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Plasmachemical technology for high-dispersion 
products 
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Institute of Electronics, Bulgarian Academy of Sciences, 72 Lenin Blvd, Sofia 1184, Bulgaria 

Experimental results of the synthesis of ultrafine powders (UFP) under conditions which 
characterize quasi-equilibrium, as well as non-equilibrium low temperature plasma (LTP), are 
summarized. The basic steps involved in the plasmachemical processes for producing UFP are 
considered. The process of powder vaporization is limiting, determining the characteristics of 
the plasma generator. To obtain UFP with high purity, the reactions must take place in the 
gaseous phase. Quenching can be accompanied by a chemical reaction, and as a result, 
powders are obtained with either defects in the crystal structure or in the amorphous state. 
The mean particle size of UFP is 5 to 100 nm (specific surface ~< 400 m 2 g-1 ). Quenching 
determines the phase content of the specific UFP. 

1. I n t r o d u c t i o n  
Ultrafine powders (UFP) consist of 5 to 100 nm par- 
ticles. They have specific mechanical, electrical, mag- 
netic, thermal, optical and chemical (including 
catalytic) properties. Ultrafine materials are used in 
the production of pressed articles (powder metallurgy 
and metal ceramics), alloyed metals, special ceramics, 
and electronic equipment elements. They are good 
fillers, abrasives, pigments, catalysts and can be used 
for corrosion-, wear- an heat-resistant coatings. 

The production of UFP in low-temperature plasmas 
(LTP) is highly convenient because of the high 
enthalpy content and high rates of evaporation and 
condensation (crystallization). Additional advantages 
are the miniaturization of the equipment, introduction 
of automatic control and optimizing and modelling of 
the processes. A specific combination of plasma jet, 
plasmachemical reactor and quenching device deter- 
mines the size and shape of the particles, their purity 
and the physical and chemical properties of their sur- 
face. The plasma jets, and especially HF and UHF 
plasma jets, have a low impurity level and therefore 
are convenient for the production of high-purity 
powders of metals, alloys, ceramics and composites. 

This paper summarizes our experimental results on 
plasma production of UFP. 

2. Experimental procedure 
UFP were produced in equilibrium electrical arc LTP 
[1-43] and nonequilibrium HF LTP [44, 45]. The 
experimental devices are described in [I, 3]. 

3. Resu l t s  and d i s c u s s i o n  
Table I shows the main plasmachemical processes 
used in our work [1-45]. They are characterized by the 
gross reaction, end products, temperature range in the 
reactor, particle sizes, specific surfaces of the powders 
and fields of applications. The plasmachemical 

processes used in the experimental devices can be 
classified by the plasma media. 

l. Noble gases (plasma destruction) - producing 
UFP manganese by thermal destruction of manganese 
oxide concentrate [3-5]; molybdenum by destruction 
of M o O  2 [3, 6-8]; iron by decomposition of iron 
oxides [3]; destruction of zircon to pigments SiO2 and 
ZrO2 [3]. 

2. Reducing media - producing UFP manganese 
[3-5], molybdenum [3, 6-8], zinc [3], iron [3] by reduc- 
tion with H2 or NH3, CH4, C3H8, C4H10. 

3. Nitrogen - synthesis of UFP nitrides A1N 
[1, 3, 9, 44], Si3N4 [3, 10], Mg3N 2 [1, 3, 45] in equilib- 
rium electrical arc LTP [1, 3, 10, 11] or HF cold 
plasma [44, 45]. 

4. Oxidizing media - producing UFP SiO2 by oxi- 
dation [1, 3, 4, 12-15] or hydrolysis [1, 3, 4, 12-15] of 
SIC14; iron oxide pigments by oxidation of FeC12" 
nH20 , FeSO 4 �9 H20 , iron pyrite wastes [1, 3, 20-22]; 
7-A1203 by oxidation of aluminium [1, 3, 23, 24]; CoO 
by oxidation of CoS [3]; catalysts for steam conversion 
of C H  4 - by oxidation of nickel and aluminium with 
promotors CaO and magnesium; catalysts for low 
temperature steam convertion of CO - by oxidation 
of copper, zinc, aluminium or copper, zinc, chromium 
[1, 3, 33, 34]; catalysts for NH3 synthesis - by oxi- 
dation of iron with promoters K20, A1203, CaO and 
MgO [1, 3, 26-29, 31, 32, 35-43]. 

5. Reducing-oxidizing media - producing UFP 
SiO2 by reduction of SiO2 with carbon to SiO and 
consequently oxidizing to SiO2 [18, 19]; reduction of 
deactivated nickel catalysts used for reforming natural 
gas and oxidizing nickel to NiO in the process of 
quenching; regeneration of deactivated catalysts used 
for low-temperature conversion of CO with H20 and 
catalysts used for the synthesis of NH3 in H2 
and oxidizing by quenching in 02; synthesis of the 
catalysts mentioned in a reducing-oxidizing medium. 
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In all these cases either the energy input is lower 
because intermediate compounds with lower heat of 
evaporation appear, or oxides with specific properties 
are obtained after the reduction of the compounds 
to elements - catalysts of high activity (Table I, 
Reactions 26 to 31). 

