has
been recently summarized in several excellent review papers '32:16%:222722%) and,
therefore, it will not be discussed here.

As a result of numerous studies a basic understanding of the mechanism of
electron impact induced desorption was achieved in the past decade 22%:723722%),
In contrast, few papers have been published on the electron impact induced chemical
evaporation. Besides the above-mentioned etching of Si and some other materials
by XeF, 222, only the C/H,-, TiC/H,-, TiB,/H,- ?** and the Si/H,-systems *** have
been investigated. In the case of silicon etching by hydrogen the effect of the electron
impact cannot be considered as a purely catalytic one since the reaction product,
silane, is thermodynamically unstable with respect to solid silicon and H,. Neverthe-
less, it provides some insight into the mechanism of such processes and, therefore, we
shall discuss it briefly.

The reaction mechanism is summarized, in eq. (45):

k
(@/2)H ,(g) ?‘— (ot/2)H 5(ads) % aH(ads) - -7+ - SiH,(g) (45

where x = 3, 4 and a = 1 or 2. There are two crucial points to be emphasized: The
electron bombardment has the effect of promoting the dissociation of the physisorbed
molecular hydrogen, k,, and the process competing with silane formation is repre-
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sented by the thermally activated recombination, k_,. With increasing temperature
the recombination leads to depletion of the chemisorbed hydrogen, H(ads) and,
consequently, the overall reaction rate (i.e. the etching rate) displays a negative
activation energy as shown in Fig. 41. Because of the strong covalent bonding of the
surface SiH, (x < 3) groups to the bulk silicon, the cross section for electron impact
induced desorption of the chemisorbed hydrogen is expected to be very low as
compared with that for dissociation of H,(ads). Therefore, the electron impact
enhances the etch rate.

The generally observed decrease of the cross section for electron stimulated de-
sorption with increasing bond strength between adsorbate and substrate suggests
that such a selective enhancement of the etch rate is to be observed in any solid/gas
system in which the dissociative chemisorption of the gaseous molecules on the
surface requires a high activation energy and the energy of chemisorption is
sufficiently high.

6 Concluding Remarks

Looking back over the development of plasma catalysis the authors note that
several plasma systems have been studied in the presence of different materials
that are known to be catalysts in chemical reactions. However, most studies have been
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of an empirical rather than fundamental nature. In consequence the current know-
ledge of catalytic-reaction paths in plasmas is quite tenuous. This is to be attributed
mainly to a lack of understanding of the surface processes in plasma catalysis. In
preparing this review the authors were motivated by the need for a new impetus
in this field rather than by its maturity.

Studies of catalysts used in conventional chemical reactions suggest that it is not
entirely defensible to correlate the properties of a catalyst, which are basically con-
cerned with its surface, with properties such as work function and, in the case of
transition metals, with d-bond character. In chemisorption and in catalysis, the
chemical properties of the individual surface species are more important than the
collective properties of metal catalysts such as can be deduced from the band model.
The most significant result is the correlation found between a low heat of chemi-
sorption for the adsorbate and a high catalytic activity for the adsorbant.

Progress may be achieved in understanding the phenomena of chemisorption in
plasma calalysis, as it has indeed in the field of conventional catalysis, by following
a catalytic reaction on a given catalyst surface through observation of the adsorbed
phases and analysis of the desorbed phases as a function of the various parameters,
namely, temperature and composition of the plasma. Low-energy electron diffraction,
Auger spectroscopy, and the modern methods of analysis of residual gases may be
adapted to this kind of study.

With respect to industrial application the catalytic effects of plasmas during CVD
and etching of solid materials are presently the most important. Here again, further
work towards a better mechanistic understanding of the process is highly desirable.

In gas phase synthesis under plasma conditions the use of catalysts is probably the
only way to improve the selectivity and reaction yields. Very little has been done so far
on the application of low pressure plasmas for treatment of solid catalysts. The
authors hope that both of these problems will be solved on the basis of research
of a very fundamental nature.
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1 Introduction

The title of this article makes reference to terms which define two domains of
physics and chemistry which are apparently unconnected. However over the last
three decades workers in these two disciplines have met on common research
ground, mainly in the domains of aerospace and magneto-hydrodynamics. Funda-
mental research themes common to the two disciplines are presently in course of
development, some of them proceeding to industrial trials.

High Pressure Plasmas (see Fig. 1) refer to thermal plasmas at a temperature
in the range 3000-15000 K under normal pressure. Following the perfect gas law,
the density ranges between 2x10** m™3 (3000 K) and 7x 102 m™ (15000 K).
The equilibrium electronic energy is between 0.4 eV (3000 K) and 1.9 eV (15000 K)).
Using the classification proposed by Venugopalan ' our domain of interest is then
in the field of arc or high frequency, thermal plasmas.

Following Kingery 2, we define “‘ceramics as the art and science of making und
using solid articles which have as their essential component, and are composed. in large
part of inorganic, non metallic materials . . .” But in this paper we will restrict this
definition to “‘new ceramics” such as nitrides and carbides as well as pure oxides.
Some applications proposed recently in various fields, such as treatment of cements
or of low grade minerals, will not be discussed.

Historically, the first applications of thermal arc plasmas were in welding and
cutting (1954). Their utilisation for plasma chemistry (carbothermic reduction and
chlorination of many oxide ores at first) or for plasma coating or spheroidisation
is more recent (1960-1965). The RF plasma, originally developed in 1960 as a new
crystal-growing technique, revived interest in the field of plasma chemistry, owing
to the absence of metal electrodes, opening the way to investigations of many
chemical processes which would result in a rapid corrosion of D.C. plasma torch
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component materials. These very promising technologies have been rapidly adopted
in industry and have suffered, perhaps, until recently from lack of scientific interest.
This situation is presently in a state of evolution and a certain number of studies,
concerned with a better understanding of the basic phenomena, have been developed.

We will firstly deal with the theories and models currently used in plasma-ceramic
technology : thermodynamic and transport properties, heat and mass transfer between
a solid and a plasma, gas phase chemical kinetics. Then we will present a short review
of the plasma measurement techniques (mainly temperature and velocity).

In the third part, we will briefly describe the main experimental devices used to
produce thermal plasma.

The fourth part will give a review of physical transformations undergone by
ceramics under plasma conditions (fusion, evaporation, condensation). Concerning
plasma spraying of ceramics, particular attention will be devoted to the comparison
of models with real systems and spheroidisation will be treated simultaneously with
spraying.

In the sixth part, concerning synthesis (or to a lesser extent reduction) of ceramics
in plasmas we shall include some of the experimental knowiedge acquired up to
the 1970’s which has been reviewed by Stokes®. Although certain experiments
reported in his work were very promising, a certain disinterest in this field has been
apparent until recently. However this situation has changed during the last years
because of a significant progress which has been achieved in understanding of
fundamental processes as well as in applications.

2 Theories and Models in the Field of Ceramic Plasma Technology

2.1 Equilibrium Theories

The plasma systems most often used in the domain of ceramics make use of physico-
chemical reactions in a plasma stream. Under ideal conditions of thermodynamic
equilibrium it is possible to determine the products resulting from a given treatment.
Furthermore knowledge of the chemical composition of a plasma at a given tem-
perature and pressure is needed to perform the calculation of the classical thermo-
dynamic properties such as the specific heat, and the enthalpy as well as the transport
properties: electrical and thermal conductivities and viscosity. The problem is to
know to what extent calculations assuming complete thermodynamic equilibrium
are applicable to real systems. In the case of a plasma stream, thermodynamical
equilibrium can be applied if the chemical reactions proceed more rapidly than the
physical phenomena such as the relaxation of energy levels or the maxwellisation of
velocity. The detailed study of this type of phenomenon is outside the scope of this
article, but it is possible by means of simplified considerations to find the orders of
magnitude of reaction times corresponding approximately to equilibrium conditions.
Along the axis of a D.C. plasma jet the temperature varies by 1% in 2.5x 10™* m,
so that with a flow velocity of 250 m/s this variation of temperature of 1 %, corresponds
to 1077 s. In order to attain chemical equilibrium in that time interval, the reaction
times must be smaller or equal to 10~7 5. Some recent kinetic calculations (discussed
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later) show that this reaction time exists at temperatures above 5000 K, in most
cases of plasma chemistry one can therefore apply equilibrium results as a first
approach in the high temperature jet, but probably not in the low temperature
regions. Moreover, if the velocity of the plasma jet is sufficiently high (more than
800 m/s) the heating rate is great emough (10° K/s) to modify the equilibrium
conditions in the hot core of the plasma as we have showed for nitric oxide synthesis
in D.C. plasma jets.

However, these considerations do not apply in the case of heterogenous reactions
between the plasma and solid particles. A solid particle is actually at a temperature
very much lower than the plasma and the rate of mass transfer between the plasma
and the particle is infinitely slow compared with the reaction rate in the gas phase.
Nevertheless thermodynamic calculations are often applied at the level of the con-
densed phase giving results which may be regarded as an “upper limit” for the
extent of reaction.

2.1.1 Determination of the Equilibrium Chemical Composition

The concentrations in an elementary volume of plasma are generally determined at
fixed temperature and pressure. The method consists in finding the chemical com-
position which gives the minimum of the Gibbs free energy ' under the constraints
of the laws of conservation of matter and electrical neutrality.

Formally: ( G = G(T, p, n;) minimum
{ ;Ot“l’li —_ B? = O

where T is the temperature, p the pressure, n, the number of moles of the i® specie,
o, the number of gram atoms of element 1 in the specie i and BY the number of gram
atoms of the element 1 present in the closed system considered.

Under high temperature conditions, the major part of the polyatomic species are
dissociated and the number of coexisting species generally becomes large. It is hardly
possible to solve the system of non linear equations in closed form, so one must use a
numerical method on computer. A review of these numerical methods can be found
in the monograph of Storey and Van Zeggeren > as well as FORTRAN 1V source
programs by Bourdin ®,

The Gibbs free energies are calculated using standard thermodynamic tables
which are easily usable by machine since they give the data in the form of polynomial
coefficients. The data are sometimes limited to 6000 K and it is therefore necessary
to make extrapolations or to carry out calculations of partition functions from
spectroscopic data 7. In the latter case, which is certainly more reliable, one can
determine standard thermodynamic functions with the aid of the classical formulae
of statistical thermodynamics. The results may then be fitted to polynomials so
that they match the tabulated data ®. Furthermore the calculation of partition
functions is necessary for spectroscopic diagnostics and for the calculations of
reaction rate parameters.
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2.1.2 Determination of Thermodynamic Functions

When, at equilibrium, the chemical composition of a mixture is known, the thermo-
dynamic properties such as specific heat or enthalpy can be calculated. We shall
look firstly at specific heat at constant pressure, C, defined by:

oh
= (“a?),,

where h is the specific mass enthalpy of the mixture composed of N chemical species i

N N
h=Y xiHi/ x;m,
i

i=1 i=

X, is the mole fraction, H; the enthalpy and m, the molar mass of species i.
Calculation of the partial derivative gives ®:

I /XN N . (0 Logx
o= (0 + £ v mi (1))
where C, is the specific heat at constant pressure of the species i, and M the total
mass of the mixture. This expression for C, is simply the sum of two terms called

respectively the frozen C; and the reactional specific heat C,:
C,=C,+C,

The frozen term represents the sum of the contributions of each of the species,
whereas the reaction term is associated with chemical reactions at the temperature
considered. The influence of this second term is predominant as we shall show
from the results obtained for nitrogen and the carbon-hydrogen-oxygen system. The
expression forC, = (2—?) is similarly C, = C ¢ + C,,, the reaction term being again
predominant. When the data for the system are tabulated, calculation of the frozen
term is not a problem; on the other hand, calculation of the reaction term is more
difficult, since it is necessary to use the laws of conservation in addition to the
equilibrium conditions which make use of the law of mass action in the case of
perfect gases. It is then much more simple to perform calculations of a numerical
derivative of the enthalpy h. The calculation of C,, C, and of the sound velocity

RTIM\1/2 )
Ve = (——) may be calculated at the same time ® as C, by calculation of the
m oH , 0 Log x, )
isentropic coefficient I' = (a—v> computed with ( T ) . The sound velocity
s 14

is used in flow calculations.
The enthalpy and entropy of the mixture are obtained by integration of the specific
heat at constant pressure if these quantities are tabulated:

T

.. T T
h— fig, = f C(T) dT Szjg—"(——)'d'r
o

T
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In case of lack of these tabulated data it is then necessary to calculate the enthalpy
and the entropy directly using either the first derivative of the partition function
or the values of the enthalpy and entropy of the different species which are more often
tabulated.

2.1.3 Examples

2.1.3.1 Nitrogen Plasma

Many calculations and measurements have been performed on nitrogen (for example
Drellishak) ® which is the gas mostly used in plasma torches; it is therefore of
interest to deal with this gas as the first example. Figure 2 gives the equilibrium
composition of nitrogen at one atmosphere, as a function of temperature. This diagram
shows the effect of temperature on dissociation and ionisation. Figure 3 shows the
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function C,(T); the two maxima between 2000 and 20000 K are the reactional
components C,, of the specific heat. It is clear that these peaks are due to the disso-
ciation of N, and ionisation of N respectively. Figure 4 represents the enthalpy of
the plasma versus temperature, obtained by integration of the preceeding curve;
it is also very clear that the steep variations of this enthalpy are essentially due to the
heats of reaction (dissociation, then ionisation). It is very important to emphasize
that these heats of reaction lead to large variations of the thermodynamic properties
such as specific heat or enthalpy or entropy making impossible to extrapolate the
data, usually well known only up to 2000-2500 K. We shall also find similar wide
variations in thermal conductivity arising from the same effects.

2.1.3.2 Nitrogen-Aluminium Plasma, Nitrogen-Silicon Plasma

Calculations ® of these systems have been motivated by a study concerning the
preparation of nitrides from these elements in a nitrogen plasma. The processes
examined for this synthesis were reaction in the vapour phase followed by condensa-
tion of the products, the original idea being to accelerate, by high temperature
heating followed by a fast quenching, the reactions of formation of AIN or Si,N,.
It may be seen from the equilibrium diagrams (Fig. 5) that due to dissociative evapo-
ration, the maximum concentration of AIN(g) or SiN(g) is low (~10'*cm™).
However, as we shall see in the last part, it is possible to obtain a high conversion
into AIN(s) from elements. A possible explanation is that under the particular ex-
perimental conditions the recombination reaction Al(g) + N — AIN(s) proceeds
faster than dissociative evaporation AIN(g) - Al(g) + N. The evidence from this
example shows that equilibrium calculations may be misieading because the quenching
kinetics is the determining step. This statement is rather general for reactions of the

logg Vi {em=3)

A i 1 Il

8 s A 4 i A
4 7 10 13 16 18 4 7 1 13 16 18
T (KK ) o T {kK) —=

Fig. 5. Equilibrium composition versus temperature of a N,—Al mixture and of a N,—Si mixture
at 1 atm. Reprinted from ®
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type gas — solid for which calculation of the equilibrium concentrations in the gas
phase may be of secondary importance in providing an estimate of the extent of
reaction because of the influence of processes occuring during condensation on the
overall kinetics.

2.1.3.3 Plasmas C, H, O, Fe

Figure 6 gives the mole fractions at equilibrium for the system 1 C, 4 H, 3 O, 2 Fe.
This mixture (CH, + Fe,0,) has been studied ® to provide data on the equilibrium
vapour phase composition in a plasma furnace used for the reduction of iron oxide.
A priori this diagram shows that the reduction of iron oxide to iron attains 1009
in the vapour phase. As we have shown previously for the nitrides the problem of
condensation remains unresolved, however, experimental results indicate that the
cooling rate has little effect on the overall yield in that particular case. Figure 7 shows
the reducing powers of hydrogen and carbon.

Figure 8 shows the different components of the specific heat at constant pressure
for the system 1C, 4H, 30, 2Fe. The very reactive nature of the mixture is
indicated by the form of the C, versus temperature curve,

The enthalpy and entropy changes of the same system are given in Fig. 9; the
curves are analogous to those presented for nitrogen and have the same orders of
magnitude. Except for the reducing nature of this mixture, it may be seen that its
behaviour is similar to that of nitrogen. We shall see for the particular case of
hydrogen however, that the thermal conductivity, a basic parameter in heat transfer,
completely changes a situation which would be based purely on considerations of
specific enthalpy.
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2.1.3.4 Study of Mixtures of SiO; and C

This study provides an interesting example of a solid gas system. Calculations have
been made by Coldwell ' on the system SiO,—C from the point of view of
reduction of SiO, to silicon. Figure 10 which illustrates the results of this study,
shows the existence of a threshold temperature in the range 2400-2500 K. On one
side of this temperature the only species are SiO,, SiO and SiC which are dissociated
toa great extent above 2500 K. The author indicates that since the calculations are done
only for the vapor phase, the threshold temperature is higher and that it will be lower
than 2400 K if acetylene rather than carbon is used as reducing agent. The reduction
(from the point of view of equilibrium) proceeds in part in the condensed phase, this
point being favorable in plasma systems in which it may be difficult to assume com-
plete vaporisation of Si0,. It is worth noting from Fig. 10 that there is always a low
concentration of SiO above the threshold temperature, but thermodynamics cannot
describe this effect during the cooling phase.

2.1.3.5 Conclusion

The analysis of the examples concerning thermodynamic equilibrium seems to be
characteristic of the plasma-ceramics domain. We have tried to put forward the
advantages and disadvantqges of the use of chemical thermodynamics as applied
to this area and we shall see in the following sections that many studies are based
on the same poeint of view.
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2.2 Transport Properties

When a plasma is considered as a source of energy to heat solid materials and to
produce physical and chemical changes, the level of heat transfer between the
plasma and introduced material assumes considerable importance. As we shall
see in the section devoted to transport between plasma and solid phases, the para-
meters which have the major influence are the viscosity and thermal conductivity
of the plasma. When systems are used which employ electric arcs, the electrical
conductivity of the gas is obviously a property which cannot be ignored. Furthermore,
any study of a plasma process based on reactions in the vapour phase implies
that the diffusion coefficients of the reacting species are known since these control
the mixing of the plasma and vapour. The parameters viscosity. diffusion coefficient,
electrical and thermal conductivity all characterise transport of energy or material
within the plasma fluid and are generally treated under the heading of transport
properties. This section is concerned with theoretical means available to determine
those transport properties which are difficult to measure experimentally 'V, Some
examples from currently known systems allow the theory to be illustrated and will
be used in the following sections.

2.2.1 Calculation of Transport Properties

For plasma in local thermodynamic equilibrium (L.T.E.), calculation of the transport
properties begins with the kinetic theory of gases. This theory is based on statistical
concepts, in particular, on the distribution function of the gas particles '#). For a
particle of the i-th type, the distribution function fi(#, ¥,, t) represents the number
of particles of type i present, at the instant t, in a elementary colume d¥, dv of phase
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space T, V. At equilibrium, the distribution function is the same for all particles; it is
the well known Maxwell function:

2
ors  n
fi(r, vy, )= ni( ) €

2nk

where T is the equilibrium thermodynamic temperature. The Maxwell distribution
is independent of time and of direction of ¥, In the general case, the function f (¥, ¥, t)
is a solution of the integro-differential Boltzmann equation which establishes a
balance for particles in an elementary volume of phase space:

of, . - F, - of;
o + v, grad, f, + ™, grad, f; <6t )mu
The first term of the left hand side (L.H.S.) takes into account the explicit variation
of f, with time, the second term the variation of f; due to displacement of particles
and the third term displacement of particles under the action of external forces.
The R.H.S. term takes account of the collisions.

If the function fi(¥, ¥,, t) is known it is possible to calculate, from the statistical
point of view, the mean values of all quantities of the type a(f, V,, t):

1
n{r, t)

ofr, t) = J‘ aff;, ¥;, 1) (V1) dy,

In particular the heat flux vector

- 1 - = — -~
Q@ 1) = Z 2 n,m, [V, — Vo|? (V; — Vo)

and the pressure tensor
P= Z n;m; (V; — Vo) (V; — Vo)
H

can be determined, where ¥, is the mean mass velocity. The right hand side (R.H.S.)
of the Boltzmann equation takes account of elastic collisions only, thus the calcu-
lations will only be suitable for unionised and unexcited monatomic gases. The
theory must therefore be modified for thermal plasmas.

To solve the Boltzmann equation }*-**, Enskog’s method of successive approxi-
mations is generally used 3. This consists of writing firstly,

fi = f?(l + @)
where ¢, is a perturbation function which allows passing from zero order (Maxwell-
Boltzmann) to first order. ¢, is found *® by using a Sonine polynominal series of

order k. The complexity of the calculation increases considerably with increasing
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values of k, it is thus necessary to find the minimum value of k which gives the
best convergence of the series.

