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Abstract 

We have studied the structures of zirconia nanoparticles formed by plasma-spraying an organo-metallic precursor. Inspection 
of the particles in the TEM reveals that they adopt one of two distinct crystal structures, depending upon their size. The smallest 
particles have the tetragonal structure, while larger ones are monoclinic. Interpolation of the data reveals a critical size above 
which the monoclinic structure is stable. Upon annealing, the zirconia particles coarsen and undergo a phase transformation when 
the particle size is of the order of 18 nm, for reasons associated with the surface energy, and the occurrence of this phase 
transformation produces a sudden change in the driving force for coarsening. Grain size distributions below the critical size for 
the transforrnation are log-normal, but as the transformation occurs, the size distribution changes to a markedly less skewed form. 
The development of this distribution is followed to establish whether it grows self-similarly, or returns to log-normality once 
normal driving forces are restored after the phase transformation is complete. O 2000 Elsevier Science S.A. All rights reserved. 
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1. Introduction 

Zirconia has become one of the most industrially 
important ceramic materials of the present time. The 
traditional applications of ZrO, and Zr0,-containing 
materials are foundry sands and flours, refractory ce- 
ramic, and abrasives. Due to its high oxygen ion con- 
duction and high refractive index, it is also used in a 
wide range of newer applications which include cata- 
lysts, oxygen sensors, fuel cells, and jewelry. Since the 
publication of the famous paper on 'ceramic steel' 
(transformation toughened zirconia) by Garvie et al. 
[I], zirconias have also been utilized in many mechani- 
cal applications. Along with high strength and tough- 
ness, zirconia also possesses good hardness, wear 
resistance, and thermal shock resistance. These proper- 
ties have led to the use of zirconia-based components in 
a number of engineering applications such as automo- 
bile engine parts, wire drawing dies and cutting tools. 

The low thermal conductivity together with relatively 
high coefficient of thermal expansion makes zirconia a 
suitable material for thermal barrier coatings on metal 
components. 

At atmospheric pressure, zirconia exists in three crys- 
talline polymorphs namely cubic, tetragonal, and mon- 
oclinic. The stable polymorph at room temperature and 
atmospheric pressure of pure coarse grained zirconia is 
monoclinic (Space group P21/c) which transforms 
martensitically at 1 170°C to tetragonal (P42/nmc) and 
then at 2370°C to a fluorite-type (Fm3m) cubic struc- 
ture [2,3]. 

At high pressures three slightly different orthorhom- 
bic polymorphs have been reported [4,5]. The mecha- 
nism of the cubic to tetragonal phase transformation 
has not been studied in pure ZrO,, but occurs in a 
displacive but nonmartensitic fashion in cubic alloys of 
the Zr0,-Y,O, system [6,7]. The martensitic transfor- 
mation from the tetragonal to monoclinic structure has 
great importance for mechanical applications since it is 
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[3]. Stabilizers such as Y203, MgO, CaO are commonly 
added to zirconia to promote the retention of the high 
temperature polymorphs. Depending on the amount of 
stabilizer and on a particular heat treatment regime, 
three forms of stabilized zirconias can be achieved. 
[6,8], fully stabilized zirconia (FSZ) which contains only 
the cubic polymorph, partially stabilized zirconia (PSZ) 
containing fine ( - 0.2 pm) tetragonal particles in a 
cubic matrix, and finally so called tetragonal zirconia 
polycrystals (TZP) which comprises only fine ( - 0.4 
pm) grains of the tetragonal crystal structure. Another 
way of stabilizing the high temperature tetragonal 
phase of pure zirconia at room temperature is to reduce 
the particle or grain size into the nanometer regime 
~9,101. 

In this paper, we consider why a high temperature 
polyrnorph is found to be stable in as prepared 
nanocrystalline zirconia particles which are smaller 
than a certain critical size. Secondly, annealing experi- 
ments resulting in coarsening are presented and the 
consequent phase transformation and its influence on 
the particle size distribution character are discussed. 

