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Preparation and thermal evolution of sol-gel
derived transparent ZrO, and MgO-Z2rO,

gel monolith

P. KUNDU, D. PAL, SUCHITRA SEN

Central Glass and Ceramic Research Institute, Calcutta 700 032, India

Transparent gel monoliths of pure and MgO-doped zirconia having dopant concentrations in
the range 0 to 15 mol % were prepared by chemical polymerization of zirconium n-propoxide
and magnesium acetate tetrahydrate using 2-methoxy ethanol as solvent. The thermal evol-
ution of amorphous gels was studied by differential thermal analysis, X-ray diffraction and
transmission electron microscopy. The crystallization of pure and doped zirconia gels occurred
in the temperature range 360 to 450° C. The first crystalline phase to appear is tetragonal for
pure and 2 mol% doped zirconia, and cubic for 3 to 15 mol % doped samples. Both crystal-
lization and decomposition temperatures are found to increase with increasing dopant con-
centration, approaching a saturation value for 10 mol % doped samples. It has been established
that the transformation of the cubic to the monoclinic phase takes place via a metastable
tetragonal phase. A linear relationship between the lattice parameter of cubic zirconia and
MgO concentration has been established. X-ray diffraction studies have also revealed that the
entire amount of MgO used in preparing doped zirconia gels remains in a single MgO-ZrO,
crystalline phase formed initially by thermal treatment.

1. Introduction

Pure zirconia has three polymorphic forms: cubic,
tetragonal and monoclinic. At room temperature zir-
conia is monoclinic, which changes to a tetragonal
form above 1170°C and finally to a cubic fluorite
phase above 2300° C. The addition of certain oxides
such as MgO, CaO and Y,O; stabilizes the high-
temperature cubic phase of zirconia to retain a single
phase at lower temperatures. The aliovalent ions
substitute for zirconium ions in the cubic phase and
produce oxygen vacancies which enhance the ionic
conductivity. Cubic stabilized zirconia ceramic, as a
solid electrolyte, finds application in electrochemical
devices: fuel elements, oxygen analyser sensors, elec-
trolysers for water vapour, oxygen monitors, oxygen
pumps, etc. [1-3].

For the last twenty years the alkoxide decomposition
(thermal or hydrolytic) process has been widely used
in preparing stabilized zirconia ceramics [4-9]. Oxide
powders derived from alkoxides have a high sintering
capacity and require a low concentration of additives
to stabilize the cubic phase [4]. The particle size and
shape and size distribution of such powders, which are
very fine and agglomerated; were not controlled in
these early studies. In this regard, considerable atten-
tion has been paid to synthesize monosized pure and
doped zirconia powders by the controlled hydrolysis
of alkoxides [10, 11]. Such monosized spheroidal
particles with a high packing density can be sintered to
fine-grained ceramics with > 98% theoretical density
at 1160° C [11]. However, no attempt has been made
so far to prepare stabilized zirconia ceramic from gel
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monoliths obtained by the chemical polymerization of
alkoxides.

A study of the thermal evolution of gel monoliths is
needed in order to follow the development, growth
and ““destabilization” (decomposition) of the crystal-
line phases formed during heating of the amorphous
gel phase. Many workers have described the thermal
behaviour of zirconia [12-19], magnesia—zirconia
[19, 20] and yttria—zirconia [4, 21] gel powders obtained
from the hydrolysis of inorganic salts and alkoxides.
The thermal and crystallization behaviours of doped
zirconia gel monoliths have not yet been reported.

The object of the present investigation is the
preparation and characterization of stabilized zirconia
solid electrolyte in the form of monoliths, thin films
and fibres using the sol-gel technique. As a first step
we have successfully developed a method of preparing
magnesia-doped zirconia transparent gel monoliths.
The present communication reports the preparation
and thermal evolution of these monoliths using dif-
ferential thermal analysis (DTA), X-ray diffraction
(XRD) and electron diffraction in the transmission
electron microscope (TEM).

