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a b s t r a c t

By means of synchrotron X-ray powder diffraction (SXPD) and Raman spectroscopy, we have detected,
in a series of nanocrystalline and compositionally homogeneous ZrO2–Y2O3 solid solutions, the presence
at room temperature of three different phases depending on Y2O3 content, namely two tetragonal forms
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and the cubic phase. The studied materials, with average crystallite sizes within the range 7–10 nm, were
synthesized by a nitrate–citrate gel-combustion process. The crystal structure of these phases was also
investigated by SXPD. The results presented here indicate that the studied nanocrystalline ZrO2–Y2O3

solid solutions exhibit the same phases reported in the literature for compositionally homogeneous
materials containing larger (micro)crystals. The compositional boundaries between both tetragonal forms

nd cu
ynchrotron radiation
-ray diffraction

and between tetragonal a

. Introduction

Zirconia-based ceramics are intensely investigated because of
heir excellent electric and mechanical properties. In particu-
ar, TZP (‘tetragonal zirconia polycrystals’) ceramics exhibit high
onic conductivity at intermediate temperatures and high fracture
oughness [1,2]. These ceramics are used in many applications,

ainly in electrochemical devices such as oxygen sensors, oxygen
umps, and solid-oxide fuel cells [3].

Pure, undoped zirconia presents three stable phases that depend
n temperature: monoclinic (stable below 1473 K), tetragonal (sta-
le between 1473 and 2553 K) and cubic (stable from 2533 K up
o the melting point at 2988 K) [1,2]. Unfortunately, only the high
emperature tetragonal and cubic phases have adequate proper-
ies for technological applications. The cubic polymorph can be

ully stabilized at room temperature by introducing dopants such as
2O3, CaO, MgO, and CeO2. In contrast, the tetragonal phase cannot
e stabilized in all these systems, being the monoclinic phase the
hermodynamically stable polymorph at room temperature. How-
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bic phases were also determined.
© 2011 Elsevier B.V. All rights reserved.

ever, it has been found that the tetragonal phase can be retained in
nanocrystalline powders and fine-grained ceramics [2].

For compositionally homogeneous ZrO2-based materials, the
existence of three tetragonal forms, known as t, t′ and t′′, all belong-
ing to the P42/nmc space group have been reported [4–13]. The
t-form is the stable one, limited to the solubility limit predicted by
the equilibrium phase diagram. The dopant oxides exhibit a wider
solubility range in the t′-form, which is unstable against the mixture
of the t-form and cubic phase. The t′′-form – that can be retained for
high dopant contents – has a c/a ratio of unity, but the oxygen atoms
are displaced along the c-axis from their ideal sites in the cubic
phase (8c sites of the space group). Finally, the cubic phase having
a fluorite-type structure (Fm3̄m space group) is fully stabilized for
even higher dopant concentration.

Yashima et al. [4–9] investigated the conditions for retention of
metastable tetragonal forms, at room temperature, in composition-
ally homogeneous ZrO2-based solid solutions for several systems
composed of coarse (micro) crystals. In the case of ZrO2–Y2O3
solid solutions, these authors have carefully characterized compo-
sitionally homogeneous powders synthesized by arc melting and
rapid quenching [4,6,7] or by solid-state reaction [5]. Yashima and

′ ′′ ′′
coworkers established that the t /t and t /cubic compositional
boundaries are located around 9 and 11 mol% Y2O3, respectively.
They also established the presence of a mixture of t′ and t′′ for a solid
solution with composition of ZrO2-14 mol% YO1.5 (ZrO2-7.5 mol%
Y2O3) [5].

dx.doi.org/10.1016/j.jallcom.2011.01.213
http://www.sciencedirect.com/science/journal/09258388
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In the last few years, we have investigated the presence
f metastable tetragonal forms in compositionally homoge-
eous ZrO2-based solid solutions composed of small nanocrystals,

nstead of microcrystalline materials as studied by Yashima and
oworkers. The studied nanocrystalline solid solutions were syn-
hesized by gel-combustion routes [10–14]. Interestingly, we have
emonstrated that similar tetragonal forms can be retained in
anocrystalline ZrO2–Y2O3 [10], ZrO2–CeO2 [11,12], ZrO2–CaO [13]
nd ZrO2–Sc2O3 [14] systems, but the lattice parameters, axial
atio and oxygen displacement may change with the crystallite size
nd/or synthesis route.