2. Experimental procedures 

Nanocrystalline powders of pure ZrO, were prepared 
by liquid thermal spray synthesis [ll]. A conventional 
atmospheric plasma spray torch (Miller Thermal SG 
100) was modified to incorporate a special liquid injec- 
tor in place of the usual powder injection port and 
tube, and used to produce the high temperature plasma 
jet. The injector, which works on the two-fluid atomiza- 
tion principle with nitrogen as the atomizing gas, pro- 
duces atomized droplets of the liquid organo-metallic 
precursor and injects it into the high pressure plume of 
the plasma jet. An electrostatic precipitator (ESP) con- 
sisting of a pair of polished stainless steel plates (100 x 
100 x 2 mm) separated by a 10 mm thick ceramic 
insulator is placed parallel to the trajectory of the spray 
jet (Fig. 1). An electric field of 6 kV cm- ' was applied 
in the ESP so that the spray particles could be collected 
on the plates by electrophoresis (Fig. 1). The electro- 
static precipitator can be replaced by just one polished 
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Fig. 1. Schematic drawing of the electrostatic precipitator. 

steel substrate which is placed perpendicular to the 
trajectory of the spray beam. 

A volume of 20 ml of 80 wt.% zirconium butoxide in 
n-butanol was diluted with 300 ml of n-butanol to 
obtain the 2.4 wt.% zirconia liquid precursor. The 
liquid feed rate was maintained at 6.8 ml min- '. The 
stand-off distance of both the ESP plate edge or the 
substrate from the torch nozzle was maintained on 100 
mm. 

The collected powder was then annealed at 500 or 
900°C for 1 or 2 h in air and slowly cooled down in the 
furnace. Both annealing temperatures are set below the 
first transformation temperature for coarse-grained 
Zr02 [12]. 

Small quantities (0.001 g) of the collected and an- 
nealed powders were .kispersed ultrasonically in 
propanol and then allowed to settle on carbon coated 
copper grids for investigation by transmission electron 
microscopy (TEM). TEM investigations were per- 
formed at 120 kV in a Philips CM 12 or at 200 kV in 
a Philips CM 200 FEG. Bright field and dark field 
imaging were used to study the particle size and size 
distribution. The chemistry of powder specimens was 
established in TEM by energy dispersive X-ray spec- 
troscopy (EDS). The phase composition of the powder 
specimens was established by X-ray diffraction (XRD) 
with Cu-Ka radiation and by selected area electron 
diffraction SAED. 

XRD line profile analysis was carried out to estimate 
the average particle size using integral breadth analysis 
[13]. The applicability of this method for loose 
nanocrystalline powder samples was recently confirmed 
by Jiang et al. [14]. Assuming that the overall broaden- 
ing of XRD lines is comprised of two effects: one 
arising from the small coherent grain size and the other 
from the atomic level strain (microstrain), the extrac- 
tion of grain size and microstrain requires the separa- 
tion of these two components. The integral peak width 
resulting from a small grain size effect alone can be well 
described by the Scherrer equation. The integral width 
resulting from microstrain alone may be expressed as: 

6 20 = 4~ tan 0 (1) 

where 620 is the integral width of XRD lines in radians 
and E is the microstrain. Both theoretical and experi- 
mental work tend to show that strain broadening may 
be closely approximated by a Gaussian function, 
whereas the effects of small crystalline size more closely 
resemble a Cauchy broadening profile. When both ef- 
fects are responsible for peak broadening, the combined 
relation may be arranged in the form 

(620)2 - K'( 620 ) + 1bE2 
tan2 6, D tan 6, sin 0, 

where 6, is the position of the peak maximum, and K is 
a constant (usually set to unity [13]). By plotting 
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Fig. 2. (a) Bright-field TEM image of tetragonal zirconia nanoparti- 
cles collected by ESP; (b) corresponding selected area diffraction 
pattern. 

Fig. 3. High-resolution electron micrograph of tetragonal zirconia 
nanoparticles. Arrows point to the { 11 1 ) facets. 

