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Abstract

A nitrate±citrate combustion route to synthesise nanocrystalline yttria-doped zirconia powders for tetragonal zirconia polycrystal
(TZP) ceramics is presented. This route is based on the gelling of nitrate solutions by the addition of citric acid and ammonium

hydroxide, followed by an intense combustion process due to an exothermic redox reaction between nitrate and citrate ions. X-ray
di�raction characterisation of powders showed the stabilisation of the tetragonal phase at room temperature because of their small
crystallite size (about 10 nm). Dense ceramic samples prepared by uniaxial pressing and sintering in air were also studied. # 2000

Elsevier Science Ltd. All rights reserved.
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1. Introduction

Tetragonal zirconia polycrystal (TZP) ceramics are
widely studied because of their mechanical and electrical
properties. They are tough, wear resistant and show a
low thermal conductivity, so these materials are useful
from the structural point of view.1,2 In addition, they are
applied in electrochemical cells (fuel cells, oxygen sen-
sors, oxygen pumps, etc.) due to their high oxygen-ion
conductivity at elevated temperatures.3

Although the monoclinic phase is the stable one at
room temperature, the high-temperature tetragonal
phase can also be retained by the addition of yttria,
scandia, calcia or several rare-earth oxides provided the
grain size is smaller than a critical value.4±6 For example,
Lange studied yttria-doped zirconia ceramics and found
that the critical grain size varies from 0.2 to 1 mm for
compositions ranging between 2 and 3 mol% Y2O3.

5

Recently, our research group showed that this phase can
also be stabilised by the addition of calcia (with a com-
position of ZrO2±4 mol% CaO), with a critical grain

size of 150 nm.6 These small grain sizes can only be
achieved by starting from nanocrystalline powders. A
wide variety of methods have been used for the pro-
duction of nanocrystalline zirconia-based powders, such
as co-precipitation,7±9 amorphous citrate process,8

polymerised complex process,9,10 sol±gel,11,12 and gel-
combustion process.6,13±19

Of all the above mentioned processes, gel-combustion
methods show some advantages due mainly to its rela-
tively low cost compared to alkoxide-based sol±gel
methods and better control of stoichiometry in comparison
with co-precipitation ones, while producing powders in the
nanometer range. Gel-combustion routes are based on the
gelling and subsequent combustion of an aqueous solution
containing salts of the desired metals (usually nitrates) and
some organic fuel, such as urea,15,16 carbo-hydrazide,17,18

oxalic dihydrazide,19 citric acid,6,13,14,20±22 glycine,23,24 ala-
nine,25 etc. The combustion process is due to an exothermic
redox reaction between nitrate ions and the fuel. The large
volume of gases produced during the reaction promotes the
disintegration of the over-in¯ated precursor gel yielding
nanocrystalline particles after calcination.
The aim of this paper is to present the synthesis of

nanocrystalline ZrO2±2.8 mol% Y2O3 powders for TZP
ceramics by means of a nitrate±citrate gel-combustion
route, which has already been presented by the authors
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in previous papers for other zirconia-based materi-
als.6,13,14 This method is similar to the amorphous
citrate8,26,27 and polymerised complex processes,9,10 but
an intense redox reaction between nitrate and citrate
ions takes place. Similar nitrate-citrate combustion
routes have been applied by other researchers for the
synthesis of di�erent oxides.20-22

2. Experimental procedure

Zirconium oxychloride and yttrium oxide were dis-
solved in an excess of nitric acid in a ratio correspond-
ing to a ®nal composition of ZrO2±2.8 mol% Y2O3 and
this nitrate solution was thermally concentrated in order
to eliminate chlorine. Citric acid was then mixed in a
proportion of 2 mols per mol of metal atom and the pH
of the solution was adjusted to pH=7 by adding
ammonium hydroxide. The resulting translucent solu-
tion was heated on a hot plate (at about 200±250�C)
until it turned into a black viscous gel, which on con-
tinued heating burned due to a vigorous exothermic
reaction. The system was homogeneous during the
whole process and no precipitation was observed. All
the chemicals used were of analytical reagent grade.
Grey ashes obtained after combustion were treated at

