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High-purity, fine-grained oxide ceramic powders that are commonly used for ZnO-based 
varistors were synthesized by means of the reaction spray process. Processing steps included 
formation of the solutions of zinc nitrate and/or certain metal additives and spraying of the 
solution into a heated reaction column using a two-phase nozzle. After water evaporation 
from the droplets, the precursor salts were decomposed at elevated temperatures (up to 
1473 K) in order to obtain homogeneous oxide powders with complex compositions 
corresponding to the final multicomponent varistor system. The decomposition behaviour of 
the precursors, as well as the characteristics of the resulting powders: crystallinity, phase 
composition, particle shape, morphology and particle-size distribution, were examined. It was 
shown that the characteristics of the reaction spray-derived powders can be controlled by 
adjusting the system and the solutions parameters. 

1. I n t r o d u c t i o n  
The preparation of ceramic materials with a high 
degree of compositional and microstructural homo- 
geneity, high purity and reliability is based on the 
capability of generating fine powders, often of unsta- 
ble or metastable phases with a narrow distribution of 
particle sizes and a small mean size. The application of 
wet chemical techniques, including homogeneous pre- 
cipitation, sol-gel, gas-phase reactions, etc., to the 
formation of ceramic materials is based on a number 
of important characteristics and has frequently been 
mentioned as more advantageous as compared to 
conventional methods [1-3]. However, it is often 
difficult to obtain chemically homogeneous oxide 
powder with a complex composition by solution tech- 
niques, due to the imperfect coprecipitation resulting 
in variation of composition of each precipitated 
particle. 

The reaction spray process (evaporative decomposi- 
tion of solution; spray pyrolysis) is one of the disper- 
sion phase techniques and it is recognized as an 
important method for making fine powders and ma- 
terials, e.g. homogeneous mixtures CaO A1/O 3 [3], 
compounds MgO, AI~O 3, MgAI204, MgCr204 [4], 
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ZnO [5], precursor powders for sulphide ceramics 
[6], precursor powders for electronic ceramics 
[7, 8], superconducting fine particles in the 
Bi-(Pb) Ca-Sr -Cu-O system [9], ZrSiO 4 micro- 
spheres [10], fine spherical yttria-stabilized zirconia 
[11, 12], PLZT [13] and V203 [14] fine powders, etc. 

It involves atomizing the solution into a heated 
reaction column. The mist of the solution is dried and 
subsequently decomposed at elevated temperatures. 
This permits higher surface reaction and prevents any 
compositional segregation. Therefore, this method is 
considered to produce powders maintaining composi- 
tional homogeneity and to have the advantage of ease 
of close compositional control for the multicompon- 
ent powders. 

When materials and devices for electronics are con- 
sidered (e.g. multicomponent ZnO-based non-linear 
resistors (varistors)), a high degree of homogeneity, 
controlled and/or fine-grain size and controlled grains 
and grain-boundary chemistry are important and crit- 
ical for performance. Therefore, it has been shown that 
a higher activity of chemically prepared varistor pre- 
cursor powders enables one to obtain the fine-grained 
ceramics with improved electrical properties [15]. 
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The purpose of this work was to develop the equip- 
ment and the method for the production of multicom- 
ponent ZnO-based varistor precursor powders with 
controlled characteristics by means of the reaction 
spray process. In this context, the investigation results 
for a one-component ZnO-based model system, as 
well as for the system (ZnO + additives), will be pre- 
sented. 

2. Experimental procedure 
2.1. Laboratory equipment for the reaction 

spray process 
The main parts of the equipment are: (i) an atomizing 
system, including a twin-fluid atomizer, which was 
used in this work; an ultrasonic atomizer, Gapusol 
9001 type, 2.5 MHz, RBI is also available; (ii) a vertical 
tube furnace (Electron-Ignis Combo Lab.) height 
1750mm with plasma-generated alumina tube 
150 mm diameter with three independently control- 
lable temperature zones, each of 1473 K maximum; a 
microcomputer-based temperature4ndicated control- 
ler MCM-100 series (Shinko) and AR-201 six-point 
Toshiba recorder. 