(6 2Q2/(tan2 8,) against (6 28)/(tan 0, sin 0,) from few 
broadened XRD lines one can obtain the slope, KiZID, 
and extract the average grain size D. An XRD spec- 
trum of a standard silica specimen was used to measure 
the instrumental broadening. Contributions due to Ka, 
and Ka, were deconvoluted in the XRD line profile 
fitting program that was used to determine the peak 
positions and their integral width. A computer program 
(Unitcell 2.1) was used to calculate corresponding lat- 
tice parameters by the least square fitting method. 

TEM images were digitized and analyzed by image 
analysis program NIH Image (version 1.61) on a com- 
puter. Individual particles were manually encircled and 
a computer routine measured the corresponding 
perimeters. The mean particle sizes given in this chapter 
are mean equivalent cylindrical diameters obtained 
from the measured particle perimeters of more than 300 
particles in each case. 

3. Experimental results 

3.1. As-prepared nanocrystalline zirconia particles 

The EDS confirms that only zirconium is present in 
as-prepared powders collected on the ESP (our X-ray 
detector is not capable of detecting oxygen). The XRD 
spectra of the powder show only the lines of tetragonal 
zirconia phase. This result suggests that the necessary 
physical and chemical processes [ l l ]  have been com- 
pleted in the plasma jet and the liquid feedstock has 
transformed into tetragonal zirconia particles. The dif- 
fraction lines are broad, indicating that the powder is 
made of very fine particles. 

Typical TEM bright field (BF) images of zirconia 
powder are shown in Fig. 2a. These TEM images show 
single, partially overlapping, equiaxed nanocrystalline 
particles with no indication of defects such as disloca- 
tions, twins, etc. Although the particles are touching 
each other they only rarely exhibit connecting necks. 
Particle sizes range from 2 to 14 nm. A typical selected 
area diffraction pattern of these particles (Fig. 2b) 
exhibits a spotty ring structure, which is produced by 
fine tetragonal zirconia particles. Conical dark field 
imaging showed that the ring structure was formed by 
the fine particles and that all the particles are crys- 
talline. High resolution images confirmed that only 
small number of particles exhibits facets. If a particle is 
faceted then it is mostly parallel to the (1 11) plane, as 
shown in Fig. 3. 

The average grain size of as-prepared nanoparticles; 
as determined from XRD line broadening was 5.6 nm. 
The grain size distribution shown in Fig. 4, determined 
from bright-field and dark-field TEM images of more 
than 300 particles, is log-normal. The average grain size 
is 5.5 nm (standard deviation (SD) a = 2.1) which is in 
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excellent agreement with the XRD result. Log-normal- 
ity was confirmed by both Kolmogorov-Smirnov and 
x 2  tests when the normality hypothesis was rejected at 

Particle Dlameter [nm] 

Fig. 4. Histogram of the particle size distribution of as-prepared 
zirconia nanoparticles collected by ESP, and a fitted log-normal 
distribution function. 

Fig. 5. TEM bright-field image of zirconia powder collected on a 
substrate. Both tetragonal ( t )  and monoclinic (m)  phases are present. 

Fig. 6. TEM bright-field image of zirconia powder after annealing at 
500°C for 1 h. 

a significance level a = 5% whereas the log-normality 
hypothesis could not be rejected even at higher a. 

The XRD spectra of powder collected on a substrate 
perpendicular to the trajectory of the spray beam show 
that both tetragonal and monoclinic zirconia phases are 
present. Two types of particles can be seen in a bright 
field TEM image (Fig. 5) ranging from 3 to 70 nm. 
Bigger and rather oblong particles are monoclinic zirco- 
nia as identified from the appropriate SAED pattern 
and smaller circular particles are tetragonal zirconia. 
The average particle size of monoclinic zirconia is 22 
nm as determined from the TEM micrographs. For 
tetragonal zirconia, the average size is 10.5 nm (from 
TEM) which is only slightly greater than the size of 
ESP-collected tetragonal particles and suggests that 
there is a critical particle size above which the mono- 
clinic structure becomes stable. 