Athye ! and Devoto 8122220 have shown that, for thermal conductivity, it
may be necessary to carry out calculations up to k = 4 in the cases of hydrogen, argon,
helium and krypton. One often obtains simplified expressions for the Boltzmann
equation by treating electrons and heavy particles separately since electron-heavy
particle collisions produce little change in the perturbation function of the heavy
particles. Devoto !¥ has shown that, for the thermal conductivity, this simplification
introduces an error of less than 0.1%; for argon and less than 0.9 9 for nitrogen if the
terms for heavy particles are calculated using k = 2 and that for electrons, k = 7.

In addition to the problems arising from expansion of the polynomials, collision
integrals make their appearance within the framework of the theory of Chapman ¢,
These are calculated from the interaction potentials between the different particles.
The collision integrals are generally only known for the “simple gases™ (nitrogen,
oxygen, argon, hydrogen); unfortunately the data are unknown in other cases, for
interactions of the type C—H for example (methane-hydrogen plasmas are often
used in plasma chemistry). The diffusion coefficients, involved in the expressions for
transport coefficients are strongly connected to the collision integrals and the effect
of uncertainty in the interaction potential may be seen. For example, Gorse ?’ has
shown that the choice of potentials for N—N* can introduce uncertainty of 609
and 759 in the thermal conductivity and viscosity of nitrogen respectively between
10000 and 20000 K.

2.2.1.1 Viscosity

The viscosity coefficient establishes the proportionality between the friction force
in the direction of flow and the velocity gradient in the orthogonal direction. Cal-
culation of this coefficient is made with the pressure tensor in the first approximation
of Chapman-Enskog *¥,

2.2.1.2 Thermal Conductivity

The distribution function and the heat flux vector allows the translational thermal
conductivity to be determined. The latter can be written as the sum of two terms, one
due to the electrons ¢, and the other due to heavy particles »},. The two terms are
calculated in the 3rd and 2nd approximation of Chapman-Enskog, respectively.
We have seen in the section that, at high temperatures, the gas is dissociated and
ionised. The dissociation and ionisation phenomena make a large contribution to the
energy transport. Considering a diatomic gas, it is dissociated and ionised in the high
temperature regions of the plasma and recombination occurs when it diffuses to the
cooler regions and vice versa. This results in transport of chemical energy which
is taken into account as reaction conductivity. This term is determined by means of the
theory of Butler and Brokaw ?¥ exclusively using the hypothesis that k = 1 for
reasons of symmetry.

Since each species at high temperatures has an internal energy component
(vibration, rotation, electronic excitation) energy is transfered in the course of an
inelastic collision when the particle becomes unexcited. This effect is taken into
account by the internal thermal conductivity which is determined from the theory of
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Euken 2¥, also using the first approximation. The total thermal conductivity is
considered to be the sum of these three contributions x = %, + %, + %,,. The
respective contribution of these three terms will be considered for the example of
nitrogen which we have studied in detail from the point of view of equilibrium.

2.2.1.3 Electrical Conductivity

In the presence of an electric field in the arc, or under the action of other phenomena
such as gradients of temperature, pressure or concentration, transport within the
plasma occurs by electric charges which constitute an electric current. The current
density can be written:

J= Z Zini\:/i

where z,, n, and {f are respectively the charge, density and diffusion velocity of the k;
ionised species. The mean diffusion velocity V can be calculated with the aid of the
distribution function f,. Thus the electrical conductmty o (such that j = O'E) is
expressed as a functlon of the diffusion coefficient which can be calculated for
different orders of k {generally k = 3) ',

2.2.2 Examples
2.2.2.1 Viscosity

To illustrate the preceeding theory we have represented in Fig. 11 the viscosity of
Argon, Nitrogen, Hydrogen, Helium #*2, as a function of temperature. The vis-
cosity of plasmas at 10000 K lies in the range 1 - 1073 (g/cm -s) — 4 - 1073 (g/cm - s).
These values are approximately ten times higher than those of the same gases at
room temperature and the consequences of this fairly high viscosity will be seen in

3
@ 2f O
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Fig. 11. Viscosity of hydrogen, nitrogen, argon and helium plasma at one atm. From the results of
and *
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the following paragraphs. The viscosity increases with temperature up to a maximum
at about 10000 K for Argon, Nitrogen, Hydrogen, and at about 17000 K for
Helium, and then decreases drastically to very low values. This drop in viscosity is
due to the ionisation of the gas; the forces between particles are coulomb forces of
relatively long range, the mobility is decreased and this reduces the transport of
momentum 2*). The influence of ionization may be emphasized by comparing the
ionization energy of N, H, and Ar, which are of the same order (~ 14 eV) with that of
Helium (24,6 eV).

2.2.2.2 Electrical Conductivity

The influence of ionization on the electrical conductivity is quite obvious; the
plasma is an electrical conductor when the gas is sufficiently ionized. Ar, N, and H,
wich have a comparable ionization energy have consequently about the same con-
ductivity (o) as a function of temperature; at 10000 K 5 is 30 Q' cm™*. At the same
temperature He has a very low ¢ of 5Q7 ! cm™* due to its high ionization energy.
Figure 12 shows the curves o(T) for He, Ar, N, and H,. The conductivity increases
sharply with temperature and reaches a limiting value at 102 Q™! cm ™! until second
ionization occurs. Finally it must be noted 27 that the electrical conductivities of the
mixtures Ar—N,, Ar—H,, N, —H, do not depend on the ratio of the mixture.

2.2.2.3 Thermal Conductivity

As we have seen in the preceding paragraphs the thermal conductivity is separated
into three parts corresponding to transiational, reactional and internal conductivity
(% %, %) Figure 13 shows these three contributions for nitrogen; translational
and internal conductivities of neutrals give a quite small contribution to the total
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Fig. 13. Translational (electrons and heavy species), reactional, internal and total thermal conductivity
of a nitrogen plasma at one atm. Reprinted from 2%

conductivity. The main contribution is clearly the reactional one composed of two
maxima due to the dissociation and ionization energies respectively, (the same
kind of reaction contribution has been discussed for specific heat see Sect. 2.1.3.1).
At high temperatures the translational conductivity of electrons becomes significant.
It is interesting to compare Fig. 13 to Fig. 14 ?» which shows the thermal con-
ductivity of argon as a function of temperature. At low temperature there is
obviously no dissociation and the translational contribution of neutral species is
the most significant: the reactional part begins to be important at 10000 K together
with the contribution of the electron because Ar is significantly ionized. At very high
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Fig. 14. Translational (electrons and heavy species), reactional, internal and total thermal conductivity
of an argon plasma at one atm
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Fig. 15. Thermal conductivity of a mixture of hydrogen and argon at ope atm. Reprinted from %

temperatures when the first ionization is completed, the translational conductivity
of electrons is the main contribution until second ionization occurs.

Figure 15 shows the thermal conductivity > of a mixture of hydrogen and argon.
Hydrogen has a very low dissociation energy (4.48 eV) compared to nitrogen
(9.76 eV) so that the reactional conductivity (due to dissociation) occurs at quite
a low temperature and gives a very high thermal conductivity. The reactional
(ionization) contribution at high temperature is almost comparable to that of nitrogen
(ionization energics are of the same order).

Figure 16 shows the influence of the uncertainties on the interaction potentials for
the thermal conductivity of hydrogen. It should be pointed out that uncertainties of a
factor 2 can occur for the translational conductivity due to uncertainties of the inter-
action potentials U(H,—H,). The same kind of error results for the other transport
properties. The great importance of thermal conductivity in the utilization of plasma
for material treatment will be extensively studied in the next section.

2.3 Heterogeneous Models

Before dealing with the problems of heterogeneous heat and mass transfer (plasma-
wall or plasma-particle) we shall recall some of the basic relations used in that field.
The reader familiar with fluid mechanics formulations can proceed directly to
Section 2.3.2.
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2.3.1 General Considerations

2.3.1.1 Balance Equations for an Homogeneous Reactive Flow

The following relations are those governing reactive flows controlled by diffusion,
heat transfer and momentum transfer phenomena 26734,
a) Mass conservation
Let o; be the mass density of species j moving with a velocity v (V; is the sum of
diffusion velocity V; and center of mass velocity ii).

The conservation equation is:

3,

ot + V- V) = w; 1)

where o; is the mass production rate by chemical reactions. The continuity
equation is obtained by summing (1) over all the chemical species.

0o "
= V- =
m TV ) =0 @

The diffusion flux of species j is defined by:
ios = o, 3)
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The convective flux of species j is defined by:

b) Momentum conservation
We first define the time derivative operator as:

— =+ iV )

For viscous flow, momentum conservation can be written as:

-

dii 3
e +Vp=—V I )

where 1 is the viscous stresses tensor defined by the following expression:

2 ou, ou
. — P TR (Ve S, 7
ik ”(axk + ax) n(V-u) 8, (7)

p is the viscosity coefficient; n is the second viscosity coefficient used for com-
pressible flow.
c) Energy conservation

Under the ethalpy formulation, the balanced equation becomes:

dh do
— == Y 8
o5 dp+<p q (8)

h is the unit mass enthalpy of the fluid, ¢ is the viscous dissipation term defined
as:

o= —II: Vi )]

g is the heat flow given by the expression 3%:

- & r oo RT QID PO "
G=x%VT + G + Zoih,V;+ — ¥ 5 =24 (v, - V) (10)

e TT MDDy
where the phenomena considered are heat conduction, radiative flux, enthalpy diffu-
sion and heat transfer by the Duffour effect respectively

D, ; is the thermal diffusion: Dy ; = (2 I[:og f;j)
' Og 1 /p

Il
"

Dy; is the linear diffusion: D Mo
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where n; is the mole number of the specie ], Xj, X, are molar fractions, Mﬁ is the
reduced mass of species j and i and v;; is the collision frequency between species j
and i.

2.3.1.2 Transfer Coefficients

In most cases, the solutions of the problems set up for heat, mass and momentum
transfer evaluations in convective flows cannot be obtained by analytical means.
Generally, approximations are used based on empirical relations or coefficients.

Considering a unit surface, the quantity of heat passing through this surface in unit
time is given by the expression:

qo = (B - i) 1)

where 1 is the normal to the surface.
Subscript 0 means that this quantity is evaluated at the interface.
An analogous relation is given for mass transfer:

Jo = (g * 1o (12)
or for momentum transfer:

T = (¥ o (13)
4, jp, T are respectively heat flow vector, mass flux vector and momentum flux
tensor

Qps Jo» © lead to three local coefficients
Heat transfer coefficient:

36).

.
by = 5= (14)

Mass transfer coefficient:

h, = _bo )
e — Qo

Friction coefficient:

(16)

(T —T,) and (@ —@,) are characteristic temperature and mass concentration

1
differences in the neighbourhood of the interface, respectively and EQHZ is fluid
dynamic pressure.
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2.3.1.3 Similitude Notions

The foundation of similitude theory is that there is no law of nature depending
on the choice of units used for describing the corresponding phenomenon.
Consequently, these laws can be expressed by relations between dimensionless quanti-
ties termed “‘similitude parameters” (see Table 1).
a) Characteristic dimensionless group

The major problem is determination of heat and mass transfer coefficients.
Similitude theory allows the definition of two dimensionless coefficients including
h, and h_. These are the so called Nusselt and Stanton numbers given by:
For heat transfer:

h.d
Nu = " (17)
%"
st = M (18)
uge,
For mass transfer:
h.d
O 1
Nu, = - (19)
h
St, = — (20)
u

Note that Nusselt number for mass transfer is usually known as Sherwood
number. That is:

Nu_ = Sh 1)

L

Table 1. Dimensionless quantities

— Coordinates and time:
x}r =x/D; t* = tli}/D
— Differential operators:

V* =DV
V¥ = D*V.V

= (™)

— Linked variables:

ot o po® T e Yo Ye
lul % AT AY,
1 D? P—P,

*= - _;  P*=(o* — o} 4 ——F

¢ uMz(p (¢* — 03) e

D is a characteristic dimension of the problem, go, T, Yio, Py are respectively characteristic density,
temperature, mass fraction, pressure,
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Nu and Sh are used for laminar flows or steady state flows. Stanton numbers, in
most cases, characterize transport properties in a direction perpendicular to the
flow 7 and are used for turbulent motions. The preceding dimensionless groups are
generally defined together with other groups describing physical properties of the
fluid.

b) Characterization of fluid properties

Heat, mass and momentum transfers are respectively characterized by thermal
diffusivity coefficient D,, diffusion coefficient D and kinematic viscosity coefficient,
all expressed in cm? - s,

The fluid properties are characterized by the ratio of two of these quantities

leading to:
The Prandtl number:
vV uHC . . L
Pr= 2= »;2 where v is the kinematic viscosity 22)
The Schmidt number:
v _
SC = — = 2
¢ D oD 23
The Lewis number:
D
Le=2_¢9 24)
a %

c) Flow characterization
Whether the fluid flow is laminar or turbulent can be predicted by the value of
Reynolds number:

Re = w 25
v

If the viscous stresses are sufficiently strong, instabilities will vanish rapidly and the
flow remains laminar (Re is small). However at values of Re greater than a critical
value (Re ), instabilities are maintained and the motion is turbulent.

The analysis of experimental data, gathered for given geometrical and physical
conditions, leads to empirical correlations for Nu and Sh, thus these dimensionless
quantities can be expressed as function of Re, Pr and Sc.

Nu = f(Re, Pr) (26)
and
Sh = f'(Re, Sc) 27
The main dimensionless group are listed in Table 2.
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Table 2. Usual dimensionless numbers

D
Reynolds Number Re = bue
13
Nusselt Number Nu = b, D
%®
d
Prandt! Number Pr = ot
%
h
Stanton Number St =1
Qc,u
Boltzman Number Bo _gcgu 1;
ng T
pu?
Bringkham Number Br =
¢ r n AT
ul
Eckert Number Ec = —
cP
Lewis Number Le = 2% Dy
%
Schmidt Number Sc = u
QDij
Sherwood Number Sh = h,D
D

[

2.3.1.4 Boundary Layer Approximation

Large Re numbers are equivalent to weak viscosity, as a consequence, the fluid may
be considered as an ideal one and the velocity profile may be assumed to be flat 3V
However, such an approximation is not valid in the neighbourhood of the wall.
For viscous flow fluid velocity must be zero at the wall, for ideal flow, only the
normal velocity component must satisfy this condition. Thus, for large Reynolds
numbers, velocity cancellation occurs in a thin layer, close to the rigid surface: the so
called **dynamic boundary layer™.

Rewritting (6) under the dimensionless formulation, the small quantity 1/Re
appears on the right hand-side, and the contribution of viscous stresses may be
considered as a small perturbation to an ideal fluid motion (in ideal flows right
hand-side of (6) is zero). The boundary layer equations are ebtained as velocity
asymptotic expansions which must satisfy the perturbed “equation *® (Table 3).
Physically, this is equivalent to say that the velocity gradient in the flow direction
is very small compared with the normal one, and that the normal velocity
component is much smaller than the axial one. It can be shown that the ratio of the
transverse to longitudinal velocities is about Re™ !/ 27-3% and that the boundary
layer thickness varies as Re™'? (Fig. 17). Such considerations may be applied to
temperature and concentration profiles and lead to the so called “Thermal boundary
layer” and “Diffusion boundary layer”. According to similitude laws, Pr, Le, Sc
numbers allows a comparison to be made of these different layer thicknesses:
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Table 3. Boundary layer equations %

— Mass conservation:
0 o
& (0, + 3y (evr) =0 31

— X momentum component conser vation:

6u+ v dP+6<u6u 32
Qo ox o By  dx  dy\ 9y
— Species conservation:
Y, oY, 0 . .
e = - () ; i=1...N -
Qu aX Qv ay ay (JD,) + @ 1 33
— Specific internal energy conservation:
Be+ Oe 0q p 6u+6v>+ ou\? 3.4
LI v AT T T A T P Al ujf-— -
e ox @ Oy Oy ox Oy dy

k = 0 for plane flow, = 1 for rotationally symmetric flow, q is the energy and species diffusion
flux as defined in Sect. 2.3.2.2.

Pr: dynamic/thermal boundary layers
Le: thermal/diffusion boundary layers
Sc: dynamic/diffusion boundary layers

2.3.2 Plasma-Wall Heat Transfer
2.3.2.1 Introduction

The main processes responsible for heat transfer are the following 37:
— in the boundary layer:

— conduction and convection

— convective diffusion

v/ ug
1,004~ ——— — e
0,89
Plasma
flow
e
Ug

Boundary
layer
——

Fig. 17. Evolution of the dyna-
mic boundary layer thickness
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— to the wall: species recombinations
— atom-—atom-smolecule
— ions—e~ —neutrals

- radiative transfer.

The heat transfer phenomena and, in particular, the thermal boundary layer, are
well understood for a cool, solid body immersed in a laminar hot gas stream in
which no chemical reactions occur. The heat transfer can be predicted by the Nusselt
number: Nu = f(Re, Pr). With some modifications, similar relationships hold for
dissociation of gases, provided that Le, which describes the diffusion of the
species, is close to unity 3%

If one considers heat transfer in a temperature range high enough for ionization
to occur, one might be tempted to expect a strong increase of the heat transfer
coefficient because the free electrons contribute strongly to the thermal conductivity,
as they do in a metal.

One may consider two cases:

Firstly, walls are completely non-catalytic surfaces, and in this case, there is a high
electronic concentration close to the wall leading to a strong thermal conductivity.

Secondly, the walls are fully catalytic. Recombinations maintain, close to the
wall, a thin layer with a low density of charged species. Such a layer acts as a thermal
insulator and prevents a large increase in heat transfer . When this layer is under
ionization equilibrium, its composition depends only on temperature, so it has the
same thickness as the thermal layer.

If the ionized layer is “frozen”, its composition is controlled by diffusion and the
thickness is much smaller than in the equilibrium case (Fig. 18). Thus one sees the
importance of Le number which characterizes the respective thicknesses of thermal
and diffusion boundary layers. When Le increases, the diffusion layer becomes
thicker and the heat transfer to the wall, decreases.

2.3.2.2 Transport Equations

Consider a gas mixture of two components, subscripted 1 and 2: respectively. The
following equations are written in the boundary layer approximation, assuming that
“a concentration and temperature gradient exist only in the y direction (normal to the
flow).

By the definition of the diffusion velocity in eq (3) one obtains *?:

i oY, 0 Log T 28
JDlz—QDIZ —a—yﬂ+YlY2a6—y( og T) (28)

where Y, and Y, are the mass fractions of the two components, g is the density
of the mixture, D,, the binary mass diffusion coefficient, o is the thermal diffusion
ratio:

e Dy,

O = —

0, Dy,

85



Fig. 18. Calculated electron den-
sity and temperature distribution
in a plasma wall boundary layer.
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The heat flux becomes:

oT M?

= —y— + (b, —h,)j, —aRT (29)
4 dy ! 20 MM,

in,

The symbol « denotes the thermal conductivity, h, and h, are the enthalpies of the
components, R is the gas constant, M, M, and M, denotes the molecular weights
of the mixtures and of the two components respectively.

Introducing j,)1 from eq. (28) into eq. (29) one obtains an analogous relation to

eq. (10):
RM?\\ oT
MM,

o a .
q= —<” +eDY,Y, (T (hy —hy) — o 'é‘“y“

D (b - kT ) 3 °o
_.Q — — -—
v M,M,/ dy
giving the equivalent thermal conductivity:
o s , RM?
R, =% + QDY1Y2 T (h] - hz) — o MIMZ (3})

In practice *®, the temperature gradient effect on diffusion is neglected and this
gives for eq. (28) and eq. (29) respectively:

oY
i, = —oD —> 32
In, Q dy (32
g oh 1 - . 0Yy
=—— ——gD{1— —] (hy — h 33
q Pr, Oy Q ( Le;) (hy 2 oy (33
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where Pr; is the “frozen Prandtl number” defined as:

uC
Pr, = —H

s
and where Le, is the “frozen Lewis Number” defined as:

C,D
Le, = Q™

%
C,, denotes the frozen specific heat and x, denotes the frozen thermal conductivity.
Thus Eq. (33) may be written as:

i 1 aY, N n oh
Y (LAY UL BLE B S A
q (Prf +e ( Lef) an 2)) 3y

Comparison with the first term of (33) on the right hand side leads to a definition
of the ““equilibrium” Prandtl number Pr, as:

The above equation allows the heat transfer to be described when chemical
equilibrium is established. Note that when Le; = 1 Eq. (33) and (34) are the same.
This analysis, proposed by Pfender *®, has been verified using some experimental
results which show that the frozen boundary layer hypothesis is correct. The measure-
ments have been performed in a free burning argon arc with different water
cooled probes. (¢ < 0.5 mm). The influence of the charged particles has been
determined by the measurements of the saturation current in the probe maintained
at a floating potential.

