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Nanocrystallization and Phase Transformation in
Monodispersed Ultrafine Zirconia Particles from
Various Homogeneous Precipitation Methods

Michael Z.-C. Hu,*t Rodney D. Hunt,™ E. Andrew Payzant,* and Camden R. Hubbard**

Chemical Technology Division and Metals and Ceramics Division, Oak Ridge National Laboratory,

Monodispersed ultrafine (nano- to micrometer) zirconia
precursor powders were synthesized by three different
physicochemical methods: (I) forced hydrolysis, (II) homo-
geneous precipitation in inorganic salt solutions, and (l11)
hydrolysis/condensation of alkoxide. The forced hydrolysis
method produced monoclinic nanocrystalline particles
(cube shaped) of nanometer scale, which depended largely
on the initial salt concentration. Methods II and Ill, both
involving the use of alcohol as a solvent, exhibited a faster
particle formation rate and generated amorphous ultrafine
(submicrometer) monodispersed microspheres, indicating
that the presence of alcohol may have stimulated particle
nucleation due to its low dielectric property (and, thus, the
low solubility of nucleus species in mixed water—alcohol
solutions). Nucleation and growth of the particles in solu-
tions are discussed based on the measurements obtained by
small-angle X-ray scattering (SAXS) and dynamic light
scattering (DLS). High-temperature X-ray diffraction
(HTXRD) and TGA/DTA studies elucidated the differences
in phase transformation for different types of powders. The
most interesting finding was the nonconventional mono-
clinic nanocrystal nucleation and growth that occurred
prior to transformation to the tetragonal phase (at 1200°C)
during the heat treatment of the nanocrystalline powders
produced by the forced hydrolysis.

I. Introduction
ADVANCED ceramic materials are in high demand for use in
structural or functional applications. Monodispersed ultra-
fine (i.e., submicrometer to nanosize) ceramic particles are im-
portant building blocks used in the fabrication of advanced
ceramic materials having improved properties (mechanical,
electrical, optical, magnetic, thermal, ionic conducting, and
catalytic). Production of ceramic powders is by no means a
new research subject; however, practical methods are still
needed for synthesizing high-quality ultrafine powders with
required characteristics in terms of their size, size uniformity,
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morphology/shape, microstructure, composition purity, crystal-

linity, etc. These characteristics of the precursor powders sig-
nificantly affect the later-stage processing and sintering prop-
erties and eventually determine the microstructure and

performance of the final ceramic materials. For example,

spherical particle shape and narrow distribution of size help to
reduce serious microstructural defects in ceramics (due to the
particle packing heterogeneities) by enhancing the powder flow
and packing efficiency in green bodiés.

Of particular interest to this study was the synthesis and
characterization of monodispersed zirconia precursor particles,
which are rather important in the fabrication of various modern
zirconia-based or zirconia-containing ceranfi¢screasing in-
terest in zirconia ceramics may be attributed to their unique set
of properties, which includes high refractoriness and corrosion
resistance, good mechanical strength, high fracture toughness
and hardness, ionic conduction, high melting point, low ther-
mal conductivity at high temperature, and thermal stability and
resistance to thermal shoékirconia is an important compo-
nent in diverse structural ceramics and specialty ceramics with
potential applications such as the following: (1) advanced
structural/transformation-toughened ceramics (wear parts such
as bearings, shapes, and seals; engine and machine compo-
nents; cutting and abrasive tools; mill media; refractories), (2)
electronic components (PZT piezoelectric ceramics and zir-
conate dielectric ceramics), (3) sensors/probes (for oxygen
transport and detection) and solid electrolytes (for fabrication
of fuel cells), (4) catalytic materials or supports with unique
properties, (5) pigments (ceramic colors), and (6) thermal bar-
rier coatings or thermal shield.

