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a b s t r a c t

The vibration response of cubic and rhombohedral (�) 10 mol%Sc2O3–1 mol%CeO2–ZrO2 (Sc0.1Ce0.01ZrO2)
both at room and high-temperatures is reported. The in situ heating experiments and ex situ indentation
experiments were performed to characterize the vibrational behavior of these important materials. A
temperature and stress-assisted phase transition from cubic to rhombohedral phase was detected dur-
ing in situ Raman spectroscopy experiments. While heating and indentation experiments performed
eywords:
icro-Raman spectroscopy

ubic phase
hombohedral phase
irconia

separately did not cause the transition of the cubic phase into the rhombohedral structure under the
performed experimental conditions and only broadened or strained peaks of the cubic phase could be
detected, the heating of the indented (strained) surface leaded to the formation of the rhombohedral
Sc0.1Ce0.01ZrO2. Both temperature range and strained zone were estimated by in situ heating and 2D
mapping, where a formation of rhombohedral or retention of cubic phase has been promoted.
ickers indentation
tress

. Introduction

Sc2O3 doped ZrO2 (ScZrO2) ceramics have recently attracted a
ignificant interest as a novel promising electrolyte material for
ower temperature SOFCs due to its excellent ionic conductivity
1–3]. There have been numerous reports on the high ionic conduc-
ivity of ScZrO2 ceramics [4,5] which was reported to be near twice
s high as other ZrO2 based electrolytes [6]. Most of the studies of
cZrO2 ceramics were performed on the materials with 8–12 mol%
oping level of Sc2O3, where a cubic phase is a main single phase at
00–800 ◦C operating temperatures. The drawback of ScZrO2 has
een also reported as an ordering of vacancies over time, called the
ging phenomenon, accompanied by a phase transition to a lower
ymmetry rhombohedral phase, resulting in decreased conductiv-
ty [6]. The highly conductive cubic phase is not stable below 650 ◦C
ausing the abrupt decrease in ionic conductivity during cooling in
he ScZrO2 [7,8]. It is known that in 11 mol% Sc2O3–89 mol% ZrO2,
cubic to rhombohedral phase transition occurs when the tem-

erature decrease below 600 ◦C [9,10]. It was reported [11,12] that
hen ZrO2 is stabilized with a small amount of CeO2 along with
c2O3, it no longer exhibits an unfavorable phase transition, making
his material a very promising option for intermediate temperature
lectrolytes.
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In [11], the commercially available 10 mol% Sc2O3–1 mol%
CeO2–ZrO2 further referred as Sc0.1Ce0.01ZrO2, manufactured by
Daiichi Kigenso Kagaku Kogyo (DKKK, Japan) has been reported to
have a stable cubic phase, superior electrical properties and excel-
lent high temperature long-term operating characteristics of single
cells using Sc0.1Ce0.01ZrO2 as an electrolyte material. Contrary, the
reversible very slow cubic to rhombohedral and rhombohedral
to cubic phase transitions at 300–500 ◦C has been reported upon
heating of Sc0.1Ce0.01ZrO2 ceramics using X-ray diffraction [13],
which were probably overlooked in other studies due to extremely
slow kinetics of cubic to rhombohedral phase transition upon heat-
ing. Thus, it was recently shown that the high temperature cubic
Sc0.1Ce0.01ZrO2 is a metastable phase at room temperature and
could be easily transformed to the thermodynamically stable rhom-
bohedral phase upon annealing at 350–400 ◦C after at least 12 h
of annealing. However, it is not expected that these transitions
could have a significant effect on Sc0.1Ce0.01ZrO2 electrolyte per-
formance since they occur at lower temperatures and could simply
be bypassed during heating up or cooling down cycles of the cells.
It was reported that the kinetics of the phase transition is a strong
function of the grain size of the Sc0.1Ce0.01ZrO2 ceramics [13], and
it was also found that the coefficient of thermal expansion of cubic
Sc0.1Ce0.01ZrO2 is very close to the Y2O3 stabilized ZrO2 (YSZ) which

is a good indicator that Sc0.1Ce0.01ZrO2 ceramics are a perfect can-
didate for substitution of YSZ electrolyte SOFCs.