350�C in air for 1 h to eliminate the carbonaceous resi-
dues and calcined at 600�C for 2 h resulting in a white,
foamy powder. It was then milled at 110 rpm in a non-
contaminating plastic container with zirconia pellets in
an ethanol medium.
Di�erential scanning calorimetry (DSC) and thermo-

gravimetric analysis (TGA) were carried out in order to
study the combustion process using a TA Instruments
(DuPont) 910 calorimeter and a 951 analyser, respec-
tively. Temperature ranges of analysis were from room
temperature to 500 and 700�C, respectively, both with a
heating rate of 20�C minÿ1.
The as-synthesised (obtained after calcination) and

milled powders were characterised by X-ray di�raction
(XRD) employing a PW 3710-Philips di�ractometer
with Cu-K� radiation in order to identify the existing
phases. Data in the angular region of 2�=71±77� were
carefully collected in order to observe the splitting of
(400)t and (004)t peaks of the tetragonal phase and to
calculate its lattice parameters, a and c. The region
2�=26±33� was also studied in order to determine the
volume fraction of the monoclinic phase, Vm, by means
of the method of Toraya et al.:28

Vm � 1:311Xm

1� 0:311Xm
�1�

Xm �
I�1�11�m � I�111�m

I�111�t � I�1�11�m � I�111�m
�2�

where Xm is the integrated intensity ratio (the subscripts
m and t represent the monoclinic and tetragonal phases,
respectively). For a precise measurement of the above
integrated intensities, ®tting procedures were used. The
crystallite size was determined by means of the X-ray
line broadening method29 using the Scherrer equation:

D � 0:9l
� sin �

�3�

where D is the crystallite size, l is the wavelength of the
radiation (1.4518 AÊ for Cu-K� radiation), � is the cor-
rected peak width at half-maximum intensity, and � is
the peak position. a-Al2O3 powder with a mean particle
diameter of 25 mm was used to measure the instrumental
broadening in order to correct the value of �.
The speci®c surface area of the milled powder was

measured with a Flow Sorb 2300-Micromeritics equip-
ment by determining the amount of nitrogen gas absor-
bed as a monomolecular layer on the sample. From this
value, the average particle size was calculated assuming
the presence of spherical particles, by means of the
equation:

d � 6

�A
�4�

where d is the particle size, � is the theoretical density of
the material and A is of the speci®c surface area of the
sample. The milled powder was also studied by means
of a Philips-ElectroScan 2010 environmental scanning
electron microscope (ESEM) and the observed average
particle size was compared with the value obtained from
Eq. (4).
Cylindrical specimens of 8 mm diameter and 1±2 mm

height were uniaxially pressed at 200±300 MPa by using
polyethylene glycol 4000 as a binder and sintered in air
at 1400±1500�C for 2±4 h with a heating rate of 2�C/min
and cooled together with the furnace. XRD spectra of
the sintered materials were studied to verify the reten-
tion of the tetragonal phase. Polished and thermally
etched samples (treated at 1300±1400�C for 15 min
depending on sintering conditions) were used for the
measurement of the average grain size by analysing
ESEM micrographs with the linear intercept method.
Density was evaluated by the Archimedes method using
de-ionised water and Vickers microhardness was mea-
sured by means of a Leco H-400-G microhardness tester
at a load of 1 kgf.

3. Results and discussion

The proposed method for the synthesis of nanocrys-
talline yttria-doped zirconia powders involves the com-
bustion of a nitrate±citrate gel. As the starting solution
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is thermally concentrated, the system evolves with no
lack of homogeneity until a viscous consistence is
reached. If this process is carried out slowly and care-
fully, it is possible to stop it retaining the system at a clear
gel stage. If this gel is fused and subsequently heated, it
darkens, turns into a foamy consistence, and ®nally
burns out with vivid ¯ames. The combustion process
occurs when the gel loses essentially all the free water. In
Fig. 1, a photograph of the combustion process is shown.
Fig. 2 shows DSC and TGA plots obtained for the

dark gel. As can be seen in the DSC plot, an exothermic
reaction takes place at about 285�C. This combustion
reaction involves nitrate and citrate ions releasing a
great amount of gases, and such a vigorous process
desegregates the precursor gel yielding nanocrystalline
particles in the resulting ®nal product. The abrupt fall
between 150 and 300�C in the TGA plot is another evi-
dence of the main decomposition of the gel during the
combustion, while a subsidiary weight loss at a lower
rate between 300 and 500�C is presumably due to the
oxidation to CO2 of some carbonaceous residues.
Fig. 3 shows typical XRD spectra of the as-synthe-