As such, an intense interest has grown in preparing zirconia
powders with controlled particle size and crystal structure. Di-
verse physical and chemical synthesis routes have been re-
ported in the literature for ultrafine zirconia particle produc-
tion. Low-temperature aqueous chemical processing has been
the leading contender among the low-cost processes for ultra-
fine ceramic powder synthesidn particular, hydrolysis (and
condensation) under hydrothermal conditions and homoge-
neous precipitation are common approaches. Typical methods
using the hydrolysis approach include forced hydrolysis in
agueous solutions of inorganic salt and hydrolysis/
condensation of metal alkoxides in alcohol solutiéns. An
organic solvent such as alcohol is always involved in the alk-
oxide hydrolysis/condensation method. Recently, alcohol sol-
vent was also reported to play an important role in inducing
homogeneous precipitation of hydrous oxide particles in aque-
ous solutions of inorganic salts.

Formation of hydrous-zirconia particles by the above-
mentioned methods has been studied extensively. However,
characterization of the ultrafine powder product, particularly
comparative studies of the monodispersed particles produced
from different particle synthesis processes, has not been re-
ported in previous studies. One of the important issues is to
understand the nanocrystal evolution/nucleation, growth, and
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crystalline-phase transformation during the heat treatment of description of the DLS spectrometer and the SAXS instrument
zirconia powders. The critical parameters that need to be con-is provided by Huet al®®
trolled are grain size and phase transformation of zirconia as a Several techniques were used for powder characterizations
second phase in order to ensure that the zirconia-containingand calcination. A scanning electron microscope (SEM) (Joel
materials have the required propertt€sSo far, most studiesin ~ JSM-T220A) and a Jeol 100CXIl transmission electron micro-
crystallization and phase transformation of zirconia have been scope (TEM) were used to image the size, morphology, and
conducted on poor-quality particles or gel materials prepared microstructure of the powder patrticles (i.e., sol particles dried
by simple chemical precipitation. at room temperature), while the powder’s surface area was

This study focuses on the characterization of monodispersedmeasured by the multipoint BET nitrogen adsorption technique
powder products produced by the three particle-forming pro- (Gemini, Micromiretics, Georgia). Powder samples were ana-
cesses. Comparison studies of particle-synthesis processes atdgzed with a Harrop Model ST-736 thermogravimetric ana-
also provided.In situ high-temperature X-ray diffraction lyzer/differential thermal analyzer (TGA/DTA) for preliminary
(HTXRD) studies showed variation in the behavior of zirconia phase-transition information. The total gas flow in each experi-
crystallization and phase transformation for powders obtained ment was 100 mL/min (20% Oand 80% N), which was
from various synthesis methods. Knowledge of the nanocrystal regulated by mass flow controllers from MKS Industries, Inc.
formation characteristics and phase transformation can help inApproximately 0.167 g of powder sample was transferred into
determining the optimal thermal treatment process used in thean alumina sample holder, which was then placed into the
fabrication of advanced zirconia-based ceramics. TGA/DTA. The sample was heated from ambient to 1200°C at
a rate of 200°C/h.

An in situ HTXRD instrument at the ORNL HTML user
facility was utilized for extensive studies of powder crystalli-

High-purity zirconium salt (ZrOGkxH,O, 99.99%, FW zation and phase transition. The HTXRD work was carried out
178.3), technical-grade zirconium tetrabutoxide in 80% butyl using a Scintag PAD %—9 diffractometer which was outfitted
alcohol, and 200 proof reagent-grade absolute ethyl alcohol with a constant-potential X-ray generator operating 45 kV/40
were purchased from Aldrich Chemical Co. (Milwaukee, WI). mA with a Copper target\ou, = 1.540598 A), a Bueler
Isopropyl alcohol (99.99%) was ordered from VWR (Oak high-temperature XRD furnace with a beryllium window, a
Ridge, TN). All water used in the study was doubly distilled thin Pt/Rh heating strip, and a liquid-nitrogen-cooled germa-
and deionized, so that the electrical conductivity was main- nium single-crystal solid-state detector. There are several sig-
tained below 18 mmho/cm. All solvents were used as received; nificant advantages of using9 goniometer: (1) the speci-