3.2. Annealing of nanocrystalline zirconia particles 

A small quantity of as-sprayed powder was annealed 
at 500°C for 1 h in air. The XRD spectra of the 
annealed powder correspond to the tetragonal phase 
but two small peaks, which are the two strongest lines 
of the monoclinic phase, were also present. The relative 
abundance of monoclinic phase is less than 5% as 
determined from the relative XRD line intensities by 
the polymorph method [5]. A typical TEM bright field 
image of annealed zirconia nanoparticles is shown in 
Fig. 6 ,  well distinguishable though many of them are 
connected by necks and therefore being somewhat elon- 
gated. Particle sizes range from 5 to 18 nm. Particle 
coarsening occurred during the annealing, as can be 
further seen from the grain size distribution (Fig. 7) 
which is also log-normal. The normality hypothesis was 
rejected by the Kolmogorov-Smirnov test and by the 
x 2  test tests at a significance level a = 10%. The log-nor- 
ma1 hypothesis could not be rejected even at a = 15%. 
The average grain size calculated from line broadening 
was 9.5 nm, and measured from TEM images it was 9.9 
nm (o = 2.2). 

Annealing at 900°C for 1 h results in more pro- 
nounced particle coarsening and extensive phase trans- 
formation to the monoclinic phase. Approximately 70% 
of the zirconia powder transformed to the monoclinic 
polymorph and the remaining 30% was tetragonal, as 
determined from the relative XRD line intensities [5]. 
Both polymorphs can be recognized in the TEM image 
(Fig. 8). There are no distinct defect features inside the 
particles except strain contours in some monoclinic 
particles. The monoclinic particles are substantially 
larger than the tetragonal ones and are no longer 
equiaxed but rather elongated as they grow and form 
necks (Fig. 9) upon contact with each other. Many of 
the m grains exhibit preferably ( i l l )  facets (Fig. 10). 
The sintering process (growing of necks) is much faster 
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Fig. 7. Particle size distributions of nanocrystalline tetragonal zirco- 
nia: (a) as prepared; (b) after annealing at 500°C for 1 h; (c) after 
annealing at 900°C for 1 h. 

for the monoclinic particles since the tetragonal parti- 
cles remain near-equiaxed with only minor necks devel- 
oped. This indicates that the surface energy to grain 
boundary energy ratio is considerably greater for mon- 
oclinic nanoparticles; and favors grain boundaries over 
the free surface. Some of the touching tetragonal 
nanoparticles formed a single grain during the anneal- 
ing (Fig. 10) suggesting that the nanoparticles are un- 
constrained, and able to rotate and find the minimum 
intergranular energy. (In-situ observations of this rota- 
tion phenomenon during the sintering of n-ZrO, have 

been reported by Rankin et al. [15]) The particle sur- 
faces are, therefore, free of impurities or adsorbed 
molecules as proved by the formation of clean grain 
boundaries (Fig. 9) or by the occurrence of particle 
rotation (Fig. 11). 

The grain size distribution of the tetragonal particles 
after 900°C/1 h annealing (Fig. 7c) is again log-normal 
with the average size being 9.5 nm (o = 2.3) and maxi- 
mum particle size below 20 nm. Normality hypothesis 
was rejected by the Kolmogorov-Smirnov test at a 
significance level a = 5% and by the x 2  test tests at a 
significance level a = 10%. The log-normal hypothesis 
could not be rejected even at higher a. The average, the 
SD, and the maximum particle size of tetragonal 
nanoparticles after 900°C/1 h annealing are basically 
the same as are the ones after 500°C/1 h annealing. The 

Fig. 8. TEM bright-field image of zirconia powder after annealing at 
900°C for 1 h. Both tetragonal ( t )  and monoclinic (m) phases are 
present. 

Fig. 9. High resolution TEM image of a neck and grain boundary 
between two monoclinic particles. 
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Fig. 10. High resolution TEM image of monoclinic particles showing 
( i l l )  facets (marked with arrows). 