The general process flow diagram of the reaction 
spray process for the production of ceramic powders is 
shown in Fig. 1. The solution of metal salts Was 
atomized into a hot reaction column, where the drop- 
lets were dried and decomposed in a dispersed phase. 
To cause a gas-liquid (droplets) dispersed system flow 
through the furnace, a pressure drop was maintained 
at the exhaust by means of a vacuum pump. Separa- 
tion of the gas-borne particles from the gas stream 
(mixture of gases and water vapour) was achieved by 
deposition on collecting surfaces in gravity settling 
chambers. The process parameters, the gas and the 
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Figure 1 A laboratory system for the powder preparation by the 
reaction spray process. 1, Twin-fluid atomizer; 2, alumina tube 
(diameter 160 ram, l = 1770 mm); 3, furnace (Electron-Ignis Combo 
Lab.); 4, gravity settling chambers; 5, micro-computer-based 
temperature-indicating controller MCM-100 series (Shinko); 6, AR 
201 six-point recorder (Toshiba). 
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liquid flow rates and the temperatures in the reaction 
zones were adjusted initially. 

2.2. Preparation of ZnO powders by means of 
the reaction spray process 

The feed solution was a water-soluble salt ~- 
Zn(NO3) 1.6H20 (Merck, p.a.) dissolved in distilled 
water at room temperature in proportions to obtain 
1M solution of zinc nitrate which was used in all 
experiments. Nitrogen gas was used as an atomizing 
medium. The gas pressure was maintained at 0.5 bar 
and the liquid flow rate was 0.6 lh-1.  The feed solu- 
tion was fed to an atomizing system, sprayed and 
decomposed into a reaction Column. The temperature 
profiles in the reaction column zones are given in 
Table I. After spraying and decomposition, powder 
0.22f was exposed to flowing hot gases at the exhaust 
for about 30 min. 

Note that an initial ~-Zn(NO3)2.6H20 was also 
decomposed for comparison by means of conven- 
tional decomposition in a tube furnace (Heraeus, 
ROF 7/50) at 573 K for 2 h. 

2.3. Preparation of multicomponent ZnO- 
based varistor precursor powder by means 
of the reaction spray process 

In order to obtain powder with complex initial com- 
position (100-X)ZnO + ]((additives), the following 
starting components were used: Zn(NO3)2.6H20 
(Merck extra pure), Bi (NO3)E.9HaO (Kemika, p.a.), 
SbC13 (Kemika, 99%), Co(NO3) 2 �9 6H20 (Merck, p.a.), 
Mn(CH3COO). 4H20 (Merck, extra pure), 
Cr(NO3)2.9H20 (Merck, p.a.) and Ni(NO3)2.6H20 
(Merck, p.a.). 

The starting components were dry mixed and hea- 
ted to form a homogeneous common grey solution 
[16]. The solution obtained was diluted with distilled 
water in the proportions of the desired composition 
and mixed thoroughly. The suspension thus obtained 
was fed to an atomizing system and sprayed into a 
reaction column. The gas pressure (nitrogen) was 0.5 
bar, the liquid flow rate was 0.5 lh-1  and the temper- 
ature profiles in the reaction column zones were as 
given in Table I (powder 0.24). After spraying and 
decomposition of the complete suspension, the res- 
ulting powder was exposed to flowing hot gases at the 
exhaust for about 30 min. 

T A B L E  I The temperature profiles in the zones of the reaction 
column during the reaction spray process 

No. Temperature, (K) Feed solution 

Zone I Zone II Zone III 

0.21 473 873 873 
0.22 473 1073 1073 
0.22f 473 1073 1073 
0.23 473 1173 1173 

0.24 473 1173 1173 

~x-Zn(NO3) 2 �9 6H20 

~-Zn(NO3) z �9 6H20 
+ additives 



Powder 0.24 was compacted into samples having a 
diameter of 8 mm and a height of 1-2 mm at a uni- 
axial pressing pressure of 80 MPa. The samples were 
sintered in air from 1373-1573 K, held for 60 min; 
heating and cooling rates were controlled at 
5 Kmin  -~ 

2.4. Cha rac t e r i za t i on  
The development of the crystal phases in powders was 
studied with a Philips PW 1710 diffractometer using a 
graphite-monochromatized CuK= radiation. DTA 
and TGA were performed in air at heating rates of 
10 K min -1 (Netzch 409 EP). The powder-size dis- 
tribution was performed using Coulter Multisizer. 
Powder morphology was examined by SEM (AMR- 
1600T). The chemical homogeneity of the micro- 
structures was determined by EDS (PGT system IV 
from Princeton Gamma Tech.). 