2.3.2.3 Empirical Correlations for Hear Transfer

For a partially ionized gas, dimensional analysis leads to the following expression for
the Nu number *9:

Ny, = f(Pr,, Re, Sc, £, ¢) (35)
. o eV
where § is the ionization degree and ¢ =T
Petrie 4% gives the following coefficients:
- 1/3 Ep”\™ © 0.769
Nu,; == (0.064Pr!/” + 0.0348 So Re {36}
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where m is an exponent depending on the experimental conditions. The above
expression represents the data within +159% over the entire range of experimental
conditions.

2.3.2.4 Case where the Walls are Electrodes

The extreme values of temperature, current density and field strength prevailing in
the regions close to the electrodes and the gradients of these parameters make
diagnostics a “formidable task” 3%, Nevertheless, the literature dealing with this
subject is very extensive *! ~*4), Heat transfer studies are complicated by three main
difficulties.

Firstly, the conventional equations apply only as long as the continuum approach
is valid. Since the anode fall spacing is of the order of one mean free path of the
electrons the continuum approach is no longer valid for that part of the anode
region.

Secondly, the application of conservation equations requires that the plasma is in
LTE or, at least, that its thermodynamic state is known.

Finally, the specification of realistic boundary conditions for an anode region is
extremely difficult.

The principal task of the anode fall region, namely to provide an electrical
connection between the high temperature plasma of the arc and the low temperature
anode, embraces several effects imposed by the conservation equations.

Conservation of energy requires that the field strength and current density adjust
themselves so that the total net energy losses are compensated for by the ohmic
heating. Conservation of charge carriers demands ion production in the anode fall
region. At the surface, the current is exclusively carried by electrons which gives
rise to a net negative space charge. The potential drop in the anode fall zone is a
consequence of the net space charge adjacent to the anode surface (Poisson
equation). It can be shown *¥ that electrons entering the anode are responsible for
the main part of heat transfer. The expression giving the heat flux going through the
anode is:

(5 kT
Q= qc+qr+Je(5_e—¢+Va+qa) (37

where q, is the local heat flux by conduction and convection, q, is the radiative
flux from the plasma to the wall, j, is the electron current density, T, is the
electron temperature, @, is the work function of the anode material and V, is the
anode fall.

In most cases heat transfer to the anode is governed by the electron flow:

. (5 KT,
Ga = Je e

+ VA + (pa)

2.3.2.5 Radiative Transfer Contribution

Generally the radiative contribution is much smaller than the convection contribution.
However, the radiative flux increases strongly with temperature and pressure, and
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approaches that of black body radiation at P > 100 atm. Mostly one considers the
Kramers radiation taking into account bremstrahlung processes and electron capture
by heavy particles 4.

It can be shown ** that in an optically thin gas one has:

convective flux 3
————— = — 1B, for t1,» 1
radiative flux 16

and in an optically thick gas:

convective flux
- = B_/271 for 1 1
radiative flux o/2% 0 <€

B, is the Boltzman number defined by:

— QuCP
°  oT}

(38)

1, is thermal boundary layer optical thickness.

2.3.2.6 Correlations for Nusselt Number

The different correlations are listed in Tables 4 and 5.

2.3.3 Plasma-Particles

A particle immersed in a fluid in motion is accelerated by viscous forces.
Moreover, if the particle and fluid temperatures are different, heat transfer processes
are occuring, generally accompanied by chemical reactions and mass transfer
processes.

Table 4. Correlation for Nusselt Number

Nu Conditions Ref.
L G014 Re < 200; L/D > 10 47
1.86 (Re Pr 6) (E) Wall with T = constant
) 0.14 . 47}
0.8 pt/3f Y4 Re > 210*; 0.6 < Pr < 100 .
0.026 Re”° Pr (u;) LD > 10
0.023 Re® pr™ 0.7 < Pr < 100; Re > 10* 48)

L/D > 60; m = 0.3 for cooling
m = 0.4 for heating

7 + 0.025 (Re Pr)°® Re - Pr > 100 Heat flux to the wall 49)
is constant

5 + 0.025 (Re Pr)®® 200 < Re Pr < 10°T,_, =cte st
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Table 5. Correlation in the boundary layer

Ref.
Nuy,, = 0.323 Re;2 Pr'P® Pr > 0.7 Theoretical 50)
Sh,. = 0.332Rel? §c*P Re, < 10°  results
Nu = 0.037 Re®® P Pr > 0.7; Re > 10° 59
Nu = 0.02 Red;27 pr0-3 Hot gas strinking on a wall 52

2.3.3.1 Particle Motion
a} Drag Coefficient

Newton 5% presented experimental data for the force on a hollow sphere falling in
air and he derived the following equation which seemed to predict his results
theoretically:

F = 2 RiV? (39)

According to dimensional analysis one introduces a dimensionless number used to
characterize the drag force: this number is the so called “drag coefficient” which
compares the drag force to the product of the dynamic pressure by the cross-
sectional area of the particle, yielding:

F
Co=—— (40)

1 2
— QUIA
2 &
The expression giving the C,, value is generally valid for restrictive conditions
characterizing fluid motion around the particle. For that reason the drag coefficient

is expressed as a Re function.
The first results are due to Stokes 5% theoretical analysis leading to the expression:

24
C, = — 41
Ds = Re @n

Prupacher 3 proposed a representation of the deviation to Stokes’ law by the
formula:

S i —aRe 42

Cog
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Re,>Re,=2x10°

— —_—
Rey — Re,—»
—_— —_—

a b

Fig. 19. Turbulent wake dimensions behind a particle

and gave the following relations:

C
ER — 1 = 0.102 Re®**® 1073 < Re <2
Dy = 0.115 Re%80 2 <Rex2l
= (.189 Re%6%2 21 < Re <200 (43)

Stokes’ analysis assumes that the flow about the sphere is symmetrical. This
assumption is valid only for low Re numbers (Re < 0.05). For higher Re values
the flow presents a turbulent wake downstream the particle (Fig. 19).

As the Re value increases, C,, decreases and takes a minimum value (0.38) at
Re = 5000; then C, rises slowly up to 0.5 for Re = 70000. In the Newton region
(1000 < Re < 200000), C, is approximately constant ( ~0.5). Clift and Gauvin >®
give the relation: ‘

Cp = 24 Re™'(1 + 0.15 Re®%®7) + 0.42(1 +4.25-10* Re™'*%)"! (44)

For Re ~ 300000 the “resistance crisis* occurs. The drag force depends on wake
dimensions and these dimensions also depend upon the position of the separation
line between the wake and the boundary layer. As Re increases, the turbulent
separation point moves back ; as a consequence the wake dimensions diminish and the
drag coefficient drops sharply from 0.4 to 0.1 (Fig. 20). All of these considerations
are reported in detail by Torobin and Gauvin *”. Boulos 5®, Bhattacharyya and

100

~
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Table 6. Correlations for the drag coefficient *@

Re Gy

Spherical particle Flakes:e 6.026 D,
Re < 0.1 24/Re 24 8,/Re
0.1 S Re <1 (24/Re)(1 + 3 Re/16) (24 S,/Re) (1 + 3 5, Re/16)
12 Re<20 (24/Re) (1 + 0.11 Re?#19) (20.4/Re) (1 + 0.136 Re%80%)
20 = Re < 200 (24/Re) (1 +0.189 Re®632) (20.4/Re) (1 + 0.138 Re®7%)

S, is a shape factor; for thin disks S, = 8/3n

Gauvin *® suggest the correlations given in Table 6. Moreover, in order to consider
the important viscosity variations in the boundary layer Lewis and Gauvin ¢ adopt
the following correction:

/015
G=C (f)

b) Particle Trajectories

Particle trajectories are obtained by solving the “Basset-Boussinesq-Oseen”
equation 5% 61);

I3
F c,,gf D, dU, My “df;
_— U0, - —CuJor =t
an U Cas — 6 dt H 4/ O 6 ) dat

F is the force acting on the particle of diameter D,. The first term in R.H.S. is the
drag force contribution, U, is the relative Veloc1ty between the particle and the
fluid.

The second term is the added mass term where C, is the added mass coefficient.
The last term in Eq. (46) is the Basset history term where C, is the history
coefficient, g, is the density of the fluid, p; the viscosity of the fluid and ¢ is a
dummy parameter. In most cases the added mass and the history terms are orders
of magnitude less than the drag term and, consequently, may be neglected leading
to the equation:

’) _d_(p__ {46)
t=¢ l/t__—a

dU,
dt

3. Lo
-3 — _ 4
G0, = U0, — Ty - 47

where flp is the particle velocity, fjp the fluid velocity and g,, is the particle density.
When the flow presents axial, radial and angular velocity components, the force
balance gives the following equations for the three directions

dUPz - QO dez 3 O
dt g, dt 4P D,

P

Q
Uy, ~ Ul Uy, = Ug) + g (1 - 65)
P

(48-a)
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du dU 3
P& T - o U, - U (U, - U

dt Q, dt 4 oD,

)

T

UZ\ U2
Or Mf,
+2 (1 — Ef- 'G“E-) § + ]/ VfK (Upw"" qu,) Sle/(ZDpr) (48-b)

P “py P
dU dU 3
P & e 2y % |y, ~ Ul Uy, - Up)
dt g, dt 4 gD, "¢ ¢ Pe v
2
_z(l—g‘— - ) e (48-¢)
QP UPUP DP

Here, subscripts p and f denote the particle and the fluid respectively, sub-
scripts z, r, @ denote the axial, radial and angular direction respectively. In the
three equations the first term in R.H.S. is the buroyancy force and the second
term is the drag force. The last terms in Eq. (48-a), Eq. (48-b) and Eq. (48-c) are
gravity, centrifugal force and Coriolis force respectively. K appearing in Eq. (48-b)
is the curl of the fluid velocity, supposed to be axially oriented.

2.3.2.2 Plasma-Particle Heat Transfer

a) Heat balance equations
If one first considers that the temperature increases up to the melting point the heat
flux received by the particle is ¢*-%?:

q = hTSp(Tg - Tp) - hl‘(Tp) =
= hS(T, — T,) — S,ec(Ts — T§) 49)

where h; and h, are respectively the convective and radiative coefficients. S, the
particle area, m,, C, arc the mass and the specific heat of the particle. ¢ is the
emissivity, o the Stefan constant, and T, T, and T, are the temperature of the
gas, particle and of the reactor wall, respectively.

The first and second terms in the right hand side are respectively the convective
and radiative contributions (plasma radiative contribution is generally neglected).
One part of the energy is absorbed by specific heat and the other part is lost by
radiative transfer giving:

d
m,C, -}ff _ hySy(T, — T,) — S,e0(Té — TH) (50)

When the melting point is reached, the temperature is assumed to be constant and the
heat flux provided to the particle increases the liquid fraction x, according to the
expression >

dx

L
Mhm ¢

= hyS,(T, — T,) — S£o(T% — T (51)
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Finally, after complete melting, the temperature rises again until it reaches the
boiling point. Then the particle temperature remains constant and its diameter
decreases by the evaporation processes. One has %1):

nD? dD
Q-EE;—P 5 = heS,(T,— T,) — S,80(T} — T§) (52)
This equation stipulates that no mass losses are occuring before reaching the boiling
point. Generally evaporation may occur before this step and, moreover, some
materials may not pass through the liquid phase.

Two evaporation processes may be postulated %%:
firstly the plasma is inert and the most important reactions are those of decomposition
AB = A 4+ B; A, B are gaseous or condensed elements or compounds; secondly
the plasma is reactive and heterogeneous phase reactions are involved according
to:

Al +B=2C + D(g)

A more sophisticated model involving diffusion process proposed by Bonet % is
described in the next section.

b) Reactive model

The gaseous phase issuing from the material tends to maintain a vaporisation-
condensation equilibrium. Let o, be the mass concentration of the vapour at the
particle surface and @, the same quantity away from the surface. The mass
evaporation flux is given by:

F=h,e.—0Q) (53)

where h,, is defined in (15).
The evaporation flux induces the particle radius variation according to:

dR, _ 4

= =¥ 54
by (54)
This flux gives rise to the corresponding enthalpy flux: j AH, with:

AH, = AH,.,. + (0 (Ty) — b(T,)) — (b(T)) — h(T,)) (55)

where AH, _,, is the enthalpy of the reaction occuring at the surface, h, is the mass
enthalpy of the gaseous product, and h_ is the mass enthalpy of the plasma. Thus
(50) must be rewritten:

dT, .
hrSy(T, — T;) — S,e0(Tf — T§) = mC, —= — j,S AH, (56)
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One may consider the material evaporation by introducing the characteristic time
leading to a dR, radius variation. If the process is controlled only by diffusion one
has the dt,, time as:

dR
dtD = Qp J B (57)

A

Expressing h, as a Sh number function and noting that g, > o, Egs. (57) and
(53) lead to:

Q R
dt, = 2-F P
p = 2 0. ShDg., dR, (58)

If now one considers that heat transfer controls the process j, must be expressed
by Eq. (56). Neglecting radiative contributions and expressing h; as Nu function
Eq. (57) gives the heat transfer dt, time:

AH{R,

dty = 20, —mme e
=R #(Tg—T,)

dR (59)

P

Thus one has two consecutive and competitive processes (before diffusing, the
vapour must be produced by heat transfer). The material evaporation is controlled
by the slowest of the two processes. Expressing the dty/dt, ratio one has:

do _ Nux (Ty—Tp) (60)

dt;  Sh o, AH; Dg,

The heat and mass transfer analogy allows to write: Nu/Sh = 1 (from (27)
this implies that Pr == Sc¢). If one supposes that Le is close to 1, that is:

Le = »/(C0,D) ~ 1

one finally obtains:

dty _ Cy(Ty — Ty

61
dtr Qs AHy

Usually AHy > C (T, — T)). If g, is low then dtp > dt;; the process is controlled
by the diffusion. If o, is important then dt;, < dty; the decomposition process can
be controlled by heat transfer.

The radiative transfer, contribution which cannot be neglected as particles
(p < 200p) reach the melting point, tends to increase dt,, that is, reinforces the
tendency for heat transfer to control the process.
¢) Influence of the particle thermal conductivity

A model in which temperature gradient is involved, has been developed by
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Fig. 21. Schematic diagram of heat transfer to vapor film and
liquid particle. Reprinted from %

Yoshida et al.®® and Lesinski et al.®®. When an evaporation flux leaves a
partially melted particle, the energy balance may be written as 5%:

QT = QD + Qv + QDV (62)

where Q, is the total energy provided by the plasma to the particle,
Q,, is the energy provided to the solid core,
Qy is the energy required for evaporation and
Qpy is the energy required for heating up the gaseous products.
The transfer mechanism is shown in Fig. 21.
The differential equation for temperature in a spherical particle is:

oT 1 0 oT
C -~ =wm — | — 63
S TR (“‘ar) 63)

The boundary conditions required for the resolution depend on temperature distri-
bution in the particle. Several cases must be distinguished.

i) The particle is not melted (Fig. 22a). At the external surface this condition can
be expressed in the following form:

oT
Rps (5;>Y=Rp= hy(T, = T,) (64)

T A TA TA

0 >
0 Ry r
a

Fig. 22a—c. Radial temperature distribution in an alumina particle:
a melted particle, b partially melted particle, ¢ evaporation. Reprinted from 5%
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The heat flux entering the particle through the external surface is only required for
heating up the solid material until the surface temperature reaches the melting point.
The particle then begins to melt and a moving front results which changes the
boundary conditions.

ii) The particle is partially melted (Fig. 22b). In addition to an expression like (64)
holding at the external boundary, it is necessary to write another expression
involving the melting front propagation. The heat balance expressed at the moving
interface gives:

oT oT dR
(TN (9T R 65
“"“(ar)km_s ”"’(ar)gmu ng"( dt) (65)

#, is the thermal conductivity of particle material, the subscripts s and 1 denote the
oT

solid phase and the liquid phase respectively. The temperature gradient a is evaluated
r

in the neighbourghood of the melting front, the radius of which is R, at
r = R — ¢ for the solid phase and at r = R + ¢ for the liquid phase, ¢ being an
infinitely small quantity. Of course temperature continuity must be expressed:

TR,) =T, (66)

One part of the heat flux reaching the melting front is required for its propagation, the
other part goes for heating up the solid core.

iii) Occurence of evaporation (Fig. 22¢). As the surface temperature is increasing,
the vapour pressure of the material increases too, giving rise to an evaporation flux.
This flux requires a part of the energy provided by the plasma to the particle
leading to the condition at the vaporizing front:

oT
hT(Tg - T(RV)) = %p (}5;) e + Jv AI_IT (67)

Equation (67) must be applied at the liquid-gas interface, the radius variation being
given by Eq. (54). Equation (67) may be written in the following form:

aT .
(a—) | = ha(Ty = T(R) — J, Hy (68)

If the right hand side is positive, the particle temperature progressively increases.
If it is zero, the temperature remains constant and a stationary regime is reached.
Now, consider the term j AH;. The mass flux depends mainly on the vapour
pressure, that is on surface temperature, and on the mass transfer coefficient h,.
Moreover, as a consequence of the high plasma temperature gradient, the
h(T, — T,) term rapidly decreases as the particle continues on its trajectory.
Though T, is much higher than T, it may happen that the right hand side of Eq. (68)
becomes negative, as the first term is decreasing more rapidly than the second one.

In that case the l:(a_T> =Rv] quantity is negative and this condition means that

or
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Table 7. »/x, conductivities ratio 66}

Powder Thermal conducti- #,/n, for different plasma gases
material vity of powder

material

W-m™-K™! Ar N, NH, H,
Zr0, 2.39 0.18 0.63 35 5.5
ALO, 5.86 0.07 0.26 14 22
MgO 5.86 0.07 0.26 i4 2.2
BN 9.2 0.05 0.16 09 1.4
SiC 41.90 0.01 0.04 0.2 0.3
Ti 18.00 0.02 0.08 0.5 0.7
Fe 40.00 0.01 0.04 0.2 0.3
w 100.00 0.004 0.015 0.08 0.1

Comments: Nu = 2; the mean plasma temperatures are: 10000 K; N,: 5000 K; H, and NH;:
3500 K. The thermal conductivity of powder material is calculated for T = 0.5 T,

the particle temperature is above the equilibrium temperature. A portion of the
particle internal energy must therefore be used to supply the heat of vaporization.
As a consequence, the particle temperature decreases until the balance of heat and
mass transfer is satisfied 5 (see Section 2.3.4.2.c).

From Eq. (67) it can be seen that two processes are competitive as soon as
evaporation takes place. (The gaseous products are coming from vaporization,
from decomposition or from both processes.)

To favour particle melting, it is necessary for heat to propagate easily through
the material. Thus %, must be large. In that case the fusion process is controlled by
energy supply, that is, by the thermal conductivity of the plasma. On the other
hand, if », is low the fusion process may be controlled by the material conductivity
% /%, > 1. Rykalin %6) gives some characteristic values for different materials and
plasma gases (see Table 7).

In the case of melting or vaporizing, moving-boundary problems must be solved;
Yoshida et al. ® adopted the variable space grid method which was developed by
Murray and Landis 67,

d) Transfer parameters
These parameters are the Nu and Sh numbers. The usual expressions are °®;

Nu = 2 + 0.6 Pr'® Re!?
Sh =2 + 0.6 Sc'® Retl? (69)

The heat transfer coefficient h, is obtained from Nu according to the equation:

_uNu
D

P

h,
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Calculating x for a mean temperature value leads generally to a rather poor result.
It is better to use the value of % defined by the relation:

f x(T) dT (70)

The Re and Pr values may therefore be obtained for a mean temperature value.
Moreover, according to the viscosity variation over the boundary layer, the follow-
ing modified Nu value is generally used 5%:

e [ U015
Nu = Nu (-\;—) {71)
f

When decomposition reactions or vaporization occur, the gaseous products at
the particle surface tend to modify the value and the following correction has been
proposed 37:

hy = m(“f) Log (1 + &) )
with:
_ AHy — AH,,
= —EI:"— (73)

where AHy and AH,, are defined by expression (55)

2.3.4 Examples of Calculations and Measurements
2.3.4.1 The Plasma

a) Influence of the nature of the gas on flow velocity

From a qualitative point of view one can say that viscous stresses tend to
determine the flow in a channel. If we now consider argon, nitrogen and hydrogen,
which are the most frequently used gases in plasmas, typical working conditions
(electric power and gas flow rates) for a DC plasma arc generator lead to the
following mean temperature (corresponding to an homogeneous flow for which
enthalpy is known and is supposed to be in equilibrium:enthalpy temperature):
Ty = 10000K, Ty, = 6500 K, Ty, = 3500 K. The viscosities respectively calculated
for the above temperature are: 3.0 - 1073 g/cm/s for Ar, 1.6 -1073 g/em/s for
nitrogen and 0.4 - 1072 g/cm/s for hydrogen. Thus, the respective flow velocity are
Uy, > Uy, > Uy
b) Gas velocities and temperature in RF plasma

Temperature and velocity distribution in a RF plasma generator (Fig. 23a) have
been determined by Boulos 5! by solving the balance equations for a fluid submitted
to electric and magnetic fields. The details of the caiculations are reported in 5%,
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Z=0
Z=Lg
Q DZ:L‘{
e © 3
(5]
G Z=1;
Q r, = 0.168cm
W r, = 0.28 cm
r, /R, = 0.06 = Ri= 1.0 ¢cm
ry /R, = 0.20 R,= 14 cm
R,/R, = 0.71 R.,= 24 cm
R/R, = LT1 r W= 01 cm
LR, = 10 — L= 14 cm
L;/R, = 4.0 Z L, = 56 cm
L/R,= 62 ( L, = 87 cm
LR, = 13.0 | Z=ly Ly =182 cm
{
a
Torch geometry and system of coordinates
0 0
Smys 5] 2r  1=500K
18mss. 3mss
k=3
x 4 Lm/s
~N
I 61 +8m/s
8t
2L m/s—]
10
12
0 0.4 0810 0 04 0810
b r/Rg e c /R =

b, ¢ Flow and temperature fields for Ql = 0.4 I/min

Fig. 23a. Torch geometry and system of coordinates, b Stream lines and ¢ temperature fields in a RF
plasma torch working with argon. Reprinted from ¢!