2. Experimental procedure

2.1. Gel preparation

Technical grade zirconium n-propoxide (Fluka,
Switzerland), GR grade magnesium acetate tetra-
hydrate Mg(OOCCH,), - 4H,0 (Merck, Germany)
and synthesis grade 2-methoxy ethanol (methyl cello-
solve) C;H,0,, (Merck, India) were used for pure and
MgO-doped zirconia gel preparation. In a Pyrex
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beaker, 30 g of zirconium n-propoxide was dissolved
in 70 ml of methyl cellosolve. In the case of MgO-doped
Zr0O, samples, the required weights of magnesium
acetate tetrahydrate dissolved in methyl cellosolve
were added dropwise from a burette to a solution of
zirconium alkoxide in methyl cellosolve whilst stirring
continuously with a Teflon-coated magnetic stirrer.
Eight samples of different dopant concentration were
prepared. Samples M0, M2, M3, M4, M5, M7, M10
and M15 contained 0, 2, 3, 4, 5, 7, 10 and 15mol %
MgO, respectively. The solution mixtures were poured
into Pyrex beakers, covered with polythene sheets and
kept in the atmosphere to form stiff gels. Transparent
(almost colourless, with slight yellowish tint) gel
monoliths were formed in 7 to 10 days, depending on
the temperature and the relative humidity of the
atmosphere.

2.2. Drying and firing of gel

Monolithic gels derived from the solution were allowed
to dry at room temperature for 4 to 5 weeks. Drying
was nearly completed at 130°C in an air oven. These
dried gels were crushed, ground into powders and
sieved through 200 B.S. mesh (opening 0.075mm).
Heat-treatment of the gel powders was performed in
air at several different temperatures between 320 and
1000° C. Grinding was not conducted after heat-treat-
ment to avoid stress-induced transformation of the
tetragonal ZrO, [22, 23].

At each run, eight powders of different com-
positions (MO to MI15) were kept in a Kanthal-
wired electrically heated furnace; the heating zone
was approximately 18in. x 12in. x 10in. (46cm X
30cm x 25cm). Samples were placed in the uniform-
temperature zone for similar thermal treatment. The
heating rate was adjusted to attain 300°C after 18 h,
subsequently heated from 300°C to the preselected
ultimate temperature at the rate of 100°Ch~' and
maintained for 1 h at that temperature.

2.3. Differential thermal analysis

The thermal analysis was carried out with a Shimadzu
thermoanalyser in air. 40 mg of dried gel powder was
placed in a platinum crucible and heated at the rate of
10°Cmin~"'. Finely powdered alumina was used as a
reference material.

2.4. X-ray diffraction

Powder diffraction patterns were obtained by using a
Philips PW1730 X-ray diffraction unit employed with
nickel-filtered CuKa radiation. The crystallite size of
the tetragonal or cubic ZrO, was calculated by the
Scherrer formula, D = K1/f cos, with K = 0.9[18],
where 4 is the wavelength (CuKw), 6 the diffraction
angle used and B the line broadening of the (111)
diffraction peak. The corrected half-width, f, of the
diffraction peak using Klug and Alexander’s method
[24] is B = (B%, — b*)"* where B, and b are the
observed line-widths at half-peak intensity of crystal-
line ZrO, and a-quartz, respectively. The (101) dif-
fraction peak of a-quartz was used as the reference for
instrumental broadening. Itoh [25] has demonstrated
that the line broadening in precipitated hydrous
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zirconia is due to a crystallite size effect. Following his
method of analysis we have found that the line
broadening in our sample has a similar origin.

For lattice parameter determination of the cubic
phase, the peak positions were obtained precisely by
chart-recording at a scanning speed of 0.25° (2¢) min ™'
and a chart speed of 1 cmmin~'. Accurate estimations
of the peak positions were done by extrapolation of
the centres of section lines drawn parallel to the back-
ground level towards the top of the symmetric peak
[26]. The angular positions for 111,200,220, 311
and 4 0 0 peaks for the cubic phase were obtained with
an accuracy of +0.025°(26). An extrapolation of the
lattice parameter values of the above crystallographic
planes using a least-squares fit to cos 6 cot8 = 0 gives
the true lattice parameter a,.

