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Abstract

The preparation of ughly pure fine zorcon ponders
( ZrS10 ) was studied using ZrOCH, and fumed SiQ)
by the wet chenneal method  The pel fornation
obtamed by adding NH H,O to the shiery consist
mg of ZrOC solution and fumed S10, ways seeded
weth zncon sand  The optinm process found 1o
senthesize fughly: puve fine zucon powder was to
caleme the gol at 1400 C for 2 after preheat
treatment at 700 C for 2 h The powders obtamed are
composed of subnuacrometer particles  The relative
density of specinens hot pressed at 1650 C for 1h
wder 20 M Pa reaches 9920 and he flexoral
strength at room temperature 1y 360 M Pa

D Herstellung  von hoelremen, — femem
Zukonsithhat Pulter (ZrS10,) wurde unter V'er
wending con ZrOCl, wnd S0, mie Hilfe enier nafl
chennselien Mcethode wntersuche Zu dem Gel, das
el die Zugabe von HNy H,OQ  zu demnr ans
Z1OCH Losung wnd Si0)y bestehenden Sceliicher
hergestelly wurde, warde Zirkonsihk atvand uls Kenne
apegeben, Der optinale Prozefy zue Herstellung 1on
hoctvemem, femem Zkonsithkatpulier ist, dus Gel
nach cmer 2sumdigen Warmmebhehandlune her 700 ¢
heo 1HOO-C fur 2Nz hal zumeren, Die herpestellen
Pulver bestehon aus subnkrometer grofien Tedchen
Die relative Diclie der ber 1650 C uned euenr Diruck
von 20MPa 1l heiffeeprefiion Proben crgab eten
Werr von 99 2% Die Dinchibicgefestigherr bei
Rawmtemperatinr betrig 360 M Pa

Nows arons ctudic a fabrication de poudres de znreon
trés pures ( ZrSiQ ) a partir de Z1OCH, et de poudre
e 10, cocr par trartement clunugue par vote hunnde
Le gel obtenm en apoutant NHy H Q) a la barbotine e
ZrOCH mclange a lu poudie de Si0y a e1é ensemence
avec du sable de vcon. Nous avons trourd que le
melewr procéde powr synthétiser de la poudre de
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meon fine et s pure st de calemer le gel a 1400 C
pendant 2l aprés wn prenner traitement thermngue de
Mea 700°C O obtient des poudres de taillle de grams
mfereure ane neron La densu e relatiee des cchant
tlenrs presses d chaud Tha 1650 C sous ine pression
de 20M Pa peut attemdre 99 200 ot la résistunce d
flevion a températire ambuante est de 360 MPu

[ Introduction

Zircon (ZrS10 ) is an mmportant matenal with many
unique properties It has a very low coefficient of
heat conductivity (5 TW,m 'C at room temperature
and 3SW om C oat 1000 ) and low coelficient ol
thermal expansion (about 41 « [0 ° C between
25 Cand 1400 €)' Its mechanical strength does not
degrade even at temperatures higher than 1400 €,
and smtered zircon has a thermal shock resistance
superior to those ol mullite and alumina sintered
bodies * These properties make zircon a potential
candidate as o uselul structural ceramic for high
lemperature applications

The purity of natural zircon sand 1s often low,
with manv kinds ol impurities such as Al Fe 0,
TiO, and so on, which will decompose zircon at
lower temperatures Normally, pute zircon decom
poses mto ZiQ, and S10, ata temperature ol aboul
700 C according to the ZrO),-S10, phase diagram
However, most alkalr and alkaline oxides promote
the decomposition ol zircon at a relatively lower
lemperature For exumple, zircon would react with
ALOat 1400 € as Tollows

221810, + 3A1,0, = 3A1L,0O, - 2510, + 2Zr0),

sotbis very meanimglul to synthesize zircon powder
with high purity for its applications, especially at
high temperatures

