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ABSTRACT

ZrO, nano-powders with the substitution of; 5, 12 and 17 mole %CeO, contents were prepared
by a microwave combustion method utilizing Ce(NO,),.6H,0, ZrN,O,.xH,0 and urea as precursors.
The obtained cakes were calcined at different temperatures. XRD, SEM, EDS, and TEM techniques
were used to determine the effect of microwave and calcining temperature between 450 to 1000°C
on the prepared powders. The results obtained show the formation of a single phase; a tetragonal
solid solution with a particle size ranging between 10 to 20 nm. The densification parameters, phase
compositions, microstructures and mechanical properties (micro-hardness) were investigated.
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INTRODUCTION

Recently, nano-materials have sparked a
worldwide interest due to their unique physical and
chemical properties. For their preparation, many
techniques have been developed; such as co-
precipitation, electro-deposition, sol-gel chemistry
and the solvo-thermal route. Moreover, most of
these processes are high-energy consuming and
require expensive precursors. On the other hand,
the conventional combustion methods (CCM)
are self-sustained methods, making use of their
own exothermic reaction for the mass production
of various metal oxides'®. However, microwave

assisted combustion synthesis of materials has
recently gained importance over the conventional
heating ones in which the reactants interact with
electro-magnetic energy and the rapid kinetic motion
of the molecules that readily transfer and convert
this energy into heat'®. This results in the early
phase formation of nano-particles, but with different
morphologies in a relatively short time!&7-11,

Several synthesis routes have been developed to
produce nano-crystalline ZrO,doped with CeQO, solid
solution powders, which find application in various
high-performance ceramic fields such as; catalyst,
sensors and optical devices™. ZrO, is characterized
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by its; excellent physical properties, high fracture
toughness and thermal shock resistance’®. In
addition, the acid-base character of CeO, doped ZrO,
is utilized as a catalyst to avoid the formation of olefins
with internal double bonds and dehydrogenation of
pure ketone™ 4171 Moreover, ceria-doped zirconia
materials exhibit good activity for dehydration
reactions'®516,

The synthesis methodology and process
conditions strongly influence on the performance
of the acid—base properties of the respective used
oxides'®202131 The oxide powders produced by co-
precipitation reactions are characterized by high
specific surface area. However, these oxides show
loss of surface area at elevated temperatures,
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Fig.1 .Thermal analysis curves of the dried
prepared ZrO,/CeO, mixture powder
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Fig. 2: XRD patterns of CeO,/ZrO, mixture
powder for 5% mole CeO, fired at different
temperatures
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which decrease their reactivity. On the other hand,
the microwave assisted combustion process is an
appending route, particularly for the preparation of
multi-component oxide materials in a short time with
high surface area products and uniform crystalline
particle size at low temperature3*3,

In the present study, we report on the
synthesis of CeO, doped ZrO, solid solution
oxides containing different mole % of CeQO, by a
microwave combustion method. Phase composition,
microstructure, hardness and fracture toughness of
the sintered processed products were determined.

EXPERIMENTAL

Chemicals

All chemicals used in this study are of
Analar grade. Cerium(lll) nitrate hexa-hydrate
(Ce(NO,),.6H,0,Win.lab Ltd., 99.9% Ce),
Zirconium(IV) oxynitrate hydrate (ZrN,O,.xH,0O,
Aldrich) and Urea (CH,N,O, Merck) were used. Water
used was always bi-distilled.

Sample synthesis

Three cerium-zirconium mixtures were
prepared with different cerium concentration; 5, 12
and 17 mole % of the mixture. Proportions of both
salts [Cerium (Ill) nitrate hexahydrate and Zirconium
(IV) oxynitrate hydrate] were dissolved separately
in water and then mixed together. Solid urea as fuel
with ratio equal to 1 : 1 of the reaction components
was added to the mixture solution, and then stirred
until a clear solution was obtained. The mixtures
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were introduced into a microwave oven at 300°C at
900-Watt power and frequency of 245 GHz for 30
minute at ambient pressure.

The obtained powders were calcined in
electrically-heated muffle furnace at 450, 800 and
1000°C for one hour at 10°C/min heating rate. For
densification parameters, the powders calcined at
450°C were uni-axially pressed at 100 MPa to obtain
pellets of 2.5 cm in diameter and 1 cm in thickness.
Then the compacted pellets were fired at1600°Cfor
2h in air.

Characterization methods

Differential thermal analysis (DTA) and
Thermogravimetry (TGA) were carried out using a
Setaram Labsy TM TGDTA16 system.

