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Various factors that influence the appearance of a tetragonal (t-)
ZrO2 polymorph at room temperature have been extensively inves-
tigated. Several proposed models emphasize the role of anionic im-
purities (SO4

2–, OH–), crystallite size (surface energy), structural
similarities between the starting material and t-ZrO2, lattice
strains, water vapor, lattice defects (oxygen vacancies), etc. Our in-
vestigations, focused on the stability of low temperature t-ZrO2,
showed that, regardless of the structural differences in the starting
zirconium materials, their thermal decomposition products crystal-
lized into a metastable t-ZrO2. The t-ZrO2 � m-ZrO2 transforma-
tion occurred during the cooling or further calcination in the pres-
ence of air at atmospheric pressure. On the other hand, if these
processes are performed in vacuum, the metastable phase is pre-
served. These observations indicate that a metastable t-ZrO2 ap-
pears at room temperature as a result of stabilization caused by in-
troduction of oxygen vacancies, similarly as in the solid solutions
with aliovalent cations. A decrease in the specific surface area of
ZrO2 grains or the presence of the substances that enter into
strong surface interactions with ZrO2 (SO4

2–, Cr2O3) prevents the
diffusion of oxygen from the atmosphere into the ZrO2 lattice and
due to this fact the metastable t-ZrO2 is stabilized. On the other
hand, lattice strain and grain size of metastable t-ZrO2 could not
be clearly related to its stability.
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BACKGROUND

In dependence on the temperature, ZrO2 appears in three different poly-
morphs: monoclinic, tetragonal and cubic. At room temperature (RT), pure
zirconia is monoclinic (m-ZrO2), having a distorted fluorite-type (CaF2) struc-
ture, with the Zr atom in coordination seven. At high temperature the fol-
lowing ZrO2 polymorph transformations occur:

monoclinic tetragonal cubicC C1170 2370 268� �� ���� � ���� 0 �� ����C melt

In both high-temperature phases the Zr atom assumes coordination
eight, as in CaF2, while in tetragonal form the O atom is displaced from its
ideal position 1

4,
1
4,

1
4. Because of its high melting point, zirconia is an attrac-

tive refractory material. However, the volume expansion of the tetragonal to
a monoclinic transformation causes crumbling of zirconia ceramics on cool-
ing from the sintering temperature.1 This transformation occurred with
very small shifts of atoms and could not be suppressed by rapid cooling.
However, a metastable t-ZrO2 often appeared besides m-ZrO2 at RT.

In the thirties, Clark and Reynolds2 detected a low temperature t-ZrO2
in the thermal decomposition products of the ZrOCl2 �8H2O salt. The same
authors observed the presence of t-ZrO2 in the crystallization product of hy-
drous zirconia, obtained upon calcination at 500 °C. The reason for the for-
mation of this high temperature polymorph at RT is still a matter of contro-
versy. Several proposed models are given in Table I.

The first mentioned mechanism of the t-ZrO2 stabilization emphasized
the influence of Cl– anions remaining inside the crystal lattice during the
thermal treatment of the starting material.3 The stabilizing influence of
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TABLE I

Models of t-ZrO2 stabilization at room temperature

Model References

1. Influence of anionic impurities 3–9

2. Influence of particle size (surface energy) 10–14

3. Influence of lattice strains 15, 16

4. Structural similarities between precursor materials and t-ZrO2 17–21

5. Influence of lattice defects (oxygen vacancies) 22, 23

6. Influence of water vapor 24, 25



SO4
2– and PO4

3– anions was investigated in several papers.4–9 Srinivasan et
al.5–7 concluded that the adsorption of SO4

2– anion inhibits t-ZrO2 � m-ZrO2
transformation by covering oxygen-deficient surface sites that initiate phase
transformation. Garvie10–12 suggested that the stabilization of t-ZrO2 at RT
resulted from the lower surface energy of t-ZrO2, as compared with that of
m-ZrO2. The experimental results obtained by ball-milling under ambient
conditions supported this hypothesis. When the grinding of the starting ma-
terial sufficiently decreased the crystallite size, the m-ZrO2 � t-ZrO2 trans-
formation occurred.13 Mitsuhashi et al.15 extended the theory of Garvie10–12

by introducing lattice strains. They found that strain-free single-domain
tetragonal particles transformed much easier than polydomain particles
with large strains. On the basis of radial distribution functions obtained by
X-ray and neutron diffractions, Livage et al.17 found that the local atomic
arrangement in amorphous zirconia (Zr–Zr and Zr–O distances) was similar
to that of t-ZrO2. This result was also supported by Raman scattering.18

Tani et al.19 suggested that, under hydrothermal conditions, the t-ZrO2 crys-
tallized topotactically on the nuclei in the amorphous hydrous zirconia.
However, the more recent investigations of Zeng et al.26 suggest that these
interatomic distances are similar to those in m-ZrO2. Stachs et al.27 investi-
gated the structural parameters of two zirconia xerogels. They found that
local atomic ordering in the dried xerogel was similar to m-ZrO2, whereas in
the xerogel annealed at �300 °C it resembles t-ZrO2.

27 The effect of lattice
defects on the stabilization of a metastable t-ZrO2 was investigated by
Torralvo et al.22 Osendi et al.23 investigated the formation of metastable
t-ZrO2 by the thermal decomposition of the amorphous ZrO2 precursor or
zirconyl acetate, and they suggested that, initially, nucleation of t-ZrO2 was
favored by creation of anionic vacancies with trapped electrons. The elec-
tronic defects disappeared at high temperatures, the crystallites grew and
nucleation of the m-ZrO2 phase took place. Murase and Kato24,25 examined
the transformation of tetragonal ZrO2 by ball-milling in different atmo-
spheres. The obtained results indicated the important role of water adsorp-
tion on the surface of particles for the t�m transition of milled samples.
The authors concluded that water vapor markedly accelerated crystallite
growth of both m- and t-ZrO2 and facilitated the transition, t�m.

In this paper, we present a review of our investigations devoted to the
stability of low temperature t-ZrO2, which also include some new results
(not published previously). In the light of these results, we discuss the pro-
posed models of stabilization of low temperature t-ZrO2.
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CHARACTERIZATION OF ZIRCONIA PRODUCTS

The X-ray powder diffraction was a very important technique for the
identification of ZrO2 polymorphs. In our investigations, volume fractions of
the t-ZrO2 and m-ZrO2 phases (�t and �m) were estimated from the integra-
ted intensities of diffraction lines (111) and (111) of m-ZrO2, and a diffrac-
tion line (101) of t-ZrO2 following a procedure proposed by Toraya et al.28

The volume fractions are given by the following equations:
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The crystallite size was estimated from the broadening of the diffraction
lines (111) of m-ZrO2, and (101) of t-ZrO2 using the Scherrer equation:

Dhkl
hkl

�
0 9.

cos
�

� �
, (4)

� being the X-ray wavelength (Cu-K	), � the Bragg angle, �hkl the pure full
width of the diffraction line (hkl) at half the maximum intensity.

The lattice strain (�hkl) of the metastable t-ZrO2 was estimated from the
width of the diffraction lines 101 and 202 using the equation:

� � � � �hkl hklDcos ( . ) / sin� �0 9 o
hkl (5)

where Dhkl
o denotes the effective crystallite size. The values of �hkl were

found from the observed full width at half the maximum intensity (FWHM)
of the diffraction lines, after correction for instrumental broadening, for
which the corresponding width of the diffraction lines of 	-SiO2 was used,
following the procedure given in literature.29 Integrated intensities and
FWHM of the diffraction lines were determined using the individual pro-
file-fitting method (computer program PRO-FIT).30

Precise determinations of unit-cell parameters were performed using the
powder-pattern fitting methods and 	-Al2O3 (ZrO2–Fe2O3 system) or 	-Si
(ZrO2–Al2O3 system) as an internal standard. The Bragg angle positions, 2�,
of the diffraction lines were determined by the individual profile fitting me-
thod and taken as input data for the UNITCELL program.31 Unit-cell pa-
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rameters were then refined by the whole-powder-pattern decomposition me-
thod (WPPF program28). The fitting was performed in the scanned 2� range,
from 20° to 110°, using the split-type pseudo-Voigt profile function and the
polynomial background model.

In some cases, the Fourier transform infrared (FT-IR) and laser Raman
spectroscopy were also used as techniques complementary to XRD. Raman
spectroscopy was often used for identification of ZrO2 crystal phases.32–46

This technique can sometimes be more convenient in distinguishing be-
tween the tetragonal and cubic ZrO2 phases in relation to XRD.44–46 In the
case of laser Raman spectroscopy, volume fractions were determined from
the intensities of the Raman-active modes of t-ZrO2 at 267 and 148 cm–1, as
well as the Raman-active modes of m-ZrO2 at 189 and 178 cm–1 following
the procedure proposed by Clarke and Adar.35 The volume fractions of
m-ZrO2 were estimated from the following equation:

�m
m m

t t m m

I I

F I I I I
�

�

� �

178 189

148 267 178 189( )
, (6)

where Im and It correspond, respectively, to the intensities of the m-ZrO2
and t-ZrO2 Raman-active modes at the wave numbers, given as super-
scripts, while F is a factor close to unity (0.97).