It has been recognized that while XRD patterns are deter-
mined by the arrangements of the cations (Zr, Sc, Ce) in the
fluorite lattice, laser-excited Raman spectra are sensitive to the

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:norlovsk@mail.ucf.edu
dx.doi.org/10.1016/j.jpowsour.2009.10.060
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hange of the polarizability of cation-oxygen vibrations and can
asily give important information about the crystal structure of
c0.1Ce0.01ZrO2. The different ZrO2 structures (monoclinic, tetrag-
nal, rhombohedral, and cubic) all have characteristic signatures
n their spectra, which enable them to be easily distinguished.
esides, the strain/stress in the material can be detected from
he shift of the certain peaks. The Sc0.1Ce0.01ZrO2 ceramics under
tudy have been previously characterized by XRD [13], but the
oal of this paper is to study the spectra of cubic and rhom-
ohedral phases as well as to detect temperature and stress

nduced deformation and phase transitions in zirconia using Raman
pectroscopy.

. Experimental details

The 10 mol% Sc2O2–1 mol% CeO2–ZrO2 (Sc0.1Ce0.01ZrO2) pow-
er produced by Daiichi Kigenso Kagaku Kogyo (DKKK, Japan) has
een sintered at 1500 ◦C for 2 h with a 10 ◦C min−1 heating/cooling
ate in air to almost full density. The detailed processing of the
c0.1Ce0.01ZrO2 as well as it selected properties, such as strength,
ardness, fracture toughness, Young’s modulus, as well as pre-

iminary Raman data are presented in details elsewhere [13–16].
he XRD confirms that the material consists of the cubic phase
pon cooling after sintering at 375 ◦C for 12 h [13]. The cubic
c0.1Ce0.01ZrO2 samples were grinded and polished in order to
btain the mirror surface and then they were thermally etched at
300 ◦C for 1 h to reveal the grain boundaries. A portion of the ther-
ally etched cubic Sc0.1Ce0.01ZrO2 samples were annealed at 375 ◦C

or 12 h in air in order to convert them to the rhombohedral phase,
hich is stable in 25–400 ◦C temperature range [13]. Both cubic and

hombohedral Sc0.1Ce0.01ZrO2 phases were indented using Vickers
ardness tester (LECO M-400) with a load of 9.8 N. The hardness and

racture toughness of the ceramics have been calculated using the
ength of the impression diagonals and cracks originating from the
orners of the impressions, respectively. Optical micrographs were
aken using an Olympus confocal microscope (LEXT OLS3000-IR).

Renishaw InVia Raman microscope was used to study the
ibrational spectra of Sc0.1Ce0.01ZrO2 ceramics. The Raman micro-
cope system comprises a laser (532 nm line of solid Si or near
nfrared 785 nm) to excite the sample, a single spectrograph fit-
ed with holographic notch filters, and an optical microscope (a
eica microscope with a motorized XYZ stage) rigidly mounted
nd optically coupled to the spectrograph. Before collecting spec-
ra of Sc0.1Ce0.01ZrO2 the spectrometer was calibrated with a Si
tandard using a Si band position at 520.3 cm−1. The average col-
ection time for a single spectrum was 20 s. High temperature
aman spectroscopy was performed using a TMS 600 and TMS
500 heating stage (Linkam Scientific Instruments Ltd., UK) by heat-

ng/cooling of the samples to/from 400 and 1000 ◦C, respectively.
or the high temperature experiments the incident and scattered
eams were focused with a long working distance 50× objective,
hich maintained a laser spot as small as 2–3 �m. A 10 ◦C min−1

eating/cooling rate was used for high temperature experiments.
oom temperature Raman spectra were collected from different
oints of interest on the sample surface, such as on the polished
urface at different locations as well as inside or outside the Vickers
mpressions. For room temperature and area mapping experiments
he short working distance 100× objective was used. To produce
wo-dimensional (2D) maps, Renishaw Wire 2.0 software with a
ixed Lorentzian and Gaussian peak fitting function was used. The
ystem’s peak fitting results were plotted to create a position map
ith a spectral resolution better than 0.2 cm−1. The total time of

pectrum collection was decreased to 3 s per point in the case of 2D
apping and the total acquisition time to collect all spectra for one
ap never exceeded 24 h.
Fig. 1. The spectral range of cubic and rhombohedral Sc0.1Ce0.01ZrO2 electrolyte
ceramics collected by 532 nm solid Si and 785 nm NIR lasers.