The main phases in the prepared mixtures
were identified by X-ray diffraction equipment; Bruker
D, Advance-Germany using a Ni filter, Copper Target,
at V=40 kV and A=40 mA. The crystalline size, DXRD
was calculated according to the Scherer equation:
DXRD = 0.9)./ B cos6, where 2 is the wavelength of
the radiation, 6 is the diffraction angle and B is the
corrected half-width of the diffraction peak.

The FTIR spectra of the prepared powders
as received before and after calcinations at different
temperatures between 450-1000°C, were scanned in
the range of 4000 to 400 cm, utilizing an Infrared
Spectrometer type (MB154S, Bomem, Quebec,
Canada).
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Fig. 4: XRD patterns of CeO, / ZrO, mixture
powder for 17% mole CeO, fired
at different temperatures
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Transmission electron microscopy (TEM)
model (JEOL, JEM-1230, Tokyo, Japan) was used
to characterize morphology and particle size of the
prepared powders.

Scanning electron microscopy (SEM)
model Philips XL30 was used to examine the
prepared powder as received and the microstructure
of the processed pellets fired at 1600°C after coating
with a gold thin films.

Densification parameters in terms of bulk
density and apparent porosity of the processed
pellets were determined by Archimedes method
according to ASTMC20-00.

Micro-hardness was determined using
Vickers’s indentation method with a load of 1 kg
and dwell time of 15 sec. The surface-projected
diagonals of the indented area were observed by
optical microscope and the hardness was calculated,
as average of five readings.

RESULT AND DISCUSSION

Thermal analysis

The DTA and TGA curves of the dried
ZrQ,/CeQ, solid solution powders after treatment by
microwave combustion method MCM are shown in
Fig.1. Several thermal features took place during the
heating of the sample. The DTA curve shows a small
endothermic peak occurring at 57.4°C accompanied
with a weight loss of 9.66% in the TGA curve
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Fig. 5: IR patterns of CeO,/ ZrO, mixture
powder for 12% mole CeO, fired
at different temperatures
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that attributed to the evaporation of the physically
adsorbed water®®%, Two sharp peaks followed; the
first is an exothermic at 254.2°C while the second
is an endothermic one taking place at 261.1°C,
attributed to a total weight loss of 35.63% due to
successive decomposition of the organo-zirconia-
ceria complex product of the reaction, and further the
carbon evolution. Finally, a very weak endothermic
peak could also be seen on TGA curves at 425.8°C
without any weight loss related to the formation of
the solid solution ZrO,/CeQ, tetragonal phase.

Phase composition after microwave and heat
treatment

The X-ray diffraction patterns of the
prepared powders of ZrO,/CeQ, solid solution after
microwave treatment and calcination at different
temperatures are shown in Figs (2, 3 and 4). The
XRD patterns showed the formation of two phases
of ZrO,/CeQ, solid solution tetragonal structure
namely: Zr, .Ce, ,,0,in 5 mole % of CeO, mixture

0.88 01272

and Zr ..Ce, .0, in the 12 and 17 mole % of CeO,
mixtures, respectively. XRD peaks of the as prepared
powders; before the calcination process, showed two
broad peaks: occurring between 26: 24 to 36 and
20: 46 to 53 as seen in 5 mole % CeO, mixture. This
indicates the ill-crystallization of the very fine particle
size of the product. The formation of the tetragonal
phase in all mixtures is attributed to the very fine size
of the crystallites produced not exceeding the critical
limit. The transformation of ZrQ, into the different
polymorphic phases is based on the crystal size
of the powder®. Raising the calcining temperature
from 450 to 1000°C, caused the change in the
degree of sharpness of the peaks corresponding
to both Zr ..Ce, ,0,and Zr Ce, O, reflecting
the well crystallization of the product accompanied
by an increase in the crystallite size reported in
(Table 1).

FTIR

The main bands in the FTIR spectra of
the powder containing 12 % mole, after microwave
treatment and those calcined at different temperatures:
450, 800 and 1000 as well as that fired at 1600°C,
are shown in Fig. 5.

FTIR spectra of the prepared powders after
microwave treatment, exhibit a broad absorption
band around 3747-3697b cm™ assigned to v(NH)
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stretching vibration of the urea. Bands at 1741-
1740s cm™' represent the stretching vibration of the
urea carbonyl group. Bands at 1542-1516m cm"
are assigned to v(NH) bending vibration. Bands
corresponding to C-N stretching, are found at 1460-
1465 cm'. Strong bands appear at ~ 1040 cm"'
related to C-O stretching vibrations in the fingerprint
region®. The intensity of all these bands decreased
with increasing the calcination temperature due to
the combustion of the organic part. Bands observed
at 3436-3448 cmand 1632-1648 cm are assigned
to the stretching and bending vibrations of the O-H
bond related to the formation of hydroxyl carbonate
complex species®. The formation of tetragonal solid
solution phase® and a distortion of the unit cell in
ZrQ,/CeO, mixed oxides™ is characterized by the
band found at ~ 566 cm'. However, weak bands for
monoclinic phase appear at 744 and 444 cm™at 12%
Zr-Ce mixture fired at 1600°C*'.

