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Abstract: The synthesis of ultrafine zircon (ZrSi04) powder with high purity was 

studied by using ZrOClz solution and fumed SiOz as starting materials. The zir- 
con precursor gels which were obtained by a wet chemical precipitation were 

seeded with zircon sand powder. The influences of processing, seed content and 

calcination temperature on the synthesis of zircon powder were investigated by 
XRD, TEM and IR spectroscopy etc. It was found that the washing of seeded 
gels by ethanol greatly benefited the formation of zircon at lower temperatures. 

Single-phase zircon powder can be obtained from the precursor gel seeded by 
3 mol% zircon sand particles when calcined at 1400°C for 2 h with primary par- 
ticle size of 0.24.3um and impurities content of less than 0.2wt%. The 
mechanism of zircon formation is heterogeneous nucleation due to the existence 
of zircon seeds. The relative density of hot-pressed sintered zircon at 1600°C for 

1 h reaches 99.1% theoretical and its flexural strength and fracture toughness at 
room temperature are 320 * 15 MPa and 3.0 f 0.4 MPa.m”2, respectively. lcs 1998 
Elsevier Science Limited and Techna S.r.1. All rights reserved 

1 INTRODUCTION 

Zircon (ZrSi04) is an important ceramic material 
because of its low coefficient of thermal expansion 
(about 4.1 x 10P6 “C-’ between 25°C and 1400°C) 
as well as its low coefficient of heat conductivity 
(5.1 w m-I “C-l at room temperature and 3.5 W 
m-i “C at 1OOOC). 1,2 It does not undergo any 
structural transformation until dissociation at 
about 1700°C according to the ZrOz-SiOz system 
phase diagram. Sintered zircon bodies present a 
very high chemical stability, high resistance to melt 
corrosion, excellent thermal shock resistance and 
good high temperature mechanical properties, so it 
is widely applied in high temperature fields where 
sudden temperature changes are to be encountered. 
In recent years, more and more attention has been 
given to its applications as structural ceramics.3 
The impurities in natural zircon powder limit its 
applications, especially in high temperature condi- 
tions because the impurities not only deteriorate 
the high temperature mechanical properties ser- 
iously, but also decompose zircon at temperatures 

much lower than its normal melting point. For 
example, Al203 would react with zircon in the 
range of 13OO”C-1400°C to form mullite and Zr02 
as follows: 

2ZrSiO4 + 3A1203 = 3A1203.2SiQ --t 2ZrO: 

So it is of great importance to synthesize ultrafine 
zircon powder with high chemical purity for more 
reliable application of zircon, especially at elevated 
temperatures. 

Earlier studies have been performed on the pre- 
paration of zircon powders.3P5 The process devel- 
oped in these research works was generally by the 
sol-gel method, starting with zirconium oxychlor- 
ide (ZrOC12) solution and tetraethoxysilane 
(Si(C2H50),) or colloidal SiO;, and resulted in 
almost single-phase zircon powder ,with impurities 
much less than natural zircon sand. Toshiyuki 
Mori synthesized highly pure single phase ZrSi04 
fine powder via zircon precursors having a Zr-O- 
Si bond formed during hydrolysis at 100°C in a 
sol-gel process. The mean particle size was 0.5 urn 
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and the total impurity content was about 0.3 wt%, 
much less than natural zircon sands.3 Other meth- 
ods have also been reported, such as the spray 
thermal decomposition method and the hydro- 
thermal process.6,7 

In this paper, a new wet chemical process is 
developed to synthesize high-purity ultrafine zircon 
powder. Homogeneous gel precipitates were pre- 
pared by a wet chemical process, and a small 
amount of zircon sand seeds was mixed into the 
gels in order to promote the formation of zircon 
and lower the calcination temperature. The effects 
of seed contents and calcination temperature and 
other factors on the synthesis of zircon powder 
have been investigated. The formation mechanism 
of zircon powder has also been discussed. The 
obtained zircon powders were characterised by 
chemical analysis, TEM, XRD, and the mechanical 
properties of ZrSi04 sintered bodies were also 
determined. 

