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Abstract

The measured and calculated lattice parameters, microstructures, and mechanical properties (fracture toughness and microhardness) of CeO,—
ZrO, system ceramics are investigated, using CeO,—ZrO, solid solution powder prepared by a microwave-induced combustion process. The CeO,—
Zr0O; solid solution ceramics were sintered at 1500 °C for 6 h in air; the density of all specimens was greater than 94% of the theoretical density. For
Ce;_,Zr,0, (0.00 = x < 0.50), the measured lattice parameter is in accordance with that of Kim’s doped CeO, model On the other hand, for
x = 0.50, the measured values fit Kim’s doped ZrO, model. The fracture toughness and microhardness of CeO,—ZrO, system ceramics with
various compositions were investigated with Vickers indentation. The results showed that the crack mode of CeO,—ZrO, solid solution was
Palmqvist cracks under loads of 1 kg. Generally, the fracture toughness should increase with grain size at the submicron scale. However, larger
grains may lead to spontaneous transformation, which should decrease the potential toughening at room temperature. This behavior was observed
in the Ceg,s5Zrp 750, ceramic, which demonstrated a high fracture toughness that may be ascribed to two causes: (1) fine grain size and (2)

transformation toughening.
© 2009 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Nano powders have many excellent properties suitable for
various applications such as ceramics, gas sensors, recharge-
able batteries, and solid oxide fuel cells. In addition, they can
significantly enhance sintering rates, decrease sintering
temperatures, and improve optical, electric, and magnetic
properties compared with micrometer-size powders [1,2].
Several synthesis routes have been developed to produce
nanocrystalline CeO,—ZrO, solid solution powders, such as the
sol-gel method [3-5], thermal decomposition of cerium
zirconyl oxalate under an argon flow [6], surfactant-assisted
preparation [7], molten salt preparation [8], and combustion [9—
11]. CeO,-based powders have been synthesized successfully
via combustion synthesis using different complexing agents/
fuel, such as glycine [9,10] and carbohydrazide [12]. With
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combustion synthesis, a desired homogeneous high-purity
powder can be produced in a short time and at a low cost.

In our current research, we attempted a new method of
synthesis, termed the microwave-induced combustion process,
to synthesize CeO,—ZrO, solid solution powders. The
advantages of our combustion method are (1) simple
processing, because all the reactions take only a few minutes,
in contrast to other methods that require tedious processing; (2)
simple equipment, because this method does not require
complicated equipment; and (3) cheap sources, because the
chemicals used in this method are not expensive, unlike
the special materials required for the sol-gel process. The
microwave processing of materials is fundamentally different
from conventional processing in terms of the heating
mechanism. In a microwave oven, heat is generated within
the sample itself by the interaction of microwaves with the
material. In conventional heating, the heat is generated by
heating elements, and is then transferred to the sample surfaces
[13]. Microwave-induced combustion synthesis involves the
dissolution of metal nitrates and urea in water, and then the
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heating of the solution in a microwave oven. The urea and metal
nitrates decompose and give off flammable gases. After the
solution reaches the point of spontaneous combustion, it begins
to burn and becomes a solid, which burns at a high temperature.
Combustion is not complete until all the flammable substances
are consumed, and the resulting material is a loose, highly
friable substance exhibiting voids and pores formed by the
escaping gases during the combustion reaction [14].

There have been many investigations of the oxygen storage
properties [15], thermal stability [16], redox properties [4], and
catalysts conversion [17] of CeO,—ZrO, solid solution powders,
which have focused on correlations between catalysts proper-
ties and composition. There seem to be few studies, however, on
the mechanical properties of CeO,—ZrO, system ceramics.
Therefore, in this article, we report the lattice parameters,
microstructures, fracture toughness, and microhardness of
Ceq_,Zr, O, ceramics (0.00 < x < 0.75).