Infrared spectroscopy was much less used, because only m-ZrO2 could be
easily recognized.46–50 It can be seen from the group theory that t-ZrO2 al-
lows six Raman active modes of vibration (A1g + 2B1g + 3Eg) and only three
IR active (A2u + 2Eu). From these three allowed vibrations only one broad
band with a transmittance minimum at �500 cm–1 was observed in the mid
infrared region,45–47 which could not be distinctly distinguished from the
bands of cubic or amorphous zirconia. However, discoverry of two new IR ac-
tive bands in the far infrared region, one at 177 cm–1, typical of m-ZrO2,

48

and the other, very strong and broad, with a transmittance minimum at
�180 cm–1, typical of t-ZrO2,

48–50 enabled a distinct identification of the
t-ZrO2 phase.

SYNTHESIS OF METASTABLE t-ZrO2

Metastable t-ZrO2 can be obtained at RT and standard pressure by the
thermal treatment of starting materials (zirconium salts, zirconium alkoxi-
des or hydrous zirconia), as a product of solid state reactions,51 by ball-mill-
ing m-ZrO2,

13 and probably by ball-milling hydrous zirconia.50 Most of the
models presented were based on an examination of t-ZrO2 products obtained
by the wet chemical route,3–9,15–27 which includes dissolving of zirconium
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salts or alkoxides, formation of hydrous zirconia gel and crystallization of
ZrO2 by solid state calcination or hydrothermal treatment of hydrous zirco-
nia gel. The synthesis conditions used to produce hydrous zirconia precur-
sors strongly influence the phase composition of the ZrO2 crystallization
products.

Calcination of Hydrous Zirconia

The formation and the fraction of metastable t-ZrO2 in the products of
solid-state calcination of hydrous zirconia strongly depend on the processing
parameters used during the preparation of hydrous zirconia precursors. Da-
vis52 found that precipitation of hydrous zirconia at high or low pH favors
the formation of metastable t-ZrO2 after calcination and cooling at tempera-
tures between 400 and 600 °C, whereas the same thermal treatment of hy-
drous zirconia precipitated in neutral medium yielded m-ZrO2. Srinivasan
et al.53,54 showed that, beside the pH of precipitation, the phase composi-
tions of the ZrO2 products depend on the time of precipitation53 and the type
of zirconium salt from which hydrous zirconia is produced.54 Clearfield55

discussed these observations and proposed the mechanism of hydrous zirco-
nia precipitation.

In the succeeding investigation we examined the influence of mechanical
treatment on the thermal behavior of hydrous zirconia.50 Amorphous hy-
drous zirconia, precipitated from the aqueous solution of ZrO(NO3)2 �2H2O
salt at pH = 10.5, was ball-milled at RT for up to 60 hours and the thermal
behavior of the obtained samples was followed by differential scanning calo-
rimetry (DSC) and thermogravimetric analysis (TGA). DSC curves of the
samples contained an endothermic peak resulting from the dehydration and
an exothermic peak resulting from the crystallization of samples (Figure 1).
Samples obtained by ball-milling for 1, 3 and 9 hours showed two exother-
mic peaks due to crystallization of t-ZrO2 as determined by XRD and FT-IR
spectroscopy.50 The presence of two exothermic peaks resulted from the het-
erogeneity of samples caused by ball-milling. TGA measurements showed
continuous loss of weight in a temperature range between 50 °C and 400 °C.
Further heating up to �850 °C caused a very small weight loss. The results
of DSC and TGA indicate that ball-milling of hydrous zirconia causes dehy-
dration, an increase in crystallization temperature and a decrease in the en-
thalpy of ZrO2 crystallization. Dehydration has no influence on the increase
in crystallization temperature and the decrease in the heat flow of crystalli-
zation. No change of weight in the temperature region corresponding to the
exothermic peaks of crystallization indicates that crystallization of a meta-
stable t-ZrO2 from hydrous zirconia is not a simple topotactic process.
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The above presented investigation was continued.56,57 Hydrous zirconia
samples, obtained by rapid precipitation at pH = 2.5, 7.5 and 10.5, were sub-
jected to the influence of mechanical treatment (ball-milled up to 60 hours) 56

or 
-irradiation (dose rates of 5.6 Gy s–1 up to a final dose of 20 MGy).57

Figure 2 illustrates the dependence of the crystallization temperature of
hydrous zirconia, precipitated at three different pH values, on the time of
ball-milling. The obtained curves indicate that, in all cases, an early stage of
ball-milling leads to an increase in the crystallization temperature, and also
that the extent of this effect depends on the precipitation pH. In the first
hour of ball-milling, the crystallization temperature increased by �5 °C for
the sample precipitated at pH = 10.5, �15 °C for the sample precipitated at
pH = 7.5 and �50 °C for the sample precipitated at pH = 2.5, thus suggest-
ing that a higher pH of the precipitation produced tougher grains of hydrous
zirconia, more resistant to the disordering process caused by ball-milling.
With prolonged ball-milling, the maximum values of crystallization temper-
ature were reached, and then the crystallization temperature decreased
with further ball-milling. The time of ball-milling needed to obtain the max-
imum crystallization temperature increased with the increase in the precipi-
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aqueous solution of ZrO(NO3)2 � 2H2O salt and mechanically treated for up to 60 h.



tation pH of hydrous zirconia from 1 hour at pH = 2.5, 20 hours at pH = 7.5
to 35 hours at pH = 10.5. It is interesting to note that at the point corre-
sponding to 10 hours of ball-milling the crystallization temperature was in-
dependent of the pH of the precipitation.

The results of phase analysis, obtained after calcination and cooling
from 600 °C to RT inside a DSC instrument, are given in Table II. Phase
compositions of the crystallization products of starting samples (not subjec-
ted to mechanical treatment) were pH dependent in a way similar to that
described by Davis.52 However, phase compositions of the samples subjected
to mechanical treatment showed that regardless of the precipitation pH, the
first stage of ball-milling (related to the increase in crystallization tempera-
ture) resulted in the formation of pure t-ZrO2. The second stage of ball-mill-
ing (related to the decrease in crystallization temperature) resulted in the
formation of m-ZrO2. The influence of mechanical treatment on the thermal
behavior of hydrous zirconia is illustrated by the following scheme:
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Figure 2. The temperature of crystallization of hydrous zirconia as a function of ball-
milling time. Symbols �, � and � stand for precipitation pH values of 10.5, 7.5 and
2.5, respectively.



where Tc1, Tc2 and Tc3 stand for temperatures of crystallization mutually re-
lated Tc1 < Tc3 < Tc2.

Unlike the mechanical treatment, 
-irradiation had no influence on the
thermal behavior of hydrous zirconia. However, the results of microelectro-
phoretic measurements showed that 
-irradiation influenced the surface
properties of hydrous zirconia in dependence on the precipitation pH.57 Hy-
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TABLE II

The results of DSC analysis (enthalpy and temperature of crystallization) of
ball-milled hydrous zirconia precipitated at pH = 2, 7 and 10.5 and the results of

phase analysis (laser Raman spectroscopy) of the corresponding crystallization
products

pH Time of ball-
milling/ h

�Hc
–1kJ mol

Tc1

C�

Tc2

C�
Phase composition
(volume fractions)

2.5 0 –13 469 – t-ZrO2 (0.67) + m-ZrO2 (0.33)

1 –14 515 – t-ZrO2

3 –16 514 – t-ZrO2 (0.99) + m-ZrO2 (0.01)

10 –19 508 – –

25 –14 506 – m-ZrO2 (0.52) + t-ZrO2 (0.48)

40 –13 501 – m-ZrO2 (0.80) + t-ZrO2 (0.20)

7.5 0 –20 468 – m-ZrO2

1 –20 473 503 t-ZrO2

3 –20 473 507 –

10 –20 507 – –

25 –20 514 – t-ZrO2

40 –20 498 – m-ZrO2 + t-ZrO2

50 –19 493 – m-ZrO2 (0.70) + t-ZrO2 (0.30)

60 –19 488 – –

10.5 0 –21 457 – t-ZrO2

1 –20 460 478 –

3 –19 465 489 t-ZrO2

10 –18 507 – t-ZrO2

20 –14 525 – t-ZrO2

30 –12 539 – –

50 –11 533 – m-ZrO2 (0.52) + t-ZrO2 (0.48)

60 –11 522 – m-ZrO2 + t-ZrO2



drous zirconia, precipitated at pH = 2, proved to be the most susceptible to

-irradiation, while the same 
-irradiation had very little (if any) influence
on the surface properties of hydrous zirconia precipitated at pH = 10.5. Af-
ter 
-irradiation, the electrophoretic mobility of hydrous zirconia, precipita-
ted at pH = 2, increased at both low and high pH, thus indicating an in-
crease in its adsorption capacity (Figure 3). The obtained results suggest
that the susceptibility of hydrous zirconia to the influence of ball-milling
and 
-irradiation increases with a decrease in precipitation pH.