2 EXPERIMENTAL PROCEDURE 

ZrOC128H20 and fumed silica were used as the 
starting materials. ZrQC128Hz0 was dissolved in 
distilled water. The average particle size of fumed 
Si02 is about 20nm and the content of impurities 
is less than 0.1 wt%. A homogeneous slurry was 
obtained after f-SiOz was mixed with the solution 
according to the molar ratio of Zr/Si = 1.0. The 
slurry was brought to pH = 10 by adding aqueous 
ammonia solution under vigorous stirring. The 
homogeneous gels obtained were filtered and 
washed with distilled water to pH = 7-8, and after- 
wards washed with ethanol. A small amount of 
zircon sand powder was thoroughly mixed with 
washed gels as seeds to foster zircon formation. 
The mixing of zircon seed was carried out by the 
means of wet ball-milling using ZrOz ball as media. 
The average particle size of seed powder was 1 urn 
and the total impurities content was 6-7 wt%. 
After drying at 120°C for 24 h, the mixtures were 
calcined at temperatures between 1000°C and 
1450°C. 

The formation rate of zircon (rxzn) in the syn- 
thesized powder was determined by XRD method 
(D/max-ra, X-ray diffractometer, Rigaku, Japan) 
through the following equation: 2,3 

aZR = zZR(200)/[zZR(200) + z,(,i,) + L(ll1) + ~t(11l)l (1) 

where Ic~no) is the intensity of diffraction peak of 
(ABC) crystal plane, subscripts ZR, m and t stand 
for ZrSi04, m-ZrOz and t-ZrOz, respectively. The 

four diffraction peaks in eqn (1) appeared at the 
diffraction angle 28 in the range of 26”-32”. 

The chemical compositions of synthesized pow- 
ders were analysed by wet chemical method. 
Washed gels and obtained powders were examined 
by transmission electron microscopy (JEM-200CX, 

Japan), infrared spectrophotometry (Nicolet, 
model 7199C)). The specific surface area of the 
powder was measured by BET method (Quanta- 
chrome Co. model Autoaorb-I) while the average 
particle size (Dso) of the zircon powder (Brookha- 
ven Co. model Bi-DCPlOOO) was determined also. 

The synthesized zircon powder was hot-pressed 
in a graphite die at 1600°C for 1 h under 30 MPa in 
an inert atmosphere. The specimens were cut into 
2.5x5x30mm bars with a diamond wheel to mea- 
sure flexural strength by the 3-point bending test 
with a span of 20mm and a crosshead speed of 
0.5 mm mini. Test bars of dimensions of 
5 x 2.5 x 30 mm were prepared for single edge notch- 
beam (SENB) method to measure fracture tough- 
ness with a span of 20mm and a crosshead speed 
of 0.05 mm min-‘. The notches used were 0.25 mm 
and 2.5mm depth. All mechanical measurements 
were carried out on an Instron-1195 material tes- 
ter. Sample density was measured using the Archi- 
medes’ method. 

3 RESULTS AND DISCUSSION 

3.1 Evaluation of precipitated gels 

Figure 1 shows the TEM micrographs of pre- 
cipitated gels obtained by different washing pro- 
cesses, gel-P was only washed by distilled water to 
pH = 7-8, while gel P-E was washed by ethanol for 
three times after being washed by distilled water 
(indicated in Table 1). It is obvious that two kinds 
of gel particles were composed of many small pri- 
mary particles in nanometre scale. EDAX analysis 
of gel P-E indicates that gel particles contain Zr 
and Si equimolarly, so it is suggested that the pre- 
cipitated gels consist of Zr(OH)d and fumed SiO2 
homogeneously for they were obtained from 
ZrOC12 solution in which fumed SiOz particles 
were well-dispersed according to the stoichiometric 
ratio of Zr/Si = 1. (A little excess of ZrOC12 solu- 
tion was used to ensure no residual SiO2 remained 
in the obtained zircon powder.) Furthermore, 
micrographs of gels show that gel P-E has a better 
state of agglomeration than gel P. After being 
washed by ethanol, the dried gel P-E was more soft 
and friable than gel P. The specific surface area of 
gel P-E is somewhat larger than that of gel P 
(Table 1). 



IR spectra of gels (Fig. 2) showed that there was 
an absorption band in the vicinity of 3000cm~‘. 

corresponding to C-H stretching absorption. This 
band shows the evidence of interaction of ethanol 
with the gel P. Absorption contributions from C-O 
stretching in ethanol cannot be observed because 
of overlap with silica bands at 1 lOO-IOOOcm~‘. 
Comparing two different washing routes. it is clear 

I 

K 

Fig. 1. TEM micrographs of precipitate gels washed by dif- 
ferent solvents: (A) gel P; (IS) gel P-E: (C) EDAX of gel P-E. 