The stream lines and temperature contours are presented in Fig. 23b and 23¢
respectively. The calculations were performed for a frequency of 3 MHz and
3.77 kW electric power. The central gas flow rate, Q2, and the sheath gas flow rate,
Q3, were kept constant at 0.2 and 1.6 I/mn respectively. Calculations were made with
different particle carrier gas flow rates, QL, over the range 0 to 0.6 I/mn.
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Fig. 24. Temperature distribution in 2 DC argon-hydrogen plasma jet. Reprinted from 9

c) Gas velocities and temperature in a DC plasma

Figures 24 and 25 show experimental results obtained in an argon-hydrogen
plasma %, The experimental conditions were: arc voltage: 52 V; current intensity:
500 A; argon flow rate: 44 }/min; hydrogen flow rate: 7 l/min.

Temperatures higher than 8000 K were measured by spectroscopic techniques. For
lower temperatures the results have been obtained by thermocouple measurements
(T < 2000 K) and by using the tungsten melting point. Figure 24a gives the radial
evolution of the temperature 2 mm downstream the nozzle exit. Figure 24b presents
the axial evolution of the jet temperature and Fig. 24c shows spatial temperature
distribution in the free burning jet.

Gas velocities have been calculated from dynamic pressure, measured with a Pitot
tube without cooling, the probe crossing the jet, for a given axial position, with an
oscillating motion. The signal provided by capacitive coupling was analysed on an
oscilloscope. The axial velosity distribution is shown in Fig. 25a and the spatial
distribution in the free burning jet is given in Fig. 25b.

2.3.4.2 The Particles

a) Particle trajectories

In RF plasma

Boulos %" introduces in his model the magnetic pumping effect. Moreover he
shows the influence of particle diameter and of the initial radial position of the
particles in the powder feed tube on the trajectories. The reactor is shown in Fig. 23a.
The modelling has been realized for alumina particles with 10, 30, 60, 100, 150, 200
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Fig. 25. Velocity distribution in a DC argon-hydrogen plasma jet. Reprinted from

and 250 nm diameters. The initial radial position r, is defined in the figures by the
(r,/R,) ratio. This ratio takes the following values: 0.01; 0.03; 0.05.

Figure 26a shows the trajectory of 10 um particles which tend to follow the
stream lines of the flow. As they enter the torch, they move vertically downwards until
they reach the fire ball. At this point they just skim over its surface and move
radially outwards where they are entrained by the sheath gas flow in the space
between the fire ball and the quartz tube. Being so small, they are drawn into the
fire ball by electromagnetic pumping. As the particles are exposed to the high
temperatures encountered they vaporize very quickly. (Note that an open circle
indicates a solid particle, a shaded circle represents a liquid droplet and a partially
shaded circle stands for a partially meited particle.)

The larger 30 ym particles are not drawn into the fire-ball by the magnetic
pumping (Fig 26b). They simply move with the sheath gas where they solidify. The
100 um particles injected into the center move along the reactor axis and are
completely melted after passing through the hottest zone (Fig. 26¢). If the injection
axis is radially displaced (r;/R, = 0.05) the particles bounce off the fire ball, bounce
again on the wall and finally enter the hot zone where they are melted Fig. 26d.

Boulos observed that 200 and 250 um particles injected at (r,/R,) = 0.01 and 0.03
passed straight through the fire ball, while those injected at r,/R, = 0.05 bounced
vigorously all over the torch as shown in Fig. 26e and f. The 250 um particles,
entrained by their inertia, enter the fire ball neighbourhood where they are
partially melted.

In this case the particle velocities are considerablely higher than those in a RF
plasma. Generally, the particles are radially injected and the injection velocity and

102



High Pressure Plasmas and Their Application to Ceramic Technology

0 0
2 T=500 K 25
0\? 4 o LE
N &
6 N
8 1 8
10 10
12 12
0 05 1.0
a c 1/ R g et
ad, ¢ d, = 100 ym
11/Ro = = /Ry = 0,01
V, =55m/s = V, = 55m/s
t, = 169 ms t, = 88,5ms t, = 324ms
oo solid particles trajectories
onon melted emelted o partially melted
0 0

V; = 1L5mfs
t, = 105,4 ms

t, = 240,5ms

Fig. 26. Alumina particle trajectorics in an RF argon-plasma. Reprinted from ¢V

angle are important parameters. Boulos and Gauvin >® demonstrate these influence
on molybdenum disulfide particle trajectories as shown in Fig. 27.
b) Particle temperature

Iron particles in a RF plasma 4.

The axial temperature and velocity distributions used in this work are those
calculated by Boulos " for an argon RF plasma and represented in Fig. 28a.
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The model is applied to iron particles with diameters of 20, 40, 60, 80 uym.
The axial velocities of the particles A, B, C, D are given in Fig. 28b. Figure 28¢
shows the temperature history of each particle. The open and shaded circles
represent their axial position 0.01 s and 0.02 s respectively after injection. All the
curves show a change of slope near the Curie temperature. It is caused by the
fact that the thermal diffusivity curve has a minimum value (singular point) at the
Curie temperature. The A, B, and C particles are completely melted after 5.4, 10.1
and 15.0 m/sec following injection. The D particles reach only 1759 K and are not
melted. The melting conditions for A, B and C particles are summarized in Table 8.

From Fig. 28¢ note that the surface temperature of particle C increases
gradually until it reaches the flame temperature. Particles A and B approached
asymptotically to about the same temperature, that is 0.93 of the boiling temperature.
Note that their surface temperature decreases even though the plasma temperature
is much higher. This results from considerations mentioned in Section 2.3.3.2.c.
The main results of this simulation are listed in Table 9.
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Alumina particles in a DC plasma jet *

The temperature and velocity distributions in the plasma jet are those mentioned
in Section 2.3.4.1.c. The particles are 40 um in diameters and are assumed to move
along the jet axis.

Fusion is almost- complete 7 mm from the injection region, the corresponding
residence time being about 0.14 m sec. During this time, the surface reaches the
boiling temperature (Fig. 29a). The core reaches the same temperature 30 mm
downstream of the nozzle exit (0.23 m sec) and at this step the particle radius is
about 509 smaller than the initial radius as a consequence of evaporation.
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Table 8. Melting conditions of iron particles in an argon RF plasma (after )

Particle Plasma Axial Melting Plasma Particle Heat transfer
Temperature position time velocity velocity coefficient
(K) (cm) (m sec) (m/sec) {(m/sec) 10* W/m*/K)

A Q20w 6410-6760  2.54-2.74  0.510 4.81-4.25 5.40-5.27 0.559-0.582

B (40u)  9200-9490 4.51-4.98 1.055 1.75-2.84  4.57-4.43 0.336-0.367

C(60p)  9520-8750 6.89-8.03 2.060 15.5-17.3 5.36-5.95 0.273-0.267

Table 9. Results of the simulation (After ®*)

Particle Initial Initial T nax Mass Residence T, (K) V.
velocity  Tempera- evapora- time
ture tion (m sec)
{m/sec) (K) {(K) (% (16cmfall) (at 16 cm) (m/sec)
A (20) 5.0 300 2906 92.5 2292 2084 16.5
{6.1) (10.3)
B (40) 5.0 300 2902 21.6 24.55 2595 10.0
(6.8) (12.7)
C (60) 5.0 300 2411 1.2 26.79 2400 7.75
(14.3) (13.3)
D (80) 50 300 1759 2795 1759 6.88
(16.0) (13.7)

Results in brackets present the axial position (cm) where each maximum was computed

Fifty mm from the exit, particle and plasma temperature are the same. The
evaporation process is over and the particle dimension is stabilized to about 459,
of the initial radius.

All the theoretical results have been compared with measurements on 20-28 um
particles (dark circles) and 50-63 pm particles (open circles) Fig. 29a. If velocity
measurements are in good agreement with the calculations, the measured temperatures
are from 100 to 600 K lower than the predicted ones. However, it is to be noticed
that the measurements represent mean values and that the particles in their totality
do not follow the jet axis. The same calculations have been performed for a particle
trajectory like that represented with shaded line on Fig. 25a. In this case a strong
evaporation process occurs too, leading to a 50 % particle radius diminution.

In Fig. 29b are shown the temperature distributions inside the particle for different
axial positions. The characteristic positions are:

3 mm Melting temperature at the external surface

8.45 mm Boiling temperature at the external surface

10.7 mm  Total particle fusion

55.9 mm Surface temperature = plasma temperature

90 mm Plasma temperature is lower than melting temperature

Note that the core temperature is higher than the surface temperature.
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Fig. 29. Temperature distribution for ALO; particles in a DC argon-hydrogen plasma jet. Reprinted
from %%

¢) Some chemical reactions
For the MoS, desulfurization process, Munz 'V has shown that the reaction

MoS, - Mo + §,

is heat transfer controlled and that MoS, decomposition starts appreciably in the
solid state from 1773 K. In flight the moving particles go through the different
phases summarized '’ in Table 10.

d) Generator design influence

The thermal efficiency of plasma powder spraying is determined by the design of the
plasma torch, which is strongly dependent of the material feeding means. In order
to show the energy balance of plasma spraying processes, Rykalin ®® proposes
the schemes presented in Fig. 30 and 31.

When material to be sprayed is supplied to the reactor in a wire form, use of the
wire as the generator anode allows to convert about 109, of the electric power
instead of 2-59, when the wire is placed in the free jet (Fig. 30a and b).

With powders, injection downstream of the arc leads to about 5 9 energy conversion.
Injecting the powders through the arc close to the cathode leads to an energy
conversion up to 309, (Fig. 31a and b).

Moreover, recently Vardelle > has shown the importance of the design of the
nozzle of the plasma torch. One of the most important point to achieve the complete
melting of the particle is the residence time. For example, with the same electrical
power (30 kW) and the same volume flow rate either of Ar—H, or N,—H, the
temperature of the plasma along its axis at the nozzle exist is about the same but the
velocity of 18 um alumina particles injected the same way in the two plasma
generators is 1.5 greater with the N,—H, gas than with the Ar—H, gas. So the
yield of melted particles with N,H, is only 709, of that obtained with Ar—H,. To
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Fig. 30a, b. Energy balance of plasma spraying anode-wire a and neutral wire b: arc power —
10-12 kW argon plasma; spraying distance 100 mm. Key: (1) heating of plasmatron, (2) evaporation
>19 (3) heating of wire, (4) total thermal power of arc 100 9 (5) heating of gas, (6) melting, heating
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Fig. 31a, b. Energy balance of plasma powder spraying: injecting the powder into plasma jet (at the edge
of the nozzle), a to the arc column, b near the cathode: P_ — plasma energy: y./y, and y, — efficiencies

of heating the plasma forming gas, sprayed substrate surface and particies (up to melting temperature).
Reprinted from

get about the same yield with the two mixtures, the diameter of the nozzle working

with N, —H, has to be greater in order to reduce the gas velocity and, then to increase
the particle residence time.

2.3.5 Chemical Kinetics
2.3.5.1 Introduction

‘When equilibrium laws cannot be applied, the chemical composition of a streaming
medium may be obtained by the techniques of chemical kinetics.

Generally, one must take into account the elementary processes of collisions,
physical and chemical kinetics, fluid dynamics and thermodynamic relations for the
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reactive flow. Chemical changes occuring in a streaming gas mixture (chemical
reactions, ionization . . .) and energetic level changes in internal motions of molecule
(or atom) depend on different characteristic relaxation time, t, to reach their
equilibrium values. (t, is, for example, the vibrational relaxation time).

On the other hand, we can define some mechanical times, t_, as, for example, the
residence time of a molecule in a reactive volume. With t and t, we can form the
t /t,, ratio, known as the Damkéhler parameter **), D;:
if D, < 1, the evolution time of the considered process is much lower than the
typical associated mechanical time, the flow is assumed to be in equilibrium,
if D; » 1 no chemical composition changes occur in the flow during the t_ time:
the flow is “frozen”,
if D, is about 1, the flow is said to be “relaxed” and this relaxation is mainly
the cause of chemical kinetics.

When a chemical system is submitted to certain physical conditions, its com-
position can be determined by thermodynamic means if each transformation is
performed as a succession of equilibrium states. In fact some competitive reactions
may occur and the evolution of the system is determined by the fastest reactions.
If consecutive reactions take place, it is the slowest ones which govern the evolution
and the system can stay in a metastable state during an undetermined time. Thus,
as they do not take account of time, the thermodynamic laws are often used to
provide the real composition of such a chemical system. But in the general case
one have recourse to kinetic models which tend to predict the influence of physical
conditions on the reaction rates.

2.3.5.2 Kinetics Formulations
In a stationary medium the variation by unit time of the i specie concentration is
given by 27"

93% =V -(DVC) — P; + §; (74)
where D is the diffusion coefficient, S, is the source term and P, is the losses term
(chemical reactions). Disregarding the diffusion process because its contribution
introduces many difficulties in the solution of (74), we have only to consider the
contribution of chemical reactions in a homogeneous medium.

Chemical reactions occuring in a gaseous mixture involving I species A, can be
written in the following form:

i s

’ J ”

2 ViAi = 3 ViA; (75)
i=1 =1

where k; is the specific rate constant of the j® reaction, vj; and vj; are the stoechio-

metric coefficients. If we now consider an open system where the pressure remains

constant as the temperature varies with time T(t), the variation in unit time of the
i® concentration is given by:

dc; KT ¢ 1 dT
a C‘(P PANS dt) (76)
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where w; is the production-destruction rate of specie i, with:
J " ' 1 vil
W=D k(v — vy) 1“ G (77)
=1 =1

Thus, the composition of such a chemical system may be obtained, at time t, by
solving the set of non-linear differential equations (76). The solution is generally
obtained by numerical integration, which must be highly stable ones, as the
problems encountered are ‘“locally exponential”, giving rise to the phenomenon
called ..stiffness”. Warner 7 gives a critical review of the different numerical methods
employed to approach the solution of stiff differential equations.

However the major problem in chemical kinetics is due to a poor knowledge
of the specific reaction rates k;. These quantities are strongly temperature dependant.

The values of the rate constants k may be found in the literature for temperature
lower than 3000 K. The values given by different authors may be very different
arising, for example, because experimental measurements were not performed
under the same conditions (crossed beams, shock waves, etc. ... ).

From a theoretical point of view, the ‘“‘reaction rate theory” attempts to determine
the specific rates from the physical properties of the molecules or atoms involved
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in the reactions considered. Two methods have been developed in order to calculate
the specific rates. They are the so called “collision theory” 7 and “activated
complex theory” ™78 However this approach is highly complex and generally
it does not yield k-values with a sufficient accuracy ’".

2.3.5.3 Examples of Kinetic Calculation
The calculations have been performed in the case of nitrogen oxides synthesized
in a D.C. plasma jet ’®.

The theoretical model attempts to evaluate the change in chemical composition
of a gas mixture as a function of time at constant pressure. The temperature history
is described by a parabolic law. The gas is heated up from 300 K to 5000 K in 107> sec
with a 10° K/s initial heating rate. A similar parabolic law is used for quenching step.
Temperature goes from 5000 K to 300 K in 9 - 10~° with initial rate about 10® K/s.
The composition of the gaseous mixture is plotted as a function of time in Fig. 32a.
Figure 32b describes the evolution of the NO production rate according to the
different chemical reactions involved in the model. The specific reaction rates were
those given by Baulch et al. .

This model shows the important influence of heating and quenching rates on the
amount of final products. The heating rate controls the maximum NO concentration
values as the quenching rate controls the freezing of the high temperature mixture.

2.4 Diagnostics

Under this heading we include, as usual, measurements of plasma gas temperature
and velocity, of excited level populations and of electron density. In connection
with ceramics, we will also include, in this part the measurement of temperature
and velocity of condensed materials injected into the plasma gas. These measurements
are generally rather complicated from both point of view of experiment and theory,
but the results, even approximate, are of primary importance in understanding
what happens during plasma treatment.

2.4.1 Plasma Diagnostics

24.1.1 Temperature and Population of Excited Levels

For plasma jets and RF plasma, the most often used diagnostic tool is spectroscopy
because it does not disturb the plasma flow. The intensity of radiation emitted at a
given wavelength is related to the temperature and excited level populations, but
one must realize — what temperature means in this case.

Fundamental considerations

The degree of thermodynamic equilibrium has been extensively studied from a
theoretical point of view by Griem *® and Drawin ®"). It has also been studied experi-
mentally and compared with theory, for hydrogen, helium, and argon ® % and
recently for nitrogen ®%). One must bear in mind the following points:
for a given specie a Maxwellian distribution defines the translational temperature T,,
the Boltzman distribution of two excited levels 1 and j defines the excitation tem-
perature T,
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the mass action law defines the reactional temperature T, of the concerned species,
Planck’s law defines the radiation temperature T ;.

Complete thermodynamic equilibrium (CTE)isachieved if T, = T, = T,, = T,
CTE is not realized in laboratory plasmas wich are optically thin (Planck’s law is not
valid). But the mass action law, the Boltzmann distribution and Maxwell distri-

bution may be obeyed by a unique local temperature such that T, = T,y = T, = T,
then one introduces the (complete) local thermodynamic equilibrium (LTE). Boltz-
mann and Saha’s law are often obeyed only for highly excited levels, the plasma
is then said to be in Local Partial Thermodynamic Equilibrium (LPTE).

The equilibrium conditions are generally stated from characteristic time and
length for the process under consideration, compared to characteristic time and
length of a plasma parameter. As an example for a cylindrical plasma of radius r,
the characteristic length and time of the plasma temperature are:

L' = T(r, t)/—a—'{ (9]
or

tT=LT/v(r, 1)

where v{r, t) is the mean velocity. The following processes have to be studied:
collision times between different particles 17:8%-39),

Maxwellisation times 87,

energy relaxations % 7%,

kinetics of reactions 5%,

Boltzmann distribution relaxation 3V,

diffusion lengths 31-9% and

equilibrium population of energy levels 81,

The characteristic parameters generally considered are the temperature and elec-
tron density which are of primary importance under equilibrium conditions °¥,
For example, with a D.C. plasma generator, two different zones have been pointed
out in a nitrogen plasma jet at atmospheric pressure 3. The first zone is such that
10 < n, < 107 em™3 and 9000 K < T < 15000 K, and the different criteria show
that LTE is achieved. The second zone has a low electronic density 10'? < n, <
< 10" cem™3, a quite low temperature 3000K < T < 7000 K, and equilibrium
is not realized, due in part to diffusion. Nevertheless in both cases, the relaxation
times of rotation-rotation, and rotation-translation exchanges are sufficiently low
to consider the rotational and the translational temperatures to be equal.

b) Spectroscopic measurement methods

For spectroscopic diagnostics one must realize that the lines should have a high
intensity compared to the continuum, they must be well separated, and at atmospheric
pressure, an Abel’s inversion ®¥ is generally needed.

The main diagnotics used are the following: The continuum emission due to
free-free and free-bound radiation that is well suited for temperatures between
8000 K and 14000 K (the continuum intensity, proportional to Nez/]/i has been
studied for nitrogen °®, argon ®?, helium 7, hydrogen °®, and air ®*%).