Hydrothermal Crystallization of Zirconia

In general, the hydrothermal treatment of hydrous zirconia yields well-
shaped and isolated fine ZrO2 particles, while the solid-state calcination
strongly affects the morphology and particle size due to the sintering effect.
The hydrothermal method is, therefore, preferred in the production of fine
zirconia powders for use in advanced ceramics. Hydrothermal treatment of
highly acidic solutions or suspensions of hydrous zirconia produced mono-
clinic zirconia, m-ZrO2,

58–60 whereas hydrothermal treatment at high pH va-
lues yielded, besides m-ZrO2, a metastable t-ZrO2 and also a metastable cu-
bic zirconia, c-ZrO2, in the presence of CaCl2

61 or NaOH62,63 as a stabilizing
agent. The mechanism of hydrothermal crystallization of zirconia was inves-
tigated in several papers.9,21,64 Tani et al.19 concluded that the formation of
m-ZrO2 by the hydrothermal treatment proceeded via a dissolution/precipi-
tation mechanism,19,60 whereas the formation of t-ZrO2 occurred as a result
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Figure 3. Zeta potential, measured for hydrous zirconia samples precipitated at pH = 2.
Symbols � and � stand for 
-irradiated and nonirradiated samples, respectively.



of structural rearrangement of amorphous hydrous zirconia (topotactic crys-
tallization).19 Denkewicz et al.21 proposed a model of hydrothermal crystalli-
zation of ZrO2 based on three control regimes. At low pH the solubility is
high, and the hydrothermal crystallization occurs via a dissolution/precipi-
tation mechanism producing m-ZrO2. In a neutral or mild acidic medium,
solubility is very low, so that crystallization occurs in situ by structural (to-
potactic) rearrangement of hydrous zirconia. The product of hydrothermal
crystallization in this region will be predominantly t-ZrO2, and the presence
of m-ZrO2 can be attributed to the transformation t-ZrO2 � m-ZrO2 with a
prolonged hydrothermal treatment. At high pH, the solubility of hydrous
zirconia is very high and similar to the solubility at low pH; yet, in situ to-
potactic crystallization prevails because of a higher energy state of the ob-
tained hydrous zirconia gel.21

Our previous investigation50 has shown that the formation of a metasta-
ble t-ZrO2 during the solid state calcination of hydrous zirconia is not a sim-
ple topotactic process. For this reason, in the following research we exam-
ined the mechanism of the hydrothermal crystallization of ZrO2 at different
pH.63 Aqueous suspensions of hydrous zirconia at pH = 2, 7, 9.5 and 13, pre-
pared by the addition of NaOH to the solution of ZrO(NO3)2 �2H2O salt, were
hydrothermally treated at 95 °C for different times. Phase compositions of
the obtained products, determined using XRD and laser Raman spectrosco-
py, are given in Table III. The kinetics of zirconia crystallization during hy-
drothermal treatments was determined from the decrease in the exothermic
peak of crystallization in the corresponding DSC curves. Hydrothermal cry-
stallization was found to proceed much more slowly in a neutral pH medium
than in an acidic or alkaline medium (Figure 4).

Although our crystallization kinetic observations can be accommodated
within the model of Denkewicz et al.,21 our phase analysis results differ
from the results expected on the basis of this model. The model of Denke-
wicz et al.21 is based on the conclusion that the dissolution/precipitation me-
chanism can produce only m-ZrO2, while a metastable t-ZrO2 appears exclu-
sively during in situ topotactic crystallization of hydrous zirconia. On the
other hand, if hydrothermal crystallization proceeds via the dissolution/pre-
cipitation mechanism in the whole pH range, it can be concluded that both
m-ZrO2 and t-ZrO2 could be produced by this mechanism. Our X-ray powder
diffraction results, as well as the results of Morgan59 and Kato et al.,65 sho-
wed that even at low pH, m-ZrO2 is not the exclusive product formed by the
dissolution/precipitation mechanism during hydrothermal crystallization.
Hydrous zirconia precipitated at pH = 2 crystallized first to some metasta-
ble form of zirconium nitrate, which under prolonged hydrothermal treat-
ment transformed into m-ZrO2. Also, the results of phase analysis of sam-
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ples precipitated at pH = 7 and 13 indicated that the presence of m-ZrO2
cannot be attributed to the t-ZrO2 � m-ZrO2 transformation caused by hy-
drothermal treatment, as suggested by Denkewicz et al.21 The obtained re-
sults show that both m-ZrO2 and metastable t- or c-ZrO2 phases appear as
products of hydrothermal crystallization of hydrous zirconia precipitated at
pH = 7 and 13. The phase fractions remain approximately the same after a
prolonged hydrothermal treatment, indicating that the presence of m-ZrO2
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TABLE III

The results of DSC analysis (enthalpy, temperature and percentage of crystallization)
and phase analysis (XRD and laser Raman spectroscopy) of the hydrothermally

treated hydrous zirconia samples precipitated at different pH

pH
Hydrotherm.

treatment
h

DSC
Phase composition
(volume fractions)Enthalpy

kJ mol–1

Peak max.
C�

Crystall.
%

2 0 –12 451 0 amorphous
8 –7 458 42 »zirconium nitrate« + NaNO3

60 0 – 100 –
100 0 – 100 »zirconium nitrate« + NaNO3

300 – – – m-ZrO2

7 0 –19 457 0 amorphous
220 –17 458 9 amorphous
300 –14 469 27 –
500 –9 501 51 –
750 –5 464 75 m-ZrO2 (0.75) + t-ZrO2 + c-ZrO2

1400 0 – 100 m-ZrO2 (0.77) + t-ZrO2 + c-ZrO2

9.5 0 –21 461 0 amorphous
25 –16 485 25 –
75 –8 529 63 amorphous

170 –1 572 95 c-ZrO2 + amorphous
700 0 – 100 c-ZrO2 + amorphous

13 0 –19 475 0 amorphous
1 –13 526 32 –
3 –6 540 65 amorphous
7 0 – 100 m-ZrO2 (0.68) + c-ZrO2

24 0 – 100 m-ZrO2 (0.70) + c-ZrO2



cannot be attributed to the t-ZrO2 � m-ZrO2 transformation. No evidence of
the existence of a gel structure controlled regime21 could be found by the
phase analysis of the products of hydrothermal treatment. It can be conclu-
ded that in situ crystallization of amorphous hydrous zirconia, if it occurs, is
not a topotactic process.

The analogy between the rate of the hydrothermal crystallization of
ZrO2 and solubility of hydrous zirconia66 indicates that hydrothermal crys-
tallization proceeds via the dissolution/precipitation mechanism in the who-
le pH range.

Thermal Decompositions of Zirconium Salts

Zirconium salts have well-defined structures, compared to hydrous zir-
conia, which enable an easier insight into the mechanism of t-ZrO2 forma-
tion by thermal decomposition of these salts. However, formation of ZrO2 by
thermal decomposition of zirconium salts was surprisingly little investiga-
ted compared to wet chemical procedures. For this reason, we investigated
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the phase development of the thermal decomposition products of three dif-
ferent zirconium salts (ZrOCl2 �8H2O, ZrO(NO3)2 �2H2O and Zr(SO4)2 �4H2O)
calcinated at selected temperatures up to 1300°C.48 Chemical and structu-
ral changes in the solids were monitored after cooling to RT by X-ray pow-
der diffraction, FT-IR and laser Raman spectroscopy. The results of phase
analysis are given in Table IV. The obtained results show that the transfor-
mation from the starting salt to ZrO2 proceeds through an amorphous inter-
mediary. In all three cases, the first crystallization product contained, be-
sides m-ZrO2, a metastable t-ZrO2. However, the volume fraction of the
metastable phase depended on the nature of the starting salt. The first crys-
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TABLE IV

The results of phase analysis of the thermal decomposition products of zirconium
salts, obtained after calcination at the atmospheric pressure of air and cooling to

room temperature

Salt
Temp.

C�
Phase composition
(volume fractions)

Remarka

ZrOCl2 � 8H2O – ZrOCl2 � 8H2O SDL

300 amorphous

400 t-ZrO2 (0.97) + m-ZrO2 (0.03) BDL

700 m-ZrO2 (0.96) + t-ZrO2 (0.04) LBDL

1300 m-ZrO2 SDL

ZrO(NO3)2 � 2H2O – ZrO(NO3)2 � 2H2O SDL

300 amorphous

400 m-ZrO2 (0.51) + t-ZrO2 (0.49) VBDL

700 m-ZrO2 (0.62) + t-ZrO2 (0.38) VBDL

1300 m-ZrO2 (0.95) + t-ZrO2 (0.05) BDL

300 m-ZrO2 SDL

Zr(SO4)2 � 4H2O – Zr(SO4)2 � 4H2O gradual decrease of
peak intensities and

increase of diffraction
lines broadening

200 Zr(SO4)2 � 4H2O

300 Zr(SO4)2 � 4H2O

600 amorphous

700 m-ZrO2 (0.77) + t-ZrO2 (0.23) BDL

1300 m-ZrO2 (0.97) + t-ZrO2 (0.03) LBDL
aDescriptions: SDL = sharp diffraction lines, LBDL = little broadened diffraction lines, BDL =

broadened diffraction lines, VBDL = very broadened diffraction lines.



tallization products of ZrO(NO3)2 �2H2O and Zr(SO4)2 �4H2O salts contained
m-ZrO2 as the dominant phase, whereas the corresponding product of
ZrOCl2 �8H2O contained a metastable t-ZrO2 as the dominant phase with
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Figure 5. Individual profile fitting results obtained during the heating of the ther-
mal decomposition product of ZrO(NO3)2 � 2H2O salt (a) and Zr(SO4)2 � 4H2O salt (b)
in the presence of air at atmospheric pressure (�105 Pa).



only traces of m-ZrO2. Further increase in temperature treatment caused a
decrease in the t-ZrO2 content, but the rate of this process varied for differ-
ent salts (highest for ZrOCl2 �8H2O and lowest for Zr(SO4)2 �4H2O). These
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TABLE V

Results of the in situ phase analysis during the heating of the
thermal decomposition products of zirconium salts in the presence of air

at atmospheric pressure (�105 Pa) and low pressure (�2 � 10–3 Pa)69

Sample Treatment
Phase composition (volume fractions)

