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ZrO2-10, 12 and 14 mol% Sc2O3 nanopowders were prepared by using a nitrate-lysine

gel-combustion synthesis. These materials were studied by synchrotron X-ray powder diffraction

(SXPD) and Raman spectroscopy after calcination at different temperatures from 650 to 1200 1C,

which led to samples with different average crystallite sizes, up to about 100 nm. The results from

SXPD and Raman analyses indicate that, depending on Sc2O3 content, the metastable t0 0-form of

the tetragonal phase or the cubic phase are fully retained at room temperature in nanocrystalline

powders, provided an average crystallite sizes lower than B30 nm. By contrast, powders with

larger average crystallite sizes exhibit the stable rhombohedral, b and g, phases and do not retain

or very partially retain the metastable t0 0 and cubic ones.

Introduction

Zirconia-based ceramics are intensely investigated because of

their excellent electrical and mechanical properties. They are

used in many electrochemical devices such as solid-oxide fuel

cells, oxygen sensors, oxygen pumps, etc. In particular,

ZrO2–Sc2O3 ceramics exhibit the highest ionic conductivity

among all ZrO2-based materials, making them promising

candidates as electrolytes in intermediate-temperature

solid-oxide fuel cells.

ZrO2–Sc2O3 solid solutions exhibit a number of different

(monoclinic, tetragonal, cubic and rhombohedral) phases that

can be observed at room temperature,1–3 but only the tetra-

gonal and cubic ones have good ionic conductivity. For this

reason, the conditions under which the tetragonal and the

cubic phases can be retained were investigated by many

scientists. Differently from other ZrO2-based oxides, three

different rhombohedral phases, named as b, g and d, have
been reported in ZrO2–Sc2O3 solid solutions.1 Because of this

particular feature many researchers have investigated the

phase diagram of ZrO2–Sc2O3 solid solutions.

In compositionally homogeneous ZrO2-based solid solutions,

the tetragonal phase takes different forms, known as t, t0 and

t0 0.2–9 Besides the tetragonal t-form, which is a stable phase,

t0 and t0 0 are compositionally homogeneous metastable forms

of the tetragonal phase that can be retained at room tempera-

ture under special conditions. The t0-form has an axial ratio,

c/a, larger than unity and the t0 0-form has an axial ratio, c/a, of

unity, but its oxygen atoms are displaced along the c-axis from

their ideal sites of the cubic phase. Yashima and coworkers

have proposed a metastable-stable phase diagram for the

ZrO2–Sc2O3 system.2,3 These authors studied conventional

(not nanometric) samples and, at room temperature, they

found a mixture of cubic and rhombohedral (b) phases within
the range from 9 to 14 mol% Sc2O3. Different to the case of

other ZrO2-based systems, these authors did not observe the

t0 0-form of the tetragonal phase in compositionally homogeneous

ZrO2–Sc2O3 materials.

Nanostructured materials often exhibit phases and crystal

structures different from those of materials with grain structures

on a coarser scale. For instance, the high-temperature tetra-

gonal phase can be retained at room temperature in nano-

crystalline ZrO2.
10–14 Recently, we have studied the metastable

phases in nanocrystalline ZrO2–Sc2O3 solid solutions

synthesized by a new nitrate-lysine gel combustion route, for

average crystallite sizes of hDi = 10 and 25 nm and com-

positions ranging from 1 to 13 mol% Sc2O3.
9 According to our

synchrotron X-ray powder diffraction (SXPD) and Raman

spectroscopy studies, the phases at room temperature were

tetragonal t0 for compositions up to 9 mol% Sc2O3, tetragonal

t0 0 between 9 and 12 mol% Sc2O3 and cubic for 12 mol%

Sc2O3 and above. The use of an intense synchrotron source for

X-ray diffraction experiments was crucial to detect weak

Bragg peaks related to the displacement of oxygen atoms from

their positions in the cubic phase. Even though other com-

positionally homogeneous ZrO2-based systems exhibit similar

phases at room temperature,4–8 our investigation showed that

nanocrystalline, compositionally homogeneous ZrO2–Sc2O3

materials exhibit different phases than microcrystalline ones.