2.5. Electron diffraction

The TEM was also used to take selected-area diffrac-
tion patterns for the detection and identification of the
trace amount of a second phase precipitated from
cubic zirconia with progressive heat-treatment. A
Jeol 200kV TEM was used for this purpose. Powder
samples were dispersed on carbon-coated 200-mesh
grids and examined at 160kV in the TEM.

3. Results and discussion

3.1. Gel formation and monolithicity of gels
Zirconium alkoxide is readily hydrolysed to oxides
containing aquo-groups [27] causing precipitates. It is
very difficult to add water to this sysiem. Under
controlled conditions and with a limited amount of
water, the hydrolysis and polycondensation result in
the formation of soluble polymeric oxide—alkoxides,
7ZrO,(OR),_, [28, 29]. Ganguli and Kundu [30]
observed that transparent sols and coatings were
produced by the controlled hydrolysis of zirconium
propoxide solution containing a maximum of 2.5wt %
ZrO, when isopropanol was used as solvent. The
controlled hydrolysis of more concentrated alcoholic
solutions containing higher equivalent amounts of
ZrO, results in the formation of precipitates. Recently
Kundu and Ganguli [31] have succeeded in preparing
transparent gel monoliths by the hydrolysis of zir-
conium propoxide in a non-polar solvent containing
up to 10 wt % equivalent ZrO, content.

In this work, the slow hydrolysis of zirconium
n-propoxide in methyl cellosolve by atmospheric moist-
ure leads to the formation of transparent monolithic
gels. The equivalent ZrO, concentration is ~ 12wt %.
In the case of MgO-doped gel monoliths, the addition
of MgO as magnesium acetate invariably results in the
formation of transparent sols and this remains so
throughout the period of hydrolytic polycondensation
reactions. The hydrolysis of zirconium alkoxides con-
taining magnesium acetate is not well understood, and
is more complex than in the pure ZrO, system.
Probably, magnesium ions are uniformly distributed
on the pore surfaces of the zirconia gel structure [32].
During heating, magnesium ions substitute for zir-
conium ions in the crystal structure forming stabilized
cubic or tetragonal zirconia.

The transparent monolithic dried gel could only be
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Figure [ Transparent 10 mol % MgO-ZrO, dried gel monolith.

prepared under extremely slow-drying conditions. It
was observed that cracks developed even in a fairly
dry gel sample when it was suddenly exposed to air.
Good results were obtained when the gel was dried
over a period of 4 weeks or more. The dry gels so
obtained had a bulk density of ~3gcm™. The linear
shrinkage was 75 to 85%. A photograph of a trans-
parent monolithic dried gel sample is shown in Fig. 1.

The preparation method using cellosolve as solvent
and acetate as dopant has the special advantage that
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Figure 2 DTA curves of 130°C dried pure and MgO-doped ZrO,
gel: (1) MO (pure ZrO,), (2) M2 (2mol % MgO), (3) M5 (5mol %
MgO) and (4) M10 (10 mol% MgO).

the sols remain transparent over a wide range of
equivalent oxide concentration. Thus this method is
well suited for the preparation of thin films and fibres.
Preliminary experiments on thin films give encouraging
results.

3.2. Thermal analysis

DTA curves of 130° C dried pure and magnesia-doped
zirconia (M0, M2, M5 and M10) powders are depicted
in Fig. 2. The curves for all the samples exhibit some
common features. They all show an endothermic peak
at 120 to 150° C associated with the removal of water
and organic solvents. The other feature of these curves
is a broad exothermic peak in the range 300 to 400°C
followed by another exothermic peak. XRD patterns
of samples collected from the first exothermic peak
temperature show a typical amorphous halo pattern.
Therefore, the first exotherm is not due to crystal-
lization and is assigned to the decomposition and
burning of organics. Samples taken from the second
peak temperature show the presence of cubic or
tetragonal zirconia depending upon the dopant con-
centration. The crystalline phase obtained from the
second exothermic peak is tetragonal for MO and M2
whereas the phase is cubic for M5 and M10.