Atmospheric pressure Low pressure

ZN 350 °C amorphous amorphous

400 °C t-ZrO2 (0.96) + m-ZrO2 (0.04) –

500 °C t-ZrO2 (0.80) + m-ZrO2 (0.20) –

600 °C t-ZrO2 (0.65) + m-ZrO2 (0.35) t-ZrO2

800 °C m-ZrO2 (0.72) + t-ZrO2 (0.28) –

900 °C m-ZrO2 (0.79) + t-ZrO2 (0.21) –

1000 °C m-ZrO2 (0.87) + t-ZrO2 (0.13) –

1200 °C – t-ZrO2

– cooling to RT m-ZrO2 (0.96) + t-ZrO2 (0.04) t-ZrO2 (0.88) + m-ZrO2 (0.12)

– exposure to air
at RT

– m-ZrO2 (0.54) + t-ZrO2 (0.46)

ZS1 – amorphous –

700 °C t-ZrO2 –

800 °C t-ZrO2 (0.95) + m-ZrO2 (0.05) –

900 °C t-ZrO2 (0.71) + m-ZrO2 (0.29) –

1000 °C m-ZrO2 (0.61) + t-ZrO2 (0.39) –

– cooling to RT m-ZrO2 (0.92) + t-ZrO2 (0.08) –

ZS2 – – am + ZS + t-ZrO2 + m-ZrO2

600 °C – t-ZrO2(0.69) + m-ZrO2(0.31) + ZS

700 °C – t-ZrO2(0.82) + m-ZrO2(0.18) + ZS

800 °C – t-ZrO2(0.89) + m-ZrO2(0.11) + ZS

900 °C – t-ZrO2(0.92) + m-ZrO2(0.08) + ZS

1000 °C – t-ZrO2 (0.90) + m-ZrO2 (0.10)

1200 °C – t-ZrO2 (0.80) + m-ZrO2 (0.20)

– cooling to RT – t-ZrO2 (0.69) + m-ZrO2 (0.31)

– exposure to air
at RT – m-ZrO2 (0.55) + t-ZrO2 (0.45)

aDescription: ZN = ZrO(NO3)2 �2H2O salt (Ventron) calcinatied at 330 °C in air for 2 h, and then
cooled to RT; ZS1 = Zr(SO4)2 �4H2O salt (The British Drug Houses Ltd.) calcinated at 600 °C in
air for 2 h, and then cooled to RT; ZS2 = Zr(SO4)2 �4H2O salt (Hopkins & Williams Ltd.) cal-
cinated at 650 °C in air for 2 h, and then cooled to RT; ZS = zirconium sulfate; am = amorphous.



results show that the metastable t-ZrO2 content in thermal decomposition
products is not related to its susceptibility.

Similarity between the structural parameters (Zr–Zr and Zr–O distan-
ces) of the ZrOCl2 �8H2O salt and of t-ZrO2

20,67 supports the model of Livage
et al.17 However, since the phase compositions were determined at RT, the
observed differences could result from the t-ZrO2 � m-ZrO2 transformation
on cooling. The presence of this kind of transformation was observed by the
in situ phase analysis of the crystallization products of hydrous zirco-
nia.68–70 It was found69,70 that, regardless of the precipitation pH, hydrous
zirconia crystallized as a metastable t-ZrO2, which may or may not trans-
form into m-ZrO2 during cooling to RT.

In order to examine the influence of cooling, we undertook an in situ
X-ray powder diffraction study of the thermal decomposition products of
ZrO(NO3)2 �2H2O and Zr(SO4)2 �4H2O salts. The results of phase analysis
obtained during calcination in the presence of air at atmospheric pressure
(�105 Pa)71 and low pressure (�2 � 10–3 Pa)72 are given in Table V.

In both cases, calcination caused crystallization of the amorphous pre-
cursors into t-ZrO2, which, during the cooling or further calcination in the
presence of air at atmospheric pressure, transformed into m-ZrO2 (Figure
5). On the other hand, during the calcination in vacuum (�2 � 10–3 Pa), this
metastable phase remained stable up to 1200°C.72 The thermodynamically
stable m-ZrO2 appeared after cooling of samples to RT. If cooling was per-
formed at low air pressure, the m-ZrO2 content was small. The introduction
of air, even at RT, caused a considerable increase in m-ZrO2, which in all
cases became the dominant phase (Table V). The obtained results indicate
that, regardless of the structural difference, the products of thermal decom-
position of zirconium salts crystallize into a metastable t-ZrO2, which, dur-
ing cooling or further calcination, transforms into m-ZrO2. An important ro-
le of oxygen in the t-ZrO2 � m-ZrO2 transformation indicates that the lack
of oxygen in the zirconia lattice favors the formation of a metastable t-ZrO2.
The effects of calcination in the presence of air at atmospheric pressure or
in vacuum are summarized in the following scheme:

Zr-salt -ZrOup to 600 C

up to 1200 C in

�

�

� ����� t x2– —

vacuum

up to 1200 C in air

-ZrO� ���������

� �����



�

t x2

��

� ������� � ���

m

t mx

-ZrO

-ZrOin vacuum at RT air

2

2 -ZrO

-ZrO -ZrOin air at RT
2

2 2� ������ � m t x
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STABILITY OF LOW TEMPERATURE t-ZrO2

The transformation from t-ZrO2 to m-ZrO2 exhibits many of the charac-
teristics typical of the martensitic transformation in metals. This transfor-
mation causes volume expansion from 3 to 5%, used in the transformation
toughening of ceramic material.1,73 Crack propagation generates stress in
ceramic material, which can cause transformation of the small metastable
t-ZrO2 particles incorporated in the bulk of the ceramic material. Volume ex-
pansion of the transformed particles generates compressive strain in the vi-
cinity of the crack, so extra work would be required to move the crack
through the ceramic material.1 During tailoring of the ceramics with impro-
ved toughness, it is important to know the stability of the t-ZrO2 particles. If
their stability is very small, the phase transformation will occur spontane-
ously. On the other hand, if their stability is high, t-ZrO2 particles will not
transform. This fact can be exploited to toughen zirconia ceramics, as well
as other ceramics, e.g. alumina containing zirconia.

In the succeeding research, we examined the influence of processing pa-
rameters (pH value, type of ions, and reaction temperature) on the proper-
ties of hydrous zirconia, precipitated from aqueous solution of zirconium
salts74–76 or prepared by hydrolytic polycondensation of zirconium n-propo-
xide,77,78 and the stability of the corresponding t-ZrO2 crystallization prod-
ucts. In order to determine the stability of t-ZrO2, the obtained crystalliza-
tion products were subjected to the influence of temperature (2 hours at 600
or 800 °C), pressure (2 minutes at 500, 1000 or 1350 MPa using a Carver
press) and 
-irradiation (with a dose rate of 5.6 Gy s–1 up to a final dose of
10 MGy using a 60Co source at the Ru|er Bo{kovi} Institute). All the sam-
ples were shown to be stable under high 
-irradiation.75,76 On the other
hand, the sensitivity of the metastable t-ZrO2 to the influence of tempera-
ture and pressure strongly depended on the preparation conditions.

The notation of the hydrous zirconia samples, synthesized by hydrolytic
polycondensation of zirconium n-propoxide (Aldrich), and the corresponding
synthesis conditions are given in Table VI.

Most of the crystallization products, obtained on calcination of samples
at 400 °C, contained t-ZrO2 as the dominant phase (Table VII). The stability
of t-ZrO2 to the influence of pressure (1350 MPa) decreased with an increase
in the processing pH up to 7.5 (Figure 6). Further increase in pH value
caused an increase in the stability of t-ZrO2. Reaction temperature also in-
fluenced the stability of the obtained t-ZrO2 products. Metastable t-ZrO2
products of the samples subjected to the hydrolytic polycondensation reac-
tion at 100 °C proved to be much more susceptible to the influence of pres-
sure than the metastable t-ZrO2 products of the samples obtained from the
same reaction mixture at RT.78
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TABLE VI