sised (a) and milled (b) powders. The as-synthesised
powder only presented the metastable tetragonal phase,
with the typical high-angle splitting of (400)t and (004)t
peaks, while a small amount of the monoclinic phase
was found in the milled one, probably due to the

mechanical stresses generated during milling process. By
applying the Toraya method (after ®tting the angular
region 2�=26±33� of the spectrum), it was found that the
volume fraction of the monoclinic phase was about 20%.
The crystallite size of the as-synthesisedpowderdetermined
by the X-ray line broadening method was of (10.5�0.5)
nm. The error is due to the di�erent values found from one
synthesis process to another. The high-angle region of the

Fig. 1. Photograph of a typical nitrate±citrate combustion process for

nanocrystalline yttria-doped zirconia powders.

Fig. 2. DSC and TGA plots of the nitrate±citrate precursor gel.

Fig. 3. Typical XRD spectra of nanocrystalline yttria-doped zirconia

powders: (a) as-synthesised; (b) after milling. The high-angle region of

as-synthesised powders is shown in detail.
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spectrum of the as-synthesised powder was used to
determine the lattice parameters a and c of the tetra-
gonal phase, by accurately measuring the 2� position of
(400)t and (004)t peaks. The following values were
obtained:

a � �0:5099� 0:0003� nm

c � �0:5177� 0:0003� nm

with an axial ratio of c=a � 1:015� 0:001, in agreement
with published data.2

The as-synthesised powder presented large aggregates
with a foamy aspect, as can be observed in Fig. 4. These
aggregates were voluminous and very light. Typical
sizes were about 50±100 mm. After milling, these aggre-
gates were broken into small spherical particles with
diameters of about 100±150 nm (Fig. 5). The speci®c
surface area of the milled powder was of 8.0 m2/g, giving
a particle size of 125 nm, in agreement with ESEM study.
By comparing crystallite and particle sizes, it can be seen
that the milled powder still exhibited an important
degree of agglomeration.
The metastable tetragonal phase could also be

retained in the ceramics obtained after uniaxial pressing
and sintering. Fig. 6 is a typical XRD spectrum of a

Fig. 4. ESEM micrograph showing the large aggregates presented in

as-synthesised powders.

Fig. 5. Typical ESEM micrograph of milled powders.

Fig. 6. XRD spectrum of a TZP ceramic obtained from the nitrate±

citrate combustion route powder and sintered at 1450�C for 4 h.

Fig. 7. Typical ESEM micrograph of a TZP ceramic sintered at

1500�C for 4 h.
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ceramic sintered at 1450�C for 4 h. In this spectrum, the
presence of the tetragonal phase can be veri®ed by the
splitting of several peaks. The high-angle region is shown
in detail, where the K�1±K�2 splitting is also present. The
lattice parameters of these ceramics were in agreement
with those calculated for powders, considering their
errors.
Fig. 7 shows the microstructure of a TZP ceramics

sintered at 1500�C for 4 h. It presented an average grain
size of 0.4 mm and low porosity. These ceramics pre-
sented the highest relative density, which was of 97%,
while those sintered at 1450�C have a relative density of
95%. Vickers microhardness of samples sintered at
1500�C was of (11.6�0.4) GPa. This high hardness
coincides with the best values reported for TZP cera-
mics.2 The microcracks produced by the charges avail-
able for the indenter were too low to be used in a
reliable calculation of the fracture toughness coe�cient.

4. Conclusions

A nitrate±citrate combustion route to synthesise nano-
crystalline yttria-doped zirconia powders for tetragonal
zirconia polycrystal (TZP) ceramics has been investigated.
This route is based on the combustion of nitrate±citrate
gels due to an exothermic redox reaction between nitrate
and citrate ions. This method is inexpensive and easy to
implement, while producing nanocrystalline, composi-
tionally homogeneous powders.
The as-synthesised powder exhibited the tetragonal

phase at room temperature because of their small crys-
tallite size (about 10 nm), while the milled powder pre-
sented a small amount of the monoclinic phase (a
volume fraction of about 20%). Speci®c area measure-
ments and ESEM observations showed that the milled
power presented a particle size of about 125 nm, which
showed that an important degree of agglomeration was
present in this powder. TZP ceramics prepared by uni-
axial pressing and sintering in air did not contain the
monoclinic phase and showed high values of density
and hardness.
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