In a previous work [10], we investigated nanocrystalline
rO2–Y2O3 solid solutions by powder diffraction using a conven-
ional X-ray source (XPD). From these data, the lattice parameters
nd the position of oxide anions in the tetragonal cell could not
e precisely determined. Moreover, the t′′/cubic compositional
oundary was not established. In order to more precisely deter-
ine the compositional dependence of the crystal structure of the

anocrystalline solid solutions and establish the t′′/cubic boundary,
new study of compositionally homogeneous ZrO2-4 to 12 mol%

2O3 nanopowders using synchrotron X-ray powder diffraction
SXPD) and Raman spectroscopy was performed.

As we will see, the techniques used here, SXPD and Raman spec-
roscopy, allowed us a precise analysis of the phase diagram and
rystal structure of our nanocrystalline ZrO2–Y2O3 solid solutions.
n particular, the measurement of the weak 1 1 2 X-ray reflection
orresponding to the tetragonal phase – a forbidden reflection in
he cubic fluorite structure – provided an accurate determination
f the oxygen positions in the unit cell. Besides, in contrast to our
revious work [10], both techniques made possible to distinguish
etween the tetragonal t′′-form and the cubic phase and, therefore,
etermine the t′′/cubic compositional boundary, a result that com-
letes the whole phase diagram of nanocrystalline ZrO2–Y2O3 solid
olutions.

. Experimental procedure

.1. Synthesis of nanocrystalline ZrO2–Y2O3 solid solutions

Nanocrystalline ZrO2-4, 6, 7, 8, 9, 10, 11 and 12 mol% Y2O3 nanopowders were
ynthesized by a pH-controlled nitrate–citrate gel-combustion process previously
eveloped by the authors [10,15,16]. ZrOCl2·8H2O (Alpha Aesar, USA, 99.9%) and
2O3 (GFS company, UK, 99.99%) were used as raw compounds.

A final calcination procedure at 600 ◦C for 2 h was performed in order to remove
he organic residues.

.2. Synchrotron X-ray powder diffraction (SXPD)

SXPD experiments were carried out using the D12A-XRD1 beamline of the
razilian Synchrotron Light Laboratory (LNLS, Campinas, Brazil). In order to
etect the rather weak 1 1 2 Bragg reflection, a high-intensity, low-resolution
�d/d = 0.0015, 2� = 90◦) configuration, without crystal analyzer, was used [12]. The
avelength was set at 1.50008 Å. Data in the angular region of 2� = 20–130◦ were

ollected in step-scanning mode, with a step of 0.05◦ and a counting time of 3 s/step.
The crystallite size of all the solid solutions was determined from the full-width

t half-maximum of the 1 1 1 peak by means of the Scherrer equation [17], consid-
ring the instrumental broadening determined from the analysis of a LaB6 standard
NIST-SRM 660a).

.2.1. Rietveld analysis
Rietveld refinements were performed using the FullProf code [18]. We followed

he same procedure utilized in our previous work on the ZrO2–CeO2 system [12].
For the tetragonal phase, the P42/nmc space group was assumed, with (Zr4+;Y3+)

ations and O2− anions in 2a and 4d positions, respectively. The results of these
efinements are given in terms of the usual pseudo-fluorite unit cell. In the case of

he cubic phase (with a fluorite-type structure), the Fm3̄m space group was consid-
red, with (Zr4+;Y3+) cations and O2− anions in 4a and 8c positions, respectively.
he peak shape was assumed to be a pseudo-Voigt function in both cases. The
ackground of each profile was adjusted by a six-parameter polynomial function

n (2�)n , n = 0–5. Isotropic atomic temperature parameters were used. The thermal
arameters corresponding to Zr4+ and Y3+ atoms were assumed to be equal.
2θ (°)

Fig. 1. Experimental SXPD data and fit obtained after Rietveld refinement assuming
one tetragonal phase for the ZrO2-7 mol% Y2O3 sample.