Il. Experimental Procedure

no further modifications or purification were performed. men is on a horizontal heating strip and is undisturbed by the
Three different methods were used in this study for the syn- goniometer movement, (2) there is no need for the high-
thesis of ultrafine hydrous-zirconia particles: temperature furnace to rotate, and (3) the same volume of

() Forced hydrolysis in aqueous inorganic salt solu- sample is observed during experimentattéuring a sample
tions: A 1.0M ZrOCl, aqueous solution was usually prepared test, powders were dispersed in methyl alcohol or ethyl alcohol
as a stock solution and kept in a refrigerator at 4°C to avoid to form a slurry and then spread onto the top surface of the
possible hydrolytic aging at room temperature. (Note: In a Rh/Pt heating strip. After alcohol evaporation, a thin layer of
several-month-old solution, SAXS measurements indicated the powder was uniformly distributed on the strip surface. To pre-
presence of zirconium species larger thanie A radius of cisely maintain and measure the sample temperature (x1°C), a
gyration zirconium tetramers which exist in the fresh solution.) surrounding heater was used around the heating strip and a
Various concentrations (ranging from 0.01 to M.@lissolved 10% Rh/Pt thermocouple (type S) was welded to the bottom
zirconium, typically 0.0M for preparation of powder charac- surface of the thin heating strip. In addition, the high-
terization sample) of ZrOGlagueous solutions were then pre- temperature furnace was provided with internal baffles to re-
pared from the stock solution and incubated at 100°C for 3 duce thermal radiation directly to the water-cooled walls of the
days. furnace. The high-temperature chamber allowed for variation

(I Homogeneous precipitation in solutions of inorganic in atmospheric composition; however, these experiments were
salt dissolved in mixed water—alcohol solvent3the same all conducted in flowing air at 1 atm. Data were taken by
ZrOCl, stock solution was used. In addition, isopropyl alcohol heating the sample to predetermined temperatures (30°, 100°,
was used as a dielectric-tuning agent for the alcohol-water 400°, 600°, 800°, 1000°, 1200°, 1400°C) at a heating rate of
mixture solvent and hydroxyl propyl cellulose (HPC) as col- 0.5°C/min, and then cooling the sample to 30°C at a rate of
loidal particle dispersant, which added steric forces between 50°C/min. The holding time at each predetermined temperature
particles. For this study, the mixture solution containing was 1 h before the XRD scan began. Data acquisition was
ZrOCl, (0.05 to 0.M) and HPC (2.0 x 1T g/cn¥) in mixed performed using DMS-NT software (Scintag Inc., Cupertino,
alcohol-water solution (volume ratio of isopropyl alcohol to CA) and data analysis was undertaken using Jade software
water = 5) was incubated at 100°C for several hours to days. (Materials Data Inc., Livermore, CA). Crystallite size was es-

(Il Alkoxide hydrolysis and condensationZirconium timated from the broadening of the X-ray diffraction peaks,
tetran-butoxide (0.1 and OM) solution in ethyl alcohol was  using the Scherrer equation from the diffraction peak breadths
mixed at room temperature (22°C) with an equal volume of (full width at half-maximum).
water—ethyl alcohol solution (0.2, 0.4, and LB The water-
to-alkoxide molar concentration ratio was maintained at 2.0. I
All solution incubations or agings were carried out in closely '
capped glass vials or Nalgene plastic bottles. Milky white zir-  The three different synthesis processes generated zirconia
conia sol solutions obtained by the above procedures wereparticles with different characteristics. Figure 1 shows a rep-
centrifuged and washed with deionized water several times andresentative TEM photograph of zirconia particles produced by
freeze-dried. the forced hydrolysis of 0.0% ZrOCIl, in aqueous solution.