Fig. 11. HRTEM image of two tetragonal nanoparticles (A and B) 
forming a single grain. 

tetragonal nanoparticle populations in both annealed 
samples have the same log-normal distribution even 
though the relative abundance of tetragonal particles in 
the whole sample is diminishing with increased anneal- 
ing temperature. The average size of the monoclinic 
grains is 40.3 nm (o = 9.5) and the grain size distribu- 
tion is shown in Fig. 12a. The log-normal distribution 
hypothesis can be rejected at significance level a = 20% 
using Kohnogorov-Sinirnov test and at significance 
level a = 15% using x 2  test whereas the normal distribu- 
tion hypothesis cannot be rejected by either of the tests. 

After annealing at 900°C for 2 h all nanoparticles 
have transformed to monoclinic phase with no tetrago- 
nal zirconia particles remaining. Further particle coars- 
ening and sintering resulted in defect formation (e.g. 

stacking faults) which can be seen in Fig. 13. Some of 
the grains are faceted and almost all of them have 
created grain boundaries with neighboring grains. The 
average grain size is 137 nm (o = 36) and grain size 
distribution is shown in Fig. 12b. Using the Kol- 
mogorov-Smirnov test, the log-normal distribution hy- 
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Fig. 12. Particle size distributions of nanocrystalline monoclinic zirco- 
nia: (a) after annealing at 900°C for 1 h; (b) after annealing at 900°C 
for 2 h. 

Fig. 13. TEM bright-field image of monoclinic zirconia particles after 
annealing at 900°C for 2 h. 
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pothesis can be rejected at significance level a = 10% 
whereas the normal distribution hypothesis cannot be 
rejected. Using x 2  tests, the log-normal distribution 
hypothesis can be rejected at significance level a = 15% 
whereas the normal distribution hypothesis cannot be 
rejected by either of the tests. 

4. Discussion 

4.1. Stability of tetragonal zirconia particles 

The tetragonal zirconia nanoparticles coarsen upon 
annealing. From the presented results, one can con- 
clude that any coarsening above a certain critical size 
results in particle transformation to the monoclinic 
phase. The critical size, up to which the tetragonal 
phase is stable, is around 18 nm in diameter (9 nm 
radius). 

Various explanations have been proposed for the 
observed stabilization of high temperature tetragonal 
(t) phase in nanocrystalline zirconia particles at room 
temperature and controversies still exist in the elucida- 
tion of the mechanism of the t-phase stability. Garvie 
proposed that the lower surface energy of the tetrago- 
nal ZrO, was the cause for this phase to be present in 
nanocrystalline form at or below room temperature 
[lo, 16,171. He predicted that particles below about 10 
nm in diameter are stabilized in the tetragonal form, 
and those that are above this critical particle size are 
subject to the t + monoclinic (m) transformation. 

Later, Murase and Kato suggested that water vapor 
increased the rate of crystallite growth and decreased 
surface energy having thus significant effect on the 
t + m transformation [18]. Domain boundaries were 
also suggested to inhibit the t +m transformation thus 
leading to tetragonal phase stability [19]. Osendi et al. 
postulated that the initial nucleation of t-ZrO, is fa- 
vored by anionic vacancies with trapped electrons [20]. 
Tani et al. proposed a mechanism of topotactic crystal- 
lization of t-ZrO, on nuclei in the amorphous ZrO, 
[21]. Recently, Srinivasan et al. argued against the 
concept proposed Garvie (stabilization due to lower 
surface energy of the t phase) as they found monoclinic 
particles with much smaller diameters [22]. They sug- 
gested that anionic oxygen vacancies present on the 
surface control the t + m phase transformation on cool- 
ing, and that oxygen adsorption triggers this phase 
transformation. All the articles cited here, except the 
one by Garvie [lo], have in common that the zirconia 
nanoparticles were produced by various chemical meth- 
ods (precipitation and calcination). Chemical factors 
such as adsorbed atoms and purity of raw materials 
play important roles in the stability of nanocrystalline 
zirconia and they may completely alter the original 
surface energy consideration. Therefore, none of the 

above explanations have a general validity for pure 
nanocrystalline zirconia. 