The main difference was that nanocrystalline samples did not

exhibit the rhombohedral phases usually observed for mate-

rials with larger grains. We also determined a metastable phase

diagram of ZrO2–Sc2O3 solid solutions with hDi = 25 nm,

finding that it strongly differs from the one proposed by

Yashima and coworkers for microcrystalline compositionally

homogeneous materials2 and, also, from the equilibrium

phase diagram proposed by Ruh et al.1 Xu et al. studied

ZrO2–Sc2O3 nanopowders synthesized by a two step hydro-

thermal process.15 In samples with very small crystallite sizes
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187, Cidade Universitária, (05508-900) São Paulo, Brazil.
E-mail: craievich@if.usp.br

2822 | Phys. Chem. Chem. Phys., 2010, 12, 2822–2829 This journal is �c the Owner Societies 2010

PAPER www.rsc.org/pccp | Physical Chemistry Chemical Physics



(up to hDi = 14 nm), these authors reported the presence of

the tetragonal t-phase for 4 and 6 mol% Sc2O3, a tetragonal

t0 0 phase for 8 and 10 mol% Sc2O3 and cubic phase for 12, 14

and 16 mol% Sc2O3. For samples with larger crystallite sizes

these authors detected two rhombohedral phases, b and g.
Although these findings are very interesting, the authors did

not provide quantitative information on phase contents and

crystallographic parameters. Besides, their X-ray diffraction

study was performed using a conventional (laboratory)

diffractometer, making it difficult to observe weak Bragg peaks,

due to relatively poor statistics to distinguish background and

phase signals.

An open question that we will consider here is in which

range of crystallite sizes the tetragonal and cubic phases are

retained in nanocrystalline ZrO2–Sc2O3. In other words, the

question is how the metastable phase diagram discovered for

ZrO2–Sc2O3 nanocrystals9 changes for increasing crystallite

size and eventually approaches to the phase diagram reported

for powders with much larger sizes.2 In recent work,16 we

have presented preliminary results of a SXPD analysis on

ZrO2-10 mol% Sc2O3 materials treated at increasing calcination

temperatures up to 1200 1C. This study indicated that the

content of the stable rhombohedral b phase increases for

increasing hDi values, finding a critical crystallite size for the

retention of the metastable t0 0-form of about 35 nm.

Following this idea, the aim of the present work is to

identify and quantify the present phases and to characterize

their crystal structures in ZrO2–Sc2O3 nanopowders with

Sc2O3 content from 10 to 14 mol%, as a function of the

average crystallite size varying within a wide range up to about

100 nm. In order to determine the crystal structures, lattice

parameters and phase fractions, Rietveld analyses of SXPD

data were performed. The use of synchrotron radiation

allowed data with high statistics. In addition, a qualitative

analysis performed by Raman scattering is discussed to

independently establish the presence of tetragonal, cubic and/or

rhombohedral phases.

Experimental

Synthesis of nanocrystalline ZrO2–Sc2O3 solid solutions

Nanocrystalline ZrO2-10, 12 and 14 mol% Sc2O3 powders

were synthesized by a stoichiometric gel-combustion route

using lysine as an organic fuel. The synthesis process,

as described in ref. 9, starts by dissolving Zr(NO3)2�6H2O

(Alpha Aesar, USA, 99.9%) and Sc(NO3)3�4H2O (Standford

Materials, USA, 99.99%) in distilled water, in the corresponding

molar ratio to the desired final compositions. The amount

of lysine (Merck, Germany) needed for a stoichiometric

combustion reaction is then added to the solution and it

is concentrated in a hot plate at 200 1C until a viscous gel

is formed. Under further heating, a moderate exothermic

reaction takes place.

During the whole process no precipitation was observed

thus granting the homogeneity of the system. The as-reacted

materials were calcined in air at 650 1C for 2 h to remove the

carbonaceous residues. In order to obtain samples with different

average crystallite sizes, the powders were additionally

heat-treated for 1 h in air at different temperatures, namely

850, 935, 1000 and 1200 1C.