Experimental conditions for the preparation of hydrous zirconia samples

Sample Chemical composition
of the reactants

pH Treatment

Z1 15 ml 70% (w) Zr(OCH2CH2CH3)4,
15 ml 1-C3H7OH, 23 ml H2O,

2 ml 65% HNO3(aq)
<1

Refluxing for 2 h at 100 °C,
washing with H2O and dry-

ing at 70 °C for 24 h

Z2 15 ml 70% (w) Zr(OCH2CH2CH3)4,
15 ml 1-C3H7OH, 23 ml H2O,

2 ml 38% HCl(aq)
1

Refluxing for 2 h at 100 °C,
washing with H2O and dry-

ing at 70 °C for 24 h

Z3 15 ml 70% (w) Zr(OCH2CH2CH3)4,
35 ml 1-C3H7OH, 49 ml H2O,

1 ml 65% HNO3(aq)
1.5

Refluxing for 2 h at 100 °C,
washing with H2O and dry-

ing at 70 °C for 24 h

Z4 15 ml 70% (w) Zr(OCH2CH2CH3)4,
35 ml 1-C3H7OH, 49.5 ml H2O,

0.5 ml 65% HNO3(aq)
3

Refluxing for 2 h at 100 °C,
washing with H2O and dry-

ing at 70 °C for 24 h

Z5 15 ml 70% (w) Zr(OCH2CH2CH3)4,
35 ml 1-C3H7OH, 50 ml H2O

6
Refluxing for 2 h at 100 °C,
washing with H2O and dry-
ing at 70 °C for 24 h

Z6 15 ml 70% (w) Zr(OCH2CH2CH3)4,
35 ml 1-C3H7OH, 50 ml H2O

6
Washing with H2O and dry-

ing at 70°C for 24 h

Z7 15 ml 70% (w) Zr(OCH2CH2CH3)4,
35 ml 1-C3H7OH,

50 ml 0.5 M NH4NO3(aq)
7.5

Refluxing for 2 h at 100 °C,
washing with H2O and dry-

ing at 70 °C for 24 h

Z8 15 ml 70% (w) Zr(OCH2CH2CH3)4,
35 ml 1-C3H7OH, 30 ml H2O,

20 ml 25% NH3(aq)
10.5

Refluxing for 2 h at 100 °C,
washing with H2O and dry-

ing at 70 °C for 24 h

Z9 15 ml 70% (w) Zr(OCH2CH2CH3)4,
35 ml 1-C3H7OH, 30 ml H2O,

20 ml 25% NH3(aq)
10.5

Washing with H2O and dry-
ing at 70 °C for 24 h

Z10 15 ml 70% (w) Zr(OCH2CH2CH3)4,
35 ml 1-C3H7OH, 47 ml H2O,

3 ml 25% (C2H5)4NOH(aq)
13

Refluxing for 2 h at 100 °C,
washing with H2O and dry-

ing at 70 °C for 24 h

Z11 15 ml 70% (w) Zr(OCH2CH2CH3)4,
35 ml 1-C3H7OH, 47 ml H2O,

3 ml 25% (C2H5)4NOH(aq)
13

Washing with H2O and dry-
ing at 70 °C for 24 h

Z12 15 ml 70% (w) Zr(OCH2CH2CH3)4,
35 ml 1-C3H7OH, 38 ml H2O,

12 ml 1.5 M NaOH(aq)
>13

Refluxing for 2 h at 100 °C,
washing with H2O and dry-

ing at 70 °C for 24 h
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TABLE VII

Phase composition of the samples subjected to the influence of temperature and
pressure

Sample Treatment Phase composition
(volume fractions)

Dhkl/ nm

t-ZrO2 m-ZrO2

Z1 – amorphous – –

400 °C t-ZrO2 15.5 –

400 °C + 800 °C t-ZrO2 (0.74) + m-ZrO2 (0.26) 23.3 21.7

400 °C + 800 °Ca t-ZrO2 (0.76) + m-ZrO2 (0.24) 31.1 23.1

400 °C + 500 MPa t-ZrO2 (0.84) + m-ZrO2 (0.16) 14.6 10.8

400 °C + 1350 MPa t-ZrO2 (0.64) + m-ZrO2 (0.36) 14.0 11.0

Z2 – amorphous – –

400 °C t-ZrO2 (0.86) + m-ZrO2 (0.14) 14.4 17.2

400 °C + 600 °C t-ZrO2 (0.51) + m-ZrO2 (0.49) 20.5 16.9

400 °C + 800 °C m-ZrO2 (0.93) + t-ZrO2 (0.07) – 18.9

400 °C + 500 MPa t-ZrO2 (0.74) + m-ZrO2 (0.26) 11.9 13.3

400 °C + 1350 MPa t-ZrO2 (0.52) + m-ZrO2 (0.48) 9.4 10.8

Z3 – amorphous – –

400 °C t-ZrO2 (0.98) + m-ZrO2 (0.02) 14.7 –

400 °C + 600 °C t-ZrO2 (0.85) + m-ZrO2 (0.15) 18.7 –

400 °C + 800 °C t-ZrO2 (0.55) + m-ZrO2 (0.45) 20.5 17.1

400 °C + 500 MPa t-ZrO2 (0.74) + m-ZrO2 (0.26) 20.1 17.7

400 °C + 1000 MPa t-ZrO2 (0.64) + m-ZrO2 (0.36) 17.6 14.4

400 °C + 1350 MPa t-ZrO2 (0.53) + m-ZrO2 (0.47) 11.0 10.9

Z4 – amorphous – –

400 °C t-ZrO2 (0.81) + m-ZrO2 (0.19) 18.7 6.7

400 °C a t-ZrO2 (0.88) + m-ZrO2 (0.12) 19.0 11.8

400 °C + 600 °C t-ZrO2 (0.65) + m-ZrO2 (0.35) 18.9 17.6

400 °C + 600 °C a t-ZrO2 (0.70) + m-ZrO2 (0.30) 20.8 19.3

400 °C + 800 °C m-ZrO2 (0.90) + t-ZrO2 (0.10) 20.3 20.7

400 °C + 800 °C a m-ZrO2 (0.84) + t-ZrO2 (0.16) 23.3 22.8

400°C a + 500 MPa t-ZrO2 (0.56) + m-ZrO2 (0.44) 20.1 18.1

400°C a +1350 MPa m-ZrO2 (0.64) + t-ZrO2 (0.36) 19.1 16.3

Z5 – amorphous – –

400 °C t-ZrO2 (0.62) + m-ZrO2 (0.38) 8.6 9.1

continued
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TABLE VII (cont.)

Sample Treatment Phase composition
(volume fractions)

Dhkl/ nm

t-ZrO2 m-ZrO2

400 °C + 600 °C m-ZrO2 (0.76) + t-ZrO2 (0.24) 14.3 14.7

400 °C + 600 °C a m-ZrO2 (0.66) + t-ZrO2 (0.34) 15.5 15.6

400 °C + 800 °C m-ZrO2 (0.94) + t-ZrO2 (0.06) 16.4 19.8

400 °C + 500 MPa m-ZrO2 (0.65) + t-ZrO2 (0.35) 8.1 8.8

400 °C + 1000 MPa m-ZrO2 (0.85) + t-ZrO2 (0.15) 7.8 8.5

400 °C + 1350 MPa m-ZrO2 (0.90) + t-ZrO2 (0.10) 5.9 8.0

Z6 – amorphous – –

400 °C t-ZrO2 (0.79) + m-ZrO2 (0.21) 16.3 10.3

400 °C + 600 °C m-ZrO2 (0.59) + t-ZrO2 (0.41) 15.6 14.2

400 °C + 800 °C m-ZrO2 (0.94) + t-ZrO2 (0.06) 13.9 17.8

400 °C + 500 MPa t-ZrO2 (0.54) + m-ZrO2 (0.46) – –

400 °C + 1000 MPa m-ZrO2 (0.59) + t-ZrO2 (0.41) 16.7 10.4

Z7 – amorphous – –

400 °C t-ZrO2 (0.69) + m-ZrO2 (0.31) 10.0 8.9

400 °C + 600 °C m-ZrO2 (0.84) + t-ZrO2 (0.16) 15.0 14.0

400 °C + 800 °C m-ZrO2 (0.95) + t-ZrO2 (0.05) 26.7 23.1

400 °C + 500 MPa m-ZrO2 (0.75) + t-ZrO2 (0.25) 7.4 8.8

400 °C + 1350 MPa m-ZrO2 (0.94) + t-ZrO2 (0.06) 6.8 8.0

Z8 – amorphous – –

400 °C t-ZrO2 (0.88) + m-ZrO2 (0.12) 9.7 9.8

400 °C + 600 °C t-ZrO2 (0.64) + m-ZrO2 (0.36) 12.2 12.1

400 °C + 600 °C a t-ZrO2 (0.73) + m-ZrO2 (0.27) 14.5 14.4

400 °C + 800 °C m-ZrO2 (0.67) + t-ZrO2 (0.33) 15.6 15.6

400 °C + 800 °C a m-ZrO2 (0.61) + t-ZrO2 (0.39) 23.6 20.0

400 °C + 500 MPa m-ZrO2 (0.67) + t-ZrO2 (0.33) 8.8 7.6

400 °C + 1000 MPa m-ZrO2 (0.71) + t-ZrO2 (0.29) 8.3 7.6

400 °C + 1350 MPa m-ZrO2 (0.83) + t-ZrO2 (0.17) 8.0 7.5

Z9 – amorphous – –

400 °C t-ZrO2 (0.83) + m-ZrO2 (0.17) 20.1 10.6

400 °C + 600 °C m-ZrO2 (0.56) + t-ZrO2 (0.44) 20.4 16.2

400 °C + 800 °C m-ZrO2 (0.93) + t-ZrO2 (0.07) 20.0 22.2

400 °C + 500 MPa m-ZrO2 (0.59) + t-ZrO2 (0.41) 18.9 11.1

continued



The most susceptible t-ZrO2 products to the influence of temperature
were obtained at processing pH values between 6 and 8.74–78 However, the
temperature stability of t-ZrO2 could not be attributed to the influence of pH
value alone. In the presence of NO3

– anions, the temperature stability of
t-ZrO2 increased with the decrease in pH, but in the presence of Cl– anions,
the pH value had little influence on the temperature stability.78 The results
of DSC and TG analysis showed that the nitrate content, incorporated into
hydrous zirconia samples, decreased with the increase in pH. In sample Z7,
prepared from suspensions with a high content of NO3

– anions at pH = 7.5,
the content of the present nitrate was very small and the obtained t-ZrO2
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Sample Treatment Phase composition
(volume fractions)

Dhkl/ nm

t-ZrO2 m-ZrO2

400 °C + 1000 MPa m-ZrO2 (0.64) + t-ZrO2 (0.36) 16.7 13.8

400 °C + 1350 MPa m-ZrO2 (0.71) + t-ZrO2 (0.29) 16.7 12.8

Z10 – amorphous – –

400 °C t-ZrO2 10.8 –

400 °C + 600 °C t-ZrO2 12.3 –

400 °C + 800 °C t-ZrO2 (0.97) + m-ZrO2 (0.03) 17.7 –

400 °C + 500 MPa t-ZrO2 (0.90) + m-ZrO2 (0.10) 10.1 8.7

400 °C + 1350 MPa t-ZrO2 (0.63) + m-ZrO2 (0.37) 8.7 7.0

Z11 – amorphous – –

400 °C t-ZrO2 12.3 –

400 °C + 600 °C t-ZrO2 14.3 –

400 °C + 800 °C t-ZrO2 (0.97) + m-ZrO2 (0.03) 19.7 –

400 °C + 1350 MPa t-ZrO2 (0.89) + m-ZrO2 (0.11) 12.3 11.7

Z12 – amorphous – –

400 °C c-ZrO2 + amorphous 6.6 –

400 °C + 600 °C t-ZrO2 13.3 –

400 °C + 800 °C m-ZrO2 (0.86) + t-ZrO2 (0.14) 33.8 70.7

400 °C + 1350 MPa c- or t-ZrO2 + amorphous 5.9 –

600 °C + 1350 MPa t-ZrO2 12.9 –

400 °C + 1350 MPa m-ZrO2 (0.72) + t-ZrO2 (0.28) 15.3 10.4
aBefore being subjected to the influence of temperature and pressure, samples were crashed in
an agate mortar for 2 minutes.

