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ZrO2+SiO2 sol+gel powders were produced using tet-
raethoxysilane (TEOS) and zirconium propoxide. After gella-
tion, the ZrO2 crystallization process was investigated using
X-ray di4raction (XRD), thermal analysis (DTA/TGA), and
scanning electron microscopy (SEM). Fresh gels were amorph-
ous. Thermal treatments were carried out from 100 to 14003C
for a total annealing time of 182 h. Tetragonal zirconia, Z(t) was
the 5rst phase to crystallize, between 300 and 5003C. Crystalliza-
tion temperature was lower for zirconia-rich compositions, in-
creasing as silica content was raised. DTA analysis showed that
Z(t) crystallization occurred in two stages. Complete tetrag-
onal+monoclinic zirconia transformation occurred near 10003C,
and was clearly observed only in ZrO2-rich compositions
(> 80%). Silica remains amorphous until 12003C, when ZrSiO4

formation took place. A metastable sol-gel phase diagram was
proposed to show the crystallization process between 100 and
14003C. ( 2001 Academic Press

Key Words: zirconia; phase transformation; silica; sol+gel;
XRD; DTA/TGA; SEM.

1. INTRODUCTION

In recent years, considerable research has been done on
the synthesis of advanced ceramic materials using the
sol}gel technique. This kind of synthesis is important, as it
allows the manufacture of quality materials with high purity
and homogeneity, as well as control of particle size (1}10).

Zirconium oxide has bene"cial ceramic properties such as
chemical resistance, thermal stability, high mechanical
1To whom correspondence should be addressed.
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toughness, and high-temperature ionic conductivity. As
a result, it has been used widely in technological applica-
tions as varied as glass}ceramics, composites, and oxygen
gas sensors. Depending on factors such as preparation
method, pH, temperature, and kinetic mechanism, synthetic
zirconia shows three crystalline phases: monoclinic, tetrag-
onal, and cubic (11}14).

Several methods have been developed to stabilize the
tetragonal phase at low temperatures. These include the
addition of doppants (Y

2
O

3
, CaO, MgO, CeO

2
), or the use

of soft-chemistry methods, from which nanocrystalline ma-
terials can be obtained (15}20). Formation of the metastable
tetragonal phase has been attributed to a number of factors,
such as crystallite size, surface and lattice defects, adsorbed
species on the surface, and domain boundary stresses
(21}23).

When zirconia is prepared using the sol}gel method,
the tetragonal phase can be stabilized at low tempera-
tures, depending on pH and the hydrolysis catalysts used
in the synthesis (24). The OH groups retained in the bulk
in this method favor stabilization of the tetragonal
phase, whereas when positive ions are present (e.g., H`, Li`,
Na`) the monoclinic phase is produced at low
temperatures.

ZrO
2
}SiO

2
mixed oxides prepared using the sol}gel tech-

nique are promising catalysts, or catalyst supports, in pet-
rochemical processes. For example, it has been shown to
be useful in the n-hexane isomerization reaction to high
octane, employing bifunctional zirconia}silica catalysts in
products such as 2,2-dimethylbutane and 2,3-dimethyl-
butane (14). When sulfated, these materials developed
9
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TABLE 1
Molar Relationships Used in Each Stage of the Synthesis

of Di4erent Samples with Composition (x) ZrO2 (12x) SiO2

TEOS prehydrolysis
mol Si4` (1!x)
mol EtOH/mol Si4` 15.5
mol H

2
O/mol Si4` 2.8

mol HNO
3
/mol Si4` 5]10~4

Addition of zirconium propoxide
mol Zr4` x
mol EtOH/mol Zr`4 27.5
mol HNO

3
/mol Zr`4 2

Complete hydrolysis and gelation
mol H

2
O/mol Zr4` 5.2
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strong acidity, comparable to that obtained when H
2
SO

4
is

used for homogeneous catalyzed acidic reactions.
A high zirconia dispersion occurs in the silica matrix

when zirconia is coprecipitated with silica. The mixed
oxides exhibit high surface area and are highly hydroxy-
lated (24}27). Due to their refractoriness, these mixed
oxides are di$cult to produce by conventional melting
techniques, and thus the sol}gel method has been widely
used for preparation of these materials at low temperatures
(28}35).