2. Experimental procedures
2.1. Sample synthesis

The synthesis process involved the combustion of redox
mixtures, in which metal nitrate acted as the oxidizing reactant
and urea as the reducing reactant. The initial composition of the
solution contained cerium nitrate, zirconyl nitrate dihydrate,
and urea and was based on the total oxidizing and reducing
valences of the oxidizer and the fuel, relying on concepts from
the propellant chemistry [18,19]. The detailed experimental
procedure to synthesize CeO,—ZrO, solid solution powder by
microwave-induced combustion is described elsewhere [20].
Stoichiometric amounts of cerium nitrate hexahydrate (Ce(N-
03)3-6H,0), zirconyl nitrate dihydrate (ZrO(NO3),-2H,0), and
urea (CO(NH,),) were dissolved in a minimal quantity of water
and placed in a crucible. A 15 ml of solution containing nitrates
and urea was added to a crucible. The crucible was then
introduced into a microwave oven (CEM, MDS 81D, 650 W).
Initially, the solution boiled and underwent dehydration
followed by decomposition accompanied by the evolution of
a large amount of gases (N,, NH;, and HNCO). After the
solution reached the point of spontaneous combustion, it began
to burn, released heat, vaporized all the solution instantly and
became a solid burning at a temperature of over 1000 °C. The
entire combustion process produced CeO,—ZrO, solid solution
powders in a microwave oven in only 15 min. These powder
samples were annealed at 600 °C for 2 h, and then pelletized
and sintered at 1500 °C for 6 h.

2.2. Characterization

A computer-interface X-ray powder diffractometer (XRD)
with Cu K, radiation (Rigaku D/Max-II, Tokyo, Japan) was
used to identify the crystalline phase and calculate crystallite
size. The crystalline size, Dxrp Was calculated according to
the Scherer equation: Dxgrp = 0.9N\/B cos 6, where A is the
wavelength of the radiation, and 6 is the diffraction angle. B is
the corrected half-width of the diffraction peak, given by

B? = B2 — B?, where B, is the measured half-width of the
diffraction peak, and By is the half-width of standard CeO, with
a crystal size greater than 100 nm. The reflection from the
(1 11) plane, occurring at 28.6° 20, was used to calculate the
crystallite size. The BET surface area measurements were made
based on nitrogen adsorption employing a Micromeritics ASAP
2000 instrument and calculated using the five-point Brunauer—
Emmit-Teller (BET) theory. Mean particle size (Dggr) was
calculated from the BET data according to Dggr = 6/(0;SBET),
where Sggr is the measured surface area, and py is the
theoretical density of the compound.

Vickers hardness was measured using a microhardness tester
(Akashi MVK-H110, Tokyo, Japan) with a load of 1000 g held
for 10 s. At least 10 indentations were used to obtain the mean
and standard deviation values of hardness and fracture
toughness. All specimens were polished with a series of emery
papers of 800, 1000, 1200, and 1500 grit. Contamination on the
surface was ultrasonically cleaned with ethanol. The Vickers
indenter hardness was determined by the average value of both
diagonals with a Vickers indenter apex of 136° and calculated
with the following equation: Hy = 1.8544 x (P/d*) where P is
the load, and d is the mean value of both diagonals. The
morphological features of the CeO,—ZrO, system ceramics
were observed using a scanning electron microscope (SEM;
Hitachi S-3500H, Tokyo, Japan).

3. Results and discussion

The X-ray diffraction patterns of the CeO,—ZrO, solid
solution powders prepared via the microwave-induced combus-
tion process were identified with a diffractometer. Fig. 1 shows
that the Ce,_,Zr,0, (0.00 < x < 0.75) powders contain only
the cubic fluorite structure with space group Fm3m (JCPDS
powder diffraction File No. 34-0394). The formation of a
single phase is due to the high temperature generated in situ
during combustion and to the rapid cooling rate. Such a high
temperature could provide energy to produce zirconium-doped
cerium oxide powder from the solution during combustion. The
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Fig. 1. XRD patterns of Ce;_,Zr,0, (0.00 < x = 0.75) powders synthesized
by microwave-induced combustion.
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XRD peaks are quite broad and indicate the fine particle size of
the product. The primary crystalline size determined from the
Scherer equation is in the range of 8—16 nm. When using the
Scherer equation, we assume that the particle size effects are
only peak broadening; however, if the particles are non-
uniform, the particle size will be underestimated. The mean
particle size (Dggt) can be obtained from the BET data. When
calculating the mean particle size, we assume that the particles
are spherical. The results revealed that the specific surface area
is a distribution in the range of 42-48 m*/g, and the mean
particle size is in the range of 17-20 nm. The specific surface
areas, mean particle sizes and crystallite sizes of CeO,—ZrO,
solid solution powders are listed in Table 1. It is well known that
Y = Dpe1/Dxrp Which is a factor that reflects the extent of
agglomeration of the primary crystallites. Dggr values are
always larger than Dxgrp values, which is a result of the small
agglomerates that occur in CeO,—ZrO, solid solution powders,
leading to N, gas being unable to completely penetrate
agglomerates during BET analysis. Moreover, XRD can detect
the subgrains within particles. With increasing Zr substitution,
the ¥ value increased gradually from 1.18 to 2.10. We conclude
that the extent of agglomeration increases with Zr substitution
for CeO,—ZrO, solid solution powders. Fig. 2 shows the XRD
patterns of CeO,—ZrO, system ceramics sintered at 1500 °C
with the fluorite structure for Zr substitution in the range of
x =0.00-0.50. No secondary phases are found in this Zr
substitution range. However, when the substitution of Zr
reached 0.75, both the tetragonal structure of ZrO, and the
cubic structure of CeO, appeared in the Ceg5Zry750;
ceramics. These results demonstrate that the structure of
Ce,_,Zr, 0O, ceramics depends on x. For x < 0.5 the phase is
only CeO, (cubic solid solution), while if x =0.75 the major
phase is CeO, (cubic solid solution) with a minor ZrO,
(tetragonal solid solution) phase. The phase equilibrium of the
Ce0,—ZrO, system is shown in Fig. 3 [21]. It is clear that the
CeO,—ZrO, solid solution system contains two phases
(tetragonal + cubic) within the solubility of 82 mol% CeO,
in ZrO, at room temperature. Therefore, the results of X-ray
diffraction for the CeO,—ZrO, system are consistent with the
phase diagram.