Highly pure zircon powder 1s commercially
unavatlable. In recent vears, many studies have been
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done on the preparation of highly pure fine zircon
powder,' " the usual route used in these studies 18
the sol-gel method starting with ZrOCI, solution
and Si(C,H,0), (or collmdal Si10,). For example,
Mori er al reported the synthesis ol fine zircon
powder by the sol-gel process from ZrOCI, and
S0, sols,” " obtaining particles of about O S um in
s1ze

In this puper, the preparation of highly pure fine
zncon powders by the wel chemical method s
reported A small amount of zircon sand was added
to the homogeneous gel precipitations as seeds in
order to fower the synthesizing temperature ol
zircon powders and the expected effect was observed
The zircon powders obtained were characterized by
different methods, including wet chemical analysis,
XRD and TEM. The mechanism ol lowering the
synthesizing temperature 1s also discussed.

2 Experimental Procedure

Zircontum oxychlonde and fumed sihica were used
as the starting materials. ZrOCH -8H,0  was
dissolved in water and lumed silica was mixed with
the solution to obtain a homogeneous slurry The
slurry  was  brought to pH =10 by adding
NH, " H,0O solution while under vigorous stirring.
The homogeneous gel obtamed was thoroughly
mixed with a small amount of zircon sand seeds and
the mixture was dried at 120 €' The dried mixtures
were calcined at the proper conditions Lo obtain
tighly pure fine zircon powders.

The zircon sund used as seeds was provided by
Xianyang Research & Design Institute ol Ceramiges,
the chenucal composition of 1t s listed in Table 1,
and the TEM morphology 1s also shown in Fig. 1,
most particles are angular with particle sizes above
05um

The powders obtained were analysed by the XRD
method. The formation rate of ZrSi0Q, in the
powders obtamed was calculated by the following
equation:” '

Ygp = IZRl.‘()H)/[IZR(.?(NH + Imil 1) + ,mll 1 t llll | Ii]
where [is the peak intensity ol XRD, ZR 1s ZrSiQ,,

Table I. Chemical composition ol zir¢on sand

Contents (")

Composttion

Z10), 628
S0, 317
HIO, 1:26
Al,Q, 317
TIO), 044
) 027
Fe, 0, 014
Mg 0081
Y,0, 011

Fig. I. TEM morphology of zircon sand seeds

m s m ZiQ,, t1s 1-ZrQ, and (ahc¢) are the crystal
plane indices The differential thermal analysis
(DTA) curves ol homogencous gel precipitates mixed
with zircon sand were taken at a heating rate of
[0°C/min to 1500°C. The powders obtained were
analysed by wet chemical analysis, transmission
electton microscopy (TEM), and infrared spectro-
photometry. The specific surfuce area ol the powder
wus determined by the BET method The particles
size distribution ol the powder was also delermined

The obtained zircon powder was hot-pressed in a
graphite die at [650°C for 1h under 20MPa i a
nitrogen atmosphere  Specimens were cut into
Smm « 25mm « J0mm bars without polishing lor
Aexural strength measurement using the three point
bending method with a span of 20 mm; the loading
rate was O-Smm/min The sample density was
measured by Archimedes’ method

3 Results and Discussion

3.1 Formation of zircon without seeds

The relation between the formation rate of ZrSiQ,
(7,r) in gel precipitate without seeds and the
calemation temperature 1s shown in Fig. 2. Zircon
can not be formed at temperatures below 1350 C.
Zucon formation starts to be observed at o
temperature above 1400"C and the formation rate
icreases remarkably in the temperature range of
(400-1500"C. It can be envisaged that the re-
constructive transformation of amorphous silica to
cristobalite accelerates the formation reaction of
zircon by the so-called Hedvall eflect The material
gels activated due to volume change at transform-
ation to induce the generution of lattice strain and
even fissures.?