A number of studies address the ZrO
2
}SiO

2
system syn-

thesized with the sol}gel method; however, most focus only
on a few compositions, treated at low temperatures and with
short annealing times. Miranda et al. (28, 29), synthesized
samples ranging from 10 to 55% mol ZrO

2
annealed during

5.5 h at 550, 850, and 16003C. Nagarajan and Rao (21)
utilized only three compositions (5, 25, and 50% mol zirco-
nia), annealing them for 2 h in temperatures ranging from
400 to 15003C. Andrianainarivelo et al. (30) studied the
crystallization behavior in four compositions (1, 10, 17, and
50% mol ZrO

2
) at temperatures between 600 and 13003C

with heating times ranging from 2 to 5 h. Other studies have
focused only on a small range of low zirconia content
compositions (31}33) or with zirconia in amorphous state
(34).

The objective of this paper is to present a systematic
analysis of the crystallization process of amorphous sol}gel
samples and the thermal behavior of zirconia cogelled with
silica, in the complete ZrO

2
}SiO

2
system range, annealing

the samples with long thermal treatments at temperatures
between 100}14003C.

2. EXPERIMENTAL PROCEDURE

Di!erent ZrO
2
}SiO

2
system compositions were prepared

employing the sol}gel method, using alcoxides. The starting
materials were silicon tetraethoxysilane, TEOS (Aldrich,
98% in ethanol), and zirconium propoxide (Aldrich, 70% in
ethanol).

Pure zirconia was obtained from hydrolysis of 14.5 ml of
zirconium propoxide with 39 ml of EtOH, placed in a #ask,
in an argon atmosphere to avoid precipitation (35). The
mixture was kept at 503C for 1 h, under constant agitation.
Gellation was induced by adding 2.4 ml of distilled water,
drop by drop.

The silica was synthesized via acid hydrolysis of TEOS,
using nitric acid as the catalyst. A 1:4 ml TEOS:EtOH ratio
was kept at 703C for 1 h under moderate agitation, at the
end of which 1.6 ml of water was added. To cause gellation,
the mixture was maintained under these conditions for an
additional 3 h.

The mixed oxides were produced using cogellation, a pro-
cedure with four stages: TEOS prehydrolysis, addition of
zirconium propoxide, complete hydrolysis, and gellation.
Samples of each composition (1 g) were obtained by dissolv-
ing TEOS with ethanol in argon atmosphere. The prehyd-
rolysis condition was developed adding a small amount of
water, less than the stoichiometric ratio. The solution was
then maintained at 703C under strong agitation for 4 h.
After the prehydrolysis was attained, a mixture of EtOH
and HNO

3
followed by zirconium propoxide (drop by drop)

were added. The mixture was kept at 703C under strong
agitation for 3 h. Gellation was achieved by adding the
amount of water necessary to complete the stoichiometric
ratio, under slow agitation. The speci"c compositions syn-
thesized were 20, 40, 50, 60, 80, 90, 95, 98, and 99% molar
ZrO

2
. The stoichiometric ratios used for the synthesis are

shown in Table 1, and the synthesis procedure is illustrated
in Fig. 1.

The opaque gels produced in the above procedure were
dried at 1003C and then milled in an agate mortar for later
thermal treatment and material characterization. The pow-
ders were placed in platinum crucibles, and each sample was
subjected to a successive thermal treatment, with temper-
atures ranging from 100 to 14003C. For this treatment, the
temperature was increased in 1003C increments with a heat-
ing time of 14 h per increment and a total annealing time for
the entire temperature range of 182 h (7.5 days).

X-ray powder di!raction patterns were registered using
a D-5000 Siemens di!ractometer with a monochromatic
CuKa radiation (j"1.5418A_ ) and Ni "lter. Patterns were
recorded for routine analysis with a step size of 0.053 per
second, from 18 to 1103 2h. Thermal analysis was carried
out in air with a simultaneous DTA/TGA (Thermal Instru-
ments, SDT 2960), using 20 mg of as-obtained powders. The
temperature range used was from 50 to 12003C at a heating
rate of 103C/min. Calcined alumina was used as a reference.