One of the most resent explanations is based on 
increased effective internal pressure due to surface cur- 
vature and small particle radius (the Gibbs-Thomson 
effect): 

where Ap is the difference between external and internal 
pressure, y is the surface energy, and r is the particle 
radius. Skandan et al. first proposed that the increased 
internal pressure at small radii was responsible for the 
stability of the high-pressure polymorph of yttria in 
nanocrystalline grains [9]. This explanation has been 
since then quite often used for several nanocrystalline 
ceramic systems (e.g. Y203 [23], TiO, [24]), as the 
stabilization of high-temperature or high-pressure poly- 
morph in nanoparticles appeared to be a more general 
phenomenon. The concept of stabilization by internal 
pressure has been used extensively in the work of 
Nitsche et al. [25-281 and Skandan [29,30], for the case 
of nanocrystalline zirconia prepared by the inert gas 
condensation technique. This method of preparing 
nano-ZrO, provides high purity powders and compacts. 

The phase determination of the zirconia nanocrystals 
remains somewhat ambiguous too. Some authors, using 
Rietveld analysis of XRD spectra, described the phase 
as the high-pressure tetragonal phase [29,30], which is 
in fact found to be orthorhombic. In situ high pressure 
neutron diffraction measurement of coarse grained zir- 
conia made clear that what was previously called the 
high-pressure tetragonal phase [31] has orthorhombic 
(Pbca) symmetry [4,32]. Others, also using Rietveld 
analysis, confirmed that the phase of n-ZrO, particles 
below a critical size is the high temperature modifica- 
tion (P42/nmc) [25,27]. The critical size was estimated 
to be between 8 and 12 nm in diameter. It was pointed 
out, however, that even the Rietveld analysis is not able 
to distinguish unambiguously between the orthorhom- 
bic and tetragonal polymorphs. The differences in the 
lattice parameters and in the lattice symmetries of the 
two modifications are too small to be detected by XRD 
even for coarse grained zirconia [4,32]. This problem is 
further complicated in the case of nanocrystals by 
pronounced line broadening due to the very small 
crystallite size. 

In the present work, the XRD spectra of as-prepared 
and 500°C/1 h annealed powders were indexed as the 
high temperature tetragonal polymorph (P42lnmc). 
XRD line positions obtained from the fitting procedure 
were used to calculate corresponding lattice parameters 
by the least square fitting procedure. The results are 
presented in Table 1. 

The room temperature lattice parameters for pure 
tetragonal zirconia were obtained by extrapolating high 
temperature neutron data for pure coarse grained zirco- 
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Table 1 
Comparison of measured and anticipated lattice parameters for te- 
tragonal zirconia" 

Lattice parameters (nm) 

As-prepared nanocrystalline 0.508 13 0.51989 
t -ZrO, f 0.00044 f 0.00039 

Annealed nanocrystalline 0.5078 1 0.51968 
t -ZrO, f 0.00045 If: 0.00048 

Extrapolated to room tern- 0.50832 0.51993 
perature from data for 
bulk, high-temperature 
t-Zr02, at one atmosphere 
1121 

Hypothetical values at room 0.50542 0.51705 
temperature, under 3 GPa 
pressure 

"The lattice parameters in the nanoparticles match the data for 
bulk t-ZrO, at one atmosphere, within the experimental error. They 
are clearly distinguishable from the expected values under the hypoth- 
esized internal pressure. 