The evolution and growth of hydrous-zirconia ultrafine sol Near cubic-shaped, nanosize particles with a narrow size dis-
particles in liquid solutions were monitored with a custom- tribution (b0 nm average size) were obtained. Each of the
designed dynamic light scattering (DLS) spectrometer. Before particles was an aggregate of many needlelike, small primary
the nucleation, early-stage polymeric cluster formation and particles measurin@3 nm (rod diameter) by 5 nm (rod length).
growth during the forced hydrolysis of zirconia tetramers were This TEM observation on the shape of primary particles agrees
measured by small-angle X-ray scattering (SAXS) at the Oak with our earlier SAXS studie%.Depending on the initial dis-
Ridge National Laboratory (ORNL) user facility. A detailed solved Zr concentration (0.05 to O/, particle sizes ranged

Results and Discussion
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mechanisms are not clear. Nucleation occurs probably by either
hydrolytic reactions or a salting-out phenomenon. Growth
could be via diffusive molecular (i.e., tetramer) deposition or
an aggregation of primary particles. However, the effect of
isopropyl alcohol can be explained rather well by the dielectric
4 property of the water—isopropyl alcohol solvent. The presence
= : ' " of the isopropyl alcohol reduced the dielectric constant of the
solution. Furthermore, elevation of the incubation temperature
also contributed to a reduction in the dielectric constant of the
: mixed water—isopropyl alcohol solvent. The solubility of the
5 : zirconium species in solution becomes lower when the dielec-

: ’ + tric constant of the solvent is decreased. Particle formation in

N ak. the mixed solvent could occur at temperatures (such as 60°C)
> that are too low for forced hydrolysis to take place. Therefore,
¥ particle formation could be totally attributed to the salting-out

phenomenon due to the dielectric constant reduction, instead of

kK A hydrolytic condensation. On the other hand, the presence of
; — isopropyl alcohol dramatically enhanced the particle formation

Fig. 1. Nanosize monoclinic zirconia particles with narrow size dis- kinetics. Precipitation in a mixed water—alcohol system could

tribution produced from forced hydrolysis of aqueous solution of zir- be completed in as little as 1 h, rather than days as required for

conyl chloride salt. forced hydrolysis. _ _
The sol-gel method using alkoxides as molecular precursors

has been a very popular approach for monodispersed ceramic
powder production. In this study, hydrous zirconia powder
samples were also prepared by this method by using optimal
conditions as reported in the literature (i.e., Nd.Zirconium
alkoxide, 0.M water in ethanol}* Powders produced by this
method were used only as a baseline product for comparison
with the powders obtained from the other two methods using
the inorganic salt precursor. Hydrolysis and condensation of
zirconium tetrabutoxide in ethanol-water solution produced
submicrometer-size microspheres, as shown in the SEM pho-
tograph (Fig. 4).

The growth of hydrous zirconia sol particles in ZrQGb-
gutions, in the presence and absence of isopropyl alcohol, was
monitored with the DLS spectrometer (Fig. 5). Note that the
early-stage data (when the particle size was less than 5 nm
during the induction period) for the forced hydrolysis process
(Fig. 5(a)) was measured with the SAXS instrument. It can be
seen that the forced hydrolysis was a relatively slow process,
usually taking days to complete. Under equivalent conditions
(i.e., the same initial zirconium concentration and aging tem-
perature), the presence of the isopropyl alcohol shortened the
induction period dramatically and also increased the particle
growth rate. The shape of the growth curve shown in Fig. 5(b)
indicated a possible uncontrolled aggregation of microspheres
and further agglomeration of the aggregates. Such colloidal
coagulation eventually generated large agglomerates that were
rooTT T R beyond the size measuring capability of the DLS spectrometer.
The agglomerates must have been loosely bound and easily
dispersed because the SEM photograph showed individually
After 8-day incubation - separated microspheres. On the other hand, we can see that the
at100°C forced hydrolysis method produced nanosize particles, whereas
the particles produced by the mixed solvent system were much
larger under the conditions shown in Fig. 5(b) (isopropyl al-
cohol was 50 vol%). However, the particle size in the mixed
solvent system is controllable, and smaller or even nanosize
monodispersed microsphere production can be achieved (Fig.
3). Detailed results from extensive studies of homogeneous
precipitation in mixed solvent systems are reported elsewhere.