Shannon and Prewitt [22] reported that the ionic radii of
Ce** and Zr** for a coordination number of 6 are 0.080 and
0.072 nm, respectively, whereas for a coordination numbers of
8 the values are 0.097 and 0.084 nm, respectively. The

Table 1
Specific surface area, particle size, and crystallite size of CeO,—ZrO, solid
solution powders synthesized by microwave-induced combustion process.

Composition Specific surface Particle Crystallite Ye
area (m?/g) size® (nm) size® (nm)

CeO, 43.47 19.14 16.18 1.18

CCo_75Zr0_2502 45.33 18.35 9.73 1.88

Ce.50Zr0.5002 42.18 19.73 10.25 1.92

Ceo_252r0_7502 48.62 17.12 8.14 2.10

 Particle size measured from specific surface area.
b Crystallite size measured from XRD line broadening.
¢ 4 = Particle size/crystallite size.
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Fig. 2. XRD patterns of Ce;_,Zr,0, (0.00 < x < 0.75) ceramics sintered at
1500 °C for 6 h.
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Fig. 3. Phase equilibrium of the CeO,-ZrO, system [21].

coordination number is equivalent to 8 for the CeO,—ZrO,
solid solution. Calculation of the cell parameters was carried
out using the four main reflections typical of a fluorite structure
material with a fcc cell, corresponding to the (1 1 1), (200),
(220), and (311) planes. The different radii of Ce**
(0.097 nm) and Zr+t (0.084 nm) lead the lattice constant to
decrease with increasing Zr substitution for CeO,—ZrO, solid
solution ceramics. Zr substitution for Ce in the CeOQ,-ZrO,
system induces a uniform strain in the lattice as the material is
elastically deformed. This effect causes the lattice plane
spacing to change and the diffraction peaks to shift to new 26
position. The structural characterization and lattice parameters
are summarized in Table 2. It was found that with increasing Zr
substitution for Ce, the lattice parameter decreases for the cubic
phase. When x = 0.75, the zirconia—ceria system contains two
types of phases. The lattice parameters of the two structures
are a=5.174 A for the cubic structure and a = 3.145 A, b=
3.145 A c=9.118 A for the tetragonal structure. Kim [23]
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Table 2
The structure, lattice parameters and theory density for CeO,—ZrO, system
ceramics.

Composition Structure Lattice Theory

parameters (/&) density (%)
CeO, Cubic a=0.5411 94.7
Ceo.75Z10.250> Cubic a=0.5367 95.6
CC()_S()ZI'()_S()OZ Cubic a=0.5271 96.3
Ceo.25Zr0.7502 Cubic a=0.5174 94.2

Tetragonal a=0.3145,
b=0.3145,
c=009118

proposed an empirical equation for lattice parameter changes of
fluorite oxide solid solutions described as follows:

(A) The empirical equation for the lattice parameter (a) of
doped ceria (which is called, according to Kim’s model
doped CeO,) is given by