Electrical measurements were registered within the 
interval 1 - 100Am -2 by a d.c. power supply. The 
non-linearity coefficients were determined within the 
range from 1 - 1 0 A m  -2 (~1) and 10-100 Am -2 (~2); 
the breakdown field, Kc, was determined at 10 A m-2  
and the leakage current, Jb was measured at a voltage 
of 0.8 K~. 

3. R e s u l t s  a n d  d i s c u s s i o n  
3.1. Thermal analysis 
The thermal analysis results for Zn(NO3) 2 �9 6H20 and 
for powders obtained in accordance to Table I, heated 
at 10 K rain-1 in air, are presented in Fig. 2. The zinc 
nitrate decomposition can be divided into dehydra- 
tion processes for temperatures up to 473 K (multiple 
stage endothermic reaction with the peak temperature 
of 324 and 374 K), and decomposition up to 623 K, in 
agreement with the literature data [17]. Maximum 
weight loss is 76% up to 633 K (Fig. 2a). From the 
thermal analysis, it can be concluded that the zinc 
nitrate salt is an acceptable precursor material for 
powder synthesis by the reaction spray process, be- 
cause full decomposition can be achieved at reason- 
ably low temperatures (up to 633 K). Bearing in mind 
that the effective heating rate of a salt droplet/particle 
during the reaction spray process is approximately 
300 K s- 1 [17], the low-temperature decomposition 
salts are preferable. 

The decomposition curves for powder obtained by 
reaction spraying of zinc nitrate solution at 1073 K 
(powder 0.22) indicated the presence of unreacted 
phases up to 573 K with a maximum weight loss of 
28% (Fig. 2b). The relative degree of decomposition, 
8, was determined from TGA and calculated from the 
relation [18] 

8 = W~/WA (1) 

where Wv is the final sample weight after complete 
decomposition and WA is the sample weight after the 
loss of adsorbed water. For powder 0.22, 8 = 0.81. 

When hot gases flow over as-prepared powder in 
the exhaust for a certain period of time (powder 0.22f), 
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Figure 2 Thermal analysis results (a) for Zn(NO3) 2 . 6H20, and for 
powder decomposed by means of the reaction spray process: (b, c) 
0.22, (d) 0.23 and (e) 0.24, heated at 10 min- 1 in air. 

thermal decomposition curves presented in  Fig. 2c 
indicate that the decomposition is complete and 8 = 1. 
This implies that adsorption of water vapour is pre- 
vented. 
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At the reaction temperature of 1173 K (powder 
0.23), the thermal analysis indicated that the de- 
composition of the obtained powder is completed up 
to 573 K and 8 = 0.9. This indicates that the small 
amount of a residual unreacted phase is presented in 
the sample. Note that an exothermic peak is evident at 
673 K because little weight loss is observed (Fig. 2d), 

The decomposition curves for powder obtained by 
the reaction spraying of (the zinc nitrate + additives) 
water suspension at 1173 K (Fig. 2e) show complete 
decomposition with g = 1. 

3.2. P o w d e r  character is t ics  
The effect of the reaction spray process temperature 
on the crystallinity of the zinc nitrate derived powders 
is shown in Fig. 3. At a reaction temperature of 873 K 
(0.21) the decomposition is not completed. Poorly 
crystalline ZnO as well as Zns(NOa)2(OH)8.2H20 as 
dominant phases are found in the sample. The forma- 
tion of the intermediate phase Zns(NO3) 2 
(OH)8"2H20 is a result of the rehydration of the 
partially decomposed anhydrous salt by adsorption of 
water vapour from the exhaust gas [18]. As the reac- 
tion temperature is further increased to 1073 K (pow- 
der 0.22) the content of ZnO phase is also increased. 
At a reaction temperature of 1173 K (powder 0.23) the 
X-ray diffraction (XRD) yielded crystalline ZnO as a 
dominant phase and a few poor peaks of an inter- 
mediate phase Zns(NO3)2(OH)s'2H20. The ratio R, 
between the intensity of the ZnO (100) peak at 31.7 ~ 
(20) versus the intensity of the Zns(NO3)2 
(OH)s.2H20 (200) peak at 9.1 ~ (20) increases with 
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Figure 3 XRD patterns for zinc nitrate decomposed by the reaction 
spray process at (a) 873, (b) 1073 and (c) 1173 K. 