3. Results and discussion

The whole spectral range of cubic and rhombohedral
Sc0.1Ce0.01ZrO2 phases collected using both 532 and 785 nm
lasers are presented in Fig. 1. The assignment of the cubic and
rhomboherdal phases were made based on the XRD analysis pre-
sented elsewhere [13]. While the spectra collected using 532 nm Si
laser shows the most prominent features at ranges 100–1000 cm−1

and 7200–8000 cm−1 both for cubic and rhombohedral structures,
the spectra collected using NIR 785 nm laser shows the strongest
bands in the 1000–2000 cm−1 range. Thus, it is useful to study the
vibrational response of the Sc0.1Ce0.01ZrO2 using at least two lasers,
as the structural information from the analysis of Raman spectra
measured with only one laser could be incorrectly interpreted.
A number of peaks showing up both in cubic and rhombohedral
Sc0.1Ce0.01ZrO2 in 1000–2000 cm−1 range using 785 nm excitation,
are completely missing when 532 nm laser is used, Fig. 1. The
bands with a Stokes shift higher than 800 cm−1 from the laser
excitation line have been previously observed in zirconia based
oxides [17–19], and bands have been assigned to electronic tran-
sitions in impurity ions [20] or to phonon-mediated de-excitation
of excited states of the impurity-doped ZrO2 lattice [21]. While the
exact nature of the bands is not obvious, they could be tentatively
assigned to the appearance of the luminescence bands related
to Ln3+ (Ln: Pr3+, Nd3+, Mo3+, Er3+) or other impurities ions [22],
and photoluminescence measurements need to be performed to
establish the origin of each 1000 cm−1 and higher bands.

The spectra of cubic and rhombohedral Sc0.1Ce0.01ZrO2 phases
in 100–1000 cm−1 range taken by 532 and 785 nm lasers are pre-
sented in Fig. 2. The similar spectrum of cubic Sc0.1Ce0.01ZrO2
electrolyte was published in [23]. The spectrum of pure cubic flu-
orite phase should consist of a single F2g mode between 400 and
500 cm−1, and it was reported that Raman spectrum of pure sub-

micron cubic zirconia consists of a weak broad line assigned to a
single allowed Raman mode F2g symmetry [24]. The out-of-phase
motion of the 2 oxygen atoms is assigned to this mode, therefore
the frequency should be independent of the cation mass, and should
vary inversely proportional to the square root of the cell volumes. It
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Fig. 2. Vibrational spectra of cubic and rhombohedral (�) Sc0.1Ce0.01ZrO2 ceram

as reported that in fluorite structures, CeO2, ThO2, UO2 the mode
as been observed near the 460–470 cm−1 region [25,26]. However,
he spectrum of cubic Sc0.1Ce0.01ZrO2 contains a number of bands,
nd some of the bands at 800 cm−1 and below were assigned to
aman active lattice phonons [27,28]. They are located at 239, 478,
80, and 623 cm−1 (Fig. 2). At the same time the two bands at 315
nd 378 cm−1 detected by 532 nm laser were not revealed when
pectrum was taken by 785 nm laser, and a band at 398 cm−1 was
etected by 785 nm laser, but it did not show up in the 532 nm spec-
rum. Therefore, it is fair to notice that the 315, 378, and 398 cm−1

ands do not belong to fluorite lattice vibrations, but might appear
ue to presence of impurities. The appearance of the peaks, which
re not allowed in the cubic fluorite structure, can be also attributed
o the disorder of ionic defects in the oxygen sublattice. Substitu-
ion of Zr4+ by Sc3+ results in the formation of high quantities of
xygen vacancies, and such high defect concentration can lead to a
iolation of the selection rules and allows the appearance of addi-
ional modes that are forbidden for the cubic fluorite structure [28].
he possibility of lowering the cubic symmetry on the local scale,
hich cannot be detected by X-ray diffraction, cannot be excluded,

ince the oxygen immediately surrounding a vacancy collapse cre-
ting structural short range disorder on the oxygen sublattice. It
as reported that appearance of the extra peaks, which are not

llowed in the cubic fluorite structure, could indicate a presence
f lower symmetry t’-phases, which is difficult to distinguish from
ubic structure by X-ray diffraction [12,29].