Phase identification and structural characterization

The crystalline structures of the as-synthesized and calcined

nanopowders were studied by SXPD using the D10B-XPD

beamline of the Brazilian Synchrotron Light Laboratory

(LNLS, Campinas, Brazil).17 SXPD measurements were

performed at room temperature using an X-ray beam with a

wavelength set at 1.5495 Å. A high-intensity configuration

without crystal analyzer was employed in order to allow

the detection of very weak Bragg reflections, particularly the

112 peak of the tetragonal structure.7

Rietveld refinements of SXPD patterns were performed

by using the program FullProf.18 This technique provided

information on the structural parameters and the fraction of

each component phase in multiphasic samples. Several phases

were detected, namely tetragonal, cubic and rhombohedral

b and/or rhombohedral g, depending on Sc2O3 content and

average crystallite sizes.

For Rietveld analysis, the tetragonal phase was assumed

to belong to the P42/nmc space group with the cations

(Zr4+, Sc3+) and the O2� anions in 2a and 4d positions,

respectively. The lattice parameters will be given in terms

of the usual pseudo-fluorite unit cell.19 For the cubic phase,

the space group was considered to be Fm�3m, with cations

and anions in 4a and 8c positions, respectively. In the case of

the rhombohedral b and g phases, the assigned space group

was R�3. The b phase was refined according to the crystal

structure determined by Wurst et al.20 with cations and

anions in 18f and 6c positions. In the g phase the cations are

in 18f and the anions in 3a positions, according to Thornber

et al.21 The peak shape was modeled as a pseudo-Voigt

function. The background of the profiles was adjusted by

using a six-parameter polynomial function in (2y)n, n = 0–5.

Isotropic atomic temperature parameters were used. Equal

thermal parameters for Zr and Sc and for all phases in

the cases of mixtures were assumed, with the purpose of

reducing the number of parameters. Under these hypotheses,

Rietveld refinements were successfully performed for all

SXPD patterns.

The weight fraction of the different component phases were

calculated by means of the following equation:

Wi ¼
SiðZMVÞiPn
j¼1 SjðZMVÞj

ð1Þ

whereWi is the weight fraction of the ‘‘i’’ phase in a mixture of

n phases, S the Rietveld scale factor, Z the number of basic

formula per unit cell,M the mass of the formula unit and V the

unit cell volume.22

The average crystallite sizes, hDi, of each phase for all

samples were determined from the width of SXPD peaks by

applying the Scherrer equation,23 considering the instrumental

broadening determined from the analysis of a LaB6 standard

(NIST-SRM 660a). In multiphasic samples with strong

peaks overlapping, the results of Rietveld analysis were
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used to determine the width of peaks corresponding to the

different phases.

The discrimination between cubic phase and the t0 0-form

was achieved by measuring with high step-counting times the

112 Bragg reflection of the tetragonal structure, which is

forbidden in the cubic symmetry. This weak Bragg reflection

is only related to the displacement of O2� anions. Therefore,

the use of a powerful synchrotron X-ray beam for the

measurement of X-ray diffraction data becomes of critical

importance to identify the t0 0-form.7

The above SXPD analysis was complemented by

Raman scattering. Raman spectra in the wave number range

of 150–900 cm�1 were obtained in a Renishaw Imaging

Microscope System 3000 spectrophotometer equipped with an

Olympus BH-2 microscope and a CCD detector. The excitation

source was a 632.8 nm He-Ne laser line (Spectra Physics, model

127). Spectra were acquired by averaging five scans of 20 s

duration each.

Results

SXPD analysis

The ZrO2–Sc2O3 samples studied in this work, calcined at

increasing temperatures up to 1200 1C, exhibited average

crystallite sizes, hDi, in the range of 8.5–110 nm, as determined

by using the Scherrer equation. As we will see later, samples

having smaller hDi, up to about 25 nm, were single-phased,

exhibiting the t0 0-form or the cubic structure. In contrast,

samples with larger hDi were multiphasic. The phases identified

for the different Sc2O3 contents and calcination temperatures

studied in this work, their respective weight fractions and hDi
values are summarized in Table 1 (in some cases, as it will be

explained in the following section, Raman spectroscopy data

were needed to distinguish between the t0 0-form and the cubic

phase). It can be noticed that the values of hDi for different

calcination temperatures are approximately independent of

the Sc2O3 content, in the ranges of 8.5–9.5, 22–24, 29–45,

55–65 and 80–110 nm for samples calcined at 650, 850, 935,

1000 and 1200 1C, respectively. In the following discussion, we

will assume typical values of hDi of 10, 25, 35, 60 and 100 nm,

respectively, for the three Sc2O3 contents (10, 12 and 14 mol%)

analyzed in this work.