TEM

A high-resolution TEM image of 12 mole %
of ZrO,/CeO, powder after microwave treatment and
nanoparticles configured by the SAED pattern were
shown in Fig.6 (a and b). Particles took a rosette
form resulting from the multiple crystalline growths
from a single nucleus with an average size lie in the
nano range between 10 to 20 nm.

Microstructure analysis of microwave sample

The microstructure of the ZrO,/CeO,
solid solution powders prepared via the microwave
combustion method is demonstrated in Fig. 7. The
grains showed a kind of zoning with a change in
the hue corresponding to a change in composition.
Grains of ZrO,/CeO,MCM were analyzed by means
of energy dispersive X-ray analysis (EDS) and gave
the following results in Fig.7 (a and b). The light
particles (b) contain a higher percent of CeO, than
ZrO,. While the dark particle (a) represent a single
phase with the highest percent of ZrQO,.

XRD of the sintered ZrO,-CeO, ceramics

The XRD patterns of the ZrO,/CeO,
ceramics sintered in air at 1600°C for 2h are shown
in Fig. 8. Mixtures of ZrO, containing 5 and 12 mole %
CeOQ, are actually formed of two polymorphic forms;
a monoclinic (m) and a tetragonal phase (t). The
increase in the proportion of CeO, from 5 to 12 mole
% CeQ,, caused a change in the lattice constants
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of the tetragonal phase to convert to the monoclinic
one.

On the other hand, it is found that 17
mole % CeO, is sufficient to obtain a fully stabilized

a.rosette shaped particles
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tetragonal phase (t). This result is attributed to the
increasing amount of CeQ, that lessen the amount
of metastable transformable tetragonal (t) phase and
raised thereby the proportion of non-transformable
tetragonal (') phase.

b. SAED of a particle

Fig. (6): TEM of powders of mixture containing 12% CeO,
prepared by microwave combustion method
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Fig. (7): SEM and EDS of powders of mixture containing 12 %
CeO,. a. EDS of dark grey grain rich in ZrO, b. EDS of light grey grain rich in CeO,
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Microstructure of sintered bodies

SEM of the thermally etched bodies fired
at 1600°C processed from the different mixtures
containing; 5, 12 and 17 mole % ZrO,/CeO, are shown
in Figs.9 (a-c), respectively. The microstructures
show the overwhelming of uniform spherical grained
texture with minute pores scattered in the matrix
and elongated shaped grains depicted along the

t: Tetragonal Zr, Ce, O,

088 %0122

m: monoclinic Zr, , Ce, O,

=
7]
c
2 m
= m
m m t 12%|
m n m
m m ! 5%
T T T T T
20 40 70
2q

Fig. 8: XRD patterns of the different ZrO,/CeO,
ceramic composite pellets sintered at 1600°C
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micro-cracks and around pores as shown in Fig 9
(a and b) for 5 and 12 mole % samples. Moreover
the latter composite showed the grains occurring in
patches Fig 9 (b). SEM of composite with 17 mole
% of CeO, showed the spherical uniformed grains
are arranged in parallel lines, whereas the elongated
ones are scarce beside the presence of ex-solution
of excess CeO, appearing as white spherical grains
as seen in Fig. 9 (c).

Densification parameters

The values of bulk density and apparent
porosity determined for the processed pellets from
the synthesized powders and fired at 1600 °C/2h, in
Table 2 are affected by the ceria content. Low CeO,
content gave more porous bodies. On the other
hand, the addition a higher proportion of ceria, led
to better densification.

Microhardness

The values of micro-hardness of the
processed ZrO,/CeO, ceramic pellets fired at
1600°C/2h in Fig.10. are affected by the content of
CeQ, in the composition. Composite with 5% CeO,

Fig. 9: SEM of the different ZrO,/CeO, ceramic composite pellets sintered at
1600°C/2h ; (a) 5% mole of CeO,(b) 12% mole of CeO,(c)17% mole of CeO,
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gave the lowest hardness value attributed to the
less densification of the product and the presence
micro-cracks. Whereas, the micro-hardness of the
Composite containing 12 mole % CeO,, was less
compared with that of 17 mole %CeQ,,.