nia [12] using the linear expansion coefficient. The 
lattice parameters thus obtained are in excellent agree- 
ment with those measured from our nanocrystalline 
zirconia. In other words, the lattice parameters of the 
zirconia nanocrystals at room temperature are the same 
as would be those of coarse grained pure tetragonal 
zirconia at room temperature. This result casts some 
doubts on the concept of increase internal pressure in 
nanoparticles. If we take as the value of internal pres- 
sure Ap = 3 Gpa (suggested by Winterer et al. [27] for 8 
nm particles) and calculate corresponding strains with 
the help of theoretical single crystal elastic constants 
[33,34] we can also calculate the corresponding hypo- 
thetical lattice parameters under this pressure. As one 
can see from Table 1, the hypothetical parameters are 
significantly smaller then both the experimental ones of 
n-ZrO, and those of coarse grained tetragonal ZrO, 
extrapolated to room temperature. In other words, if 
the zirconia nanoparticles were really under hydrostatic 
pressure as large as 3 GPa we should observe an XRD 
line position shift. The line shift would be easily distin- 
guishable especially at higher Bragg angles, despite the 
pronounced line broadening. Therefore this experiment 
calls into question the plausibility the Gibbs-Thompson 
effect as an explanation of the tetragonal phase stability 
in zirconia nanocrystals. Further, the postulated hydro- 
static pressure of 3 GPa corresponds to a surface stress 
of approximately 5 N m- ' at a diameter of 6 nm: this 
value appears unphysically large, when compared with 
a surface energy typically of the order of 1 J mP2.  

The only remaining explanation is the one originally 
suggested by Garvie [10,16]. In this simple thermody- 

namical approach, the free energy of an unconstrained 
spherical particle, G, may be expressed as 

where r is the radius of a particle, Gv is the free energy 
per unit volume of an infinite crystal, and y is the 
surface energy of the crystal. The difference in free 
energy of the two polymorphs is then given by 

where the AGv is the free energy difference for the 
phase transition per unit volume of an infinite crystal. 
Assuming that the t phase has lower surface energy 
than the m phase, if we now reduce the particle size to 
some critical value, r,, where AG(r,) is 0 at some 
temperature, T below the normal transformation tem- 
perature, the high temperature t form can exist and one 
can write the critical radius as 

r,. = 
- 3 ( ~ ,  - ~ m )  

AH(l - TITh) 
where AH is the heat of transformation per unit volume 
of an infinite crystal, and Tb the transformation temper- 
ature of an infinite crystal. Using y, = 0.77 J mP2 ,  
y, = 1.13 J m- 2, and AH = 2.82 x lo8 J m- (all being 
determined from calorimetry) and Tb = 1175°C in Eq. 
(6), Garvie has estimated the critical radius r, to be 5 
nm [16,17]. 

A recent first-principle study of zirconia surfaces 
concludes that the (71 1) and (1 11) faces are the most 
stable surfaces of the m and t phases, respectively, and 
also that the surface energy is considerably anisotropic 
[35]. The observed (71 1) and (1 11) facets in the m (Fig. 
10) and t (Fig. 3) phases, respectively, support this 
calculation. The surface energy of the most stable mon- 
oclinic and tetragonal surfaces are, however, equal 
(1.24 J m P 2  at 0 K), to within the accuracy of the 
calculation accuracy. This result is inconsistent with the 
assumption of Eq. (6) that the surface energy of t phase 
is lower than that of m phase. This contradiction can, 
however, be reconciled. It is well established that a 
definite orientation relationship exists between crys- 
talline directions upon the t +m transformation. It is 
found that (loo), 11 (loo), and [OOl], 11 [OOl], (T < 
1000°C). Due to this orientation relationship, upon the 
t + m martensitic transformation we obtain 

in equal amounts. The {ill},, faces are less stable 
having higher surface energy (1.54 J m2 at 0 K). There- 
fore, the orientational constraint on the t -+ m marten- 
sitic transformation forces some favorable t surfaces to 
turn into unfavorable m surfaces, which inhibits the 
transformation. 
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For a quantitative estimate of r, it is necessary to 
calculate room temperature values of the surface energy 
by including the surface entropy of t- and m-ZrO,. The 
surface entropy of t-ZrO, is of order 0.4 mJ m-2 K -  ') 
[36]. The surface entropy Of m-ZrO, was set to 0.2 mJ 
m - K - ') according to the expectation expressed in 
[35]. Eq. (6) gives then a value of about 7 nm for the 
critical radius, which is closer to the observed value 
than the one suggested by Garvie [lo]. In practice, the 
surface entropies used here are only estimates, and the 
resulting surface energies apply only to a portion of the 
surface of the particles, making the precise application 
of Eq. (6) rather a wishful task. It is clear, however, 
that the room-temperature stability of tetragonal n -  
ZrO, results from differences of surface energy between 
the m and t phases, rather than a stabilizing internal 
pressure. 