The SXPD patterns corresponding to the samples calcined

at 650 1C (i.e.with average crystallite size of about hDiE 10 nm)

are displayed in Fig. 1. By examining these patterns it can

easily be seen that all samples are single-phased and that all

strong X-ray Bragg reflections (111, 200, etc.) can be indexed

by assuming a faced centered cubic (fcc) unit cell. As it can be

observed in the inset at the top of Fig. 1, the 112 reflection was

present for the 10 mol% Sc2O3 sample. The presence of this

weak reflection reveals that the structure of this sample

corresponds to the tetragonal t0 0-form, with a cubic unit cell

but with the oxygen anions slightly displaced from their

positions expected for a fluorite-type cubic structure. The

fractional z-coordinate of the O2� anion in the asymmetric

unit of the tetragonal unit cell, z(O), determined from the ratio

Table 1 Phases identified by SXPD and Raman spectroscopy, phase contents determined by quantitative Rietveld analysis and average crystallite
sizes determined by Scherrer equation for all ZrO2–Sc2O3 powders analyzed in this work. Numbers in parentheses indicate the error in the last
significant digit

Sc2O3 content (mol%) Calcination T/1C Identified phases

Average crystallite size/nm Phase contents (wt.%)

t0 0/c b g t0 0/c b g

10 650 t0 0 8.5(6) — — 100 — —
850 t0 0 24(2) — — 100 — —
935 t0 0 + b 29(2) 38(3) — 50(1) 50(1) —
1000 t0 0 + b 60(5) 65(5) — 22.0(4) 78.0(7) —
1200 c (or t0 0) + ba 1.0(1)*102 1.0(1)*102 — 15.2(4) 84.8(9) —

12 650 c 9.0(7) — — 100 — —
850 c 24(2) — — 100 — —
935 b + g + c 45(4) 42(4) 33(3) 39(1) 40(1) 21(1)
1000 b + g + c 55(5) 65(6) 55(5) 23(1) 55(1) 22(1)
1200 b + g — 80(7) 90(9) — 83.7(9) 16.3(5)

14 650 c 9.5(7) — — 100 — —
850 c 22(2) — — 100 — —
935 c + g 36(4) — 42(4) 40(1) — 60(1)
1000 g + b — 60(5) 65(6) — 13.5(5) 86.5(9)
1200 g + b — 80(8) 1.1(1)*102 — 11.8(3) 88.2(8)

a In this sample, Raman spectroscopy data are not clear enough to discriminate between the cubic phase and the t0 0-form of the tetragonal phase.

Fig. 1 SXPD patterns of ZrO2-10, 12 and 14 mol% Sc2O3 nano-

powders with average crystallite sizes of about 10 nm. Insets: SXPD

patterns close to the 112 Bragg reflection corresponding to the t0 0-

form. This reflection is apparent in the 10 mol% Sc2O3 sample and

vanishes in the 12 and 14 mol% Sc2O3 materials. The increasing trend

of the background near the 112 peak is an effect coming from the very

large width of the 220 one.
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of the integrated intensities of the 112 and 111 peaks, resulted

in 0.237(2). On the other hand, the other insets of Fig. 1

indicate that the 12 and 14 mol% Sc2O3 samples do not show

any trace of the 112 peak, thus, these powders exhibited the

cubic phase.

Similar to the SXPD patterns corresponding to the nano-

powders with hDi E 10 nm, the analysis of SXPD data for

those with hDi E 25 nm (calcined at 850 1C) confirmed that

they also exhibited the t0 0-form for 10 mol% Sc2O3 and the

cubic phase for 12 and 14 mol% Sc2O3. The value of z(O) for

the 10 mol% Sc2O3 sample calcined at 850 1C resulted in

0.237(2), the same value determined for the sample calcined at

650 1C.

The analysis of SXPD data corresponding to nanopowders

with hDi above 25 nm (i.e. calcined at 935 1C or higher

temperatures) demonstrated that these samples exhibited a

mixture of two or three different phases. This can be clearly

observed in Fig. 2, which shows the 2y region close to the

220 peak of the t0 0-form or the cubic phase for nanopowders

with different Sc2O3 contents and calcination temperatures.