In the case of pure zirconia gel, a glow phenomenon
was found to occur at the second exothermic peak
(452°C). XRD reveals the presence of tetragonal
phase at the glow exotherm. This is further supported
by the fact that the dark grey powder collected at the
glow temperature gains in weight and regains its white
colour on reheating. Livage et al. [19] deduced that
the original black powder has the non-stoichiometric
formula ZrO, .. The glow phenomenon associated
with the crystallization of pure zirconia has also been
observed by others [16, 33]. DTA curves for samples
other than pure zirconia powder do not exhibit a glow
phenomenon and this may be possibly due to mag-
nesium ions which stabilize the metastable zirconia
phases. In the case of M5 gel powder, beside the
second exothermic peak, an additional peak has been
observed. The origin of this peak is not known but
may be due to the removal of defects as suggested by
Osendi et al. [18]. The DTA curves shown in Fig. 2
and XRD (discussed later) show an inhibiting effect of
MgO on crystallization, consistent with the prediction
of Polezhaev [34] and Livage et al. [19].

3.3. X-ray and electron diffraction

XRD was used to study phase transformation, crystal
growth and the variation of lattice parameter with
dopant concentration. Fig. 3 shows the XRD patterns
of pure and MgO-doped ZrO, samples (M0, M2, M4
and M10). It is seen from the figure that the respective
crystallization temperatures are 360, 380, 400 and
450° C. The increase in the crystallization temperature
with dopant concentration is quite consistent with the
DTA results. The first crystallization phase in the case
of M0 and M2 is tetragonal and for the rest of the
samples cubic. It is further evident from Fig. 3 that the
stability of doped zirconia increases with an increase
in dopant concentration and reaches a maximum for
MI0. It is observed that the stability did not improve
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Figure 3 X-ray diffraction patterns of pure and MgO-doped ZrO, gels heated for 1 h at temperatures indicated: (a) M0 (pure ZrO,), (b) M2
(2mol % Mg0), (c) M4 (4mot % MgO) and (d) M10 (10mol % MgO). M = monoclinic, T = tetragonal, C = cubic.
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Figure 4 X-ray diffraction patterns of MgO-ZrO, gels (a) M4 (4 mol % MgO) and (b) M10 (10 mol % MgO) showing conversion of cubic
phase initially formed to monoclinic and MgO, through an intermediate tetragonal phase at temperatures indicated for [ h. M = monoclinic,
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TABLE I Average crystallite size for tetragonal and cubic zirconia calculated by using the (111) diffraction peak at various tem-

peratures
Sample  Composition Average crystallite size (nm)*
1%
Eﬂw_& 360°C  380°C  400°C  450°C 550°C 700°C 800°C 900°C 1000°C
MgO  ZrO,
MO 0 100 18.2(T) 23.3(T) 25.(T) 29.1(T) - - - - -
M2 2 98 A 2L.5(T)  23.3T) 249T) 26.%T) 28.5(T) - - -
M3 3 97 A A 200(C)  24.5(C) 16.3(C, T) 17.8(C,T) 223(C,T) - -
M4 4 96 A A 19.5(C)  253(C) 149%C, T) 18.0(C, T) 244(C, T) - -
M5 5 95 A A A 28.0(C)  30.3(C) 89C, T) 244C,T) - -
M7 7 93 A A A 20.3(C)  25.1(C) 28.5(C) 16.7(C, T) 215, T) -
M10 10 90 A A A 24.1(C)  259(0C) 29.3(C) 35.7(C) 264C, T) 13.1(C,T)
MI15 15 85 A A A 18.2(C) 2L.7(C) 21.9(C) 23.5(C) 223(C, TYy 167(C, T)

*A = amorphous, T = tetragonal, C = cubic.

further with increasing the dopant concentration up to
15mol %. Nevertheless, the M10 sample has a better
stability than the 15mol % MgO-stabilized cubic
zirconia obtained by Dongare and Sinha [9]. While the
former decomposes to monoclinic zirconia and MgO
at 1000°C, the later decomposes completely to
monoclinic zirconia and MgO at 900° C.