2.2.2. Direct determination of the position of O2− anions in the tetragonal phase
In the cubic phase, O2− anions are in (¼¼¼) and equivalent positions, while in

the tetragonal phase they are displaced along the c-axis. The fractional z-coordinate
of O2− anion in the asymmetric unit, z(O), can be derived from the ratio of the intensi-
ties of the 1 1 2 and 1 1 1 peaks, I(1 1 2) and I(1 1 1), respectively. The 1 1 2 reflection
is only related to the position of O2− anions, while the 1 1 1 one is only related to the
Zr4+ and Y3+ cations, as can be easily demonstrated by calculating the corresponding
structure factors. The z(O) value is related to the I(1 1 2)/I(1 1 1) ratio by the following
equation [12,13],

I(1 1 2)
I(1 1 1)

=
4 f 2

O sin2(4�z(O))qO
2 L1 1 2

f 2
Zr-Y q2

Zr-Y L1 1 1
(1)

where fZr-Y is the average atomic scattering factor of Zr4+ and Y3+ cations, qZr-Y, is
their average temperature factor, fO is the atomic scattering factor of O2− anion, qO

is its temperature factor, and L1 1 2 and L1 1 1 are the Lorentz factors corresponding to
the 1 1 2 and 1 1 1 peaks (for a symmetric �–2� scan, L(�) = cos(�)/sin 2(2�)).

The displacement of O2− anions from their positions in the cubic phase, d(O), can
be easily determined by the equation:

d(O) =
(

1
4 − z(O)

)
∗ c (2)

where c is the lattice constant in the c direction.

2.3. Raman spectroscopy

Raman spectra were recorded in a Renishaw Imaging Microscope System 3000
spectrophotometer equipped with an Olympus BH-2 microscope and a CCD detec-
tor. A 632.8 nm He–Ne laser line (Spectra Physics, model 127) was used as excitation
radiation and the laser power at the sample was 1.8 mW. Spectra acquisition con-
sisted of 5 scans of 20 s duration each.

3. Results and discussion

3.1. Compositional boundary between the tetragonal t′-form
(tetragonal unit cell) and the tetragonal t′′-form (cubic unit cell)

Fig. 1 displays the whole diffraction pattern corresponding to
the ZrO2-7 mol% Y2O3 solid solution. This pattern was well fitted
by Rietveld procedure by assuming the presence of only one phase,
namely the tetragonal t′-form. All the other SXPD patterns were
also indexed and well fitted by assuming, in all cases, a single-
phased material with one of the tetragonal forms or the cubic phase,
depending on composition. No evidence of a mixture of phases was
detected, as confirmed by a careful study of the SXPD data and the
Rietveld fitted profile. The average crystallite sizes of the studied
set of solid solutions, listed in Table 1, were within the 7–10 nm

range.

The lattice parameters derived from Rietveld refinements are
reported in Table 2 and Fig. 2a. They slightly differ from those
reported in our preliminary work using classical XPD [10]. This
could be due to the use of chemical reagents purchased from
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Table 1
Average crystallite size of all the nanocrystalline ZrO2–Y2O3 powders studied in this
work, as determined by the Scherrer equation.

Y2O3 content (mol%) D (nm)

4 8.1 (5)
6 8.0 (5)
7 8.7 (5)
8 8.7 (5)
9 9.6 (5)

d
t
w
r
s
w
fi
s

F
o
w

T
S
w

10 10 (1)
11 7.0 (5)
12 7.3 (5)

ifferent commercial companies, which may affect the composi-
ion of the resulting material. Anyway, the lattice parameters that
e determined here are expected to be more precise than those

eported in reference [10] because, in the present work, (i) we

tudied samples synthesized from higher purity reagents and (ii)
e have determined the SXPD patterns using a high-intensity con-
guration thus providing experimental results with much better
tatistics than using the classical XPD technique.

ig. 2. Variation of the lattice parameters, a and c, and the axial ratio, c/a, as functions
f Y2O3 content. The t′/t′′ compositional boundary at (9 ± 1) mol% Y2O3 is indicated
ith arrows.