The postsynthesis characterization of powders prepared by
various methods was also a part of this study. First, BET analy-
sis of cube-shaped powders formed by forced hydrolysis (of
0.08v ZrOCl,, 100°C, 3 days), microsphere powders by

A,

from tens to several hundred nanometers. Also, as the initial Zr
concentration was increased from 0.01 to\d,2Zhe particle
size (Fig. 2) and hydrolysis reaction kinetics increased. In ad-
dition, the shape of the particle became more cubelike. How-
ever, increasing the zirconium concentration to greater than
0.2V inhibited the kinetics because of the high acidity and
reduced the particle size. This observed effect of Zg0h-
centration on particle size is in agreement with the most recent
results obtained by Matsui and OhdaiThey determined that
H* ion concentration produced during hydrolysis plays a sig-
nificant role in regulating the secondary particle size of hy-
drous zirconia. Detailed studies on nanoscale particle synthesi
by the forced hydrolysis of this system at low zirconium con-
centrations (<0.1) has been extensively explored in our ear-
lier work.5:6

In contrast, particles obtained from the homogeneous pre-
cipitation of ZrOC}, in water—isopropyl alcohol solutions are
perfect monodispersed microspheres, with sizes ranging from
nanometers to a few micrometers. The lower the initial zirco-
nium concentration in the mixed water—alcohol solvent, the
smaller the microsphere size. Typical SEM photographs are
shown in Fig. 3 The exact particle nucleation and growth
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— mixed-solvent precipitation (0.05 ZrOCI, containing 50
0 Lo T g vol% isopropyl alcohol, 100°C, 15 h), and the original Zr@Cl
00 02 04 06 08 1.0 12 14 16 18 20 salt precursor showed specific surface areas of approximately
Initial Conc. (M) 23.75 n?lg, <0.01 ni/g, and negligible amounts, respectively.

Figure 6 shows typical nitrogen adsorption/desorption data for

Fig. 2. Influence of initial ZrOC}, salt concentration on the size of ~ cube-shaped zirconia powder formed by forced hydrolysis. We
final colloidal sol particles. observed that the freeze-drying process caused a significant
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Fig. 3. Monodispersed zirconia microspheres by homogeneous precipitation of ZrD@ixed alcohol-water solutions: (a) submicrometer-size
spheres produced from O/R2ZrOCl, 50 vol% alcohol-water solutions incubated at 100°C for 2.5 h; (b) nanometer-size spheres produced from
0.08V ZrOCl, 50 vol% alcohol-water solutions incubated at 100°C for 2.5 h.

therms.” Various temperatures for the exotherm have been re-
ported around 430°, 400°, 420—-440°, and 466*C°The glow
exotherm was attributed to a rapid release of bound hydroxyl
groups, which is a prerequisite for crystallizatib#/-21-220th-

ers think that the exotherm is due to the transformation of
zirconium oxyhydroxide to the amorphous oxide; that is,
ZrO(OH), - ZrO,-H,0.2° Most recently, two possible sepa-
rate transformation events were proposed to occur at the same
“glow” temperature: (1) crystallization of amorphous materials
into small-size single-domain crystals and (2) exothermal
events commonly referred to as a glow phenomenon, wherein
small crystals coalesce into large particles containing one or
more grain boundarie’s. The sudden change in slope of the
DTA curves between 900° and 1200°C (Fig. 7(b)) is an indi-
cation of a phase transition, corresponding to monoclinic-to-
tetragonal transformation as shown later by XRD data (Fig. 8).
Nevertheless, the DTA curve for the cube-shaped particles pro-
duced by forced hydrolysis shows no obvious sharp peak at
450°C, only a broad curvature between 200° and 600°C.