(a) = 05413+ (0.02204r; +0.00015Az)m;. (1)
k

(B) The empirical equation for the lattice parameter (a) of
doped zirconia (which is called, according to Kim’s model
doped ZrO,) is given by

(a) = 0.5120 + > _(0.02124r; + 0.00023 Az ). )
k

where Ary is the difference in ionic radius (r, — r,) of the kth
dopant () and the host cation (r},) in eightfold coordination,
Az is the valency difference (z; — z,), and my is the mole
percent of the kth dopant in the form of MO,. In this study, the
radius of Zr** is 0.084 nm, and that of Ce** is 0.097 nm. Fig. 4
shows the plot of the calculated and measured lattice para-
meters of CeO,—ZrO, solid solutions. For Ce;_,Zr,O,
(0.00 = x = 0.50), the experimental results are in accordance
with the lattice parameter of Kim’s doped CeO, model. On the
other hand, for x = 0.50, the measured values fit in with Kim’s
doped ZrO, model. We also found that Kim’s model is accurate
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Fig. 4. Calculated and measured lattice parameter of CeO,—ZrO, solid solution.

Table 3
Microhardness, and indentation length for CeO,—ZrO, system ceramics.
Ceramic Load P (kg)  Indentation length Microhardness

Hy (GPa)

Dy (pm) D> (pm) v

CeO, 1 60.6+39 60.2+3.6 4.99 + 0.57
C604752r042502 1 405+ 1.5 430+ 1.5 10.60 £+ 0.40
Ceg 50210500, 1 402+23 408 +1.1 11.03 £ 0.85
Cer5Zr9750, 1 60.0+44 584+4.1 5.23+£0.78

for a small amount of dopant, but a heavy amount of dopant
does not match the fluorite oxide solid solution lattice para-
meters very well.

The length of the diagonal line of indentation is denoted as
D. A crack length of 2C is measured from the two ends of the
crack. The Vickers hardness, indentation length, and crack
length of CeO,-ZrO, system ceramics are summarized in
Table 3. In this study, microhardness was measured by applying
aload of 1 kg using a diamond Vickers microhardness indenter.
The fracture toughness vs. crack size was first examined based
on the following equation [24]:

EN?/ P

where Kjc is the fracture toughness, E is the Young’s modulus,
Hy; is the Vickers hardness, P is the load and C is the half-crack
size. There are many indentation equations to calculate Kjc as
presented by Ponton and Rawling [25]. There are specific
conditions and limitations for each formula; so far, no universal
formula is available to evaluate K. for all ceramic materials
[26]. In a later manuscript, we examined the crack system and
found that Palmqvist cracks were observed under indentation
loads of 1kg for the CeO,—ZrO, solid solution system.
Although Eq. (3) is valid for a Penny-shape crack system,
another equation should be used for a Palmqvist crack system.
The fracture toughness for Palmqvist cracks in brittle materials
can be obtained from the expression given by Niihara et al. [27]
on the basis of the following equation

Kico\ [ H\?? e\ -1/2
<H;C1 /2) <E—¢> :o.o35(5) )

where Kjc is the fracture toughness, H is the hardness, E is the
Young’s modulus, 2a = d is the diagonal of the indentation, c is
the crack length and ¢ is the constraint factor = 3. From this
relation an expression for the fracture toughness can be
obtained.

Kic = 9.052 x 103 H3PE?Pdc='/? (5)

However, for convenience and by comparing the result with
others in the literature, Eq. (3) was applied for dealing with the
indentation data of doped ceria-based ceramics. Fig. 5 depicts
the fracture toughness and microhardness for Ce;_,Zr,O,
(0.00 = x < 0.75) ceramics. The fracture toughness initially
decreased with increasing ZrO, substitution in the range of
0.00 = x £ 0.50, whereas the microhardness increased. At
x=0.75, the ZrO, phase appeared in the CeO,-ZrO, solid
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Fig. 5. Fracture toughness and microhardness for Ce;_,Zr,0, (0.00 < x
< 0.75) ceramics.

solution. This is due to transformation toughening that occurs in
Ce 157219750, ceramic. In general, zirconia is a polymorphous
material. It exhibits three well-defined phases from low to high
temperature: a monoclinic phase, a tetragonal phase, and a
cubic phase. The low-temperature phase is monoclinic, stable
up to 1170 °C at which temperature it changes reversibly to the
tetragonal phase. The tetragonal-to-monoclinic (t — m) trans-
formation is associated with a large volume change and
undergoes extensive shear, which is the basis for the
transformation toughness of zirconia containing ceramics [28].