Figs 3a and b show that with increasing temperature,
the diffraction peaks around 30.2° (26) for M0 and M2
become narrower and the 002-2 00 doublet separates
more, and finally the tetragonal phase transforms to
the monoclinic phase. The average crystallite size
calculated from the half-width is found to increase
with temperature and attains a value of 29.1 nm at
450° C for M0 and 28.5 nm at 700° C for M2 (Table I),
when the monoclinic phase is observed. This is close to
the critical crystallite size (~30nm) determined by
Garvie [35]. XRD patterns of M4/550°C and M10/
900° C (Figs 3c and d, respectively) show anomalous
behaviour. Initially the widths of the peaks around
30.4 and 35.3° of heat-treated gel powders decrease
with the rise of temperature, but increase at 550 and
900° C for M4 and M 10, respectively. Average crystal-
lite sizes of the cubic phase at different temperatures,
calculated by making use of the (111) peak half-
width, are shown in Table I. It is striking that,
contrary to normal behaviour, the crystal size decreases
at 550° C for M4 and at 900° C for M10. One plausible
explanation may be that, with a progressive rise in
temperature, the cubic phase gradually converts to an
intermediate tetragonal phase so that the (11 1) peaks

of the two phases overlap, thereby broadening the
peak.

From a careful study of Figs 3c and d, it is observed
that the (200) peak (35.3 to 35.5°(26)) has an
ascending asymmetry for M4 heated at 550°C and
M10 heated at 900°C. This indicates that at these
temperatures, cubic zirconia gradually transforms to
another metastable state. Although the 002-200
doublet cannot be separated owing to line broadening
and/or the presence of a minor amount of the decom-
posed product formed, the clear asymmetry shown by
the apparent single line (200) may be assigned to a
tetragonal lattice [36] which results from decomposition
of the cubic phase. A high-angle scan (71 to 76° (26)
at the rate of 0.25°min"' (Fig. 4) provides furthe:
confirmatory evidence of the formation of the tet-
ragonal phase. It shows the appearance of the charac-
teristic (0 04), peak around 73.3°(26) at 700° C for M4
and 900° C for M10. However, a low intensity (004),
peak for M4 cannot be detected at 550° C, probably
due to poor crystallinity and/or a minor amount of the
tetragonal phase. The (400), peak is not revealed.
Perhaps it overlaps with (400). as it is observed that
the (400), peak shifts to quite an extent from
74.68°(20) for M3 to 75.05°(26) for M15. Also, a
pertinent observation that may be made from the scan
over 42 to 43.5° in Figs 4a and b is that the entire
amount of MgO goes into a single cubic MgO-ZrQ,
solid solution and MgQ precipitates as a crystalline
phase simultaneously with the formation of tetragonal
phase in M4 (700°C) and M10 (900°C). At higher
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Figure 5 Concentration dependence of lattice par-
ameters of cubic solid solutions of MgO-ZrO,.



temperatures (800° C for M4 and 1000° C for M10) all
three polymorphic phases (cubic, tetragonal and
monoclinic) of zirconia and MgO are present. With
increasing holding time at these temperatures only
monoclinic ZrO, and MgO are obtained.

From the above findings it may be proposed that
c-ZrQ,(ss) formed at low temperatures (400 to 450° C)
from an MgO-Zr0O, gel decomposes to monoclinic
ZrO, and MgO through an intermediate tetragonal
ZrO,(ss). This is in disagreement with observations
on the decomposition of hypo-eutectoid [37] and
hyper-eutectoid [38] MgO—-ZrO, cubic solid solutions
ageing at < 1200° C, where decomposition follows the
reaction

c-Zr0,(ss) —» m-ZrO,(ss) + MgO

consistent with the phase diagram suggested by Grain
[39]. In the present investigation, probably the small
size of the crystallites is responsible for the extension
of the stable tetragonal region at the lower temperature
[40]. Consequently the decomposition of the cubic
phase to the tetragonal phase and MgO takes place in
the initial stage. Afterwards, when the crystallites
grow appreciably, transformation to the monoclinic
phase takes place.