For morphological characterization, the treated powders
were pressed into pellets and coated with graphite. Micro-
graphs were taken of the pellets with a scanning electron
microscope (Leica LEO 5440).



FIG. 1. Synthesis diagram for the mixed oxides.
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3. RESULTS AND DISCUSSION

The crystallization process and thermal behavior of dif-
ferent compositions within the studied ZrO

2
}SiO

2
system

were analyzed both with XRD and DTA/TGA techniques.
Figure 2 shows the X-ray di!ractograms and the thermo-
grams of some of the samples.

For pure zirconia gel annealed at 1503C (Fig. 2a),
the XRD showed a pattern of nearly amorphous material.
As temperature increased, broad peaks seen at lower
temperatures became sharper, demonstrating the evolu-
tion of a crystalline phase, similar to the tetragonal form
of zirconia, Z(t). With continued heating, Z(t) entered a
continuous transformation into the monoclinic form, Z(m).
At higher temperatures (9003C), the amount of Z(m) pre-
dominated and was completely pure after heating at
11003C.

The DTA/TGA curve for the fresh samples (Fig. 2b)
exhibited an endothermic peak at 973C, due to desorption of
water and ethanol occluded in the gel. Two exothermic
peaks appeared at 318 and 3933C. These are related to loss
of residual organic groups and dehydroxylation, as shown
by the 12% weight loss recorded in the TGA, and a change
in color. Another exothermal peak occurred at 4433C, which
is due to the partial transformation from the tetragonal to
the monoclinic phase.

Crystallization of Z(t) in pure ZrO
2

prepared with sol}gel
processes is reported to occur at low temperatures, around
3003C (24, 30, 35, 36). This is due to the formation of micro-
crystalline zirconia and to preparation conditions (4, 37}39).
When nanocrystalline nondoped zirconia is annealed, the
tetragonal phase is transformed into the monoclinic phase
(40, 41), a transformation that begins at approximately
4503C (24) and can be completed between 800 and 10003C
(19, 21, 30). In the present study, however, the formation of
Z(t) was detected with XRD as beginning in the earliest
stages of thermal treatment (1503C). The initial transforma-
tion to monoclinic phase occurred at 4433C. This was detec-
ted with DTA, but not observed with XRD, because the
monoclinic phase has a smaller crystallite size than the
tetragonal phase. The presence of Z(m) was con"rmed at
5003C by recording the XRD pattern at a slower rate of
0.0023C per second.

Zirconia crystallization behavior was modi"ed by addi-
tion of silicon oxide. For the 80ZrO

2
:20SiO

2
composition

(Fig. 2c), XRD showed a nearly amorphous pattern, with
traces of tetragonal zirconia microcrystals (6003C), in-
dicated by an incipient peak at 30.23(2h). At higher temper-
ature (7003C) a substantial increase in intensity was
observed, though Z(t) remained pure until approximately
11003C. Z(m) crystallized at 12003C and reacted with
amorphous silica to form ZrSiO

4
(ZS), with both phases

coexisting at up to 14003C. Worth mentioning is that at
11003C, in the mixed oxides, Z(t) was still mainly in crystal-
line phase, whereas in pure zirconia it had already trans-
formed to the monoclinic form.

The thermogram (Fig. 2d) shows an exothermic peak at
3953C, which is assigned to the formation of microcrystal-
line tetragonal zirconia (24), though this process was not
observed in the XRD below 6003C. A second exothermic
peak located at 7553C is ascribed to the bulk crystallization
of Z(t), since the corresponding di!raction peaks clearly
increase in the XRD (Fig. 2c).

When silica content increases similar results are obtained.
In the composition 60ZrO

2
:40SiO

2
(Figs. 2e and 2f ), tetrag-

onal zirconia formed in two steps, initial and bulk crystalli-
zation, identi"ed by the two DTA exothermic peaks at 398
and 8553C, respectively. The latter temperature agrees with
the XRD patterns, where the Z(t) bulk crystallization peak is
observed at 8003C.

At approximately 12003C, polymorphic transformation
of Z(t) to Z(m) occurred, and ZrSiO

4
formation (ZS) begins.