A Vickers indenter produces two types of crack systems,
namely, a median crack system and a Palmqvist crack system.
In general, the high toughness materials have a Palmqvist
crack system, while low toughness materials exhibit a median
crack system. Practically, most materials will exhibit both
crack systems depending on the indenter load. A simple way to
distinguish between these crack systems is to polish away the
surface layer. The median crack system will always remain
connected to the corner of the indent, whereas the Palmqvist
crack system will become detached from the corner of the
indent [29,30]. Fig. 6 shows the surface crack for a
Ceg.50Zr9500, specimen, before and after being polished,
and the Palmqvist crack can be observed under indentation
loads of 1 kg. At low loads, Palmqvist cracks are favored, while

s lE“

Fig. 7. SEM images for samples (a) Ce75Zr9250, and (b) Ceg 25719750,
sintered at 1500 °C for 6 h.

at high loads, fully developed median cracks result [28]. For
example, Matsumoto [31] studied ceria-stabilized tetragonal
zirconia polycrystal (Ce-TZP) materials, in which the
Palmqvist crack system appears at low loads (<500 N), while
the medium crack occurs at high loads (>600 N). Glandus et al.
[30] proposed that an yttria-stabilized tetragonal zirconia
polycrystal (Y-TZP) shows the Palmqvist cracks under
indentation loads <500 N [32]. Similar behavior is observed
in other CeO,—ZrO, system ceramics. In this study, the
occurrence of Palmqvist cracks is ascribed to the low
indentation loads of 1 kg (9.8 N).

Fig. 6. The optical microscopy micrograph of indent under a load of 1 kg for Ce 50Zr( 500, ceramic (a) before and (b) after polishing.
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SEM micrographs of the thermally etched Ceq 75713250,
and Ce 571750, ceramics sintered at 1500 °C for 6 h are
presented in Fig. 7. The main microstructural difference is
that Ceg ,5Zrg750, has significantly smaller grain size than
Ceg.75Z192505. In the Zr-rich Ce;_,Zr, O, solid solution, the
appearance of the tetragonal phase of ZrO, may enhance
grain-size refinement. In Fig. 7(a), the microstructure of
Ceq 75219250, ceramics reveals that high densification was
achieved. There was little or no intergranular porosity found
in any specimens, and the grain size was distributed in the
range of 3-8 pwm. In Fig. 7(b), the grain size is in the range of
1-4 pm, which is associated with the appearance of
tetragonal ZrO,. Fine grains can significantly increase
fracture toughness. In general, the fracture toughness should
increase with grain size at the submicron scale [33].
However, larger grains may lead to spontaneous transforma-
tion, which decreases the potential toughening at room
temperature. This behavior was observed in a study of the
Ce0,—ZrO, solid solution system [34]. According to XRD,
toughness, and SEM results, we conclude that the high
fracture toughness of the Ceg,s5Zry750, ceramic may be
ascribed to two reasons: (1) fine grain size and (2) the
occurrence of transformation toughening.

4. Conclusions

The lattice parameters, microstructures, density, and
mechanical properties (fracture toughness, and microhard-
ness) of the CeO,—ZrO, system ceramics were investigated
for CeO,-ZrO, solid solution powders prepared via a
microwave-induced combustion process using cerium nitrate
hexahydrate, zirconyl nitrate dihydrate, and urea as the
starting materials. All specimens of the CeO,—ZrO, system
had densities greater than 94% of the theoretical when
sintered at 1500 °C for 6 h, which indicates that nanosize
Ce0,—ZrO, solid solution powders prepared by the micro-
wave-induced combustion process have high sinterability. For
Ce_,Zr,0, (0.00 = x = 0.50), the experimental results
agree with the lattice parameter of Kim’s doped CeO, model.
On the other hand, for x = 0.50, the measured values fit the
Kim’s doped ZrO, model. On the basis of optical microscopy
observations, the dependence of crack length on indentation
load of CeO,—ZrO, system ceramics corresponds to Palmg-
vist cracks under loads of 1kg. In general, the fracture
toughness should increase with grain size at the submicron
scale. However, larger grains may lead to spontaneous
transformation, which decrease the potential toughening at
room temperature. This behavior is observed in
Ceg 5219750, ceramic revealing high fracture toughness
that may be attributed to two factors: (1) fine grain size and (2)
transformation toughening.
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