Moreover, the formation tates ol zircon after
being preheat treated at 700"C for 2h (curve 1) 1s
higher than those under (he same calcination
conditions without heat treatment (curve 2). In the
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Fig. 2. Formation rate ol ziicon m el precipiiate without seeds
ds a Tunction of calemanon remperature (holdimg fime 2 hy (1)
Alter heat trearment at 700 Cior Yh, () no preheat treaiment

teport by Mot et al | a preheat treatment ol the gel
was also used before caleimation at 1350 C to obtain
zircon powders However, the eflect of heat treat
ment was not discussed 1n therr paper "

Figure 3 shows the IR spectra of gel precipitates
Comparing these two curves, 1t1s Tound that alter
heat treatment. the absorption peak at 1400¢m ™!
disappeared. due to the loss of the brdging OH
group In addinon to 1t thete are two weak
enhancements ol absorption peaks at 880cm ™! (a)
and 640cm ™" (D), at which the characteristic
absorption peaks of the Zi-O-S1 bond are located "
The XRD patiern (Fig 4(a) of the gel precipitate
after heat treatment for 700 C72 h shows that it s
still amorphous and there 15 a broadened peak al
200=30:17  wlhach is charactenistic for t ZrQ,,
whereas Zt(OH), without fumed Si10), becomes m
ZrQ), alter being heuat (reated under the same
conditions (Fig 4(b)y So 1t may be argued that after
heat treatment, o small amount of SiQ), may
combine with ZrQ, to form the Zr-0 St bond and

Transmittance

Endothermic «— Exgthermic
7

a N\,
b\

2400 2000 1600 1200 800 400

Wavenumber (cm 1)

Fig. ). IR absorption spectra of gel preciprtate without seeds
(A) No preheat treatment (B) heat treatment af 700 ¢ for 2h

(a)

55 50 45 40 35 30 25 20 15

(b)

56 50 45 40 35 30 25 20 15
20 {degrees)

Fig. 4. XRD patterns ol (a) gel precipiiate without seeds and (b)
ZofOH), alter treatment a1t 700°C for 2 h

the existence ol fumed S10, contributes to the
lormation and stabilization of t ZrQ, This would
lead to the formation of zircon

As 1t was found to be difticult to fully synthesize
highly pure zircon powder [rom two pure starting
matenials alone, zrcon sand was added to the gel as
seeds to promote the formation of zircon.

3.2 Preparation of highly pure fine zircon powder

Frgure 5 shows the DTA curves ol gel precipitates
contaming different contents ol zircon sund seeds
Their thermal behaviours ure the same n (he
temperature range ol room temperature to 1000 C;
the large endothermie peak at around 150 C
corresponds (o the loss of water and the small
exotherimic peak corresponds to the crystalhization
ol 1 ZrQ), The difference among them s that there 1s

(a)

RT 500 1000 1500
Temperalure ('C)

Fig. 5. DTA curves of gel preapuate containmg different

conlents ol seeds (4) No seeds, (b) 0 Smol®s seeds, (¢) S mol®

seeds
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a small endothermic peak around 1400°C in the no
seed sample, representing the reconstructive trans
formation of amorphous silica, while the sume peaks
around this temperature almost disappear in seeded
gel precipitate curves,

Because of the addition of zircon sand seeds,
zircon formation lrom the gel precipitates will be
promoted.” Thermodynamic calculations mdicate
that the formation of zircon 15 a weak exothermic
reaction(AH = — 31 kJ/mol) Ttis hikely that the heat
released [rom the formation of zircon counteracts
the endothermie  effect  of  amorphous  silica
transformation,

The influences ol the amount of zircon sand seed
addition on the Tormation of (x,4) 1n the obtained
powders have been studied and the results are
plotted in Fig 6 The gel precipitates mixed with
zircon sand seeds were calemed for 2 hat 1400 'C and
1500 C respectively At the first $%, seeds addition,
the increase of %5 lormation s dramatic. from less
than 20 to neatly 90%,. The effect of seed seems Lo
level off at ubout I mol®s 1t can be noticed (hat
preheat treatment at 700°C for 2h s benehcial to
ziieon formation, espectally at the relatively lower
calemation temperature (14000 C). This similar (o the
results in Fig. 2

(a)
100}
80 [-
# 60}

s
& a0}
20}
ok
| 1 L ) 3 1 N
0o 1 2 3 4 5 6 7
Concentration of seeds (mol%)
(b)

Il L I | i [1
0 1 2 3 4 5 6 7
Concentration of seeds (mol%)

I I .