Table 1. Characterization of precipitate gels 
_ _~ ~ ~~ 

Gel sample Washing solvents 
(;$l) 

Molar ratio 
of Zr/Si 

P 

P-E 
Hz0 

H.!O and C*HBOH 
305 
351 1.03 

that the lower surface tension of ethanol 

(VXWM = 22.8 N m-“) contrasted to water 
(ttilo = 72.8 N m ‘) leads to lower capillary force 
and improves the agglomeration state in gel P, 
owing to the removal of non-bridging hydroxyl 
groups and co-ordinated water of gels, which had 
been proposed in the research work on the pre- 
paration of ultrafine zirconia powder? 
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3.2 Synthesis of ultrafine zircon powder 

It was known that zircon powder could not be 
synthesized by solid-state reaction unless at a rela- 
tively high temperature ( > 1500°C). but the con- 
tent of zircon phase in the obtained powder was 

still not high, normally no more that 50%,.4 So 
mixing of natural zircon sand into precursor as 
seeds was attempted in our processing in order to 
promote the formation of zircon and lower the 
calcination temperature. 

Figure 3 shows the relation between the forma- 

tion rates of zircon (CI& and the content of seeds 
in gel P-E under different calcination conditions. 

4000 3550 3100 2650 2200 1750 1300 850 400 
WAVENUMBERS (cm-‘) 

Fig. 2. IR spectra of precipitated gels: (A) gel I’; t H) gel P-E. 
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Fig. 3. The dependence of formation rate of circon on the 
seed content at different calcination temperatures. 
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From the curves plotted, it may be concluded that 
calcination temperature and the content of seeds 
are the two crucial elements dominating zircon 
formation. At a calcination temperature of 13OO”C, 
the formation rate of zircon is very low (below 
30%), even though 3 mol% seeds were mixed into 
the gel. When the calcination temperature was 
raised above 1350°C the seeds began to play a 
significant role in promoting zircon formation. 
With the addition of the first half per cent of seeds, 
the increase of azu is most dramatic, but it levels 
off quickly at and beyond 1%. Under the same 
seed contents added, the effect on zircon formation 
with increasing temperature is also obvious as 
shown in Fig. 3. The formation rate of zircon in 
3mol% seeded gel P-E could reach 95% on the 
calcining conditions of 1450°C 2 h-i. 

solid-state reaction between t-Zr02 and f-SiOf to 
form zircon became predominant and zircon 
appeared to be the major phase. After calcination 
at 1400°C for 2 h, a single phase zircon powder was 
obtained with a small diffraction peak of t-Zr02 
owing to the little overdose of ZrOC12 in the start- 
ing composition. The infrared spectra of gel P-E 
(3 mol% seeded) calcined at various temperatures 
shown in Fig. 5 indicate the same results, the 
characteristic peaks of zircon (Zr-O-Si bond at 
880 cm-’ and 640cm-‘) are intensified as the cal- 
cination temperature increases, the pattern (D) in 
Fig. 5 (calcined at 1400°C for 2 h) is identical with 
the standard IR pattern of zircon. 

Figure 4 displays the X-ray diffraction patterns 
of the gel P-E containing 3 mol% seeds calcined at 
different temperatures for 2 h, showing the depen- 
dence of reaction and compound formation with 
the calcination temperature. There is almost no 
zircon formed in gel P-E after calcination up to 
1200°C for 2h and t-ZrOz is the main phase 
appearing in the powder. However, when the cal- 
cination temperature was increased to 13Oo”C, the 

Morphologies of the powder calcined at different 
temperatures under TEM are shown in Fig. 6. 
Considering the results of XRD (Fig. 5(B)), it may 
be suggested that the small particles in (A) of 
about 3&50nm in size are t-ZrO,, surrounded by 
amorphous fumed SiO 2. Two sets of diffraction 
patterns in Fig. 6(B) demonstrated that prior to 
the formation of zircon, Zr(OH), in gel P-E has 
turned into polycrystalline t-ZrO, and fumed SiOz 
remains in the amorphous state, which was in 
good agreement with XRD results. Figure 6(C) 
and (D) showed that the formation of zircon 

0 : Zircon 
l : t-zro, 
x : m-ZrO, 

1 000°C/2hr 0 : Zircon 
0 : t-ZrO, 
x : m-ZrO, 

1 200° C/2hr 
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Fig. 4. X-ray diffraction patterns of gel P-E (3 mol% seeded) calcined at different temperatures. 



occurs substantially when the calcining temperature 

was above I .iOO”C, which coincides with the results 

of XRD and IR patterns perfectly. So the reaction 
sequence for zircon formation can be traced as 
follows: 

I I . 