able 2
tructural parameters determined by Rietveld analysis and standard Rietveld agreemen
ork. a and c are the lattice parameters, c/a is axial ratio, B(Zr;Y) and B(O) are the isotropic te

4 mol% Y2O3

P42/nmc
6 mol% Y2O3

P42/nmc
7 mol% Y2O3

P42/nmc
8 mol% Y2O3

P42/nmc

a (Å) 5.1058(1) 5.1202(1) 5.1316(4) 5.1354(7)
c (Å) 5.1641(2) 5.1492(4) 5.1398(8) 5.1380(9)
c/a 1.01143(7) 1.0057(1) 1.0016(2) 1.0005(3)
B(Zr;Y) (Å2) 0.52(2) 0.62(2) 0.74(1) 0.71(1)
B(O) (Å2) 1.50(7) 1.83(7) 1.75(7) 1.71(7)
Rp 3.96 3.92 4.23 4.73
Rwp 5.44 5.4 5.73 6.21
Rexp 2.93 2.88 1.3 1.25
Compounds 509 (2011) 5177–5182 5179

The ratio (c/a) determined from the lattice parameters a and
c derived from Rietveld fittings are plotted in Fig. 2b. This ratio
decreases for increasing Y2O3 content and becomes unity at
10 mol% Y2O3. Therefore, we have firstly concluded that the com-
positional boundary t′ (c/a > 1)/t′′ (c/a = 1) is located at (9.5 ± 0.5)
mol% Y2O3. However, we noticed that for 9 mol% Y2O3 the value of
c/a is only slightly higher than 1 (approximately within the error
bar as it can be seen in Fig. 2b). Therefore, we concluded that a
more realistic composition for the t′/t′′ phase boundary is (9 ± 1)
mol% Y2O3.

The lattice parameters determined here for nanocrystalline
powders are slightly different from those reported by Yashima et al.
for microcrystalline materials. Besides, the axial ratios c/a of our t′

samples are smaller than those reported by these authors. This is
a qualitatively expected result because it is well-known that, for
smaller crystallite sizes, the crystal structure approaches to the
cubic fluorite-type structure [19].

The isotropic temperature factors of cations and anions, B(Zr-Y)
and B(O), are presented in Table 2. Both parameters increase with
increasing Y2O3 content. These increasing trends are attributed to
the distortion generated by the introduction of Y in the solid solu-
tions [20].

3.2. Compositional boundary between the tetragonal t′′-form
(cubic unit cell) and the cubic phase

3.2.1. SXPD
The t′′/c phase boundary was determined using SXPD data by

analyzing the profile of h k l Bragg peaks that are expected to appear
in the diffraction patterns for the tetragonal forms and, on the con-
trary, vanish for the cubic phase. This study could not be performed
by Rietveld analysis described in the precedent section because
these Bragg peaks are extremely weak and thus their weight in
any global analysis of the diffraction pattern is very small.

For the purpose of quantitatively determining the compositional
boundary t′′/c, we have selected the 1 1 2 Bragg peak, which is
“forbidden′′ for cubic fluorite-like structures. In order to improve
statistics, data close to the 1 1 2 reflection were collected using long
step-counting times. The SXPD profiles are plotted in Fig. 3. The 1 1 2
peak was detected for Y2O3 content from 4 up to 10 mol% Y2O3, thus
indicating that these samples exhibited the tetragonal phase. Above
this composition, the 1 1 2 peak vanished. Fig. 4a displays the inte-
grated intensity of the 1 1 2 reflection, I(1 1 2), as a function of Y2O3
content, showing that I(1 1 2) vanishes at (10.5 ± 0.5) mol%, which
corresponds to the tetragonal(t′′-form)/cubic phase boundary.