TABLE VII (cont.)



proved to be the most susceptible. These results indicate that the tempera-
ture stability of a metastable t-ZrO2 depends on the nitrate content in hy-
drous zirconia, while pH is just a mediator that provides a higher nitrate
content in the obtained samples. Similarly, the adsorption of SO4

2– anions
caused an increase in the crystallization temperature of hydrous zirconia
and an increase in the t-ZrO2 � m-ZrO2 transformation by �200 °C.74

The obtained results show that the processing parameters, used to ob-
tain hydrous zirconia, strongly influence the specific surface area, crystal-
lite size and lattice strains of its crystallization products. There was a claim
that these factors can stabilize the low-temperature t-ZrO2.

5–8,10–16 Mitsu-
hashi et al.15 found that the t-ZrO2 � m-ZrO2 transformation occurred much
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Figure 6. Loss of the initial t-ZrO2 content (400 °C) on calcination at 800 °C (a) and
pressure treatment at 1350 MPa (b) as a function of pH. Full and empty symbols
represent the samples obtained by the hydrolytic polycondensation reaction at 100 °C
and 25 °C, respectively.



more easily in the strain-free t-ZrO2 crystallite than in those with large
strains. On the basis of these results, the authors concluded that lattice
strains stabilized the low-temperature t-ZrO2. Our results showed that lattice
strains of t-ZrO2 products increased almost linearly with an increase in pH
(Figure 7). However, the stability of the corresponding t-ZrO2 products did
not follow this linear trend. The t-ZrO2 in the crystallization products of
samples obtained at a very low pH showed to be almost strain-free, but
their stability was relatively high.

The stabilizing influence of crystallite size, first suggested by Gar-
vie,10–12 was based on the assumption that surface energy factors could in-
hibit the t-ZrO2 � m-ZrO2 transformation. Garvie proposed the critical crys-
tallite size (�30 nm) as the size limit below which t-ZrO2 crystallites become
thermodynamically more stable than m-ZrO2 crystallites. The estimated
crystallite sizes of t-ZrO2 and m-ZrO2 in the obtained crystallization prod-
ucts were much smaller than the proposed critical crystallite size (Table
VII). However, most crystallization products contained bigger t-ZrO2 crystal-
lites than those of m-ZrO2. Temperature treatment of the crystallization
products caused an increase in the crystallite size followed by the t-ZrO2 �
m-ZrO2 transformation. On the other hand, pressure treatment caused a de-
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Figure 7. Influence of the processing pH on the lattice strain (�hkl) of the crystallization
products (400 °C) of the samples prepared by hydrolytic polycondensation at 100 °C.



crease in the crystallite sizes, which was also followed by the t-ZrO2 �
m-ZrO2 transformation. It was found that the crystallite sizes of t-ZrO2 and
m-ZrO2 depended on the reaction temperature used to obtain hydrous zirco-
nia. The hydrous zirconia samples obtained from the reaction mixture at RT
yielded crystallization products with bigger t-ZrO2 crystallites, while their
stability increased under the influence of pressure (Figure 6). Similarly, the
grinding of hydrous zirconia caused an increase in both the crystallite sizes
and t-ZrO2 content (Table VII). These results indicate that the crystallite
size of metastable t-ZrO2 is not the most important factor of its stabiliza-
tion.

Srinivasan et al.6,7 suggested that the surface sites adsorbing oxygen are
responsible for the t-ZrO2 � m-ZrO2 transformation. Covering of these sites
with a substance such as SO4

2– anions will prevent transformation and
cause stabilization of the metastable t-ZrO2. This conclusion also indicates
that the samples with a smaller specific surface area will yield a more sta-
ble t-ZrO2 product due to the smaller number of oxygen-deficient surface si-
tes.

The shape of the curve showing the dependence of a specific surface area
(�) of the hydrous zirconia, characterized using the BET analysis, on the
processing pH (Figure 8) has a considerable similarity to the shape of the
curve showing the influence of pH on the stability of the t-ZrO2 products
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Figure 8. Influence of the processing pH on the specific surface area (�) of the hy-
drous zirconia samples. Full and empty symbols represent the samples obtained by
the hydrolytic polycondensation reaction at 100 °C and 25 °C, respectively.



subjected to pressure treatment (Figure 6). In all the examined samples, the
hydrolytic polycondensation reaction at 100 °C caused an increase in the �

value followed by a decrease in the stability of the t-ZrO2 products. The
samples obtained from the suspensions at pH between 6 and 10.5 have the
highest � value and yield the most susceptible t-ZrO2 products. However,
the samples obtained from highly alkaline suspensions (pH � 13) yield the
most stable t-ZrO2 products regardless of their relatively high � values. The
obtained results indicate that the specific surface area has some influence
on the stability of t-ZrO2 products, but it is not the only factor of stabiliza-
tion. It can be concluded that the observed differences in t-ZrO2 stability re-
sulted from combined influences of several factors.

STABILIZATION IN THE ZrO2–M2O3 SYSTEMS, M = Al, Fe, Cr

The tetragonal and cubic polymorphs of zirconia can be stabilized at RT
by addition of suitable oxides, viz. MgO, CaO, Sc2O3, Y2O3, etc. Stabilization
of the high-temperature polymorphs of ZrO2 in these solid solutions was at-
tributed to the decrease in the coordination number of the Zr4+ ion caused
by incorporation of aliovalent dopant cations.79 Li et al.80 found that after
calcination at 1300 °C, only oversized dopants could stabilize c-ZrO2-type
structures at RT. This stabilization was attributed to the decrease in the Zr
coordination number by the introduction of oxygen vacancies associated
with a smaller Zr cation. Incorporation of aliovalent undersized dopants
also introduced oxygen vacancies, but the decrease in the Zr coordination
number was smaller due to the association of the vacancies with the dopant
cation.80

The cubic polymorph of zirconia could be partially stabilized by the in-
corporation of Fe3+ and Cr3+ ions.78–82 The stabilization depends on both the
amount of incorporated ions and the preparation conditions used.80,81 Da-
vidson et al.82 and Berry et al.83 found that c-ZrO2 became stable in a sam-
ple with a Fe2O3 content higher than 20% (mole fraction, x). Hirano et al.84

obtained similar results for the ZrO2–Cr2O3 system. As a result of heating
between 600 and 900 °C, the amorphous precursors of the ZrO2–Cr2O3 sys-
tem crystallized as metastable t-ZrO2 (molar fraction of Cr2O3 less than
11%) or metastable c-ZrO2 (Cr2O3 mole fraction between 11 and 20%).84 On
the other hand, Inwang et al.85 concluded that, regardless of the iron con-
tent, stabilization of metastable c- or t-ZrO2 depended on the processing pH
value. Acid suspensions yield a crystallization product structurally closely
related to t-ZrO2, while alkaline suspensions give a crystallization product
structurally closely related to c-ZrO2.

85
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The capability of Al3+ ions to stabilize the cubic polymorph of zirconia is
still a matter of discussion.86–91 Several authors reported that the amor-
phous precursors to the ZrO2–Al2O3 system crystallized after heating betwe-
en 500 and 900 °C to a c-ZrO2-type solid solution containing up to 40% (x)
Al2O3.

86–88 At higher temperature, c-ZrO2 converted to t-ZrO2 and finally to
m-ZrO2 which was followed by a decrease in Al2O3 solubility. On the other
hand, other reports89–91 stated that the incorporation of Al3+ ions into ZrO2
lattice stabilized only the tetragonal polymorph of zirconia. Balmer et al.90,91

proposed the following phase evolution and partitioning in the ZrO2–Al2O3
system during pyrolysis:

amorphous - Zr, Al O - Zr, Al O - Al, Zr O� � �t t( ) ( ) ( ) ,2 2 2 3


� �

m-ZrO -Al O2 32 	 .

Thermodynamically Stable ZrO2–M2O3 Systems

In the following investigations we examined phase compositions and so-
lid solubility limits in the thermodynamically stable ZrO2–M2O3 systems
prepared using chemical coprecipitation and ceramic sintering.92–94 The re-
sults of phase analysis showed that the solubility of Al3+ and Fe3+ ions in
these systems is too small to stabilize high-temperature polymorphs of ZrO2
(Table VIII). The results of the phase analysis of the ZrO2–Fe2O3 system, ob-
tained after calcination and cooling from 1100 °C in the presence of air at
atmospheric pressure, show that in the whole concentration range there are
two types of solid solutions, Z and F, structurally very closely related to
m-ZrO2 and 	-Fe2O3, respectively.92 The terminal solid solubility limits at
RT, (2.0 � 0.3)% of 	-Fe2O3 in m-ZrO2 and (1.0 � 0.3)% of m-ZrO2 in 	-Fe2O3
(mole fractions, x), were estimated from the dependence of diffraction line
intensities of both Z and F phases on the initial content of ZrO2 and Fe2O3
and by extrapolation to zero intensity.