2400 2150 1900 1650 1400 1150 900 650 400 
WAVENUMBERS (cm-‘) 

Fig. 5. IK spectra of gel P-E (3mol’!/o seeded) calcined at 
dift‘erent temperatures. 

Gel P-E(Zr(OH), + fumed SiO~) 
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3.3 Formation mechanism of zircon 

Due to the addition of zircon sand \ceds in gel 

during the wet chemical process, a great deal of 

free surface was provided on which the new zircon 
nucleus would preferentially form by hctero- 

geneous nucleation instead of homogeneous 

nucleation when there were no seeds in sel system. 

The surface energy of seeds decreased the thermo- 

dynamic barrier for zircon nucleation reaction 

greatly.” The extent to which the nucleation barrier 
could be lowered from its homogeneous value 

ACT,,,,,,, when no seeds were c\;isling depends 
entirely on the contact angle 0. representing the 
matching degree of crystal structure bctwcen seeds 

and newly formed phase. In our case. 0 tends to be 
zero since the seeds phase and the synthesized 

phase are the same, so the energ barrier of het- 
erogeneous nucleation:“’ 

Fig. 6. TEM mlcwgraphs of gel P-E (3mol% seeded) calcined at difercnt tcmperaturcs: (A) 1300 C‘: (H) S.40 Image of (A): 
(C, 11OO’C; (D) 1300 c. 
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Ache, = AGhorn. (2 - 3 cos 8 + cos3 8)/4 (2) (A) 

dropped conspicuously. Figure 7 shows the depen- 
dence of energy barriers associated with hetero- 
geneous and homogeneous nucleation on nucleus 
radius. As a result, zircon nucleus formation was 
promoted remarkably at relatively lower tempera- 
tures. When the radius of a zircon nucleus newly 
formed on the surface of seeds exceeded the critical 
nucleus size r*, it could exist stably in the reaction 
system and grow further. Figure 8(A) shows the 
morphology of zircon sand seed which was sur- 
rounded by homogeneous gel in gel P-E (3mol% 
seeded) before calcination, while Fig. 8(B) displays 
the morphology of small zircon particles newly 
formed on the seed surface, proving the validity of 
heterogeneous nucleation. 

0.5 urn 

(B) 

3.4 Dynamic analysis of zircon formation 

Figure 9 shows the corresponding formation rates 
of zircon in gel P-E and P (3 mol% seeded) with 
increasing holding time isothermally heated at 
1300°C. It is observed that the rate of zircon for- 
mation in gel P-E is significantly higher than that 
in gel P and the a zR value increases at a faster rate 
with holding time. Therefore, it seems that the for- 
mation of zircon could be fostered in the process 
by employing ethanol washing of the gel. 

Fig. 8. The morphology of zircon seed in the precipitated gel 
P-E: (A) before calcination; (B) calcined at 1400°C for 2 h. 

In general, the formation rate of newly formed 
phase (X) in a given solid state transformation can 
be expressed as:’ 1 

the different reaction mechanisms. When the for- 
mation rate of new phase is controlled by diffusion, 
the transformation fraction can be written as I2 

In(ln( 1 - 9-l) = 3/2,1nt + C (4) 
X = 1 - EXP(-K” t”) (3) 

where K is the reaction rate constant, t is the 
holding time, and IZ is the time exponent relating to 

C is a constant for a given temperature. The kinet- 
ics of zircon formation in gel P and gel P-E were 
analysed by using the data of Fi F. 9 according to 
eqn (4). A plot of Zn[Zn(l - azR)- ] with respect to 

8 

Fig. 7. The dependence of energy 
homogeneous and heterogeneous 

radius. 

barriers associated with 
nucleation on nucleus 

1300°C 

Gel P 

P’ 
0 1 2 3 4 5 6 7 

Holding time (hr) 

Fig. 9. The relationship of formation rate of zircon in the gel 
P-E and P (3 mol% seeded) with holding time at 1300°C. 



In t gives two relevant straight lines as shown in 

Fig. 10, with slopes being close to 312 approxi- 
mately. Therefore, it may be argued that the zircon 
formation reaction seems to be a diffusion-con- 
trolled process rather than an interfacial reaction- 

controlled one, the overall reaction rate is actually 
controlled by, the diffusion process under fast 
nucleation (Avrami regime).” 