The ratio of two line intensities or the Boltzmann plot®® gives an excitation
temperature 34,
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Fig. 33. Temperature contours in a DC nitrogen plasma jet. Reprinted from %

The atomic line profiles: when purely Stark, these profiles are well suited for the
measurement of electron density (usually one uses Stark width of hydrogen or helium
lines with the gases introduced in small quantity (less than 0.5 %) in the plasma gas) 8%,
when purely Doppler, these profiles give the neutral temperature; when the line
profile is due to contributions from both, Stark and Doppler broadening must be
separated, and one needs a high resolution apparatus. The most often studied profiles
are those of argon 1%, helium *°" and nitrogen 3%,
The absolute intensity of lines can be used to measure the upper level population
of the transition considered when the excitation temperature is known. The molecular
band spectra are used to measure the rotational temperature (equal to the trans-
lational one) when the lines are sufficiently separated, but even when the lines are
not separated, comparison between the experimental profile and a set of calculated
profiles as a function of temperature give rather good information especially below
6000 K 95, 84, 102).

Figure 33 shows, for example 3%, a temperature chart of a nitrogen plasma jet;
these measurements have been performed spectroscopically with an automatic data
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Fig. 34. Typical measured axial velocity of
DC plasma jet versus gas flow rate for dif-
P ferent gases (argon, nitrogen and their mix-
&z : . R ture). Reprinted from %6
0 10 20 30

114



High Pressure Plasmas and Their Application to Ceramic Technology

acquisition systemn connected to a computer, which reduces the measurement time
to a few hours.

2.4.1.2 Plasma Gas Velocity Measurements

Under the assumption of LTE a rather simple method consists in measuring the
dynamic pressure of the gas with a probe. But, in that case, the probe disturbs the
plasma flow, even if it is precisely profiled 1°*1%9, Another technique consists of
the observation of a small electrical perturbation superimposed on the discharge 1°%:
106) The use of a pulsed laser now offers new opportunities for this type of measure-
ment *°7. Figure 34 shows the velocity of an argon and nitrogen plasma jet at the
nozzle exit as a function of the gas flow rate. A third technique uses very small
particles injected into the plasma. In HF plasma the particles velocity, supposed to be
the same as the gas flow, is measured by laser anemometry 1°7-1°®) However for DC
plasma arcs the injection of small particles directly into the arc raises complex technical
problems 1%, Finally for very high velocities (higher than 2000 m/s) it is possible
to utilize the Doppler shift of the lines 9,

2.4.2 Condensed Particles Injected into the Plasma

2.4.2.1 Velocity of Condensed Particles

There are three kinds of measurements methods. The first kind is mechanical
methods in which the flow of particles is momentarily stopped with a barrier, and
then one observes the rate of the flow of particles downstream. With this method

b V,{ms™")

150

100

- M \\

Y {cm)

Fig. 35. Radial alumina particle (¢ 18.5 pm) velocity distribution along a DC nitrogen-hydrogen
plasma jet. Reprinted from 1%

115



Pierre Fauchais et al.

a mean velocity is obtained in a plane orthogonal to the flow direction. With two
holes, in two discs it is possible to obtain more refined measurements. With this type
of technique it is possible to measure velocities between 50 and 200 m/s ** but the
flow is strongly perturbed. The second kind is optical methods which have been
until now mostly used. An image of the jet is photographically recorded either with a
rotating mirror 5% 112 or an ultra rapid camera '**. Velocities up to 750 m/s have
been measured by this technique. The third kind is called opto-electronic methods
in which one uses optical detection of the particles connected to an electronic system
for data treatment. This is for example the case of the “plasmascope” developed
by Gold ' the “plasmascope” makes an analysis in space and time of the luminous
perturbation of particles flowing in the plasma. But now a more sophisticated
method is available in Doppler laser anemometry ***-*1¢), Many techniques of this
type have been developed and give fairly good results. The velocity of particles can
be measured at any point in the plasma 7122} For example, Fig. 35 shows %% the
axial and radial velocity of alumina particles injected in a nitrogen-hydrogen
plasma.

2.4.2.2 Temperature of Condensed Particles

The analysis of the radiation emitted from the surface of the particle gives the
radiation temperature. This method has been used by Bonet for low velocity
particles { < 30 m/s); a monochromatic photograph of the moving particles is recorded
through a pyrometer which gives the reference radiation !?. Lesinski ¥ has
developed a similar method by using a photomultiplier in place of camera; the
reference radiation is given by a hole travelling very rapidly in front of a reference W
ribbon lamp. This method has been refined by Vardelle '°, who has made a
statistical treatment of the received signals. The main difficulties with this system
arise from the need to know exactly the particle diameters, and their emissivities.
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Fig. 36. Alumina particle surface temperature distribution along a nitrogen-hydrogen DC plasma jet.
Reprinted from %%
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Figure 36 shows the temperature of alumina particles along the axis of a nitrogen
hydrogen plasma jet.

3 Plasma Generation

For any type of process which can be developed on an industrial scale, one must be
able to plan all sorts of scaling on the economical and technical points of view. For
this reason plasma torch or plasma reactor modeling has become an important study.
For example Lonza Corp '2° has proposed a study of the relative costs of different
plasma torches that we have actualized (Table 11). In this paper we present an
outline of the main plasma devices used in the ceramics field.

3.1 HF Torch

A plasma column can be stabilized in a non conducting tube (silica, boron nitrides,
etc. . . .) by RF inductive or capacitive coupling (between 1 and 20 MHz). The main
advantage of this technique arises from the fact that the plasma column is not in
contact with electrodes, allowing, in particular, the use of aggressive gases such as
oxygen, chlorine ?¢ or UF, '??. With a life time of 2300 hours an HF plasma
device can work with a power up to 1 MW (lonarc Tafa torches), but in the configu-
ration presently employed it is not possible to transfer more than 40-60%;, of the
electrical energy to the plasma. However, the efficiency can be increased up to 70 to
809 1% by operating the generator under overload conditions or using special
tubes with magnetic focusing.

3.1.1 Torches with Inductive Coupling

This technique is most widely used at pressures between a few Torrs and atmospheric
pressure, For example, Fig. 37 shows a 30 kW torch used by Hamblyn !* for the
reduction of volatile metal chlorides. The oscillating magnetic field is produced
by a coil, external to the water cooled silica glass envelope and supplied with a HF
current from a vacuum tube generator. Practically any gas (often mixed with argon)
may be used in such a device, the technical problems (overheating of the tube)
arising with pure hydrogen are solved by using special cooling with copper tubes.
Generators with power output of 200-300 kW are currently used 1*® for the prepa-
ration of titania pigment (oxygen plasma with TiCl,) and, as already mentioned,
units with power up to 1 MW are used. The minimum power necessary for self-
sustained induction discharge is determined by the nature of the gas, its pressure
and the frequency of electromagnetic field 1*®. As the frequency is reduced from the
MHz range to the hundreds of kHz range, the minimum power increases from less
than 10 kW to hundreds of kW and then rises hyperbolically with further reduction
in frequency. To reduce this minimum power one has to increase electrical conductivity
by decreasing the pressure or adding ionizing impurities (K, Cs, etc. . . .). Although
phenomena associated with the HF plasma are now well known in principle,
modelling 3% is very difficult to carry out because the high temperature gradients
(see Fig. 23a) result in large variations of the transport properties and torches

117



Pierre Fauchais et al.

woqIe) 10 )

"90URL] UI }SOD [BNIOE Y3 JO SISBG 9Y) U0 POZIBNIOR Uq 2A®Y pL6] UI [fouyos Aq ueard seoud oy

75606

% 08-0¢

%56

%2 $6706

£ousoLye 20IN0S I8MOJ

% 06-58

+ %08

+ %08

% 0809

AOURIIIS Y210,

{aA10827) Bursipixo
‘Buonpal ‘rennau

SAnOBY ‘FUISIPIXO
‘Funpar qennau

Buonpas ‘fennau

Suonpal ‘Tennau

ewiseld jo ainyeu [eoIWDYD

(08 suogqied
~0IpAY ‘S|oyodTe ‘IojeMm)
pmbi Sunepnsui Aue

anodea 10 sed Aue

(suoqres0aphy) “iy
TN ‘sosed o[qoN

(suoquedoiphy) ‘H
TN ‘sased ojqoN

wnipaw
(Buizipqess) BunwiadQ

AN/00T1-006 $

ZHY 01 (G My 007)
MI/00ST-000T $ (S[0XIU0S puR YOIOL)
AA/0001 § ZHY 0S¥ MA/0001 § MI/006 § 3500 JUBWISIAU]
(MW :DUV-D) (MW D¥UV-D)
M 005-00¢ M 0001001 M 0001008 M 007051 sjun [eLsnput jo ANiqelreay
DUV-DA pazijigei§ pmbry DYV uohonpuy AV-DV sseud-¢ ov-0d adAL

il

|

—

5

5Ty

siojerausy) ewiseld Jo uomsodwon) *[1 qeL

8

——



High Pressure Plasmas and Their Application to Ceramic Technology
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Fig. 37. A 30 kW radio-frequency induced
| plasma reactor. Reprinted from '*%

must be essentially designed in a qualitative manner. Finally, it must be mentioned
that the gas velocity in a HF torch is much slower (several tens of m/s) than in arc
torches ¥ (hundreds of m/s). Furthermore, the diameter of the reactor is important
(20-200 mm) and the energy density is much lower than in arc plasma generators and
lower than in arc plasma furnaces.

3.1.2 Generators with Capacitive Coupling

Much less common is capacitive coupling with the electrodes external to the
insulating tube leading to the formation of a phase shift between the electrodes
and discharge current thus reducing the efficiency of the discharge. However the
minimum power necessary for a self sustained discharge is lower than that for
magnetic coupling. Rykalin 28 mentions, for example, that in the range 10-20 MHz,
this minimum power is equal to 0.2 kW for air and 1.0 kW for hydrogen operation.
Intensive work on this type of discharge is in progress at Baikov Metallurgical
Institute of Moscow.

3.2 DC or AC Plasma Torches

3.2.1 General Considerations

The first design of a plasma torch was given in 1957 by Gage '*") who used a direct
current arc struck between a cathode rod and a nozzle anode. Forced gas flow
extended the arc in the anode nozzle which was strongly cooled. A thermal arc pinch
effect was produced by the joint action of the cold wall arc channel and the cold gas
sheet around a very high temperature conducting core (the arc column).

Various torch configurations are possible depending upon the arc stabilization
mode: tangential gas input in the arc channel (Fig. 38a), axial gas input along the
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torch stabilization
a arc plasma torch with stabilization
—Magnetic coil by eddy gaseous flow
b arc plasma torch with stabilization
Plasma by longitudinal gaseous flow
—_— - e R S .
¢ wall stabilized arc
d autostabilized arc
e Nozzle e external stabilization

cathode (Fig. 38b), segmented anode arc (Fig. 38c), magnetic rotation of the arc
root. The magnetic field can be self induced (by an arc current greater than 8000 A),
or externally generated (Fig. 38d and 38e).

The anode nozzle is generally made of copper, molybdenum or carbon. Thermal
losses can be calculated from the formulas given in 2.3.2.4. Depending on the nature
of the gas and on the working parameters anode losses can range between 809
(laminar flow) and 109 of the energy input in the arc. Some empirical formulas
giving the anode losses have been proposed '327135: the anode losses are propor-
tional to the current intensity and are a function of the arc voltage to the power of
0.2 to 0.4. For a given power one can thus reduce the anode losses by using a large
arc voltage and consequently, with a long arc. As mentioned in Ref. 3% the arc can
be divided into three zones:

a) the entrance zone characterized by the formation of an hydrodynamic boundary
layer along the arc channel;

b) a middle zone where interactions between the hydrodynamic boundary layer
and thermal boundary layer occur;

c) and a turbulent flow zone.
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Fig. 39. Development of an extended
Qr arc, variation of the electric field and
heat loss in the anode
r4

These three zones are characterized by different properties as shown in Fig. 39.
Contrary to the situation in 2nd and 3rd zone there is no radial pulsations of the
arc in the first zone; in the 3rd zone the arc becomes filamentary and divides into
secondary arcs. In order to reduce the losses to the cold walls, the arc length is
frequently limited in the first two zones; however, to realize this condition the nozzle
design must be carefully made. With good stabilization, and in the calculated power
range, anode erosion occurs mainly at the arc root. In the region of anode fall the life
time of striking sites **” ranges between 10741075 s, with a thermal depth of 5 pm
(this is the reason why the arc root must be continuously moved). For copper anodes,
the average electrode erosion ranges between 107°-1077 g/Clb and the anode life
time is consequently 300 h to 400 h. One can find in specialized literature a great
number of proposed arc column models which can generally be applied to the case
of plasma torches 3® 7142 It has been shown that it is possible to design the dimensions
of an anode nozzle with quite simple calculations as a function of desired working
parameters ** such as: mean mass temperature, arc current and nature of the plasma
gas.

The cathodes can be of the hot type such as tungsten, carbon or molybdenum,
cathodes which obviously must be used in a non oxidizing atmosphere. Under
certain conditions of oxidizing atmosphere one can use zirconium or hafnium
cathodes. The so-called “cold cathodes™ are generally made of copper *37-144~146),
Heat losses at the cathode are generally quite low (less than 159 of power input
to the arc). For a tungsten cathode tip, erosion with current is of 1077-107%° g/Clb
so that its life time is approximately 150 hours *7. Hot cathodes (thermoemissive
cathode) are generally not used with A.C. torches which are commonly based on
copper electrodes.
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" Gaseous
reactants

Cooting water Gas

Fig. 40. A DC plasma torch. Reprinted from %%

3.2.2 DC Torch

The most often used DC torch design is the one shown in Fig. 40. This type of torch
which is used for plasma spraying is available as a general industrial tool for powers
up to 100 kW.

For high power torches it is necessary to enhance the cooling of the electrodes.
Figure 41a shows a torch with a variable nozzle diameter !*7 which presents an
increasing voltage — current characteristic. Figure 41b shows a torch with gas
injection points in the arc channel; this type of torch works with power up to 500 kW
at the Institute of Thermophysics of Novossibirsk *® and it is planned to extend
this to 50 MW. The following empirical formula was used to calculate the yield of the

torch.
l_n 12 0.265 G -(.265 1 0.5
ST 585x 105 — : °‘3<- ~)
m 8 (Gd) PG d

Gas -

l\ Magnetic coil
Cathode é

uuududuuunslut=s"

Anode
" —— " — - —— — — ot ovosmrirr o e

—\%aan@ﬂzaaaammga@

W inbedded
b cathode tip

Fig. 41. DC plasma torch configurations: a nozzle with a change of diameter, b constricted arc gas
heater with multi-injection. Reprinted from 47
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Fig. 42. Liquid stabilized plasma torch. Reprinted from 129

In this formulam is the thermal efficiency of the torch, I the arc current, G the mass
flow rate of the gas, d the diameter and ! the length of the anode nozzie, p the gas
pressure in the arc chamber. All these quantities must be expressed in SI units, as I?/Gd
in A2skg™*m™!, G/d in kg/ms and pd in N/m. This formula is valid under the
following conditions:

Smm < d < 80 mm; 1 < p < 50atm; 5 < G < 5000g/s;
5kW < P < 50 MW I < 6000 A

The torch using coaxial copper tube electrodes should also be mentioned in which
the arc rotates under the influence of an external magnetic field and tangential gas
injection.

Lonza Corp 2% has developed a 250 kW torch stabilized by an alcohol flow

Magnetic coil ’@

n Reactants
% Nlm-'_' i)
L= 7
Water
Gas for cooling Gas

4]

Fig. 43. A 3.5 MW single phase alternating current plasma torch. Reprinted from 4
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with a consumable carbon cathode and an external anode which is a copper-cooled
rotating disk (Fig. 42).

3.2.3 AC Torch

In most cases the electrodes are made of copper, the arc strikes between two tubes
as in the design proposed by Fey *** with power up to 1 MW (Fig. 43). The arc
rotates under the influence of a magnetic field and of a tangential gas inlet. In
order to avoid arc extinction a high frequency voltage is superimposed on the arc
current 130151,

3.3 DC or AC Plasma Furnaces

In most cases these furnaces are used for the treatment of condensed materials. The
main problem is generally the transfer of a sufficient quantity of energy from the
plasma to the condensed material to achieve a desired treatment. We have seen in
part 2.3. how a typical heat transfer calculation is performed, but the results have to
be realized by experiment. The design of the furnaces described hereafter have
been studied in this way.

Many bibliographic studies have been devoted to the different types of plasma fur-
nages 132 71%5:128) [ particular the review of Bonet '*® provides a classification
of plasma furnaces in which the reactants are fed as dispersed materials (this is generally
the case of plasma ceramic treatment). Bonet assumes that, in a very simplified way
(see 2.3.), the energy transfered to spherical particles of constant diameter d is expressed
as follows:

6 S
E = o0 J- (h(T —T,) + o€ (T§ — Tp)) dt
0

where h; is the convective exchange factor, T the plasma temperature, T, the surface
temperature of the particle, T, the wall furnace temperature, ¢ the emissivity of
particles (the wall being supposed to be a black body) o the Stephan constant,
© the mass density of the particles and t_ the residence time of the particle in the
furnace.

Obviously the most effective thermal treatment is realized with a high E, which
implies an increase of the residence time t, of particle in the plasma, of the con-
vective exchange factor h,, of the wall temperature (to decrease radiation losses)
and also a decrease of the particle diameter]

However, some of these considerations are not compatible. For example, h, can
be increased by increasing plasma velocity, but simultaneously the residence time
will be decreased. The particle diameter cannot be decreased under 10 um, firstly
because it is difficult to transfer small particles in the plasma, and secondly because
the milling cost would be prohibitive. Bonet % has summarized in Table 12 some
characteristic furnace parameters allowing a crude classification in three types A,
B, C. We suggest the addition of a fourth D type with about the same residence time
as C type but for which the charge is used as an electrode (falling film furnace,
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Table 12. Classification of the plasma furnace (ref. 1*®’) as a function of the particle residence time
(t;) and diameter (d), of the plasma temperature T and of the plasma furnace wall temperature T,

t, (sec) d (107¢ m) T, (K) T, (K) Furnace type
1073 100 10% low A
1072 —1 100 5-10° low B
210 B’
1 — 10° o0 5-10° 2-10° C

usually DC anode), thus receiving additional heat from the arc which is partly lost
in other conﬁguratiorfs.

We shall present some of the main types of reactors that can be used for ceramic
treatment. One can roughly consider a mean gas temperature around 6000 K and a
velocity of a few m/s.

3.3.1 A Type Reactors

Most of the A type reactors are based on magnetohydrodynamic pumping near
electrodes. This effect first observed by Maecker 37" is used to drag the particles
very rapidly into the arc zone. Some calculations by Pateyron '*® using Bhattacharya’s
equations *** show that for an H, plasma, atmospheric pressure, the local pressure
reduction from the Maecker effect is about 2/1000 atm at 500 A. The main furnaces
of this type are:

the expanded reactor of Ionarc '*? composed of a shielded cathode and three con-
sumable carbon anodes (Fig. 44). The maximum power level of this reactor is 300 kW

Tungsten cathode

Consumable
carbon anodes

Treated product Fig. 44. lon-arc heater for particles treatment. Reprinted
from 169
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Powder injector

Radial
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) Fig. 45. Fluidized bed plasma furnace.
power supply

Reprinted from 1%

the 50 kW reactor of Sheer 1% where the carbon anodes are replaced by three trans-
piration anodes;

the 100 kW reactor of the National Physical Laboratory in UK 6% where the anodes
are three DC plasma jets, enabling higher power to be attained;

the Noranda '%* furnace where the arc strikes between a shielded cathode and
an anode placed in a crucible where, for example, molten molybdenum is formed.

VA

”,

NN

=

e
2
Column or
flash reactor

Electrode
Gas
<

Extended
arc zone

L&

! Fig. 46, Extended arc flash reactor. Reprinied
; l. from 19
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3.3.2 B Types Reactors

Fig. 47. A 30 kW rotating wall direct current plas-

ma furnace. Reprinted from 166

These furnaces are designed to ensure residence times of reactants of the order of
1072-1 s either with low (B) or high (B’) temperature walls. For this type of reactor
one can distinguish two groups: the first group consists of sedimentation furnaces
in which the solid reactants are fed either in co-current or in counter-current stream.
We can mention Bonet’s %% furnace (B) working with a three phase alternating
current in a cold-walled chamber. This furnace (50 kW) is mainly used for sphero-
idisation with a counter-current feed (Fig. 45). The Segworth’s 1°® furnace is a

Anode

Precessing
tathode

<

H,
N\

Crucible

Fig. 48. A 200 kW rotating cathode plasma

furnace. Reprinted from

167)
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Fig. 49. The AVCO plasma furnace.
Reprinted from '*?