It is well known that zirconia is a typical polymorphic ma-
terial which may exist in monoclinic, tetragonal, cubic, and
orthorhombic crystalline forms at different temperatuieat
room temperature, zirconia has the monoclinic baddeleyite
degree of particle aggregation and caking, which may be re- structure, which is thermodynamically stable below 1150°C.
sponsible for the low specific surface area of dried powders. At a temperature of approximately 1150°C, the first displacive
Preliminary studies on the crystallization and phase transitions martensitic phase transition from monoclinic to tetragonal
of the zirconia powders and ZrOC3alt were conducted by the ~ phases occur®:2°At still higher temperature of approximately
TGA/DTA measurements (Fig. 7). It is clear that the micro- 2370°C, the tetragonal phase transforms into cubic phase with
spheres produced by mixed-solvent precipitation showed simi- a fluorite-type crystal structure which is stable up to the melt-
larities to the salt precursor in both TGA and DTA plots, except ing point (2680 + 15°C¥-28 However, the phase formation
that the salt seems to be more hydrated and thus lose moreand transformation behavior of hydrous-zirconia powders are
weight during heating. In the TGA curve, the microsphere affected significantly by various synthesis conditions or pro-
powders show a total weight loss percentage similar to cessing parameters such as pH, aging time, reaction tempera-
the theoretical weight loss value (22.61%) of Zr(QHyr ture, precursor concentration, solvent type, and variation of
Zr0,-2H,0.16 Thus, the composition of the microspheres is precursor sat?°-32and, thus, may not always follow the tra-
thought to be similar to Zr@2H,O, which may result from  ditional phase transition route. The two zirconia powders and
combination of zirconyl tetrameric cations. There was a sudden the ZrOC}, were further analyzed by HTXRD, a complemen-
loss of weight around 450°C for both microspheres and salt. tary technique to TGA/DTA. Figure 8 presents the XRD spec-
The cube-shaped particles formed by forced hydrolysis were tra at various temperatures for cube-shaped zirconia powders
the least hydrated and showed no sudden weight loss at 450°Csynthesized by forced hydrolysis. It can be seen that without

In the DTA plot (Fig. 7(b)), the endothermic peak(s) and a any heat treatment, the cube-shaped nanoparticles are mono-
large weight loss appear between room temperature and 200°Cg¢linic crystalline material (with crystallite sizes of approxi-
corresponding to the thermal dehydration or evaporation of mately 14 nm at 30°C). Particularly noteworthy, the mono-
physically adsorbed water. At about 450°C, a narrow, sharp clinic peaks (at both 28.174° and 31.4676)2gradually
exothermic peak appeared for both microspheres and the salincreased in intensity when the sample was heated from 30°,
sample, indicating the crystallization of zirconia. Previous 100°,400°, 600°, 800°, up to 1000°C (1-h holding time at each
studies have shown similar exothermic peaks in this tempera-temperature), indicating further nucleation/growth of the
ture range (400-460°C) and are referred to as “glow exo- monoclinic nanocrystals inside the powder particles. Further

Fig. 4. Monodispersed zirconia microspheres produced by hydroly-
sis/condensation of zirconium tetrebutoxide.
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Fig. 6. BET specific surface area analysis of cube-shaped, nanosize zirconia powders.

crystallization/growth of the monoclinic crystallites occurs un- above 400°C (Figs. 9 and 10). For both microspheres and the
til their transition to the tetragonal phase (at 31.16@)°&ound salt the tetragonal phase appears first as the temperature is
1200°C. The tetragonal phase exists between 1200° andincreased. Then the monoclinic phase evolves at higher tem-
1400°C and monoclinic phase is completely transformed into peratures and coexists with the tetragonal phase. The tetragonal
the tetragonal phase at 1400°C. This type of monoclinic-phase-phase exists from the crystallization temperature (400°C for
growth XRD data with increasing temperature is reported here microspheres and 600°C for the salt) all the way to 1400°C.
for the first time. When the temperature dropped from 1400°C However, when the temperature is cooled down to 30°C or
back to 30°C, the tetragonal phase was completely transformedroom temperature, only monoclinic phase is present. Evidently,
to the monoclinic phase, which is the stable phase at room during the solution synthesis the presence of the isopropyl
temperature. No metastable tetragonal phase stabilization wasalcohol increases the particle growth rate by enhancing the
observed. In addition, the percentage ratio of monoclinic phase aggregation of zirconium species in the solution but inhibits the
to tetragonal phaser(t) is shown on the left-hand side of each ordered, hydrolytic arrangement of zirconium tetrameric spe-
XRD spectrum in Fig. 8. (Note: Data are presented in the same cies and, thus, the monoclinic crystalline phase formation in the
manner later in Figs. 9, 10, and 11.) This phase percentage ratianicrospheres. It is also worthwhile to note that the mixed-
was estimated from the integrated peak intensity according to solvent synthesis conditions (such as aging time, temperature,