3.5 Characteristics of the synthesized zircon powder 

Summarizing the results obtained above, zircon 
powders were synthesized under the conditions 
described as follows: seeded 3 mol% zircon sand in 

the precipitate gel and calcined at 1400°C for 2 h. 
The chemical compositions of the seeds and the 

synthesized zircon powder are listed in Table 2. 
Comparing with natural zircon sand, the synthe- 
sized powder has a lesser amount of impurities, 
about 0.153 wt% in total which were mainly 
brought in by the adding of 3 mol% seeds. 

The particle size of zircon powder obtained was 
determined by several methods. TEM observation 
(Fig. 11) shows that the synthesized ultrafine zircon 
powders are composed of uniform submicrometer 
particles. The primary particle size of powder P-E 
(Fig. 1 I(B)) is about 0.2-0.3 urn, which is finer than 

_4’--_-., ,rn 
-1 0 1 2 3 

In t 

Fig. IO. The Avrami-type plot for formation of zircon in gel 

P-E and P (3mol”io seeded) calcined at 13OO’C. 

Table 2. The chemical compositions of the zircon 
seed and the synthesized powder 

Composition 

Zr02 
Si02 

HfOz 
A1203 

Fez03 
TIO~ 

MgO 
CaO 
y203 

Synthesized powder 

(wt%) 

67.22 
30.85 

1.39 
0.11 

0.029 

0.014 

Seed powder 

(wt%) 

62.28 
31.17 

1.26 
3.17 

0.14 
0.44 

0.081 
0.27 
0.11 

that of powder P (Fig. 1 l(A)). and the state of 
agglomeration is more insignificant. In Table 3. 
particle sizes determined by specific surface area 
method (Duur) and particle size distribution (D& 
were compared for synthetic powder P and P-E. as 
well as seed powder used in our processing.. The 

specific surface area and average particle size by 
BET method are 4.9 m2 gg’ and 0.27 ym for pow- 

der P, 5.2 m’ g-’ and 0.25 urn for powder P-E, 
respectively, which are in general agreement with 
the primary particle size determined by TEM 
observation. 

Synthesized zircon powder P-E was hot-pressed 
at 1600°C for 1 h in an inert atmosphere under a 
pressure of 30MPa. The bulk density of the speci- 
mens reaches 4.63g cm-j, which is about 99.1% 
theoretical (4.67g cm-j for the the’oretical density 

of zircon). The flexural strength and the fracture 
toughness at room temperature are 320 i 15 MPa 
and 3.0 i- 0.5 MPa.m”‘, respectively. 

Fig. 11. TEM micrographs of synthesized ultratine Lircon 
powders (1400’ C 2 h ‘): (A) powder P; and IR) powder P-E. 

Table 3. A comparison of specific area and particle 
size for different zircon powder 

Powder P-E Powder P Seed 

&ET cm2 g ‘) 5.2 4.9 3.5 
DBET (Pm) 0.25 0.27 0.37 
&O (w4 0.85 1.26 1.32 
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4 CONCLUSIONS 

1. Highly pure ultrafine zircon powders were 

2. 

3. 

prepared by wet chemical process using 
ZrOClz and fumed SiO;! as starting materials. 
From the results of our study, the best condi- 
tions for the synthesis of zircon are: a pre- 
cipitated gel seeded with 3mol% zircon sand 
particles and calcined at 1400°C for 2 h. 
Addition of zircon seeds even at very low 
weight percentages, has a remarkably favour- 
able affect on the synthesis of zircon with a 
lowering of formation temperature. The effect 
can be explained by heterogeneous nucleation 
on the seed surface leading to the decrease of 
energy barrier for the zircon formation reac- 
tion, which appears to be diffusion-controlled 
judging by the data obtained from reaction 
kinetics. 
The ultrafine zircon powder obtained is uni- 
form 0.2-0.3 pm in average grain size.The 
total impurity content is less than 0.2 wt%. It 
also exhibits good sinterability and mechan- 
ical properties. For a specimen hot-pressed at 
1600°C for 1 h under the pressure of 30 MPa, 
its relative density reaches 99.1% and its 

Ying Shi et al. 

flexural strength and fracture toughness 
amount to 320&15MPa and 3.OhO.4 
MPa.m1i2, respectively. 
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