30 kW hot-walled reactor (B’) using three consumable carbon electrodes. 1t has
been used for chromite ore reduction (Fig. 46).

The second group consists of the so called expanded plasma furnaces. In this type
of reactor the contact between the particles and the plasma is improved by expanding
the plasma by various means:

(i) in the 30 kW DC plasma reactor of Whyman *°® expansion of the plasma flame
is ensured by rotating the water-cooled walls (B) (Fig. 47).

(ii) in the 200 kW expanding precessive plasma reactor of Tylko **7 the expansion
is realized by a precessive movement of the cathode in front of a toroidal anode (B")
(Fig. 48). 1t is worth noting that this furnace is supposed °® to be scaled up to 1.4 MW
by Foster Wheeler.

(iti) in the 100 kW plasma reactor AVCO '? for acetylene synthesis (B) from coal
(Fig. 49) expansion of the arc and improved contact of plasma and particles are
realized with a magnetic field and a tangential gas feed.

Bearings Annular water

channel

Cooling w?ter

Quench
gas

Plasma jet ; + C?oling water

Fig. 50. A 30 kW horizontally
rotating plasma furnace. Re-
Molten cavity  Ceramic core printed from 7
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Fig. 51. A 100 kW sloping ro-
tating plasma furnace. Reprinted

~ o (T “ond from
A 7 rom
—D <\ao/ =~ U=

+1

3.3.3 C Type Reactors

This type of reactors has been designed to ensure a very long residence time for
reactants which have to be melted to form a liquid film on the walls. A great

number of reactors of this type have been proposed and, as in the preceeding type,
they can be divided into two groups.

The first group consists of the rotating plasma furnaces:
The horizontal axis rotating furnaces were developed successively by Grosse 17

Plasma
torches

Ceramic
lining

Water cooling

Water cooling gy 52, A 60 kW vertically rotating

product plasma furnace. Reprinted from '™
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Major portion Heat exchonger falling-film plasma reactor. Reprin-
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in USA, by Foex !7Y in France and by Sayce '7? in UK. The plasma flows in a cylin-
drical cavity made with the treated material, the outside wall being water cooled.
When melted the material is held by centrifugal forces on the inside walls of the
furnace. The plasma is generated by a single DC plasma torch, for example the 30 kW
furnace of Grosse 1" (Fig. 50) or the 250 kW Lonza *?® furnace.

The 100 kW tilted rotating drum furnace developed by Yerouchalmi !” is heated
by a transferred plasma column generated between two DC plasma torches along
the furnace axis (Fig. 51).

The 60 kW vertical rotating drum furnace developed by Sayce !’# is heated with
two of three DC plasma jets flowing downwards to the liquid walls Fig. 52). In
this arrangment a problem arises from radiative heating of the vault by the parabolic
walls.

The second group consists of the so called falling film furnaces (Fig. 53) first patented
by Chase '7>. By tangential feeding, the particles are centrifuged on to the reactor
walls where they melt and form a slowly falling film of molten material. This
arrangment ensures very long residence times (up to a few seconds).
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% Plasma gas/
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Fig. 54. Plasma reactor for silica vaporization.
N pLb MHD Research inc. Reprinted from 1%
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3.3.4 D Type Reactors

In this type of reactor the charge is used as an electrode. It must then be pointed
out that the melt is heated by the plasma as in other configurations but also heated
by Joule effect and electron condensation (anode) (see Sect. 2.3.2.4.) thus enhancing
the efficiency of the heat transfer to the reactants and reducing the heat losses to the
electrodes.

One of the first furnaces of this type has been designed for MHD 7% Research.
This device is, in fact, a DC plasma torch with hollow cylindrical tungsten electrodes
operating vertically (Fig. 54). Feeding of particles is realized in a gas vortex into
the inner wall of the lower electrode (which is usually the cathode). The particles melt
and form a liquid falling film.

MacRae et al. '’” have built an improved 1 MW version of the Chase furnace
(Fig. 55). Particles are fed tangentially to the wall where they melt and form a liquid
falling film on the anode.

Though they are essentially used for metallurgical treatment we must mention
the remelting furnaces such as the 60 kW Linde '"® furnace which uses a DC plasma
torch in place of the conventional graphite electrode (it is now planned to scale this
up to 10 MW *™), and the furnaces which operate with ingot feeds heated with
two or three plasma jets 8182 This kind of reactor may be used for ceramic
treatments if the charge is primarily heated by a plasma jet and used as an electrode
when melted. They have applications in the melting of ceramic oxides such as ZrO,,
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Fig. 56. Air-cooled centrifugal furnace heated by transfered DC arc. Reprinted from *#¥

AL Oy, etc. ... and for the manufacture of cast refractory blocks, abrasive and
refractory grains and refractory fiber products.

The horizontal rotating drum furnace (Fig. 56) can be heated using consumable
carbon electrodes %%, The arc is initiated between a carbon exit nozzle and a
cathode which can be withdrawn through the furnace as soon as the contents are
sufficiently melted to be conductive and maintain the arc.

We finally have to mention the earliest devices developed by Sheer !*% on the
basis of the well known high intensity arc where the material which has to be melted
is compacted with carbon to form a consumable anode. However, as a consequence
of excellent thermal heat transfer the use of this arrangement is limited by the thermal
shock resistance of the electrodes.

4 Plasma Spraying, Spheroidisation, Vaporisation, and Condensation
4.1 Plasma Sprayed Coatings

The formation of protective coatings by spraying a stream of molten metal or ceramic
particles was first developed using combustion flames into which the spray material
was fed as a powder, wire or rod. In the 1960’s commercial plasma spraying equipment
became available in which a D.C. plasma jet was used to melt a powder feed and
project the droplets at high velocity against the material to be coated. The major
advantage cover the flame spraying process is the higher particle velocity obtainable
but the high temperatures achieved in the plasma jet also make it possible to melt
even the most refractory material to produce high quality coatings. Plasma spraying
is therefore particularly suitable for the formation of ceramic coatings for wear,
thermal and corrosion protection. The plasma generator used are the DC plasma
generators, described in Sect. 3.2.2. a, usually with power less than 90 kW, the particles
being injected near the nozzle exit.
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Plasma spraying has developed, to a large extent, by empirical means with
relatively little scientific understanding of the mechanisms involved in coating for-
mation and of the factors controlling the structure and properties of the coating.
This is because the range of temperatures and the time scale of the various events
is generally outside the usual experimental conditions encountered in materials pro-
cessing and sophisticated techniques must be used to make significant progress.
A better understanding of plasma spraying is now emerging as shown by a recent
review of the Russian work in this area °®. A comprehensive review of the plasma
spraying of ceramics has also been recently published 8%,

4.1.1 Macroscopic Properties of Coatings

The properties required of plasma sprayed coatings may vary considerably depending
upon the application; for example, low porosity is necessary for wear resistance and
corrosion protection but very porous deposit may be more suitable for thermal
barriers. The physical properties of a coating of a given material will largely depend
upon the spraying conditions.

4.1.1.1 Structure

A plasma sprayed deposit consists of successive layers of material built up by the
impact of molten droplets, projected at high velocity, which flatten against the
substrate and solidify very rapidly. As emphasised by Rykalin %, even with high
powder feed rates the particles are deposited on already solidified layers. Heat transfer
calculations show that freezing of the particles occurs in a few microseconds and that
complete cooling amounts to perhaps 100 psec. The zone of thermal effect in the under-
lying material is therefore quite small and temperature gradients reach 10° K cm 1.
The coating has a sandwich like structure as shown in Fig. 57 and its properties
can be regarded as resulting from the deformation and solidification processes of
individual particles, and/or their interaction on contact. The wetting and flow pro-
perties of the liquid droplets are of first importance since they will influence
porosity within the coating and at the substrate interface.

The flow and solidification of molten particles on impact with a cold surface
is a difficult problem to treat theoretically because of the interaction between heat
transfer and crystal growth. The very high velocity at which the various processes
occur also makes direct experimental observation extremely difficult.

Madejski %6-87) has carried out a theoretical treatment of the impact of a molten

e T
ELL Lo 0%

2 Fig. 57. Texture of plasma sprayed coating:
1 (1) contact surface between the coating
and substrate; (2) contact surface between
layers; (3) contact surface between single
particles. Reprinted from 5
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droplet on a cold substrate in which he has attempted to include surface tension,
viscosity and crystallisation effects. Simplifying his treatment by neglecting the
influence of surface tension, which is small for plasma spraying conditions, and
assuming that the liquid droplet flattens before solidification occurs, gives for the
degree of flattening (ratio of the diameter of flattened disc (D) to diameter of the
initial drop (d))

0.2
D/d = 1.29<9Y9)
M

where @ is the liquid density, p the liquid viscosity, v the droplet impact velocity.

Substituting appropriate values for Al,O,, in the velocity range 100400 m/s gives
D/d = 3-6, which seems to be in reasonable agreement with various experimental
observations '9°-188:189 Thijg suggests that, at least for Al,O, under the spraying
conditions, flattening is completed before crystallisation becomes significant and the
two processes can largely be treated separately. The analysis assumes that the
particles wet the substrate and do not break up during flattening; however, there
is some evidence that this is not true under certain conditions as shown by experiments
in which the splash pattern of single particles has been studied **-1°9. It should
be born in mind however that smooth substrates have been used in these studies and
under normal spraying conditions the substrate is grit blasted and a rough surface
persists during the deposition of subsequent layers.

Plasma spraying conditions are very similar to those occuring during splat
quenching of metals which has been widely studied. The cooling rate has been of
particular interest and various techniques have been used to estimate the thermal
conditions as a molten particle spreads and solidifies "), The main results of this
work show that the cooling rate is largely independent of substrate material and is
controlled by the interface between substrate and particle if the flattened particle
has a thickness of less than a few um. The estimated heat transfer coefficient under
these conditions is of the order of 10° W m™2 K~!. Applying this result to the case
of plasma sprayed Al,O; gives a cooling rate of the order of 10" K/s and a freezing
time of about 10 ps. Such an analysis also suggests that there is a large temperature
gradient across the interface between the particle and substrate (or particle and
previously frozen material) and the temperature of the underlying material therefore
remains relatively low. This is particularly so if the substrate is cooled during
spraying by an air blast to prevent heating by plasma gases and to remove the
sensible heat and heat of fusion of the sprayed particles.

It may be seen that the structure of a coating will depend upon the velocity, tem-
perature and size of the particles at the moment of impact. Analysis of the process is,
however, made difficult because there will be a statistical distribution of each of these
parameters and it is only possible to make some general theoretical predictions °%
Such analysis are, however, of considerable importance for the interpretation of
experimental studies of coating structure.

4.1.1.2 Coating Adhesion

The adhesion of a coating to the substrate is one of the most important properties
of a plasma sprayed deposit but the factors controlling adhesion are not well under-
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stood and there is some controversy concerning the mechanisms involved. One
point of view suggests that adhesion is controlled purely by mechanical factors 192,
that is, interlocking of the coating with the rough substrate surface. Another is
that chemical interaction occurs between particles and substrate %, Adhesion is
however a complex property and neither chemical interaction nor mechanical
locking is necessary for adhesion to occur. A surface reaction hypothesis 18%:19% hag
been studied by Russian workers using model experiments with relatively large silver
particles to test the hypothesis. They suggested that the strength of the bond
developed between particle and substrate is increased with substrate temperature
and that increased contact pressure arising from impact velocity reduces the
effective activation energy for bond formation. It remains to be shown however,
whether this hypothesis is appropriate for practical plasma sprayed coatings because
of the very short time during which pressure is acting and, since the range over which
chemical effects can occur in such short times is extremely small, the effect of the
nature and thickness of oxide films on the substrate becomes very important. The
latter effect may be illustrated by the observation that the strength of the adhesion
bond is reduced with delay time between grit blasting and spraying 194,

The difficulty in establishing a “metallurgical” bond between coating and substrate
is shown by experiments involving plasma spraying of tungsten on to polished tungsten
substrates in an inert atmosphere 1%, It was found that negligible bonding occurred
at room temperature and a bond involving epitaxial growth occurred only if the
substrate was heated to temperature greater than approximately 1300 °C.

The formation of interaction layers between coating and substrate has been
observed in the case of the spraying of nickel aluminide using powders in which
each particle is a composite of Al and Ni®®. In this case a strong exothermic
reaction occurs between the two molten metals, which probably continues after
the particle has contacted the substrate, giving localised high energy input. Unless
there is an exothermic reaction between coating and substrate, or, if the temperature
of the impacting particles is very much higher than the substrate so that local
substrate melting occurs, it is difficult to see how an interaction layer of any significant
depth can ge formed because of the very short time available. Even assuming values
for diffusion coefficient (D) in the substrate of the order of that near the melting
point (= 107% cm?/s) the diffusion depth (x), given by x = Dx t where t is time,
is only of the order of 10 A for a contact time of 10 ps. Some examples 1°” quoted
in the literature for the formation of intermetallic layers probably arise from
exothermic reaction between the two metals at the interface.

It seems unlikely that interaction layers could be formed between a metal substrate
and ceramic coating although it is conceivable that interaction would occur between
sprayed droplets and the oxide layer present on any metal in the atmosphere.

This brief discussion can only give a superficial view of the problem of coating
adhesion ; however, there seems no doubt that much more work remains to be done
before the mechanism is properly understood.

4.1.1.3 Internal Stresses in Coating

The residual stresses in coatings may be subdivided into microstresses within in-
dividual particles and macrostresses within the coating as a whole. Microstresses
arise because of the restraint due to the thermal contraction of individual particles,
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as they cool in the solid state and by the underlying material which remains at a
relatively constant temperature. These stresses will therefore depend largely upon
the expansion coefficient of the coating material and the elastic constants of coating
and substrate. They would also be expected to be influenced at the interface
by the yield strength of the substrate, plastic deformation of which would allow
stress relaxation, and also the effectiveness of the particle-substrate bond.

Macroscopic residual stresses will arise, after cooling of the coated structure to
ambient temperatures, because of the difference in thermal expansion between coating
and substrate and the presence of temperature gradients during coating formation °%.
High interfacial stresses may lead to peeling of the coating, particularly on smooth
substrates, and high tensile stresses in the coating itself may lead to cracking. A
residual compressive stress in ceramic coating could however be desirable as a method
of increasing the fracture strength. To reduce residual stresses it is obviously
necessary to reduce temperature gradients as much as possible and to keep‘the
complete assembly at a low temperature by cooling the surface with an air blast.
It is more difficult to reduce the stresses to a low value when producing coatings
of low thermal conductivity, particularly as the coating thickness increases.

Measurement of residual stresses in plasma sprayed AlLO, coatings on steel
showed that they were compressive, with little change with thickness, whereas
tensile stresses which increases with coating thickness were observed for nickel
alloy coatings 1°'. The residual stress of Mo coatings changed from tensile to com-
pressive as the thickness was increased above 0.4 mm. Both micro and macro residual
stresses would be expected to influence coating adhesion but little data on this topic
seems to be available. An interesting possibility is the improvement of the integrity
of ceramic coatings by establishing an optimum residual stress distribution 'by
suitable control of spraying conditions.

4.1.1.4 Porosity

Although high porosity may be desirable for thermally protective coatings, porosity
greatly reduces the strength of the coating but interconnected porosity is undesirable
in coatings for oxidation or corrosion resistance. Porosity at the substrate interface
will also greatly reduce coating adhesion. The nature of coating formation by
impact and solidification of separate droplets necessarily results in some porosity
which generally lies in the range 5-209 and depends both on spraying conditions
and the material being sprayed. A material dependent effect may be seen from a
classification given by Ingham °?. For example TiO,, ALLO, — 509 TiO,, Cr,0,
and NiO are included in a group in which porosities of less than 4 %, may be achieved.
Spinel, mullite, Al,O,, ZrO, are included in a group in which porosities range
between 4 and 8% and rare earth oxides and zircon in a group in which porosities
range between 8 and 15%.

This variation with composition is perhaps associated with the wetting charac-
teristics of the various materials and related to surface tension and contact angle.
It is interesting to note that the surface tension of TiO, is about half that of AL, O, at
their respective melting points *° and that the presence of a small amount
(=2.5%) of TiO, reduces the porosity of Al,O; coatings. In general, the materials
giving low porosities also gives the best adhesion to the substrate which would also
be expected to arise from improved wetting.
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For a given coating material the porosity is related to the particle size distribution
of the powder and to the temperature and velocity of the particles on impact.
Clearly the lowest prosity coatings would be expected for a stream of completely
molten particles with high velocity. The role of velocity is demonstrated by experiments
at Limoges 1% in which y-Al,0, particles with narrow size distribution (18 + 4 pm)
were sprayed using a N,—H,DC plasma jet.

A porosity of 239, was observed at a 75 mm torch-target distance but this was
reduced to 119 at 50 mm, the distance which was found to correspond to the
maximum particle velocity on the axis of the jet. The pore morphology was different
in each case with much narrower interconnecting porosity in the low porosity coating.
The effect of velocity is also shown by the radial variation of porosity in a deposit
sprayed onto a fixed target. The particle velocity on the axis of the jet was observed
to be 150 m/s greater than that at the periphery (Fig. 58), and the porosity of the de-
posit was observed to range from 109 on the axis of the jet to 229 at 15 mm radius.

The temperature, velocity and thermal conductivity of the gas in a plasma jet
varies considerably from point to point and, since the trajectories of individual
injected particles will differ, the spray stream produced will contain particles with
a wide range of velocities and temperatures. In practice a considerable proportion
may not be melted or be only partly melted '°*1%# or have low velocities and
these will tend to reduce the quality of the coating. This effect can be reduced to some
extent by a compressed air blast normal to the plasma jet, and close to the substrate,
which removes a large proportion of the particles which have not mixed properly
with the plasma and thus have low velocities 202,

There is little doubt that the lowest porosities are achieved with high particle velocity
as shown by the low porosity coatings produced by the detonation method in which
impact velocities of 750 m/s are obtained 2°¥. The use of high velocity plasma jets
would seem desirable for the preparation of low porosity coatings but they must
also be of high power to provide sufficiently rapid heat transfer to melt the particles.
A practical limitation may be reached, however, with ceramic materials of low
thermal conductivity because of surface vaporisation. This approach is being intro-
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Fig. 58. Alumina particle velocity field in a DC nitrogen-hydrogen plasma jet. The substrate is located
at 5 cm from the nozzle exit. Reprinted from 1%
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Fig. 59. Oxygen and argon content in an argon plasma jet and aluminium oxide content in the coating
depending on the distance from the nozzle L. Reprinted from 5

duced commercially using jets with supersonic nozzles and considerably higher power
inputs (80 kW) than generally used 204,

4.1.1.5 Chemical Changes in Sprayed Particles

Chemical changes may occur in particles in a plasma jet by reactions with the gas.
As we have already seen the chemical reaction is governed by diffusion of the
plasma gas towards the condensed phase and by the inverse diffusion of gaseous
product. This diffusion occurs at a rather low rate (1073-10"! s) compared with the
melting time (10741073 5), especially when hydrogen or nitrogen is used in place
of argon. So even with the rapid diffusion of air into a jet when spraying in the
atmosphere (see Fig. 59 for an Ar Plasma ®®), the proportion of ALO, in the
aluminium sprayed coatings is only 0.19, at 50 mm and increases to 0.8% at
150 mm %), Practically ali of the particles are melted at a distance of 30 mm, and
thus with a target at this distance, chemical transformation is negligible, Oxidation
is however more of a problem with metals such as W, Mo, and Ti and inter-particle
oxide may be detected in the coating *°. Although dissociation of ALO, has been
observed in experiments using RF plasmas, the residence times are orders of magnitude
greater than for plasma spraying and reaction with plasma gases does not seem to
be a problem with oxides. A matter that does remain largely unresolved is the formation
of gas bubbles in sprayed coatings and spheroidized particles (see Sect. 4.3.). In the
case of Al,O, bubble formation has been ascribed to reactions with N, to give AIN
in the liquid droplet with subsequent decomposition 8%, Internal porosity is,
however, also observed in AL, O, spheroidized in inert plasma gases 2°®). Reaction
does become a problem with the spraying of carbides and the structure of carbide
deposits is often extremely complex for this reason 207,
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4.1.1.6 Crystal Structure

An extremely rapid cooling rate from the liquid state is characteristic of plasma
sprayed material and this may result in the suppression of crystallisation or the for-
mation of metastable phases as observed under similar conditions in splat quenching.
The classic example of this effect is provided by alumina, coatings of which consist
predominately of one or more of the many metastable forms (@, v, 3, 9) rather than
a-ALO, the only stable structure '*®. The formation of metastable phases may be
explained on the basis of a lower activation energy for nucleation of the spinel type
structure from the liquid when it is undercooled well below the equilibrium melting
point as a result of rapid cooling 2°®, The phase finally observed depends upon the
rate of transformation from one metastable form to another and to a-Al,O,, and the
cooling rate of the solid after solidification. This explains the observations that
different metastable phases are observed depending upon the spraying conditions,
size and shape of particles and the temperature of the substrate 2°®. It is necessary
to heat the substrate to above 1100 °C to obtain a coating consisting completely
of a-AL0, #'¥ and to 1450 °C to obtain a well sintered deposit *'". The a-AlL 0,
present in conventional coatings (10-25%) is probably due to incomplete melting
of the powder feed resulting in the presence of a-Al,O, in the droplet in impact '
which acts as nuclei for crystallisation. Although a deposit of metastable alumina
may be heat treated to transform it to the more desirable a-ALO; form, for the
preparation of "bodies by spraying onto a removable core, the relatively large change
in the true density from 3.6 for y-Al,O; to 4.0 for a-Al,O, results in an increase in
porosity and consequently a degradation in mechanical properties '%.