Bragg reflections in these SXPD patterns were assigned to

either cubic or rhombohedral, b or g phases, depending on

Sc2O3 content and hDi. For these samples with large hDi, it
was not possible to discriminate between the t0 0-form and the

cubic phase by means of SXPD, because the very weak Bragg

peaks, characteristics of the t0 0-form, are strongly overlapped

with peaks corresponding to the rhombohedral phases. There-

fore, in the following analysis of samples with large hDi,
we assumed the cubic phase. However, in some cases, the

Raman spectroscopy data made possible to distinguish both

phases.

For samples with 10 mol% Sc2O3, the 220 Bragg peak of the

t0 0-form in Fig. 2 splits into two peaks that can be assigned to a

rhombohedral b phase. For the 12 mol% Sc2O3 ones, the

220 peak of the cubic phase changes to four well-resolved

peaks, two of them belonging to the rhombohedral b phase

and the other two to the rhombohedral g one. The SXPD

patterns of ZrO2-14 mol% Sc2O3 materials exhibit similar

features to those of ZrO2-12 mol% Sc2O3 samples, but the

Bragg peaks of the g phase are stronger. In all cases, the

integrals of the Bragg peaks of the t0 0-form and cubic phase

decrease for increasing calcination temperature, i.e. for

increasing hDi.
The crystallographic parameters determined from Rietveld

analysis for the different phases of all samples are listed in

Table 2. The atomic positions determined by Wurst et al.20

for the b phase and by Thornber et al.21 for the g one were

fixed in all cases and led to good fittings of both, strong

and weak, Bragg reflections. For example, Fig. 3 shows a

typical and excellent agreement obtained between experi-

mental data and fit for the ZrO2-12 mol% Sc2O3 sample

calcined at 935 1C. The calculated lattice parameters deter-

mined here are in accordance with those published in the

literature.2,3,20,21

Raman spectroscopy

Our Raman scattering measurements, displayed in Fig. 4,

confirmed the existence of different phases previously

identified by SXPD and provided complementary infor-

mation about their detailed features. Raman scattering

results were particularly helpful to distinguish between the

t0 0-form (tetragonal phase with a cubic unit cell) and the

cubic phase in multiphasic samples, for which SXPD data

were not conclusive since the weak 112 Bragg peak is

masked by other Bragg reflections associated to b and/or

g phases.

The band at about 470 cm�1 (marked with a star) is

considered as a signature of the tetragonal structure.

Fig. 2 SXPD patterns close to the 220 Bragg peak of the t0 0-form or the

cubic phase for nanopowders with different Sc2O3 contents and calcina-

tion temperatures (or average crystallite sizes). (a) ZrO2-10 mol% Sc2O3

samples; (b) ZrO2-12 mol% Sc2O3 samples; (c) ZrO2-14 mol% Sc2O3

samples.
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Its presence for ZrO2-10 mol% Sc2O3 nanopowders with hDi
E 10 and 25 nm implied that these samples exhibit

the tetragonal phase (see Fig. 4(a)), thus confirming SXPD

analysis. The band at 470 cm�1 is also apparent in Raman

spectra of samples with hDi E 35 and 60 nm (calcined at

935 and 1000 1C, respectively), while its presence is not clear in

the spectrum corresponding to hDi E 100 nm, so in this

last sample we could not discriminate between the t0 0-form

and the cubic phase. Raman bands at 310, 350, 485, 522, 585

and 606 cm�1 observed in the spectra of samples with

hDi E 35, 60 and 100 nm (marked with K) were assigned

to the b-phase.3

In the case of the ZrO2-12 mol% Sc2O3 samples (Fig. 4(b)),

the tetragonal phase cannot be clearly detected because the

470 cm�1 band is weak and much larger than those observed

for the spectra corresponding to samples with ZrO2-10 mol%

Sc2O3. Hence the ZrO2-12 mol% Sc2O3 with hDi E 10

and 25 nm were characterized as cubic instead of tetragonal.