the method of Garvie and Nichols&a. alcohol-to-water volume ratio) affect the thermal crystalliza-
In contrast to the cube-shaped particles, microspheres pro-tion and phase-transition behavior of the microsphere powders.
duced by mixed-solvent precipitation and ZrQ@Galt precur- We plan to report detailed studies of such effects later.

sor are “amorphous” to X-rays if they are not heat-treated As a baseline for comparison, the microsphere powders pre-
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Fig. 8. HTXRD analysis of nanocrystalline cube-shaped zirconia

particles synthesized by forced hydrolysis. Fig. 9. HTXRD analysis of ultrafine zirconia microspheres synthe-

sized by mixed-solvent precipitation.

pared by the alkoxide hydrolysis/condensation method also
tested by the HTXRD (Fig. 11) were found to be amorphous to ticles were heated from 400° to 1000°C in air. Such monaoclinic
X-rays at room temperature. Only the tetragonal phase (no nanocrystal growth data agree very well with results reported
monoclinic phase) appeared at temperatures from 600° topreviously by Murase and Katdunder a dry air or nitrogen
1400°C. As always, the tetragonal phase was reversed to theatmosphere (Fig. 12). In addition, Murase and Kato found that
monoclinic phase when the sample was cooled down from the presence of water vapor during heat treatment stimulates
1400° to 30°C. The crystallization temperature for the micro- monoclinic zirconia crystal growth significantly. For the mi-
sphere from mixed-solvent synthesis is around 400°C, which is crospheres by mixed-solvent precipitation, the nanocrystal
much lower than that of the salf§00°C) and the microspheres growth of the metastable tetragonal phase as a function of
from the alkoxide method. Such tetragonal-phase evolution temperature (below 1200°C) is comparable with the experi-
(corresponding to explosive crystallization or exotherm) from mental crystallite size data previously reported by Gat¥ie,
an amorphous material (i.e., hydrous zirconia gels) was re- growing from 12.4 to 30 nm. In the case of heating ZrQCl
ported previously” Our current study is in agreement with hydrated salt, the salt crystal (believed to have a tetramer struc-
earlier work on the tetragonal crystal evolution from amor- tural unit [Zr(OH),4H,0],8")%¢ becomes X-ray amorphous at
phous zirconia gel materials. HTXRD data for the amorphous 100° and 400°C. By further increasing the temperature, crystal-
microsphere zirconia particles (Figs. 9 and 11) support the lite size for the tetragonal phase grows from 12.3 to over 100 nm.
belief that the formation of tetragonal zirconia is closely related At temperatures higher than 1200°C, the effective crystallite
to the existence of amorphous zirconia because of their struc-sizes of the tetragonal phase for all samples shown in Table |
tural similarity. Topotatic crystallization on nuclei in the amor- are considerably larger (>100 nm) than the critical sizZ&0(
phous zirconia has been proposed as the mechanism of tetragam) previously reported for the metastable zircotid>37—3°
onal zirconia formation under hydrothermal conditidfs. Garvie's supporters believe that metastable tetragonal phase
Table | shows the thermally induced nanocrystal evolution can be stabilized only for those tetragonal crystals less than 30
and growth for the ZrOGlsalt and the powders from the in- nm. In other words, crystallites smaller than 30 nm could exist
organic salt. It is obvious that with increasing temperature, the in the tetragonal form while particles larger than this size
size of the crystallites increases. Nanocrystal growth dependswould tend to transform to the more stable monoclinic form.
on the methods of zirconia preparation. Monoclinic crystallite Our 30°C data after cooling (Table 1) clearly show that crys-
size increased from 9.3 to 41 nm when the cube-shaped par-allite size after the heating cycle is greater than the 30-nm
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Fig. 12. Correlation between nanocrystal growth of monoclinic zir-
conia and calcination temperature.
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10070 ) ‘h‘ om It is important to stress that for nanocrystalline cube-shaped
T o100 M LA nanoparticles, the monoclinic nanocrystal growth and phase
T, i ..
0/100 UY“&. e, 30 transformation (monoclinic to tetragonal) that take place when
0/100 rwww-w‘u““ M”"“/Uﬂk L 9 o ° > pla .
B TN P AT 14000 the temperature is increased from 30° to 1400°C in air (Fig. 8)
ortop T e AT 2000 is an unusual but interesting case:
‘ Ml \W\ﬂ T 000°C
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o ot b T —— e [amorphous+ monoclinic]— [monoclinic(crystallization)]—
ML SN e Ao ..
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\ e U . . . L.
- “’WWM 1 400°C Traditionally, upon increasing calcination temperature, most
i, ey 100°C amorphous zirconia precursor materials convert to the tetrag-