Fig. 4b and 4c show the z(O) coordinate of the O2− anion in the
asymmetric unit of the tetragonal unit cell and its distance d(O) from

its position in the cubic fluorite-like structure, respectively, as func-
tions of Y2O3 content. The values of z(O) and d(O) determined using
equations (1) and (2) are also reported in Table 3. The z(O) coordi-
nate tends to ¼ for increasing Y2O3 content, as expected for this
transition. The oxygen displacement, d(O), decreases for increas-

t factors obtained for all nanocrystalline ZrO2–Y2O3 solid solutions studied in this
mperature factors and Rp, Rwp and Rexp are the standard Rietveld agreement factors.

9 mol% Y2O3

P42/nmc
10 mol% Y2O3

P42/nmc
11 mol% Y2O3

Fm3̄m
12 mol% Y2O3

Fm3̄m

5.1388(4) 5.1436(3) 5.1441(1) 5.1473(1)
5.1404(7) 5.1444(8)
1.0003(2) 1.0002(2) 1 1
0.80(1) 0.91(1) 0.99(1) 0.99(2)
2.08(7) 2.37(8) 2.37(8) 2.89(7)
4.98 5.46 6.380 6.17
6.39 6.9 7.9 7.74
1.27 1.23 1.3 1.27
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Table 3
Fractional z-coordinate of O2− anion in the asymmetric unit, z(O), determined from
the I(1 1 2)/I(1 1 1) ratio and displacement of O2− anions from their positions in the
cubic phase, d(O).

Y2O3 content (mol%) z(O) d(O) (Å)

4 0.220(1) 0.155(5)
6 0.221(1) 0.124(5)
7 0.229(1) 0.108(6)
8 0.232(1) 0.092(6)
9 0.237(1) 0.067(5)
2O3 solid solutions, taken with step-counting times of 12 s, 15 s, 30 s and 30 s,
espectively. All data were normalized considering these different step-counting
imes. The inset shows the ZrO2-10 mol% Y2O3 sample in more detail. The straight
ines are a guide for the visualization of the background.

ng Y2O3 content and vanishes at a composition between 10 and
1 mol% Y2O3, thus confirming the tetragonal(t′′-form)/cubic phase
oundary indicated above.

.2.2. Raman spectroscopy

In order to confirm the compositional domain of the tetragonal

′′ and cubic phases derived from X-ray diffraction analysis, Raman
pectroscopy was applied. Group theory predicts six Raman-active
odes (one A1g, three Eg and two B1g modes) for the ZrO2 or ZrO2-
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ig. 4. (a) Integrated intensity of the 1 1 2 Bragg reflection, (b) z(O) fractional coor-
inate and (c) d(O) distance, as functions of Y2O3 content. See text for details.
10 0.242(1) 0.041(5)
11 0.250 0
12 0.250 0

based tetragonal phase, while the cubic phase only exhibits one
F2g Raman-active mode [4,21]. It has also been reported that some
modes of the tetragonal phase are not detected for the t′′-form [4].

Raman spectra for different nanocrystalline ZrO2–Y2O3 solid
solutions are plotted in Fig. 5. The five expected bands for a tetrag-
onal phase for the wavenumber range studied in this work are
numbered from 2 to 6 following the notation of Yashima et al. [4],
since the first mode at about 150 nm−1 was not recorded within the
range of wavelength number of our measurements. Band 6 is the
only band that is expected to appear for a cubic phase. Five bands
are apparent in the curves corresponding to compositions from
ZrO2-4 mol% Y2O3 up to 10 mol% Y2O3. As Y2O3 content increases,
the intensities of Raman bands 2–6 decrease, with their positions
varying continuously and vanishing in the spectra corresponding to
11 mol% Y2O3 content. At and above this composition, the Raman
spectra exhibit a single band (6) corresponding to the F2g mode of
the cubic phase, at about 600 cm−1. Band positions resulted in good
agreement with those reported by Yashima et al. for ZrO2–Y2O3
solid solutions with similar compositions [4].