The spectra of samples with hDi E 35, 60 and 100 nm

(calcined at 935, 1000 and 1200 1C, respectively) exhibit

additional peaks at 295, 408, 432, 520 and 560 cm�1 (marked

with &) that were assigned to the g phase.15

The absence of the 470 cm�1 Raman band for the

ZrO2-14 mol% Sc2O3 sample with hDi E 10 nm (Fig. 4(c))

indicates that this sample also exhibits the cubic phase, while

the presence of Raman bands corresponding to g phase have

been identified in the spectra associated to samples with

average sizes hDi E 35 nm and larger.

Discussion

Our experimental results allowed us not only to identify the

phases retained in the ZrO2–Sc2O3 system for different com-

positions and average crystallite sizes, but also to provide

detailed quantitative information regarding the retention

of metastable phases in these materials. This important

new quantitative information is summarized in Fig. 5, a

3D-diagram that indicates the weight fractions of c/t0 0, b and

g phases as functions of Sc2O3 content and hDi. This diagram
shows that single-, two- or three-phase materials can be

obtained. In particular, it shows that the metastable t0 0-form

Fig. 3 Agreement between experimental SXPD data and fit obtained

after Rietveld refinements for the ZrO2-12 mol% Sc2O3 sample

calcined at 935 1C. Data, fit and difference are indicated in red, black

and blue, respectively.

Table 2 Results obtained from Rietveld refinements of SXPD data for ZrO2-10, 12 and 14 mol% Sc2O3 powders analyzed in this work. Numbers
in parentheses indicate the error in the last significant digit. The isotropic Debye–Waller factors for Zr and Sc atoms were assumed to be equal. For
multiphasic samples, these Debye–Waller factors were considered equal for all phases

Sc2O3 content (mol%) Calcination T/1C Phase Space group a/Å c/Å B(Zr,Sc)/Å2 B(O)/Å2 Rp Rwp Rexp

10 650 t0 0 P42/nmc 5.0878(4) 5.089(1) 1.05(4) 2.4(1) 5.89 7.9 2.46
850 t0 0 P42/nmc 5.0887(3) 5.0891(7) 0.99(2) 2.72(7) 6.07 8.01 2.41
935 ca Fm�3m 5.08864(5) 0.60(3) 1.70(8) 7.33 9.44 2.31

b R�3 19.8531(3) 17.9404(2)
1000 ca Fm�3m 5.09284(3) 0.38(3) 1.10(9) 8.48 11.0 2.26

b R�3 19.8244(1) 18.00867(9)
1200 c Fm�3m 5.09189(2) 0.39(9) 0.23(3) 9.1 11.5 2.24

b R3 19.8153(1) 18.02770(7)
12 650 c Fm�3m 5.0850(1) 1.21(3) 2.94(8) 6.32 5.54 2.04

850 c Fm�3m 5.08396(5) 1.21(3) 3.03(9) 11.1 12.8 2.42
935 c Fm�3m 5.08321(5) 0.67(3) 1.35(8) 7.88 9.54 2.38

b R�3 19.8476(3) 17.9311(2)

g R�3 9.5368(1) 17.4798(2)
1000 c Fm�3m 5.08351(4) 0.50(3) 0.20(9) 9.43 11.5 2.32

b R�3 19.8305(2) 17.9550(1)
g R�3 9.5381(1) 17.4781(2)

1200 b R�3 19.8266(1) 17.963(1) 0.26(4) 0.1(1) 11.5 14.4 2.3
g R�3 9.5409(9) 17.4792(2) 0.26(4) 0.1(1)

14 650 c Fm�3m 5.07838(1) 1.34(4) 3.22(9) 7.01 9.09 2.7
850 c Fm�3m 5.08254(6) 1.38(3) 3.41(8) 9.3 11.0 2.58
935 c Fm�3m 5.08550(4) 0.80(3) 1.55(8) 8.44 10.1 2.46

g R�3 9.5399(1) 17.4869(2)
1000 b R�3 19.8538(2) 17.9736(2) 0.13(9) 0.41(3) 9.63 12.0 2.32

g R�3 9.54114(6) 17.48248(9)
1200 b R�3 19.8297(1) 17.9900(1) 0.29(3) 0.03(9) 9.48 11.8 2.38

g R�3 9.54110(4) 17.46648(6)

a For these samples, in spite of the results of Raman spectroscopy, we used a fluorite-like cubic phase instead of the t0 0-form of the tetragonal phase

(this means that we ignored the small effect of oxygen displacements) in order to simplify the structural model.
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and the cubic phase can only be retained for materials with

small hDi, resulting in a critical size of about 30–40 nm for the

compositional range considered in this investigation. There-

fore, we can conclude that the materials gradually approach to

the behavior predicted by the equilibrium phase diagram as

hDi grows, while the phase fractions depend on hDi and

composition.