Fig. 6. Formanion rate ol zircon as a lunction ol seeds addition.
@. Alter preheat treatment at 700°'C: (), no heat (reatment, (a)
1500°C2h (b 140072 h

The zircon sund seeds can be considered us the
second phase particles well-dispersed in the gel.
These particles provide a great deal of [ree surface
[or heterogeneous nucleation and growth of new
zircon particles,” and the degree of luthice matching
between the seeds and the new formed phase 1s very
impottant According to the heterogeneous nucle-
ation theory ®

AGY = AG* - [(8)

where /(H) = (2 + cosH) | - cos#)?/4 and AG* and
AG* are the free energies for heterogeneous and
homogeneous nucleations respectively, which show
the thermodynamic barriers for nucleation under
different conditons The AG} decreases with the
decreasing # and tends to be zero as 6 approaches
zero So the most fuvourable case is that the seeds are
in adentical crystalline orientation to the new
product to be obtained

The reaction rate constants (K) ol no seeded pel
precipitate and 7mol% seeded gel precipitate ut
different temperatures are calculuted based on the
formation rates ol zincon at different temperatures.
The relation between In K and 1/ Ths plotted in Fig. 7.
According to the Arrhenus equation

inKk=Ind - E/RT

where £ 15 the activation energy, the activation
energies under different conditions were calculated
from the slopes of the two hines in Fig. 7

No seed” £, = 3906 kJ/mol
Tmol%y seeded E, = 207 7TkJ/mol

The activation enetgy drops nearly S0%  after
seeding with 7mol% zircon sand and the formution
temperature for the same rate ol zircon formation
drops nearly 200°C

7
{b)
8 -
(a)
9l .
¥
E
[ ]
10}
1Mk
®
1 1 1
5.0 5.5 6.0 6.5 7.0

YT x 104(K 1)

Fig. 7. The relation beiween In K and calcination temperature
(1) No seeds, (b) 7mol% seeds
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Fig. 8. Zircon lormation m 7mol®, seeded gel precipitate as a
lunciion of calematon temperature tholding time 2 hy (a) With
preheat treatment at 700 Clor 20 (b) no preheat treatment

Figuie 8 shows the amount of zircon lormation
under two different preheat treatment conditions
when the gel precipitate s seeded with 7mol®,
aircon sand. 1t s clear that heat treatment at 700°C
for 2 h fosters the formation of zircon at relatively
lower temperatures and the powders obtamed are
almost completely composed ol single zircon phase
when the caleiation temperature 1s above 1400 ¢
The XRD (Fig 9yand IR (Fig. 10) patterns show the
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Fig. 10. IR specira of powders obtamed Trom 7mol®s seeded

pel precipitate (A) No preheat reatment, (B) 700 C2h, (C)

TOO0C 2h + 1200 C 2R, (D) 700 C 2h = 1300 C Yh, (F)
00 2ho+ oo ¢ 2
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Fig. 9. XRD patiern of powders obtained from 7 mol®y seeded pel precipiiate (210, @.m ZrO),, )y zircon, o cristobulite ()
700 C2h 4+ 1300 C 2h (b) 7000C 2h + 1350 C2h () 700 C2h + 100 C 20 () 7000C 2h + 1500 C.0 )
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Fig. L1 Tiansmission clectron micrographs of synthesized zircon powders (A) 700°C/2h + 1400°C 22 h, (B) 700"C/ 2 h + 1400°C/ 2 he
(CYy 700°C 20+ 1500°C 2 h (D) selection area eleciron diffraction pattern of (A)