Similar results were obtained for the ZrO2–Al2O3 system.93 With the ex-
ception of the very ends of the concentration range, there are two types of
solid solutions structurally very closely related to m-ZrO2 and 	-Al2O3. The
terminal solid solubility limit of 	-Al2O3 in m-ZrO2 was estimated at
(0.7 � 0.3)%, while the solubility of m-ZrO2 in 	-Al2O3 was negligible.

The results of the ZrO2–Cr2O3 system phase analysis showed that, re-
gardless of the negligible solubility of Cr2O3 in ZrO2, partial stabilization of
a metastable t-ZrO2 occurred.94 Except for the very ends of the concentra-
tion range, identified as pure m-ZrO2 and Cr2O3, the ZrO2–Cr2O3 system
contained the phases Cr2O3, m-ZrO2 and metastable t-ZrO2. The fraction of
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the t-ZrO2 phase in the total content of ZrO2 (m-ZrO2 + t-ZrO2) increased
with an increase in the initial content of Cr2O3 (Figure 9).

The observed stabilization of metastable t-ZrO2 could not be attributed
to the formation of a solid solution. The stabilizing influence of Cr2O3 might
be similar to the stabilizing influence of SO4

2– anions, adsorbed onto the
surface of ZrO2 particles. Sohn et al.95 showed that the influence of chro-
mium oxides on the thermal behavior of amorphous zirconia was similar to
the influence of SO4

2– anions. The authors95 concluded that the surface in-
teraction between chromium oxides and ZrO2 was very strong. This conclu-
sion indicated that the stabilization of t-ZrO2 in the presence of chromium
oxide resulted from surface interaction. This interaction prevented the dif-
fusion of oxygen from the atmosphere into the ZrO2 lattice, which otherwise
triggers the t-ZrO2 � m-ZrO2 transformation on cooling.
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TABLE VIII

The initial composition and the results of XRD phase analysis
of the thermodynamically stable ZrO2–M2O3 system. Phases Z, A and F are

closely structurally related to m-ZrO2, 	-Al2O3 and 	-Fe2O3, respectively

Mole fractions
of M2O3

Phase compositions (relative fractions of ZrO2 phases)

M = Al M = Fe M = Cr

– m-ZrO2 m-ZrO2 m-ZrO2

0.005 Z Z m-ZrO2 (0.96) + t-ZrO2 (0.04) + Cr2O3

0.015 Z+A Z m-ZrO2 (0.96) + t-ZrO2 (0.04) + Cr2O3

0.030 Z+A Z+F m-ZrO2 (0.96) + t-ZrO2 (0.04) + Cr2O3

0.050 Z+A Z+F m-ZrO2 (0.96) + t-ZrO2 (0.04) + Cr2O3

0.100 Z+A Z+F m-ZrO2 (0.94) + t-ZrO2 (0.06) + Cr2O3

0.200 Z+A Z+F m-ZrO2 (0.88) + t-ZrO2 (0.12) + Cr2O3

0.400 Z+A Z+F –

0.500 – – Cr2O3 + m-ZrO2 (0.69) + t-ZrO2 (0.31)

0.600 A+Z F+Z –

0.800 A+Z F+Z Cr2O3 + m-ZrO2 (0.61) + t-ZrO2 (0.39)

0.900 A+Z F+Z Cr2O3 + m-ZrO2 (0.58) + t-ZrO2 (0.42)

0.950 A+Z F+Z Cr2O3 + m-ZrO2 (0.57) + t-ZrO2 (0.43)

0.970 A+Z F+Z Cr2O3 + m-ZrO2 + t-ZrO2

0.985 A+Z F+Z Cr2O3 + m-ZrO2 + t-ZrO2

0.995 A+Z F Cr2O3 + m-ZrO2 + t-ZrO2

1 	-Al2O3 	-Fe2O3 Cr2O3



Metastable Phases in the ZrO2–Fe2O3 and ZrO2–Al2O3 Systems

Although the solubility of dopant cations in the thermodynamically sta-
ble ZrO2–Fe2O3 and ZrO2–Al2O3 systems was too small to stabilize high-
temperature polymorphs of ZrO2, it became significantly higher in the meta-
stable solid solutions obtained after crystallization of amorphous precur-
sors. In the following investigations, we examined the thermal behavior of
these amorphous precursors.81,96–98 The results of the DTA showed that the
crystallization temperature of the amorphous precursors of the ZrO2–Al2O3
system increased with an increase in the Al2O3 content from 405 °C for pure
ZrO2 to 915 °C for a sample with 60% (x) of Al3+ ions (Figure 10).96 A similar
result was observed for the ZrO2–Fe2O3 system, but in that case the rate of
the increase was lower (from 405 °C to 730 °C).97 The observed increases in-
dicated, in agreement with the results of Inwang et al.,85 that amorphous
precursors are single co-gels. Calcination of these amorphous precursors
caused both crystallization and segregation in the starting phase. However,
the activation energy required for the crystallization of amorphous precur-
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Figure 9. The t-ZrO2 fraction in the total content of ZrO2 (m-ZrO2 + t-ZrO2) as a func-
tion of the initial content of Cr2O3 (vertical bars represent the estimated experimen-
tal error). The samples from the ZrO2–Cr2O3 system were prepared using chemical
coprecipitation and ceramic sintering (maximum heating temperature was 1100 °C).



sors is lower than the activation energy required for segregation in the
starting phase. Due to this fact, the first crystallization product of amor-
phous precursors is a metastable phase with an extended capability for for-
mation of solid solutions. Maximum solubility, obtained after crystallization
of amorphous precursors, was estimated at �50% (x) of Fe3+ ions, while the
solubility of Al3+ ions was even higher. Although the thermal behavior and
maximum solubility showed to be very similar, the phase analysis results
indicated that Al3+ and Fe3+ ions incorporated into ZrO2 lattice in a different
way. The phase analysis results obtained using both XRD and laser Raman
spectroscopy showed that regardless of the very high solubility, Al3+ ions
could not stabilize the cubic polymorph of ZrO2 (Table IX). On the other
hand, the incorporation of more than 10% of Fe2O3 stabilized the cubic poly-
morph of ZrO2, while a smaller amount of Fe3+ ions stabilized tetragonal
ZrO2 (Table IX). In both systems, the increase of the temperature treatment
caused a decrease of solid solubility limits, followed by a transformation into
the monoclinic polymorph of ZrO2. However, in the case of the ZrO2–Fe2O3
system, this process occurred much faster.
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Figure 10. Effect of the dopant content (Fe3+ or Al3+ ions) on the temperature of the
crystallization of the amorphous precursors to the ZrO2–Fe2O3 and ZrO2–Al2O3 sys-
tems.
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TABLE IX

Phase development during the calcination of the amorphous precursors to the
ZrO2–M2O3 system in the presence of air at atmospheric pressure

x(M3+) Temperature/°C

Phase composition
(relative volume fractions of ZrO2 phases)

M = Fe M = Al

– 500 ZT(0.62) + ZM(0.38) ZT(0.71) + ZM(0.29)

600 ZM(0.85) + ZT(0.15) ZM(0.63) + ZT(0.37)

800 ZM(0.95) + ZT(0.05) ZM(0.81) + ZT(0.19)

1000 – ZM(0.98) + ZT(0.02)

1100 ZM ZM

0.06 500 ZT –

600 ZT –

800 ZM(0.84) + ZT(0.16) –

1100 ZM + F –

0.10 500 – ZT

600 – ZT

800 – ZT

1000 – ZT(0.57) + ZM(0.43)

1100 – ZM(0.94) + ZT(0.06)

0.20 500 ZC Amorphous

600 ZC ZT

800 ZT + F ZT

1000 – ZT

1100 ZM + F ZM(0.93) + ZT(0.07)

0.30 600 ZC Amorphous

800 ZT + F + ZM ZT

1000 – ZT

1100 ZM + F ZT + A

0.40 600 ZC Amorphous

700 – Amorphous

800 ZT + F + ZM ZT

1000 – ZT

1100 ZM + F ZT + A

continued



Precise determination of unit-cell parameters of ZrO2-type solid solu-
tions from the ZrO2–Fe2O3 and ZrO2–Al2O3 systems, performed using the
whole-powder-pattern decomposition method (Figure 11), are given in Table
X. The unit-cell volume of both t- and c-ZrO2-type solid solutions decreased
linearly with the increase of the Fe2O3 content (Figure 12).