The probable sequence of phase transformations
with the thermal evolution of MgO-ZrQ, amorphous
gel containing 3 to 15 mol % MgO may be proposed in
the following way:

MgO-ZrO,, amorphous gel
1 400 to 450°C
cubic zirconia (ss)
1 550 to 900°C
tetragonal zirconia (ss) + MgO
1 800 to 1000°C

mononclinic zirconia (ss) + MgO

The polymorphic transformation of MgO—ZrO, solid
solution is smooth and continuous. A similar obser-
vation was made by Mazdiyasni [41] for pure zirconia
powder in high-temperature XRD studies.

The lattice parameter g, of stabilized cubic ZrO, is
plotted against MgO concentration (expressed as a
molar fraction) in Fig. 5 for the 450° C heated samples.
The straight line obtained by a least-squares fit
method could be described by the following relation:

ay (nm) = 0.5099 — 0.0235X%

where X is the mole fraction of MgO in the range
0.03 < X <€ 0.15. Toraya et al. [42] obtained a
similar equation a, = 0.5105 — 0.0198X by a least-
squares fit of the literature data [39] for 10 to 15 mol %
MgO stabilized zirconia with the intercept constrained
to a value of 0.5105nm. It is worthwhile to mention
that data for a, of cubic ZrO, in the wide range studied
here are not available elsewhere in the literature.

The sequence of phase transformations of the
MgO-Zr0O, system, as established from XRD studies,
has received further support from transmission electron
microscopy, using the selected-area diffraction (SAD)
mode. SAD patterns of M10 samples heat-treated at
different temperatures are shown in Fig. 6. The dif-
fraction patterns indicate the presence of cubic phase
in each of the samples treated at 700, 800 and 900° C
(Figs 6a, b and ¢, respectively). In the case of the third
sample (M 10/900° C) diffraction spots, characteristics
of a metastable tetragonal phase, are also prominently
exhibited. A few spots (having negligible intensity)
due to the monoclinic phase could also be detected.
The SAD pattern of a sample treated at 1000°C
(Fig. 6d) reveals that the predominant phase is
monoclinic, showing thereby that almost complete
conversion of the cubic to the monoclinic phase takes
place at 1000°C through a metastable tetragonal
phase.

Figure 6 Selected-area electron diffraction patterns taken at 160kV of M10 (10mol % MgO-ZrO,) gels heat-treated for 1 h at (a) 700°C,

(b) 800° C, (c) 900°C and (d) 1000°C.
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4. Conclusions

1. The use of methyl cellosolve as a solvent has the
advantage of removing the difficulty associated with
the hydrolysis of alcoholic solutions of alkoxides
forming precipitates in most cases. Transparent mono-
lithic ZrO, and MgO-ZrO, gels can easily be prepared
by hydrolysis and polycondensation reactions of
zirconium n-propoxide and magnesium acetate tetra-

“hydrate using methyl cellosolve as a solvent.

2. These gels on heat-treatment at 360 to 450°C
crystallize to a single phase, this being tetragonal for
pure and 2mol% MgO-ZrO, and cubic for 3 to
15mol % MgO-ZrO, gels.

3. The entire amount of MgO used in preparing
MgO-Zr0, gels remains in a single crystalline MgO—
Z10, phase before decomposition, indicating that a
high degree of homogeneity is achieved during gelling
of the sols.

4. The crystallization temperature and the stability
of the crystalline phase increase with increasing
magnesium content, reaching maxima at 10mol %
MgO.

S. It has been established that the tranformation of
the cubic to the monoclinic phase at temperatures
< 1000° C takes place via an intermediate metastable
tetragonal phase.

6. A linear relation between the experimentally
determined lattice parameter of cubic zirconia and the
MgO molar concentration has been obtained for 3 to
15mol % MgO in MgO—-ZrO, solid solutions.
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