4.2. Particle size distributions 

The production of zirconia nanocrystalline powder 
by the liquid thermal spray synthesis (LTSS) gives 
results that are very similar to those obtained for 
powder prepared by the inert gas condensation method. 
Both powders are chemically very clean and the achiev- 
able size range and size distribution are almost the 
same. LTSS has the advantage of a considerably higher 
powder production rate [l 11. 

The t + m transformation, discussed above, produces 
a step-function change in the driving force for coarsen- 
ing, which provides an interesting experimental oppor- 
tunity. Structural scale variations, either in polycrystals 
or powders, usually approximate log-normal distribu- 
tions and coarsening produces a self-similar shift in the 
distribution as smaller particles (or grains) are absorbed 
by larger ones (except in the case of abnormal grain 
growth). In the process of normal grain growth or 
particle coarsening, then, the log-normal size distribu- 
tion persists through the development of the structure. 
It is postulated that any size distribution will coarsen in 
a self-similar manner, and this is known as the 'statisti- 
cal self-similarity' (SSS) hypothesis [37]. There is, how- 
ever, very little detailed experimental evidence to 
support the SSS hypothesis for differing size 
distributions. 

All of the particle size distributions below the critical 
size for the tetragonal to monoclinic phase transforma- 
tion in our experiment, are log-normal. All the grain 
size distributions above the critical point were more 
normal-like. The change in the shape of the distribution 
is evidently associated with the phase transformation, 
and more specifically with a corresponding change in 
coarsening rate. From the results in this work, it is 
suggested that the coarsening rate for the monoclinic 
particles is markedly faster than for the tetragonal 
particles that they replace. The driving force for coars- 

ening is proportional to the surface energy, so a trans- 
formation to a phase of higher surface energy should 
increase the particle coarsening rate, if all other 
parameters are unchanged. This has the effect of shift- 
ing the peak of the distribution to the right, as trans- 
forming particles accelerate their growth, while the 
untransformed particles continue to grow only slowly 
making the distribution becomes more symmetrical and 
normal-like. 

Further coarsening of the normally-distributed mon- 
oclinic grains is found here to occur in a self-similar 
manner, with no distinguishable change in the shape of 
the distribution. There is no apparent tendency, at the 
relatively short times of our studies, to return to a 
log-normal distribution. This leads us to conclude that 
log-normal distributions are not intrinsically preferred. 
Particle coarsening before and after the transformation 
is self-similar. 

It remains unclear whether self-similar coarsening 
will occur for any size distribution, or only for certain 
special cases. One might conceive of experiments in 
which square-shaped distributions are created, and it 
might be expected that the sharp cut-offs would be 
softened by the particle coarsening process. It would be 
interesting, for such a case, to see whether the symme- 
try of the distribution were maintained in such a 
change. 

5. Conclusions 

Pure tetragonal nanoparticulate zirconia transforms 
to the monoclinic structure at a critical radius of ap- 
proximately 9 nm. 

The stability of the tetragonal phase in nanoparticu- 
late zirconia derives from the lower surface energy of 
that phase, which dominates the free energy at small 
particle sizes, and not from the internal pressure of the 
particles. 

The particle sizes in the tetragonal phase are well 
characterized by a log-normal distribution. In the mon- 
oclinc phase, however, the distribution is more normal- 
like. 

Particle coarsening follows the statistical self-similar- 
ity hypothesis for both the log-normally distributed 
t-ZrO, particles and the normally-distributed m-ZrO,. 
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