A further effect observed in some coatings is a preferred orientation of the
crystals relative to the surface. This is observed in Cr,O; deposits in which the c-axis
of the hexagonal cell is preferentially oriented normal to the surface, apparently
arising from the solidification process 2. Since the coefficient of friction tends to
be lower in the closely packed planes of a crystal #'4’ (basal plane of hexagonal
crystals) this means that Cr,O, deposits are favorably oriented to give minimum
coefficient of friction. Sprayed chromia is therefore a useful material for low friction
bearings and its high hardness makes it useful under conditions in which abrasive
wear is a problem. Other hexagonal hard compounds such as W,C, CoMo and Co,W
also provide coatings with low coefficient of friction, the value of the friction
coefficient being particulary low (0.15) for CoMo 2!*. The differences in coefficient
between the various materials appears to be related to the details of the deformation
mechanisms by slip #!%).

4,1.2 Sprayed Materials

In principle any material with a melting point a few hundred degrees lower than the
boiling point or dissociation temperature may be plasma sprayed. A review of the most
commonly used ceramic coatings is given by Boch !9,

4.1.2.1 Oxides { See Table 13 from Ref.*'®))

Oxides have excellent stability, good mechanical properties (hardness, wear resistance,
strength) and thermal properties and are generally available at a low cost. The most
commonly used oxides are:
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AL O, used as a heat barrier and for wear resistance. With a medium value (8 x 107° m/
mK) for thermal expansion coefficient, it offers good adhesion on metal substrates
but is rather sensitive to thermal shock. The main disadvantage for more general use
is its reactivity with many molten salts and other metal oxides and its relatively
high porosity. Al,0; — alloys may be used to reduce the porosity whilst retaining
the wear resistant properties. For example TiO, is commonly added in the range
2-509;. Mixture of Al,O, with zircon offers good corrosion resistance.

710, is used to protect substrates against oxidation or corrosion and as a thermal
barrier. It is necessary to stablize ZrQ, e.g. by additions of CaO or Y,0;, to avoid the
large volume change which occurs on the transition to the monoclinic form.

Very hard Cr,0, deposits (=1900 Vickers hardness) with excellent wear resistance and
low friction coefficient are obtained by plasma spraying. The deposits have low
porosity and may be diamond ground to an excellent surface finish.

TiO, coatings exhibit excellent adhesion to the substrate, low porosity and are capable
of providing the best surface finish available from ceramic deposits 2%,

4.1.2.2 Carbides ( See Table 14 from Ref.*'®)

The high hardness of tungsten carbides, titanium carbides and chromiun carbides
make them excellent coatings for wear resistant application. They are generally sprayed
with a metal binder such as Co, Ti, Cr and a compromise must be reached
between wear resistance and other properties which depend upon the percentage metal.
Increasing the bond metal content decreases the wear resistance but improves the
mechanical properties and resistance to thermal shock. Chemical changes such as
carbon loss, and physical changes occur during spraying; the coating micro-
structures are quite complex and their properties are related to the spraying process
parameters.

4.1.2.3 Borides and Silicides

Borides provide hard wear resistant coatings with a low reactivity for molten metals.
The borides high neutron capture cross section also makes them useful in certain
nuclear application.

Hard wear resistance coatings are also produced by sprayed silicides which are
useful in air at high temperatures because of the formation of a protective silica
skin.

4.1.2.4 Nickel Aluminide

A special position amongst plasma sprayed material is occupied by nickel aluminide
coatings produced by spraying particles consisting of a layer of Ni over an Al core.
As previously quoted these two metals react exothermically when melted and form
a coating consisting of Ni;Al which is very hard and adheres very well to metal
substrates, This probably arises from reaction at the interface resulting from the
exothermic reactions which continue after impact. Nickel aluminide coatings are
mainly used as intermediate bonding layer between metal substrates and coatings
such as AL O, and ZrO,.

141



Pierre Fauchais et al.

JuswSwidwr swrefy
$ISISAI {BIPOWL
3AIS01100 U{ IO
samjesodwo} ysy 1e
90UBISISAL 1BAM POOD)

20URISISOT
uors01109 saaordurr
‘somyeraduwrey

Y31y 1e 20uvIsISaI
Teom JUR[[POXT

Fo0ys JewIay)
PUE [EOIUBYOIWT
0} 2OUBISISAT
108213

snyd soue)sisas
TEOM JUD[[00XY

390Us [edIURyOIW
09 90UBISISI
paseaxour

snjd aoue)sisal
TeaM JUJ[IXE]

DUBISISAL
JBaM QUILNIXH

sonsaoeIeys 1ofey

(M €€ L) (M €56 19'9) (M €£$P6T ST'6) (A €€5°P6T 1T°6) (N €€6'P6T T'6) 1 w/m)
(1 005) €' (1 00$) 8¢ (1 008°0L) €S (4 005°0L) € (4 00s°02) € W/ d./13 bs/3y/mg -puoorayl
(1£9) (£62) ((Z%4) 920) 002) (1 - 8%/1)
LT1ro LOO 950°0 ¥50°0 890°0 d, "qI/mig "1y-oadg
(A SSTIP6T (611 (O €E01°H6T *8T°8) (9’8 (L 118v67 ‘1'8) O 118-v6T :T'L) (ot /w/ur)
(008°102) ¥'9 (1 00P1°0L) 9'p Lt (4.0001°0L) S (4 0001°0L) ¥ A, 1od o 01 "dx Jay3 Jo JooD
{sszn) (ggon) Qe (118) 11 on
0081 00%1 0001 0001 0001 J ‘duray oas Ju0d Xe
senradoad reunisy L
$0 50 01 o1 01 % ‘Ausolod
s wrp €1y €10 @ (01 x e}
(44 Ll 3 i€ 0 1sd 407 "158}° JO PO
@1s) (9L0) (689) 079) (zss) (2dIN)
000°SL 000°0% 000°001 000°06 000°08 1sd ‘aymydnr jo po
0021-0001 00Z1-0001 0501 0s11 00€Y SSaUPIRY SIONOIA

sanadoad feoruByOSIA

ID-IN % ST + (0%1D) sapiqres 1D-p\ poxiw
9pIGIED WINTWON %, 68 + IN % L + DM % ST

0D %81 + DM

00 % €1 + DM

0 %11 + OM

sangadoig

sapiqIed uajsfun |

Suneo)

(o1 SOPIGIED pakelds aweyy jo ssnradoid 'py AqeL

42

ot



High Pressure Plasmas and Their Application to Ceramic Technology

4.1.2.5 Composite Materials

Composite coatings are commonly used 2%, for example, a MoO or Ni,Al inter-
mediate layer with ZrO, or Al,0,. However, it is also possible to prepare fibre
reinforced composite materials by plasma spraying, which have properties consider-
ably exceeding those of conventional materials 217-218),

4.2 Spheroidization

As previously quoted any material with a melting point well below its vaporisa-
tion or decomposition temperature can be melted in a plasma jet, and perhaps to
some extent vaporised, depending upon its size, physical properties, residence time
in the plasma and rate of heat transfer from plasma to particle. Melting of a
particle results in the formation of a spherical drop under the action of the surface
tension forces and this shape is usually retained by the solid particle after solidifica-
tion, thus providing the name to the process 2!° 7221, This treatment may be used
simply to give a spherical particle shape for particular application, such as Fe,0, for
photocopying and UO, for dispensed nuclear fuels. Structural changes resulting from
melting and solidification may also be important. For example, with the Ionarc
furnace (Fig. 44) the dissociation of Zircon to Zr,0, and SiO, allows the preferential
dissolution of SiO, and the preparation of ZrQ, **?. Spheroidization of quartz, clays,
kyanite, mullite and other alumino silicates results in the formation of glasses of high
melting point 2237229,

The problems associated with the spheroidization process are similar to those of
spraying because in both cases it is necessary to obtain rapid melting without
evaporation and often, without chemical change. The melting process may however
provide a purification effect by evaporation of some impurities, for example Fe, Mo,
Na from AL O,.

It may be possible to control the composition of particles by spraying in a controlied
atmosphere in a chamber with diameter of 2-10 times that of the plasma jet. For
example, the decarburisation of carbide particles may be prevented by cooling them in
chamber into which hydrocarbons are introduced and by adding carbon in the form
of soot to the starting powders !*®, Structural changes, such as changes in crystalline
structure and crystal size, formation of additional phases or glass formation are
certain to occur during the melting-solidification process. Dendritic crystal growth
during solidification may lead to a roughened surface of the particle 26:227 or
internal shrinkage porosity in the densities of liquid and solid are significantly
different. It is also possible for the particle surface to be impaired by the formation
of various deposits during cooling 2%,

Plasma spheroidization began in 1961 on a laboratory scale using a 25 kW R.F.
plasma torch ?*) and has since expanded to an industrial level. R.F. plasma torches
are generally used for spheroidization of ceramic particles (relatively long residence
time and no pollution by electrodes) when high purity is required. Direct or alter-
native current arc plasma jet gives rise to limitations in the particle size that may be
treated because of the short residence time. Plasma furnaces of the B type, (fluid con-
vective cathodes or fluidised bed), which give longer residence times maybe more
suitable for large scale spheroidization at larger particle sizes.
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Spheroidised particles may also be prepared by atomisation of rods or wires fed
into a plasma. An analysis 5 of the forces acting on the molten drops at the ends
of the rod shows that the diameter of the produced particles can be expressed
by:

B 3.3542 d,o
TTQUA36Tx1073T o

where d_ is the plasma torch nozzle diameter (m), Q the gas flow rate (m® sec™?),
d,, wire diameter (m), o surface tension (Jm ™), @ plasma density (kg m 1), T temper-
ature of plasma (°C).

The higher the plasma temperature, the smaller is the particle diameter. Using
an AL O, feed rod and a hydrogen plasma, particles of 40 pm were obtained. The
heat transfer can be improved if the arc is transferred to the wire but this is not
possible with non conducting ceramics.

A large number of references to spheroidization have been provided in review articles
by Waldie **” and more recently Hamblyn 2** and Rykalin 5.

An example of large scale industrial application is the spheroidization of magne-
tite (125 um) for photocopying applications, in an A.C. air plasma heater of
600 kW with a power consumption of 2 kWh/kg #*%,

Another important industrial application of spheroidization of ceramic interest
is the dissociation of zircon sands developed by lonarc Tafa using a fluid
convective cathode plasma furnace (see Sect. 3.3.1 and Fig. 44) operating at 300 kW
with feed rates of 140-270 kg/h depending upon the degree of conversion required 2%,
A similar device has been studied by Sayce using 130 kW but with three plasma
torches instead of three carbon electrodes 5. In these processes the particles are
either dissociated into ZrO, and SiO, without melting (or with partial melting) or
melted to form ZrO, crystallites in a SiO, glass matrix >*". The major purpose of this
treatment is to produce a structure from which SiO, may be readily leached with
mild acqueous sodium hydroxide leaving porous ZrO, particles which may be used in
ceramic applications or as a source of Zr metal. The dissociated zircon has
potential applications as a ceramic material in glasses > or in the manufacture of
ceramics with high thermal shock resistance by sintering to give a microstructure
consisting of particles of ZrO, in a ZrSiO, matrix **?.

Another possible ceramic application of plasma spheroidization is the preparation
of glass powders for use in manufacture of high temperature glass ceramics #2%),

4.3 Vaporisation — Condensation

Vaporisation of materials in plasmas has been extensively studied and is becoming
of increasing interest from the commercial point of view, especially for the prepara-
tion of ultrafine powders characterised by enhanced chemical activity, and also as a
means of separating valuable products from otherwise intractable materials #**. From
the ceramics point of view, plasma processing offers the possibility of preparing
powders for subsequent sintering which either cannot be prepared in any other way,
or have superior properties to powders prepared by conventional means. The process
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of vaporisation and subsequent condensation to useful products has been extensively
treated by Sayce ' in a recent paper and we shall use many of his conclusions.

4.3.1 Vaporisation
4.3.1.1 General Remarks

The vaporisation of a particle at atmospheric pressure requires a large amount of
energy to supply the difference in enthalpy between the solid and vapour phases.
Furthermore as vaporisation proceeds, the heat must be carried through the expanding
vapour film on the particle surface. For example, a 200 pm particle of silica will
produce a cloud of vapour approximately 5 mm diameter at 3000 K (assuming
SiO + '/, O, and uniform temperatures across the cloud) '*®. The vaporisation
process therefore requires conditions under which high heat transfer rates may be
achieved and the plasma furnaces used are usually of the C and D type:
rotating furnaces or arc transferred to the materials being vaporised (see Sect.
3.3).

As we have seen a number of theoretical models have been developed for the
vaporisation process 2** 237 but an interesting result emphasised by Capitelli 2*®
is the probable cause for the increase of heat transfer. Due to the higher temperatures
of the electrons (non LTE plasma), this effect would be specially important when
the material being vaporised is used as an electrode.

4.3.1.2 Materials Treated

One of the most extensively treated materials is silica with the aim of preparing

ultrafine silica powder which has a large number of industrial applications and is

used at a rate of about ten thousand tons per year. A wide variety of technique have

been used:

(I) D.C. holow cylindrical electrodes (see Fig. 54) 2%, with a thermal efficiency
of 25-53 kWh/kg

(II) Horizontal rotating drum furnace heated by a single plasma torch !7?

(10 kWh/kg)or carbon arc (9.3 kWh/kg) %% (see Fig.56)

(1) High intensity arc 24 (9-18 kWh/kg)

(IV) Fluid convective cathode ‘8% (14 kWh/kg)

(V) Three phase plasma fluidised bed ?*!- 1% (see Fig. 45).

In all cases the energy consumption is reduced if silica is treated in the presence
of reducing agents such as H or C. Then Si0O, is vaporised as SiO which is subsequently
reoxidised to SiO, during condensation.

Other oxides may also be treated in this way. For example, Mg, Zn, Fe, Sb oxides
have been treated using the FCC furnace of Sheer 2*2), Extremely fine Al,O, particles
have been prepared by vaporisation using the rotating drum furnace of Sayce 243-244),
With the same furnace fuming of the low tin slags has also been investigated 24,
With an energy consumption of 4.5 kWh/kg, 809 of the tin content has been
removed from a 3.49 tin slag.

4.3.2 Condensation

The preparation of solid materials by condensation of vapours formed by plasma
reaction can be carried out in several ways; chemical vapor deposition on a substrate
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(this process is very important for the preparation of thin films in low pressure
plasma); condensation to the liquid phase on a cooled solid to produce, for
example, pieces of high purity SiO, glass with low OH content for use in optical
fibers; condensation of the vapour to obtain very small particles. We will deal
exclusively with the latter process which is of considerable practical interest in the
preparation of materials for ceramic applications.

4.3.2.1 Nucleation

The temperature aftainable in plasma reactions are such that any material may be
transformed into the vapour phase, either by vaporisation of the solid as discussed
above, or by high temperature reaction between a reactant vapour and the plasma
gas. Examples of the latter method are the preparation of oxides (SiO,, TiO,,
Al,O4) by the oxidation of the respective halides. The preparation of TiO, as a
pigment is an important industrial example of this application of plasmas in
technology and large plants are in operation using R.F. 1?®) or arc plasma devices
of high power 2%, Carbides, nitrides and other compounds may also be prepared
by similar methods. For example SiC by reaction of SiCl, and CH, **”, TiC by
reaction of TiCl, and methane 1%, nitrides by reaction of metal and N,, or halide
and N,.

It is found that the presence of reactants such as metal halides in the plasma
causes problems with stability in the case of R.F. devices and corrosion in electrode
plasmas. However, the extreme plasma temperatures are not necessary and satis-
factory results are obtained by injecting reactants into the plasma tail flame as
demonstrated by Audsley and Bayliss for the production of SiO, by reaction of
SiCl, and oxygen using an RF plasma 2*%.

Whatever the source of the vapour phase, the subsequent condensation to particles
passes through several stages, the first of which is nucleation. As the vapour cools in
the exhaust of the plasma reactor, a stage is reached at which the vapour pressure
exceeds the equilibrium vapour pressure of a condensed phase in the system and the -
formation of this phase then becomes thermodynamically possible. However, a certain
degree of undercooling below this temperature (or a certain super saturation of the
vapour) is necessary before nucleation of the condensed phase occurs at a significant
rate. This is because activation energy is required for the formation of the new
interface between the vapour and condensed phases. The classical nucleation rate
equation gives:

AG,
I = A(T) exp (- T )

where AG, is the activation energy for nucleation, I is nucleation rate and kT has its
usual meaning. The value of the nucleation rate is completely dominated by the
exponential term because AG, depends sharply on supersaturation:

AG, = v*/(In p/p,)*

where v is interfacial energy and p/p, is the supersaturation. The result is that there
is a critical supersaturation at which the nucleation rate increases from a negligible
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value to an exiremely large one and nuclei of the condensed phase are formed. The
critical size of these nuclei may only be of the order of nanometers. In practice
charged particles may reduce the supersaturation necessary to cause nucleation and in
the case of plasma processing, nucleation probably occurs at a supersaturation of
2-3 249 This means that as the vapour is cooled nucleation occurs at a temperature
close to that at which the partial pressure of the condensed phase is equal to the
equilibirum partial pressure. Nucleation will increase at an enormous rate as the
vapour cools further and at the same time the nuclei will increase in size by surtace
reaction with the vapour, and if they are liquid by coalescence of the particles as they
collide. This process has been treated in detail by Ulrich **® and Cozzi and
Cadoran 2°? for the condensation of SiO, and TiO, from flames. Théir results, al-
though differing in the relative importance of the surface reaction contribution to
particle growth, emphasize the rapidity of nucleation and the importance of coales-
cence in determing the final particle size. The particle size obtained will thus be
determined by the initial concentration of the oxide in the vapour phase and the
opportunity for coalescence, that is the cooling rate and the temperature range be-
tween nucleation and solidification of the particles. Results obtained for condensation
of AL,O, — Si0, #*V and ALO, — TiO, *** powders from a high frequency plasma
are in good agreement with this treatment. The conditions in the gas stream in
these cases were such that complete condensation occured well above the freezing
point of the product and the powder formed consisted of spherical particles
0.1-0.3 um diameter (Fig. 60). Condensation of silica is a special case because liquid
silica is very viscous and crystallisation does not occur on cooling. It would there-
fore be expected that below a certain temperature particles would weld on contact
but would not flow together to form spherical particles. The rate of coalescence of
particles may be estimated from equations developed for sintering by vistous
flow %3, Applying this to the case of SiO, particles 10 nm diameter shows that the
time of coalescence would be approximately 3 ms at a viscosity of 10° poise,
the value at ~2200 °C.

Since the cooling rate of particle in a plasma stream would range from
10* to 10° K, coalescence to form spherical particles would be expected to cease at
temperatures below approximately 2200 °C. Condensation below this temperature
would therefore be expected to result in the formation of chains of very small
particles. This is in agreement with the observation that spherical SiO, particles

Fig. 60. Transmission electron photomicrograph
of particles of pure 8 - Al,O; prepared by con-
densation from RF plasma. Reprinted from 2%
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0.2 um in diameter are produced by oxidation of SiCl, in an RF plasma under condi-
tions in which condensation occurs at =~2700 °C 2*%250  whereas chains of
particle =~ 10 nm diameter are produced by flame oxidation of SiCl, below 2000 °C.
Sayce 1% observed that large surface area silica powders with chain like configuration
were produced if the vapour from the vaporisation furnace was quenched to give
a low effective pressure of SiO, and hence low condensation temperature which also
agrees with the above reasoning. The rather unusual proportion 6f active silica powders
depend upon their larger surface area and chain like structure but also on hydroxylation
of their surface and the presence of H,O in the system is said to be important to achieve
optimum properties *#%,

The nature of the condensation process in those materials which condense to
liquid droplets rather than solid particles means that it is possible to co-condense
two or more components to give liquid solution droplets. Coalescence during cooling
contributes to a homogeneous composition for the powder if the flow rates of the
feed vapours are maintained constant. The conditions under which homogeneous
solutions may be formed have been discussed by McPherson 2** and examples quoted
of ALO,; — 8i0,, ALO; — Cr,0,, ALO, — TiO,, ALO, — FeO, prepared by
oxidation of mixed halides in an RF plasma tail flame. An interesting case is
that of AL O, — SnO, in which AL, O, droplets solidify before SnO, formation becomes
thermodynamically possible, thus resulting in powders consisting of SnO, crystals
heterogeneously nucleated on Al,O, spheres.