The production of UFP in plasmachemical instal- 
lations passes through the following stages. 

1. Introduction and mixing of reagents with plasma 
flOW. 

2. Heating, melting and evaporation of the solid 
phase. Stages 1 and 2 fix the time the reagents remain 
in the plasmachemical reactor. In order to reduce this 
time, the plasma flow is subjected to turbulence and 
heated to a high enthalpy content. The powdered 
reagents consist of very small (< 50 #m) particles. The 
evaporation of the solid phase has a limiting effect [9]. 

3. Chemical reactions. Their realization in a gas 
phase ensures the high purity of the final product. The 
interaction between the gas and the reagents and the 
presence of not fully evaporated particles leads a 
change in the composition of the superficial surface 
layer only due to the low internal diffusion velocity. In 
some cases the evaporation of particles is incomplete 
(Table I, Reactions 11, 17). 

4. Interaction between the chemically reacting 
plasma flow and cooling reagents (quenching) results 
in fixing the chemical composition of the desired 
product, production of a condensed phase with high 
dispersity, and, in some cases (Table I, Reactions 25, 
27, 29, 31.), additional incomplete chemical inter- 
actions. After a suitable rapid cooling of the reacting 
mixture, i.e. at a definite quench velocity dT/dz = 10 4 

to 106K sec-~, the product is obtained in the desired 
highly dispersed form. These considerations show the 
necessity of modelling the processes of condensation 
of the particles [40]. 

5. Filtering of UFP. Generally cyclons, mechanical 
filters, electrofilters are used. 

Plasmachemically obtained highly dispersed metal 
powders are characterized by their high chemical 
activity, which is manifested as pyrofority [3 8]. As a 
result of investigations, in some particular cases a 
passivator may be recommended for ultradispersed 
manganese (N2) [51, molybdenum (CO) [6, 7], iron 
(N2 with 0.5% 02). 

According to the conditions of the process (tem- 
perature and concentration of reagents, conditions 
of condensation, etc.) the desired product can be 
obtained as epitaxial fihns, fibre crystals, polycrystals, 
amorphous or ultradispersed powder. In order to 
obtain ultradispersed particles certain conditions must 
be met with a high velocity of crystallization centre 
formation and a low velocity of crystal growth. 

The UFP production mechanism under conditions 
of LTP is as follows. As a result of a chemical reaction 
and in accordance with the system's thermodynamics, 
condensation takes place. These nuclei initially 
formed may grow to small droplets, independently 
or through coagulation until, at a certain moment, 
quenching begins. 

By changing the conditions of temperature and the 
reagents' residence time in the flow, the process of 

T 

4 
"C 

Figure 1 Relative contents of  phases A and B produced with tem- 
perature. T A, threshold of formation of A; T~, threshold of  for- 
mation of  B; T~, A is not formed; Tg, B is not formed; Tc, both 
phases A and B are formed. 

crystallization is controlled to different degrees, and 
different crystal modifications of the same plasma- 
chemically synthesized powder are obtained (Table I, 
Reactions 3, 17). 

Let us consider a system (Fig. 1) where crystal- 
lization yields a high-temperature modification A and 
a low-temperature modification B. The crystallization 
process begins at a temperature To characterized by 
the bond energy of the crystal lattice and ends at a 
t e m p e r a t u r e  TI ,  when liquid particles can no longer 
migrate to the vacant places of the crystal lattice. This 
mechanism has been considered in some detail in cases 
of plasmachemical synthesis of o~-Si 3 N 4 and of f l -Si  3 N 4 

from silicon and nitrogen gas under the conditions of 
arc LTP (Table I, Reaction 12 [10]). At the first stage 
of crystallization when T > To, the high-temperature 
modification A is formed. When T < T c, the phase B 
predominantly condenses. In the temperature range 
T A To B, both phases crystallize. When temperature 
falls, the rate of crystallization becomes less than the 
rate of condensation, as the process of condensation 
accelerates monotonically with the fall of tempera- 
ture, while the process of crystallization first accel- 
erates and then slows down. Quenching fixes the 
product mainly in A phase. This is in accordance with 
our experimental data [3]. 

4. Conclusion 
Future investigations should aim at solving the follow- 
ing problems: (1) designing plasmachemical instal- 
lations which should ensure complete evaporation of 
ingredients; (2) study of the specific processes of con- 
densation and crystallization of ultradispersed phase 
in simultaneous chemical reactions under highly 
unbalanced conditions (quenching). 
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