As temperature increased, the relative intensity of the mono-
clinic zirconia peaks diminished considerably, whereas
those corresponding to Z(t) did not change. ZS peaks also
grew in intensity, suggesting that Z(m) reacts more easily
with amorphous silica to form ZS, which was the main
phase at 14003C.
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For the 40ZrO
2
:60SiO

2
composition, the tetragonal

phase was not observed until 9003C with XRD (Fig. 2g).
This occurred because the amorphous silica concentration
was higher than zirconia, making it di$cult to detect the
XRD peaks for Z(t) at lower temperatures. The addition of
silica delayed Z(t) bulk crystallization, extending its higher
stability limit to 12003C, over 1003C more than in the
previous composition. At 13003C, ZS had already formed,
and traces of monoclinic zirconia were observed. The
FIG. 2. Evolution of XRD and DTA/TGA with temperature for several
were multiplied three times (]3) for better comparison.
formation of ZS was complete at 14003C, and the excess
silica crystallized as cristobalite.

The DTA/TGA (Fig. 2h) showed an endothermic peak at
1033C, with a weight loss of 7.45% (in the range between 25
and 2403C), due to evaporation of water, solvent, and other
residuals. A second weight loss of 9.17% occurred between
240 and 5103C, and is associated with sample dehydroxyla-
tion. The initial formation of Z(t) is indicated in the thermo-
gram by a wide exothermic peak at approximately 4003C,
compositions in the ZrO
2
}SiO

2
system. Low peak intensity di!ractograms



FIG. 2=Continued

FIG. 3. Metastable phase diagram of the ZrO
2
}SiO

2
system showing

the phases formed at di!erent annealing temperatures. Amorphous silica,
S(a); amorphous zirconia, Z(a); tetragonal zirconia, Z(t); monoclinic zirco-
nia, Z(m); zircon, ZS; cristobalite, C. XRD and DTA data for the crystalli-
zation of Z(t) are represented by s and n, respectively; h data are obtained
from references (21, 28, 30, 48); w, ZS; j, cristobalite; d, Z (m); , two
crystalline phases.
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and the second crystallization stage is denoted by another
exothermic peak at 9013C.

The silica-rich composition 20ZrO
2
:80SiO

2
(Figs. 2i

and 2j) exhibited a strong endothermic peak at 1213C. This
is 10}153C higher than in the other compositions and is due
to the high sol}gel silica concentration, which contains
a high number of OH~ groups (7). The presence of silanol
groups generates the formation of hydrogen bridges and the
existence of dipole}dipole interactions, requiring more en-
ergy to desorb the ethanol and water. In the interval up to
2103C, TGA (Fig. 2j) showed a weight loss of 10.5%, due to
desortion of residual alcoxide, followed by a 13% loss
between 210 and 3903C, which is ascribed to the high
dehydroxylation of the mixed oxide.

Exothermic peaks were seen at 5003C for the initial Z(t)
crystallization stage, and again at 9293C for the second Z(t)
crystallization. At the higher temperature, the Z(t) di!rac-
tion peaks increased (Fig. 2i), becoming clearly developed.
Tetragonal zirconia was found to coexist with amorphous
silica up to 12003C, though at higher temperatures only
traces of Z(t) were detected, with ZS and cristobalite clearly
observed.

Based on a combination of XRD and thermal ana-
lysis data, a phase diagram was constructed to show the
crystallization process in the ZrO
2
}SiO

2
system (Fig. 3).

Though this diagram does not represent a thermodynamic
equilibrium phase diagram, it does show the temperature



FIG. 4. X-ray di!ractograms at di!erent temperatures for
95ZrO

2
:5SiO

2
composition showing the presence of pure Z(t) up to

10003C.
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and composition ranges of the di!erent phases formed in the
ZrO

2
}SiO

2
system, synthesized by the sol}gel method. The

studied temperature range is from 100 to 14003C, with
a total annealing time of 182 h.

The tetragonal phase was present from the as-made pow-
ders up to 5003C, in pure zirconia. Subsequently, the poly-
morphic transformation to the monoclinic phase begins
(Fig. 3). Both phases continued to coexist up to 10003C,
though above this temperature only the monoclinic phase
was observed.