Kim et al.99,100 proposed empirical equation that relates lattice constant
of the c-ZrO2-type solid solutions with the type (ionic radius, valency) and
concentration of dopant cations. For the ZrO2–RO1.5 systems, this equation
can be expressed as follows:

aZr /nm = 0.5120 + (0.0212 �r – 0.00022)m (7)

where aZr is the lattice constant of the c-ZrO2-type solid solutions, �r is the
difference in the ionic radius of dopant cation (R3+) and the host cation
(Zr4+), and m is the concentration of the dopant cation (mole fraction/%) in
the form of RO1.5. When R = Fe, the equation (7) becomes:

aZr /nm = 0.5120 – 6.3 � 10–4 m (8)

The rate of the decrease obtained from our data showed to be somewhat
smaller than it was expected by equation (8). The results of the regression
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x(M3+) Temperature/°C

Phase composition
(relative volume fractions of ZrO2 phases)

M = Fe M = Al

0.50 600 ZC Amorphous

700 – Amorphous

800 ZT + F + ZM ZT

1000 – ZT

1100 ZM + F ZT + A

0.65 600 ZC + F –

800 ZT + F + ZM Amorphous + A

1000 ZT + A

1100 ZM + F ZT + A
aDescription: ZM = phase structurally similar to m-ZrO2, ZT = phase structurally similar to
t-ZrO2, ZC = phase structurally similar to c-ZrO2, F = phase structurally similar to 	-Fe2O3,
A = phase structurally similar to �-Al2O3.

TABLE IX (cont.)



analysis of our data give the following relation between the lattice constant
(aZr) and the m value:

aZr /nm = 0.5125 – 3.6 � 10–4 m (9)

The transformation from the t-ZrO2-type to c-ZrO2-type solid solution
has a very small influence on the unit-cell volume, probably because the co-
ordination number of the Zr4+ ion (CN = 8) does not change in this transfor-
mation.
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Figure 11. X-ray diffraction patterns of the c-ZrO2-type solid solution from the ZrO2–
Fe2O3 system (a) and t-ZrO2-type solid solution from the ZrO2–Al2O3 system (b). Ob-
served data are shown by squares, the refined pattern by full line. Positions of the
diffraction lines of zirconia are shown by short, and those of internal standards by
long bars. The difference, �, between the observed and refined patterns is also
shown on the same scale in (a) and (b). Radiation Cu-K� (40 kV, 30 mA).



Equation (7) predicts an even greater decrease of the unit-cell volume in
the ZrO2–Al2O3 system due to the smaller ionic radius of Al3+ ion (0.54 Å)29

compared to Fe3+ ion (0.65 Å).29 However, the increase of Al3+ content has a
very small influence on the unit-cell volume of t-ZrO2-type solid solutions
(Table X). This result indicates that Al3+ ions incorporate into the ZrO2 lat-
tice interstitially.

Influence of Oxygen on the Phase Development in the ZrO2–Fe2O3 System

The phase development during the calcination and cooling of the amor-
phous precursor to the ZrO2–Fe2O3 system in the presence of air at atmo-
spheric pressure (Table IX) was compared with the phase development dur-
ing the calcination in vacuum (�4 � 10–3 Pa) (Table XI). The obtained results
indicated that the incorporation of Fe3+ cations stabilized the high tempera-
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TABLE X

Refined values of unit-cell parameters of the t- or c-ZrO2-type solid solutions with
different amounts of incorporated Fe3+ or Al3+ ions

Phase a / Å c / Å V / Å3

t-ZrO2 3.6057(6)
5.0992 a

5.1475(14) 66.923
133.846 a

t-Zr0.94Fe0.06O1.97 3.5919(3)
5.0797 a

5.1596(8) 66.568
133.136 a

c-Zr0.82Fe0.18O1.91 5.0643(3) 129.885

c-Zr0.67Fe0.33O1.84 5.0138(4) 126.038

c-Zr0.54Fe0.46O1.77 4.9591(7) 121.958

c-Zr0.50Fe0.50O1.75 4.9380(8) 120.364

t-Zr0.90Al0.10O1.95 3.5858(5)
5.0711 a

5.0688(9) 65.174
130.349 a

t-Zr0.80Al0.20O1.90 3.5828(4)
5.0668 a

5.0633(6) 65.045
129.987 a

t-Zr0.70Al0.30O1.85 3.5904(6)
5.0776 a

5.0672(9) 65.321
130.642 a

t-Zr0.60Al0.40O1.80 3.5836(5)
5.0680 a

5.0637(8) 65.029
130.058 a

t-Zr0.50Al0.50O1.75 3.5788(8)
5.0612 a

5.0680(15) 64.910
129.820 a

aRelated to fluorite type lattice.



ture polymorphs of zirconia during calcination at standard air pressure but
destabilized these polymorphs when calcinations were performed in vacu-
um. In order to explain these results, we must know the cause of stabiliza-
tion of the high-temperature polymorphs of zirconia. In m-ZrO2, the coordi-
nation number of the Zr4+ cation is 7, while in t- or c-ZrO2 it is 8. The
strongly covalent nature of the Zr–O bond favors the 7-fold coordination of
zirconium and, therefore, only the monoclinic polymorph is thermodynami-
cally stable at RT. However, the introduction of oxygen vacancies could sta-
bilize high-temperature polymorphs, t-ZrO2 (smaller amount of oxygen va-
cancies) or c-ZrO2 (higher amount of oxygen vacancies), by reducing the
coordination number of the Zr4+ cation. The usual way of introducing the oxy-
gen vacancies into the ZrO2 lattice is to form a solid solution with aliovalent
oxides. Due to this fact, the presence of Fe3+ cations stabilizes the high tem-
perature polymorphs during the calcination at standard air pressure. The
lowest amount of oxygen vacancies required for stabilization of c-ZrO2 was
estimated at �6.5%,79 assuming that all vacancies are associated with the
Zr4+ cation. However, as shown in the work of Li et al.,80 this will only occur
when the dopant cations are of a significantly larger ionic size than the Zr4+

cation. On the other hand, if the dopant cations have a smaller ionic size, as
in the case of Fe3+ cations, it is more likely that vacancies will be associated
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Figure 12. The influence of Fe2O3 and Al2O3 content on the unit-cell volume of
t-ZrO2- (�) and c-ZrO2-type (�) solid solutions.
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TABLE XI

Results of the in situ phase analysis during the calcination of the samples at low
air pressure (�4 � 10–3 Pa)

Mole fraction of
Fe2O3

Temperature/ °C Phase composition

– 600 Amorphous + c-ZrO2

800 c-ZrO2

1000 c-ZrO2

1200 c-ZrO2 + t-ZrO2

0.01 600 Amorphous + ZC

800 ZC

1000 ZC + ZM

1200 ZC + ZM

0.03 600 Amorphous + ZC

800 ZC

1000 ZC + ZM

1200 ZC + ZM

0.10 600 Amorphous + ZC

800 ZC

1000 ZC + ZM

1200 ZM + ZC

0.20 600 Amorphous + ZC

800 ZC

1000 ZM + ZC + ZT + FM

1200 ZM + ZT + FM

0.30 600 Amorphous + ZC

800 ZC + FH

900 ZC + ZM + FH

1000 ZC + ZM + H + FM

1200 ZM + ZC + H + FM

0.50 600 Amorphous + FH

800 ZC + FH

1000 ZC + FH + ZM

1200 FH + ZC + ZM

aZM, ZC, ZT, FH and FM are phases structurally closely related to m-ZrO2, c-ZrO2, t-ZrO2,
	-Fe2O3 and Fe3O4, respectively.



with them. In our work,98 oxygen vacancies are introduced into the ZrO2 lat-
tice as a result of calcination at low pressure. The presence of these vacan-
cies stabilizes the c-ZrO2 in the sample with x(Fe2O3) = 0. Introduced vacan-
cies tend to associate with smaller dopant cations such as Fe3+. Possibly,
due to this fact, the presence of iron destabilizes the high temperature poly-
morphs of zirconia and causes the appearance of monoclinic and tetragonal
phases (Figure 13).
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SA@ETAK

Faktori koji utje~u na stabilnost niskotemperaturnog tetragonskog ZrO2

Goran [tefani} i Svetozar Musi}

Pomno su istra`ivani razli~iti faktori koji utje~u na javljanje tetragonskog (t-)
polimorfa ZrO2 pri sobnoj temperaturi. Nekoliko predlo`enih modela nagla{ava ulo-
gu anionskih ne~isto}a (SO4

2–, OH–), veli~ine kristala (povr{inske energije), struk-
turne sli~nosti izme|u polaznog materijala i t-ZrO2, napetosti u kristalnoj re{etki,
vodene pare, defekata u kristalnoj re{etki (kisikovih vakancija), itd. Na{a istra`iva-
nja, usredoto~ena na stabilnost niskotemperaturnog t-ZrO2, pokazuju da bez obzira
na strukturne razlike polaznih cirkonijskih materijala produkti njihove termi~ke
razgradnje kristaliziraju u metastabilni t-ZrO2. Prijelaz t-ZrO2 � m-ZrO2 javlja se za
vrijeme hla|enja ili daljnjeg `arenja u prisutnosti zraka pri atmosferskom tlaku. S
druge strane, ako se ti procesi provode u vakuumu metastabilna faza ostaje o~uva-
na. Ta opa`anja upu}uju na to da se metastabilni t-ZrO2 javlja pri sobnoj tempera-
turi uslijed stabilizacije uzrokovane uvo|enjem kisikovih vakancija, sli~no kao i kod
~vrstih otopina s kationima manje valencije. Smanjenje specifi~ne povr{ine zrnaca
ZrO2 ili prisutnost tvari koje imaju jake povr{inske interakcije sa ZrO2 (SO4

2–,
Cr2O3) sprje~ava difuziju kisika iz atmosfere u kristalnu re{etku ZrO2, te uslijed to-
ga t-ZrO2 biva stabiliziran. S druge strane, napetosti u kristalnoj re{etki i veli~ine
zrnaca metastabilnog t-ZrO2 ne mogu biti jasno povezane s njegovom stabilno{}u.
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