5 2 1 4  

the reaction spray temperature as the extent of de- 
composition of the nitrate precursor increases (Fig. 4). 

The XRD patterns of the zinc nitrate and (the zinc 
nitrate + additives), decomposed by means of the 
reaction spray process at 1073 and 1173 K, respect- 
ively, when exposed to flowing hot gases at the ex- 
haust, are presented in Fig. 5. When zinc nitrate is 
decomposed conventionally in static conditions, the 
full decomposition is achieved at 573 K for 2 h and the 
XRD yielded the powder pattern of hexagonal ZnO. 
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Figure 4 The ratio R between the intensity of the ZnO (100) peak 
at 31.7 ~ (20) versus the intensity of the Zns(NOa)2(OH)s.2H20 
(200) peak at 9.1 o (20) as a function of nominal reaction spray 
temperatures. 
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Figure 5 X-ray powder patterns for (a) Zn(NOa)E.6H20 , and (b) 
Zn(NOa)2 '6H20 + additives, decomposed by the reaction spray 
process at 1073 and 1173 K, respectively, when exposed to flowing 
hot gases at the exhaust. 



For powder 0.22~, exposed to flowing hot gases in 
the exhaust, the XRD implies only the presence of 
ZnO phase in the resulting powder (Fig. 5a). In the 
case of samples obtained by the reaction spray de- 
composition of zinc nitrate + additives suspension, 
the presence of well-crystallized ZnO phase, as well as 
poorly crystallized spinel phase, is evident. Diffraction 
maxima at 0.375, 0.227, 0.255 and 0.2031 nm are not 
clearly identified (Fig. 5b). 

The results of particle-size distribution of powders 
0.21-0.24 are plotted as particle diameters against 
cumulative weight undersize on logarithm probability 
papers (Fig. 6). The near linearity observed for all 
powders examined implies that the distribution may 
be approximated by log-normal distribution. The 
mean particle sizes, Dso, were graphically determined 
for each distribution and are also presented in Fig. 6. 
It is evident that the increasing temperature of the 
reaction spray process did not affect the mean particle 
size. 

Scanning electron micrographs of the zinc nitrate- 
derived powders prepared conventionally and accord- 
ing to the reaction spray process at 873-1173 K are 
presented in Fig. 7. The particles are almost spherical, 
although there is some content of irregularly shaped 

particles. As previously predicted [8], the particles 
obtained are hollow spherical shells and shell frag- 
ments. The particle surfaces are not smooth. Each 
particle seems to be an aggregate of small individual 
particles which are ~< l ~tm diameter. 

EDS analysis for powder 0.24 (zinc nitrate + addi- 
tives) are presented in Fig. 8a for particle surfaces and 
for the bulk. In both cases the presence of zinc is 
clearly visible, together with other elements such as 
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Figure 6 Log-probability plot of powders 0.21~0.24. Dso (gm); 
(O) 3.16, powder 0.21; (~) 3.56, powder 0.22 A (A) 2.8, powder 0.23; 
( • ) 3.0, powder 0.24. 

Figure 7 Scanning electron micrographs of Zn(NO3)2.6H20 (a) decomposed conventionally at, 573 K and by means of the reaction spray 
process at (b} 1073 K and (c) 1173 K, respectively, and (d) for Zn(NO~) 2 -6H20 + additives decomposed at 1173 K. 