o Arvinn, 30°C onal phase first and then transform to monoclinic phase at
2-Theta (deg) I_ higher temperature[00°C); that is, tetragonal phase forms
preferentially to the monoclinic phase during crystallization of
Fig. 11. HTXRD analysis of ziconia powders from hydrolysiss amorphous hydrous zirconte®-41In the case of nanocrystal-
condensation of zirconium tetrabutoxide in ethanol solution. line zirconia precipitated from acidic salt solutions by hydro-
thermal treatment, an important exception to the traditional
crystallization route occurs3242 According to Garvie's sur-
critical size. This may explain why in all of our samples no face energy theor§$7 the existence of monoclinic nanocrys-
metastable tetragonal phase remained stable when the temperdalline zirconia would be attributed to a lowering of the surface
ture cooled down to room temperature. Several earlier works free energy under acidic conditiofisThe stability of the meta-
reported that homogeneous precipitation produced zirconia stable tetragonal phase has been attributed to the lower surface
powders which contained single metastable tetragonal crystalsenergy of the tetragonal phase compared with the monoclinic
exceeding 100 nriv? They believed that the existence of the phase. The surface energy theory cannot explain entirely the
large tetragonal monocrystals was due to the very fine internal findings of this study, particularly why monoclinic crystal evo-
porosity or substructure of the closely oriented nanocrystallites lution and growth occurred with increasing temperature, rather
within the domains. The fine internal porosity gave rise to a than tetragonal crystal evolution. In fact, an earlier work by
surface area/volume ratio sufficient to stabilize tetragonal zir- Morgan reported phenomena that contradict the critical size
conia by the same mechanism as in nanocrystalline powders. theory#? He obtained ultrafine zirconia particles as small as 6

Table |. Size Determination of Nanocrystals Evolved in Powders during Heat Treatment by HTXRD

Size (nm)
Cube-shaped zirconia powders Microspheres of zirconia by ZrOCl, salt precursor Powders from alkoxide
by forced hydrolysis mixed-solvent precipitation (as received) hydrolysis/condensation
Temperature Monoclinic Tetragonal Monoclinic Tetragonal Monoclinic Tetragonal Monoclinic Tetragonal
(°C) phase phase phase phase phase phase phase phase
400 9.3 12.4
600 11.0 17.5 17.5 ND 12.3 335
800 19.5 21.0 21.0 ND 11.6 38.5
1000 41.0 255 253 30.0t0 45.0 42.8 40.0
1200 40.0to 64.0 >100.0 33.0t049.0 30.0 90.0to 100.0 >100.0 >100.0
1400 T >100.0 45.0 >100.0 >100.0
30 60.0t0 100.0 44.0to 48.0 60.5 to 68.0 52.5

TPeak (or crystalline phase) does not exi€annot be accurately determined from the XRD data.
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nm in the monoclinic phase. Based on TEM particle size and
XRD crystallite size, Srinivasaat al. also concluded that the
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were (1) forced hydrolysis of ZrOgin aqueous solutions, (2)
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tric constant of the mixture solutions, and (3) hydrolysis/
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