In the entire system, the "rst phase to crystallize from
the amorphous state was tetragonal zirconia. Comparing
the X-ray di!raction pattern with the powder di!raction
"le (PDF-ICDD) data cards (42), a close similarity was
seen between the tetragonal phase in the present study
and that reported by Teufer (43). However, the positions
of the peaks in the present study were shifted toward
higher 2h values. Therefore, the a- and c-lattice para-
meters calculated from the (012) and (210) peaks were
0.359 and 0.519 nm, respectively. These are similar to
values obtained for zirconia doped with yttria (44, 45) or
alumina (46).

Through DTA, the crystallization process of the
metastable tetragonal phase was shown to occur in two
steps. The initial Z(t) crystallization temperature was
detected between 400 and 5003C, increasing as silica content
rises. With further heating, a second crystallization stage
occurred, shifting constantly toward higher temperature
values as silica content increased. Both processes are in-
dicated in the diagram with the symbol n. The earlier stages
of Z(t) phase crystallization were di$cult to detect with
XRD, but later stages were clearly detectable due to a sub-
stantial increase in di!raction peak intensity (data denoted
by s).

Crystallization behavior for the 90, 95, and 98% mol
ZrO

2
compositions was very similar (Fig. 4). In these mix-

tures, crystallization begins near 1003C, though the upper
temperature limit is higher than for pure zirconia. This
demonstrates that the addition of a small percentage of
silica stabilizes the tetragonal phase. The tetragonal}
monoclinic transformation occurred at 8003C for 99% mol
ZrO

2
, but was raised to above 11003C for the 90% mol

composition, with a small coexistence region between Z(m)
and amorphous silica (denoted by d in Fig. 3). At ap-
proximately 12003C, both phases react to form zircon, the
excess ZrO

2
remaining monoclinic.

In general, increases in silica content in the compositions
used in the present study improves the thermal stability of
Z(t), which is corroborated in other studies (16, 21). The
upper stability limit of the tetragonal phase varied between
850 and 12003C, depending on the ZrO

2
/SiO

2
ratio. This

means that the coexistence region between Z(t) and amorph-
ous silica extends over a wide range of compositions and
temperatures.
Zircon (ZrSiO
4
) formation was studied in the

stoichiometric composition, 50ZrO
2
:50SiO

2
. In this com-

position, the tetragonal phase was detected, with XRD, from
800 to 11003C. Crystallization of Z(m) occurred at approx-
imately 11503C, when it simultaneously began reacting with
amorphous silica to form ZS (denoted by w). Pure ZS was
obtained when the mixture was heated at 13003C for 50 h;
according to the literature, the formation of zircon (without
additives) requires higher temperatures (47). This formation
is shown in Fig. 3, where zircon is a phase line separating
regions of a mixture of two phases: on the left side of the
diagram is ZS#cristobalite and on the right is ZS#Z(t).

Silica-rich compositions were not studied, though it is
known (21, 28, 30, 48) that crystallization temperature in-
creases up to 8003C (data denoted by h; Fig. 3). Pure silica,
SiO

2
, remained amorphous up to 9003C, then appears

cristobalite (indicated by j) (31), with crystallinity increas-
ing with temperature up to 14003C.

Tetragonal phase particle size during the crystallization
process was determined with XRD (Scherrer method), by
evaluating the FWHM of the (101) re#ection peak using
a pro"le "tting program (49). The crystallite size (Fig. 5)
varied between 5 and 27 nm before the tetragonal}mon-
oclinic transformation, depending on annealing temper-
ature. This is lower than the theoretical critical size of 30 nm
(18), but corresponds well with other experimental values
(24). Notably, crystallite grain size growth in zirconia-rich
compositions exhibited a plateau over a wide temperature
range (from 450 to 8003C), but this plateau decreased and
almost disappeared as the silica concentration increased
(Fig. 5). Between 800 and 9003C the slope changed due to
rapid grain growth in the "ne grain matrix.



FIG. 5. Average crystallite size obtained from XRD measurements
for tetragonal zirconia in several compositions at di!erent annealing
temperatures.

FIG. 6. SEM images showing morphology for pure ZrO
2
. (a) Tetrag-

onal phase at 5503C (500], original magni"cation); (b) grain distribution
of the m-ZrO

2
at 12503C (2000], original magni"cation).