2D-plots that report the results of our quantitative analyses

as functions of hDi for the three Sc2O3 contents studied in this

work are also shown in Fig. 5. Their main features are the

following:

(i) ZrO2-10 mol% Sc2O3: the t0 0-form of the tetragonal

phase is fully retained for hDi up to 25 nm (calcined up to

850 1C), whereas the content of this phase decreases from 50 to

15 wt.% for increasing hDi from about 35 nm up to 100 nm.

Correspondingly, the content of rhombohedral b phase

gradually increases from 50 to 85 wt.%.

(ii) ZrO2-12 mol% Sc2O3: the cubic phase is fully retained in

samples with hDi up to 25 nm. For larger hDi, the cubic phase
coexists with the rhombohedral phases and its content

decreases from 39 down to 0 wt.%, for materials with hDi
increasing from E 35 nm up to E 100 nm. The b phase

appears for hDiE 35 nm and its content gradually grows for

increasing hDi up to 84 wt.% for hDiE 100 nm. The g phase

also appears in samples with hDi Z 35 nm and its content

varies between 16–22 wt.%.

(iii) ZrO2-14 mol% Sc2O3: all the features of this com-

position are similar to those of the ZrO2-12 mol% Sc2O3

materials, but the g phase dominates in materials with large

hDi instead of the b phase.

Conclusions

The combined application of SXPD and Raman scattering

allowed us to identify and quantify the phases present in

nanocrystalline ZrO2–Sc2O3 materials with Sc2O3 contents

from 10 up to 14 mol% and average crystallite sizes ranging

from about 10 up to 100 nm.

This investigation established that the t0 0-form or the cubic

phase are fully retained in nanopowders composed of very

small crystallites of ZrO2–Sc2O3 with hDi up to 25 nm. The

t0 0-form was identified in samples with 10 mol% Sc2O3 and the

cubic phase in samples with 12 and 14 mol% Sc2O3. These

nanopowders with the smallest crystallite sizes (hDi E 10 nm

and 25 nm) are single phased, essentially free from

any significant contribution from the stable rhombohedral

phases.

ZrO2-10, 12 and 14 mol% Sc2O3 materials with hDi Z 35 nm

are multiphasic. In samples with increasing average crystal-

lite size, the content of t0 0-form or cubic phase decreases

while the weight fraction of b and g rhombohedral phases

increases. Thus, the system progressively approaches to the

known phase diagram of materials with large (micrometric)

crystallites.

Finally, we remind that the tetragonal and cubic phases that

have being retained at room temperature in the studied

nanostructured ZrO2–Sc2O3 powders exhibit better electrical

properties than the stable rhombohedral phases. However,

practical use of the studied powders as precursors of dense ceramic

materials for industrial applications requires additional studies

to verify the stability of the retained tetragonal or cubic phases

under real processing conditions. The investigation of the

crystallographic structure of sintered ceramics and the analysis

of the local structure of this system, determined from X-ray

Fig. 4 Raman spectra of ZrO2–Sc2O3 samples for the different

average crystallite sizes and compositions analyzed in this work.

(a) ZrO2-10 mol% Sc2O3 samples; (b) ZrO2-12 mol% Sc2O3 samples;

(c) ZrO2-14 mol% Sc2O3 samples. The stars indicate the Raman band

at 470 cm�1 associated to a tetragonal structure. The filled circles (K)

indicate the Raman bands associated to rhombohedral b phase and the

open squares (&) indicate those corresponding to the rhombohedral

g phase.
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absorption spectroscopy, are under way. These investigations

are expected to shine a light on structural changes as a

function of composition and crystallite size and also on the

correlation between the short and long range atomic order in

the studied materials.
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