521 5 



chromium, manganese, cobalt and nickel. Bismuth 
and antimony, which exist in the starting composition, 
are not identified. We believe that these particle in- 
homogeneities are the consequence of the nature of the 
feeding solution which was in the form of a suspen- 
sion: i.e., in the first step of dilution of the melt mixture 
of crystallohydrate, hydrolysis occurred to some ex- 
tent implying component inhomogeneities in the feed- 
ing solution, although being thoroughly mixed. These 
component inhomogeneities should persist in the final 
product which becomes a mixture of particles with 
some compositional inhomogeneities. Note that these 
particle inhomogeneities are not observed in the pow- 
der obtained by simple conventional thermal dehydra- 
tion and decomposition in static conditions of the melt 
of crystallohydrate [16] where the composition of 
each examined particle is the same (Fig. 8b). From our 
previous results [19], bismuth is responsible for the 
formation and the height of the potential barrier in 
ZnO-based non-linear ceramics, while antimony is 
located in the form of ZnTSb20,2 spinel phase along 

ZnO grain boundaries and has an influence on micro- 
structure design. 

3.3, Electrical properties 
Thenon-linearity coefficient, %, observed in the range 
from 10-100 Am -2 for compacted and sintered sam- 
ples of powder 0.24 realized its maximum values 
(% "-~ 30) by sintering at 1473 K, while the non-linear- 
ity coefficients, %, in the low-current region are rela- 
tively low, and the leakage current is about 
40 gA cm-2 for this sintering temperature (Table II). 
The values of the breakdown fields decreased from 
1100 Vmm -~ at sintering temperature of 1373 K, to 
approximately 400 V ram-~ at 1573 K. The relatively 
higher values of the breakdown fields, observed in this 
work, when compared to similar systems obtained by 
conventional dehydration and decomposition of the 
melt of crystallohydrates [16], could be the conse- 
quence of microstructure refinement due to the exist- 
ence of very uniform and spherical particles when the 
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T A B  L E I I Electrical properties of the samples sintered at 1473 K 
for the system obtained by means of the reaction spray process and 
for those obtained by conventional decomposition of the melts of 
crystallohydrates [16] 

Electrical Present [16] 
properties work 

~a (1 1 0 A m  -2) 13 32 
~2 (10-100 A m  .2) 30 27 
Je (gA cm -2) 40 ~ 1 
K~ (V m m -  1) 760 380 

powder preparation proceeds in the dispersion phase. 
Unfortunately, the expectation of a uniform compon- 
ent distribution in each particle when the powder is 
obtained by means of the reaction spray process is not 
realized, when EDS results are considered. Relatively 
high values of leakage currents and low values of the 
non-linearity coefficients in the low-current region 
(1-10Am -z ) are the consequence of non-uniform 
component distribution at the level of each particle. 
This compositional inhomogeneity in the powder is 
not originated by the reaction spray process, but by 
the nature of the solution, as mentioned above, and 
should be avoided by proper preparation of the initial 
feeding solution. 

4. Conclusion 
High-purity fine ceramic powders based on ZnO were 
prepared by the reaction spray process under various 
experimental conditions and characterized by means 
of DT/TG analysis, XRD, SEM, particle-size distribu- 
tion and EDS. 

The effect of the reaction spray process temperature 
on the phase content and the relative degree of de- 
composition was examined in the case of zinc nitrate 
solution as a model system. It was shown that the 
content of ZnO phase increased with increasing tem- 
perature of the reaction spray process. When hot gases 
flow over the as-prepared powder in the exhaust, the 
adsorption of water vapour is suppressed and the 
presence of an intermediate phase Zns(NO3) 2 
(OH)8" 2H20 diminished. 

The particles obtained are hollow spherical shells 
and shell fragments and seems to be an aggregate of 
small individual particles. The particle-size distribu- 
tion is log-normal with an average particle size of 
about 3 gm. 

Varistor ceramics with the non-linearity coefficient 
= 30 and the breakdown voltage Kc ~- 700 V mm- 1 

were obtained by sintering of compacts of multi- 
component powder with nominal composition 
(100-X)ZnO + Yadditives at 1473 K for 60 rain. Fur- 
ther developments in obtaining homogeneous feeding 
solution, when a multicomponent system is required, 
will utilize the obvious advantageous of the reaction 
spray process in order to obtain uniform composition 
at the level of each particle. This will cause improve- 
ment in electrical properties. 
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