Yashima et al. demonstrated that the height ratio between the
fourth and sixth modes, I4/I6, is related to oxygen displacement
from its position in the cubic fluorite-type unit cell [4]. Fig. 6
displays this ratio, which exhibits a monotonous decrease with
composition and became zero between 10 and 11 mol% Y2O3.
This result indicates that the t′′/c transition in nanocrystalline
ZrO2–Y2O3 solid solutions occurs at (10.5 ± 0.5) mol% Y2O3, in good

agreement with the value independently determined by the above
SXPD analysis following the intensity of the 1 1 2 Bragg peak and
with the previous results reported by Yashima et al. for microcrys-
talline solid solutions.
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Fig. 5. Raman spectra of ZrO2–Y2O3 solid solutions. The numbers correspond to
the bands mentioned in the text and in Ref. [4]. The dotted line is the background
estimation for the forth band while the dashed line corresponds to the sixth one.
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.3. Comments about the homogeneous nature of the
anocrystalline ZrO2–Y2O3 powders synthesized by
el-combustion

Fig. 7 displays the so called pseudo-cubic lattice parameter,
efined as a* = (2a + c)/3, as a function of Y2O3 content. As pre-
icted by Vegard’s law [22], a clearly linear behavior is observed
ver the whole composition range, thus confirming the composi-
ionally homogeneous nature of the solid solutions prepared by
he gel-combustion procedure [10–14,23–29]. The compositional
omogeneity of materials synthesized by gel-combustion routes
an be explained considering that the system remains homoge-
eous during the whole process and the final combustion step of
he precursor gel proceeds very rapidly, thus preserving the com-
ositional homogeneity in the as-reacted material.

Yashima et al. [5] discovered that microcrystalline powders with
composition ZrO2-14 mol% YO1.5 (ZrO2-7.5 mol% Y2O3) exhibit a
ixture (t′ and t′′) of phases. On the other hand, these authors have

lso established that ZrO2-12 mol% YO1.5 (ZrO2-6.4 mol% Y2O3) and
rO2-16 mol% YO1.5 (ZrO2-8.7 mol% Y2O3) are single-phased. These

esults indicate the presence of a rather narrow two-phase gap in
he phase diagram close to ZrO2-7.5 mol% Y2O3. Since we have only
tudied powders with Y2O3 contents of 7.0 and 8.0 mol% Y2O3, we
ould not confirm the eventual presence of the same narrow two-
hase domain in nanocrystalline materials. Taking into account that
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we did not have any experimental evidence for the existence of
a mixture of phases, we have not consider the possible existence
of t′/t′ + t′′ and t′ + t′′/t′′ compositional boundaries in our nanocrys-
talline powders. However, further investigation for compositions
between 7 and 8 mol% Y2O3 should be performed to address this
issue.

4. Conclusions

We have analyzed the crystal structure of nanocrystalline and
compositionally homogeneous ZrO2–Y2O3 solid solutions synthe-
sized by a gel-combustion process and identified the presence at
room temperature of the metastable forms of the tetragonal phase,
t′ and t′′, and the stable cubic phase in these powdered materials.

The t′/t′′ compositional boundary determined in this work for
nanocrystalline ZrO2–Y2O3 solid solutions using Rietveld refine-
ments of SXPD data was (9 ± 1) mol% Y2O3, in good agreement with
the value established in a previous investigation of nanocrystalline
powders [10] and also with the result reported by Yashima et al.
[4–7] for materials composed of larger (micrometric) crystallites
synthesized by arc melting and rapid quenching or by solid-state
reaction [4–7]. However, the c/a ratios for the t′-form reported here
are slightly smaller those determined by Yashima et al. [4–7].

The tetragonal t′′/cubic boundary, which was not established
in our previous work by conventional XPD [10], was determined
in the present work by SXPD following one of the “forbidden′′

Bragg reflections and also by Raman spectroscopy. Both tech-
niques yielded the same t′′/cubic compositional boundary, namely
(10.5 ± 0.5) mol% Y2O3. Again, this result is in good agreement
with that reported by Yashima et al. [4–7], thus indicating that
nanocrystalline and microcrystalline compositionally homoge-
neous ZrO2–Y2O3 solid solutions exhibit similar crystallographic
features.

Finally, for the whole series of nanocrystalline ZrO2–Y2O3 solid
solutions studied here, no evidences of the presence of a mixture
of phases – as reported by Yashima et al. [4–7] for microcrystalline
solid solutions – were detected.
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