CRYSTALLIZATION OF ZrO
2

IN ZrO
2
}SiO

2
355
In all cases, crystallite growth took place prior to the
tetragonal}monoclinic transformation (23), though, by
blocking grain growth, the low-expansivity silica matrix
inhibited the monoclinic transformation and favored stabil-
ity of the tetragonal phase in the mixed oxides. Thus, addi-
tion of silica helped maintain the zirconia particles below
the critical size (16}18, 30).

In fact, the addition of silica greatly retarded the tetrag-
onal}monoclinic transformation in zirconia, which did not
occur until the samples were progressively heated to 12003C
during 168 h. This transformation in pure zirconia occurs
after heating to 6003C for 84 h. This result contrasts with the
results of other studies in which the transformation is re-
ported to occur after only a few hours at high temperatures
(16, 21, 28}30).

The morphology of the di!erent compositions at various
temperatures was analyzed with scanning electron micros-
copy. The images of pure ZrO

2
showed a distinct morpho-

logy. At 5503C, the tetragonal phase has a grain distribution
with particles smaller than 5 lm and grains with #at surfa-
ces and smooth edges (Fig. 6a). A drastic morphology
change occurred at the tetragonal-monoclinic transforma-
tion, when the grains acquired a spherical shape with homo-
geneous grain distribution, and a particle size varying
between 5 to 1 lm (Fig. 6b).

For the mixed oxides, the observed morphology was
strongly related to the detected phases. At low temperatures,
the amorphous samples (Fig. 7a) exhibited a heterogeneous
grain distribution, with large particles (30}10 lm) sur-
rounded by small ones (1}2 lm). The grains had smooth
surfaces without porosity, and the very clear fracture plane
typical of glassy materials (50). Morphology changed in the
crystalline samples, the grains having irregularly shaped
surfaces and rough, bent fractures (Fig. 7b). Similar charac-
teristics were observed at higher temperatures
(1200}14003C) in all compositions.

EDXA was used to obtain the qualitative Zr/Si atomic
ratio and to con"rm that no macroscopic phase separation
took place during the synthesis or thermal treatment of the
oxides. For this purpose, several measurements were carried
out at di!erent points within the samples, all of which
indicated constant Zr/Si ratios.

4. CONCLUSIONS

Samples containing zirconia, silica, and mixed oxides
were prepared using the sol}gel technique with alcoxides.
These were consecutively annealed at temperatures from
100 to 14003C, in increments of 1003C, 14 h per increment,
with a total annealing time of 182 h. Thermal decomposi-
tion and crystallization behavior of the sample composi-
tions was analyzed via XRD and DTA/TGA. The use of



FIG. 7. SEM micrographs showing morphology change with temper-
ature for 50ZrO

2
:50SiO

2
composition. Grain distribution at: (a) 6003C

(2000]) and (b) 13503C (2000]).
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these two techniques was very e!ective in analyzing the
crystallization stages of tetragonal zirconia, its stabilization,
and transformation into the monoclinic phase in composi-
tions with di!erent SiO

2
amounts.

A metastable ZrO
2
}SiO

2
phase diagram is presented.

The coexistence region between the tetragonal zirconia and
amorphous silica extended over a wide range of composi-
tions and temperatures. At higher zirconia contents ((5%
SiO

2
) Z(t) crystallization occurred at very low temperatures

(approx. 3003C). Through DTA it was shown that this
crystallization occurred in two stages. First, zirconia sub-
stituted silicon atoms in the ZrO

2
}SiO

2
network and then,

as heat increased, ZrO
2

nanoparticles segregated toward
the surface and spread into the silica matrix. This allowed
crystallization of Z(t) from amorphous zirconia to take
place at two temperature ranges: 400}6003C and
900}10003C.

A polymorphic tetragonal}monoclinic transformation
region was observed in zirconia-rich compositions, meaning
that the critical size of the tetragonal}monoclinic trans-
formation decreased as SiO

2
content increased. Crystallite

size was a critical factor determining at what temperature
Z(t) transforms into Z(m).

The morphological analysis showed that by increasing
zirconia content, a higher homogeneous grain distribution
occurs. The loss of glassy material characteristics was ob-
tained.
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