same results Both of them show that the formation
ol zircon begins to be substantial at about 1200"C.
The peak ol cristobalite in XRD patlerns weakens
and disappears with increasing temperature, the
small peak of t ZrO), in (C) and (D) 15 caused by the
httle overdose of ZrOCI, used The absorption
peaks of IR spectra ol zircon (880e¢m ™' and
640 cm ™" are intensified as the calcination
temperature 1s increased and the pattern (E) is the
same as the standard IR pattern of zZircon when the
calcinaton temperature reaches 14007C,

From the results, 1t 1s concluded thatin the course
of processing, 1t was critical to add proper amount of
zircon sand 1nto the precipitate gel as seeds, and the
appropriate contents of seeds were more than
[ mol®y XRD und IR analysis indicated that zircon
formation took place mainly n the temperature
runge of 1200-1400"C, and preheat treatment had a
littde favourable affect on the zircon contents m the
oblained powder.

3.3 Characteristics of highly pure fine zircon powder
Highly pure fine 2ircon powder 18 synthesized under
the opuimum conditions as already described: seeded
with 7mol% hne zircon sand in the gel precipitate,

calemed at 1400 C tor 2 h after preheat treatment at
700°C for 2h

The chemical composition ol the powder obtained
analysed by wet chemical analysis is shown in Table
2. The total amount of impurities, O-182 wit%, 15
much lower than those in normal zircon sand (Table
[). The impurities n the synthesized powder are
caused by the adding ol the seeds.

TEM observation (Fig. 1) shows that the
synthesized fine zircon powder 18 composed of
particles ol about 0-2-0-3um (Fig. 11{A) and (B)),
much smaller than the origial zircon sand powder
(Fig. 1) Some agglomerates are observed in Fig.
[1{A) A selection area electron diffraction paltern

Table 2. Chemical composition of synthesized zircon powder

Conpostiion Contents (w0t o)

Z10), 669
S10, 2
HIO, [ 35
ALO, 015
Fe,0, 0021
Cal 0006
Mg 0005
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Fig. 12 Particle size distnibution ol synthesized zircon powder
(700 C" 2h 4+ 1400°C 21

(Fig. 11D reveals that the particles are well
crystallized zitcon  As the calemation temperature
tises, the particle size also mcereases substantially
The average particle size (D) lor powders calemed
at 1400 C s determined by particles distribution
analysis(Fig 12)to be | 59 gm, indicating agglomet
ates agam The specific surlace area s 4 9m’ g and
darr =027um, which corresponds (o the TEM
observations

3.4 Primary characteristics of sintered zircon

The bulk density of a specimen hot-pressed ut
1650 C for Th an a nmitrogen atmosphere under
0MPa s d 565 gem’ Assuming the d 60 g.em? for
the theoretical density of zircon, the relative density
ol 99 2% 15 obtamed The Aexural strength at room
temperature 1s 360 MPu

4 Conclusions

(1) The wet chemical method was used 1o
synthesize fine zircon powder of high purnity
starting from ZrOQCH, solution and fumed
SI0O, Tt as difficult to obtuin a lugh zircon
content after high temperature calemation
without seed addition

(2)  Addition ol 2ircon sand as seeds, even al very
low weight percentages, has a remarkably
lavourable affect on the formation of zircon
with a lowering of the formation temperature
which can be explamed by heterogeneous
nucleation

(3)  The lollowing conditions were chosen [rom
the tesults of this mvestigation to synthesize
highly pure fine zircon powder: gel precip
tate seeded with 7mol”s zicon sand seeds.
preheat treated at 700 € for 2h and then
calemed at 1400 € for 2h after heal treal
mentat 700 Ctor 2h The patticle size ol the
powders as observed under TEM 1s about
0 2-0-3un. the total content of impurities 1s
less than O 2wy
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