Depending upon the vapour pressure-temperature relationship of the condensing
material, its freezing point and effective concentrations in the gas phase, conden-
sation may occur directly to the solid rather than the liquid phase, In this case the
particle size of the powder produced will depend upon the crystal growth rate from
the vapour since coalescence will not be effective, and the particles will tend to
have regular crystallographic facets. MgO condensed from an arc, for example,
consists of small cubic crystals *>*.

4.3.2.2 Structure of Powders

The solidification of liquid droplets suspended in a cooling gas stream will be
different to that observed under most normal conditions because they will tend to
undercool well below the equilibrium melting point before crystallisation is nucleated.

-~

Fig. 61. Transmission electron photomicrograph
of thin foil prepared from ALO; — 20 wt%,
TiO, powder treated in RF plasma, showing
substructure of rutile particles in 8 - AL,O;. Re-
printed from 25
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It is well established that most metallic and ionic materials undercool to approximately
80%, of the equilibrium melting point before crystallisation commences. The cooling
rate is also large ranging form 10* — 10° K/s. These effects may result in the
formation of metastable phases as discussed in detail by McPherson 2°® for alumina.
The crystalline structure formed may be influenced by a second component. For
example AL O, favours the formation of rutile form of TiO, rather than anastase *°%.

The addition of Cr,0, or of SiO, results in the formation of the metastable
8—Al,0, ® or y—ALO, #* forms respectively, whereas pure Al,O, is observed
to be 8—ALO, in powders prepared by oxidation of halides in an R.F. oxygen
plasma. They may also result in the formation of extended ranges of solid solubility,
new metastable phases, or structures consisting of an extremely fine dispersion of two
crystalline phases as observed in co-condensed powders such a ALO,—TiO, 5%
(Fig. 61).

The rapid cooling rate and small particle size of powders condensed from a plasma
may also result in suppression of crystallisation either completely or partly. The
powder then consists of an amorphous phase as observed in the case of the
ALO,—8i0, system in which completely amorphous particles may be prepared
with Al,O, contents up to ~80 wt - % 2%, An analysis of the nucleation kinetics
for this system gives good agreement with the experimental observations and suggests
that viscosity of the liquid is the important parameter at low Al,O, contents but
that changes in the interfacial energy between liquid and crystal become predominant
as the composition approaches pure Al,O,. The importance of particle size in addition
to cooling rate as a factor controlling glass formation is also emphasized 2°%).
Although crystallisation is suppressed the cooling rate may not be sufficiently high
to prevent phase separation in the amorphous phase by spinodal decomposition to
give particles which consist of an extremely fine structure of two glasses. This is
observed for example at Si0, — 37 wt - % AL O5 *°"” and possibly also in powders
containing ~80 wt - % Al,0, 2°®, In the latter case a structure is produced which
is not possible by very rapid quenching of larger particles (20 um) because the
cooling rate to suppress crystallisation is also high enough to suppress glass phase
separation, For particles cooling in the tail flame of an RF plasma, the cooling rate
is sufficient to suppress crystallisation because of their small size, but is not
sufficiently fast to suppress phase separation. It may therfore be seen that there are
great possibilities for the preparation of very fine ceramic powders with unusual
structures.

Although plasma prepared powders could be expected to have interesting
applications as ceramic raw materials, little has been published on their sintering
characteristics. Experiments conducted using plasma prepared 6—Al,O, have given
disappointing results which can be explained by the removal of grain boundaries
between particles of the compact during the transformation to a—ALO, %%,
Sintering of v—AlO; containg SiO, is negligible up to ~1500 °C and the trans-
formation to a—Al,O, is suppressed. This is of interest for catalyst applications
in which it is desirable to maintain activity at high temperatures by retaining a
large surface area and at the same time reducing transformation to the less active
a—ALO, form ?*”. More interesting results from the ceramic point of view are
obtained during the sintering of Si0O, — 37% Al O, plasma prepared powders in
which dense products with extremely fine crystal size may be prepared *”. A
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further possible application of plasma prepared materials is the simultaneous hot
pressing and crystallisation of high melting point glasses. Some experiments using a
mullite glass have shown that the process is possible but the small temperature
interval between the glass transition and crystallisation temperatures limits the
densification obtainable. Addition of 59 NiO increases the density obtainable,
however the maximum density achieved to date has been limited to ~809; %2,

5 Ceramic Synthesis in Thermal Plasmas

5.1 General Considerations

The use of thermal plasmas in chemical synthesis is now well established 15419
and among all the possible syntheses those of ceramic materials are particularly
interesting. Numerous investigations have been published on plasma ceramics
synthesis since the experiments of Stokes et al. 2% and it is impossible to give a
detailed review of them in the present paper. For this reason we have preferred to
limit ourselves to two types of ceramic materials:nitrides and carbides. Indeed
sufficient results have been obtained for these materials to undertake a review provid-
ing significant conclusions concerning reaction mechanisms and the future of the
sythesis of ceramic materials in thermal plasmas. We will try, when describing the
different mechanisms, to emphasize the role of the various aspects considered in the
preceding sections:

high temperature chemical equilibrium,
thermodynamic properties at high temperature,
heat and mass transfer in gas-solid systems,
condensation.

In particular when proceeding to a synthesis from solid, or powdered reactants
fed into the plasma, it is necessary to carefully study the preceding points applied to
the materials of interest. Unfortunately many experimental studies have been carried
out with a very poor theoretical background and this has led to experimental
results which provide little information concerning feasibility, and possible future
improvements of the process under consideration. We believe that many studies need
to be repeated with a greater number of measurements supported by relevant
mathematical modeling. In this section we do not pretend to give all the necessary
information to take the “right way”’, but we would like to make researchers aware of
the problems with some particular examples, especially in the synthesis of nitrides.

5.2 Nitride Synthesis

Nitride synthesis is a very well known reaction in materials science which has
been solved satisfactorily in most cases with classical methods. Generally one applies
the chemical vapor deposition or works with powders reacting at high temperature
(T ~ 1500 °K) in nitrogen or amrmonia. Unfortunately the reaction times are very
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Unfortunately in real situation the reactions are not carried to completion. This is
why one has to solve the problem of chemical reactivity before determining the
appropriate quenching rate. These remarks also apply to carbide synthesis.

Matsumoto published in 1969 2° a review of his work on nitrides synthesis. In the
present paper we have summarized in table form (Table 15) the main experimental
results that have been obtained up to now in this field.

5.2.1 Thermodynamical Considerations

The nitrogen plasma properties have been described in part 2. Let us consider now
the thermochemistry of the mixtures (Metal--N,). Figure 62 is a diagram of the
free energy change versus temperature for the formation of nitrides from elements.
(Some of these data come from the review of Matsumoto.) Except for W, Mo, Si, all
nitrides become unstable only above 3000 K. Consequently reaction in the plasma has
to proceed below this temperature limit. If one starts with powder materials, the
particles have to be heated up to 2000 K, react and condense. (Obviously the
problem is completely different if one starts with gaseous reagents.) Moreover, when
using solid feed materials, the reaction mechanisms are different if the nitride is
stable above or below the boiling point of the reactant. Figure 62 gives the melting
and boiling points of the materials of interest. Consider for example the cases of
the synthesis of aluminium and of silicon nitrides.

Aluminium nitride is stable with respect to the element above the boiling point of
aluminium. Computed equilibrium compositions for the system Al—N, are shown in
Fig. 63. The free energy changes versus temperature for this system are given in
Figure 64 where it will be seen that the conversion of aluminium into aluminium
nitride is completed up to 2700 K. At higher temperatures, the nitride decomposes to
give gaseous aluminium and N, in equilibrium with N. The reaction Al + N —
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— AIN(g) is lightly favoured and we have consequently a low AIN(g) molar fraction.
Since aluminium has quite a low ionization potential, the ionization of aluminium
begins at low temperatures (this is an important point for spectroscopic diagnostics).

The situation is completely different for silicon:silicon nitride is unstable at a
temperatu}é lower than the boiling point of pure silicon and consequently Si;N,
decomposes to give nitrogen and liquid silicon at high temperatures. In other words,
the condensation of silicon nitride vapours (SiN, Si,N) is not favourable to the

formation of solid Si;N,.

5.2.2 Experimental Results
The experiments summarized in Table 15 can be divided into three groups according

to the physical nature of the reactants:

1% group: methods where the reactants are powder fed into the jet
2° group: methods where the reactants are placed in a crucible
3" group: methods using gaseous chlorides (more generally a halide)

Before dealing with any particular experiment, we would like to point out the fact
that the analysis of final products is a problem that must be carefully studied. In
most cases this is the only quantitative information available concerning the synthesis,
and conclusions have to be reached from these measurements. Taking into account
the high quenching rates in a plasma jet, non-stoichiometric or amorphous products

are frequently encountered, and these are difficult to analyse.
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! Fig. 65. Equilibrium composition of the
] A mixture (NH;—Al) versus temperature
1078 ! Y7 7N 0 at 1 atm. Reprinted from ©
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Powder
| Distributor

Fig. 66. Experimental set up for the Si;N, synthesis
in a N, RF plasma. Reprinted from %%

5.2.2.1 Nitride Formation from Powders

The main difficulty in this kind of experiment lies in the heat transfer from plasma
to the solid reactant. If one wants to melt the particles, these have to be sufficiently
fine and fed at a low rate, at the right point with a proper velocity. For example
Canteloup and Mocelin 28%) have carefully chosen the particle size and plasma gas
for their experiments on Si,N, synthesis. (Table 15, case 28). They indicated that
only 10-15% of the powder was nitrided working with nitrogen in contrast to a
conversion of 85wt- % when working with ammonia as plasma gas. They
attributed this difference to the low concentration of monoatomic nitrogen in the
N, plasma. We do not agree with this interpretation based on the equilibrium
diagram of NH,—Al (Fig. 65) which is similar to the one for 8i—NH,; and not so
different from the diagram (Fig. 63) with respect to aluminium nitride. It is likely
that the important difference is due to the thermal conductivity of ammonia
which enhances the heat transfer to the particles.

The results obtained by Canteloup and Mocelin 2** and by Szymanski et al. 283289
on Si,N, synthesis are interesting with respect to the phase obtained in the final
products. Silicon nitride (cases 25 to 29) has seldom been obtained as the B phase,
generally an amorphous product is formed, indicating reactions through gas phase.

Anode ! -
w.i. B ( - ’*_ E—-—» W.0.
f-5- - | b «—Fluidized

e ‘ Silicon

Fig. 67. Experimental set up for the Si;N, synthesis
in a N, DC plasma jet. Reprinted from 289
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button

Fig. 68. Experimental set up for
ceramics synthesis in a crucible
heated by a DC plasma jet with the
arc transferred on the crucible. Re-
printed from 7%}

Figures 66 and 67 show the experimental set up for the two investigations cited.
They are now classical and almost every experiment of this type in an arc or HF
plasma would be of the same kind.

5.2.2.2 Nitride Production in a Crucible

The use of a crucible instead of feeding the powder in the arc has been extensively
investigated by Matsumoto, with a transfered arc on the crucible as shown in Fig. 68.
The advantage of this approach is that the heat transfer problems are avoided and

Cooling
jacket Water out. Th. lead
-y
J— -
-5 .
= spm——) 7
Ci Water cooled
- crucible
A’
Nz T

Viewing
port

Water in_Th. lead

- }-—— To maonachromator

Fig. 69, Experimental set up for ceramics synthesis in a crucible heated by a DC plasma jet. Reprinted

from
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r Al powder

Torch

Crucible

—p— Analysis

Fig. 70. AIN synthesis by heating Al in a crucible with a DC nitrogen plasma jet (a), a photograph
of the product (b) and a photomicrograph of the product AIN (¢). Reprinted from ®

the reaction proceeds in a highly ionized medium at a temperature higher than that
in free jets. Matsumoto has analysed his results in two different ways depending
upon the location of the products after the reaction. He has analysed the powders
condensed on the cooled coil located around the reaction zone and these results are
comparable to those of other authors. However, different results are obtained in the
case of the dissolution of nitrogen in the liquid metal anode, and these will be
considered separately.
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Fig. 71. X Ray diffractogram of the
AIN obtained in the crucible. Re-
printed from ® (CuK,-radiation)
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We have done some experiments with a crucible (Fig. 69 and 70a) in a free
nitrogen plasma jet ® using an arrangment by Hayashi et al. 257, We have preferred
to use powders instead of bulk solid in order to have a higher reaction area. An
interesting observation during the synthesis of aluminium nitride is the growth of
dentrites out of the crucible (Fig. 70b) from liquid aluminium. This phenomenon,
also observed by Matsumoto ?7® is in agreement with thermodynamical considera-
tions. This dendritic AIN is almost pure nitride as shown by the X diffractogram in
Fig. 71. The condensed vapours on the cold walls contained considerable unreacted
aluminium together with AIN as predicted by theoretical considerations (Fig. 72).

When silicon is used in our crucible (Fig. 73a) the dentrites are not formed because
liquid silicon in the crucible is at a temperature higher than the dissociation point of
SiyN,. Beta silicon nitride is found with unreacted silicon near the cooled edges of
the crucible (a diffractogram of these products is shown in Fig. 73b), however the
very fine condensed products on the cold walls are, as previously stated, amorphous.
The diffractogram of the resulting fibrous product after heating for one hour at
1200 °C in argon, (Fig. 74) shows the amorphous phase has crystallised to o—SiyN,.
The infrared absorption spectrum of these products, shown in Fig. 75, is in
agreement with that obtained by Szymanski ut al. 2% for a—Si,N,.
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100

100
AIN

Fig. 72. X-Ray diffractogram of the AIN obtained
by condensation of vapors on cold walls. Reprinted
from ® (CuK -radiation)
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During the occurse of our experiments, we have recorded the emission spectrum of
the vapours in the reaction zone. Our spectra have not been calibrated and
consequently are only of qualitative interest. Figure 76 shows the spectrum of AIN
vapours, and Fig. 77 shows AlO emission bands together with AIN. This latter
spectrum was recorded during the reaction proceeding in air. This work, while still
not complete, reveals an interesting possibility to analyse the products during the
course of a plasma ceramics synthesis reaction.

5.2.2.3 Nitride Synthesis from Chlorides

The third group of techniques consists of reacting a chloride with the nitrogen-
hydrogen or ammonia plasma, as also used in classical synthesis. It has been originally
tested in plasma torches dealing only with gas phase reactions, followed by condensa-
tion. We believe that this is probably the most reliable method for spectroscopic
diagnostics of gas phase reactions. Exell et al. 2%’ have obtained very fine amorphous
Si;N, powders using the experimental arrangement shown in Fig. 78. We have
computed the high temperature equilibrium of SiCl,—N, and of SiCl,—N,—2 H,
shown in Figure 79 and 80, respectively. On these diagrams, one can see that
SiN(g) has hardly a molar fraction greater than 1072 in both cases. This shows that
hydrogen does not sufficiently reduce the chloride to inprove the formation of
silicon nitride, and that the wt - %, conversion is low, resuiting in a considerable by-
product formation (NH,Cl) as shown by the results of Exell et al. 289,
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Condensate Fig. 73. Si;N, synthesis by

! heating Si in a crucible with
a DC nitrogen jet and X-ray
diffractogram of the product.
Reprinted from © (CuK,-ra-
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5.3 Carbide Synthesis

Carbides are used as abrasive or as protective materials in nuclear technology and,
as for nitrides, plasma technology is mainly used to obtain very fine powders. Experi-
mentally nitride and carbide synthesis in plasmas seem very similar; looking at the
references one can notice that plasma chemists have frequently worked with the
two materials. Many plasma carbide processes are now patented owing to their
important industrial interest and we have summarized in table form (Table 16) the
main experimental results on thermal plasma carbide syntheses.

One can notice that the reactions are generally completed and that researchers
have been mostly concerned with the structure of the plasma-prepared products.
As for nitrides, it is possible to divide the experimental techniques into three
groups.
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{sample holder) Al

301
]
Fig. 74. Analysis of the Si3N,
powders obtained by condensa-
tion of vapors on cold walls. Re-
printed from ® (CuK,-radiation)
il 20
s e Net plasma prepared powders
After annealing
vicm-1) 0 200
100 1000 60
100
T 80 PR .
8 60 \\' A.M -/]
g \~ 17 V'Y
= N Z
é 40 \\&'.- 1 4
g 20 N Fig. 75. IR analysis of the Si;N, powders
= 0 obtained by condensation of vapors on
943 ~-—  cold walis. Reprinted from ¢
IR transmission of oSi;N,
AlN{0-0)
AlN{-1)
Cu
Cu  cu
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- —l T : :
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Fig. 76. AIN emission spectrum during the reaction of a nitrogen plasma jet with aluminium powders
placed in a crucible. The reaction is performed in a controtled atmosphere. Reprinted from ©
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AIN(0-0)

AlO(0-0)

AlOp-1)

AlN(o-1)

3
[
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I- 5078

MA) 5400 i 5200 5000 4800

Fig. 77. AIN and AlO emission spectra during the reaction of a nitrogen plasma jet with aluminium
powder placed in a crucible. The reaction is performed in ambient atmosphere. Reprinted from

5.3.1 Carbide Synthesis from Powders

This technique has been used by Stokes and co-workers * among others for tantalum
and tungsten carbide synthesis and the authors have been concerned with a
detailed analysis of the influence of the quenching rate on the form of the final
product. This work has been extensively reported in Ref. . Perhaps it would now be
possible to analyse the experimental data taking into account thermodynamic and
transport considerations.

O. Matsumoto **® has used the powder technique to obtain the cubic phase of
molybdenum and tungsten carbides. The feed powder, carried in argon, was hexa-
gonal molybdenum or tungsten carbides formed in plasma with a mixture of MoO;

NH3 +.SiCly,
Fig. 78. Experimental set up for the synthesis of car-
bides and nitrides from chlorides in a DC hydrogen
Plasma jet plasma jet. Reprinted from 2%
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Fig. 79. Equilibrium composition
versus temperature for SiCl,—N,
at one atm. Reprinted from 2°%
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and C or WO, and C using other methods (see case 17 in Table 16). The cubic phases
occur at 2200 °C and 2500 °C for aM,,C, _, and PWC, ,  respectively, and necessitate
a rapid quenching rate to be obtained at ordinary temperature.

5.3.2 Synthesis of Carbides from Solids in a Crucible

This kind of technique has been mainly used by Matsumoto and by Bosch and
De Vynk 2. A mixture of metal and carbon or of metal oxide and carbon is
heated in a plasma jet of varying composition and the effect of the mixture ratio is
studied together with the reaction time. The percent conversion is generally good but
fine powders are not formed by this way.

An interesting method similar to Matsumoto’s has been proposed by Wickens
for boron carbide synthesis. The experimental arrangement is shown Fig. 81; a high
intensity arc is struck between a graphite cathode and a composite consumable anode
made of boron oxide or sodium borate which are more readily available and cheaper
than boron trichloride. B,C was obtained by this method, but the author indicates
that the power comsumption (kWh/kg B,C) was high owing to insufficient erosion
of the consumable anode.
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5.3.3 Synthesis of Carbide from Chlorides

This method is mostly used to achieve a good yield of fine powders. A chloride is
fed together with methane (or other hydrocarbon), in the tail flame of an Ar, or He
plasma jet. (Fig. 79). Neuenschwander patented this method in 1967 239,

To reduce the power consumption Salinger 2°¢ and O. de Pous ?*> have proposed
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the use of methylchlorosilane instead of the chloride. MacKinnon, Reuben and
Hamblyn 3%2-39% have reported a very interesting work on boron and boron carbide
synthesis from BCl, in an HF plasma. Using thermodynamics and condensation
kinetics calculations they propose a reaction mechanism which excludes the vapour
phase formation of boron carbide. They suggest that carbon nuclei form first on a
cold surface and then react with BCl molecules to give buron carbide. Perhaps the
same considerations could be applied to other sytems to improve their perform-
ance.

Other studies concerning the chloride route worth mentioning here are for TiCl, ***
305) and BCl3 305, 307)
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