DISCUSSION

The present microwave combustion method
encouraged the formation of a single phase with
nano size powders. The high temperature produced
during the process, facilitate the hydrolysis of urea
to form (CO) and (NH) ions with the destruction of
the nitrate salts to liberate (Ce®, Zr* ) cations that
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Fig. 10: Hardness of the different ZrO,/CeO,
ceramic composite pellets sintered at 1600°C

Table 1: Crystallite size of the different ZrO,/
CeO, powders synthesized by microwave
induced combustion method: as prepared and
fired at different temperature

Temp. Crystal size (nm) of solid
solution phase in Mix
(zrO,/Ce0,)
5mole% 12 mole % 17 mole %
CeO, CeO, CeO,
Microwave 2.98 0.91 1.66
treatment
(300°C)
450°C 8.30 297 6.90
800°C 6.92 4.15 7.55
1000°C 11.07 5.54 8.30
1600°C 15.01 9.23 11.07
(tetragonal) (tetragonal) (tetragonal)
16.60 13.84

(monoclinic) (monoclinic)

ALMAGED et al., Orient. J. Chem., Vol. 32(1), 243-251 (2016)

form complex species in the presence of water. The
complex reacts with the carbonate anion, to produce
a single phase; a hydroxyl carbonate. Upon raising
the temperature to 300°C, this phase decomposes
into a single phase oxide like Zr ,.Ce, O, and
Zro.szceo.moza e,

From the above, the microwave process is
effective in improving the behaviour of the calcined
powders with fine particle size, high specific surface
area and small crystallite size in the range between
0.9 to 11nm as compared with those given by other
workers in the field; by Yen-Pei Fu et al; 8to 16 nm.°
and by S. C. Sharma et al. 22 to 24 nm?3:,

The presence of CeO, tends to stabilize
the tetragonal zirconia phase. The added Ce®* enter
the zirconia lattice partially substituting the Zr*,
either by reducing the free energy of the tetragonal
phase or increasing the constraints on phase
transformation*s. The presence of the monoclinic
phase in mixtures containing 5 and 12 mole % of
CeO, at high temperature is due to the increase
in the grain size that enhanced the transformation
of the tetragonal to the monoclinic phase*“’. The
transformable tetragonal phase (t) takes place at a
critical crystallite size of ~ 22 nm to the monoclinic
phase as seen in Table 1.

According to pervious work, fracture
toughness and strength increase with increasing in
the amount of transformable tetragonal phase in the
ceramic and thereafter decrease in transformable
tetragonal phase and increase in non transformable
tetragonal phase with further increase in ceria
concentration. Thus the specimens containing 12
mole % of CeO, exhibit high fracture toughness as
the tetragonal phase partially transformed to the
monoclinic under the applied stress. The micro-

Table 2: Densification parameter of
the different ZrO,/CeO, bodies fired at

1600°C/2h
Zr0,/CeO, Bulk Density, Apparent
mole% g/lcm, Porosity,%
5% 3.8 3.71
12% 5.28 6.95
17% 6.11 0.68
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cracks accompanying the transformation process
are responsible for these values by inhibiting the
crack propagation at the indent.*®4°. The increase
in the transformable tetragonal phase resulted
in the increase of the amount of stress-induced
transformation due to the plastic deformation zone
formed around the indent. Moreover, composite
containing 17 mole % CeO, showed high hardness
value, which is attributed to the better densification
of the body with the excess ceria added compared
with 12 mole % CeO, composite. The excess CeO,
segregated on the grain boundary of the grains
closing the pores and reducing the grain size of the
sintered specimen®’.

CONCLUSION

The present study succeeded in the
preparation of very fine tetragonal single solid
solution powders stable at different temperature 450,
800 and 1000°C, utilizing ZrO, ceramic containing
different CeO, contents; 5, 12 and 17 mole % by

ALMAGED et al., Orient. J. Chem., Vol. 32(1), 243-251 (2016)

microwave-assisted combustion method. The
particle size of the grains after microwave treatment
ranged between 10 to 20 nm that enhance the
retained stability of the tetragonal structure at
different temperature. The prepared zirconia-with
17% ceria ceramic composites showed high bulk
density of (6.11g/cm?®) and mechanical proprieties
(0.68 % ) that can be applied for high performance
ceramics. Composites containing 12 % CeO, showed
a high fracture toughness behavior attributed to the
presence of transformed tetragonal solid solution
to monoclinic phase under the applied stress that
inhibits the initiation of cracks.
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