In order to study the effect of stress on vibrational properties
f cubic and rhombohedral Sc0.1Ce0.01ZrO2, the polished surface
as indented using Vickers diamond indenter. For comparison,

he spectra taken both from the non-deformed surface and from
he center of the Vickers impressions of cubic and rhombohedral
c0.1Ce0.01ZrO2 are shown in Fig. 2. While, the position shift and
hange of the intensities and full width at half maximum (FWHM) of
ertain bands can be detected, the structures of cubic and rhombo-
edral phases remain the same after the deformation by the sharp

ickers indenter. The broadening and decrease of the intensities
f the bands after indentation are indicative for increased crys-
alline disorder, e.g. introduction of internal strain and dislocations
long with other defects. However, no stress induced phase trans-
ormation with detectable localized changes of structure which
and C) non-deformed polished surface, (B and D) center of Vickers impression.

change selection rules and cause splitting of vibrational modes can
be reported upon indentation.

The differences between the cubic and rhombohedral
Sc0.1Ce0.01ZrO2 are clearly visible in Fig. 2, especially when
spectra are taken using 532 nm Si laser. As it was already reported
in [10] the Raman spectrum of rhombohedral phase is rather
complex, presented by a characteristic broad continuum with
many small peaks rising above background.

The bands of cubic Sc0.1Ce0.01ZrO2 display anharmonic effects as
temperature is raised, with broadening and merging of the peaks
[30]. The asymmetry of the 623 cm−1 band in Fig. 3, on the left low
frequency side of the cubic Sc0.1Ce0.01ZrO2 is typical for disordered
systems, as it was indicated by Kosacki et al. [28]. The heating of
the cubic Sc0.1Ce0.01ZrO2 up to 1000 ◦C did not remove the asym-
metry (Fig. 3), however the intensities of the bands decreased
and a significant broadening of the peaks due to anharmonicity,
the onset of oxygen diffusion and the increasing dynamic struc-
tural disorder of the oxygen sublattice has been observed upon
temperature increase. The weak band at 480 cm−1, which could
indicate the lowering of the cubic symmetry to tetragonal (t′) phase
at room temperature [29], completely disappeared upon heating
above 500 ◦C. The asymmetric 623 cm−1 band is shifted to the lower
wavenumbers, as temperature was increased; however bands 315
and 378 cm−1 are shifted to the higher wavenumbers. The position
of the first band was located at 315 cm−1 at room temperature, but
it was shifted to 342 cm−1 at 400 ◦C. Due to the broadening, a 315
and 378 cm−1 bands coalesced into one broad band starting from
800 ◦C, which was impossible to deconvolute into two peaks. Such
shift to the higher wavenumber, upon heating is also indicative that
the bands are not due to vibrations of the ions in the fluorite lat-
tice. At the same time, two broad bands in 800–1050 cm−1 region
completely disappeared at 400–500 ◦C upon heating, but later reap-
peared when the sample was cooled after heating experiments.

Since the vibrational frequencies of both cubic and rhombohe-
dral Sc0.1Ce0.01ZrO2 are very complex below 800 cm−1 (Fig. 2) they

are not suitable for the mapping experiments, which can help to
detect the phase transitions or identify the distribution of residual
stresses. Therefore, the 1000–2000 cm−1 range of the spectrum has
been chosen for the collection of 2D maps using NIR 785 nm laser.
While the origin of the bands is not presently known, however pho-
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ig. 3. High temperature spectra of cubic of Sc0.1Ce0.01ZrO2 ceramics heated up to
000 ◦C with 100 ◦C step size and 10 ◦C min−1 heating rate. A dwell time of 5 min
as used at each temperature before spectrum’s collection.

oluminescence measurements are underway and they will help
o identify both the nature of the bands and the nature of the
mpurities which caused the vibrations. Thought the bands in the
000–2000 cm−1 range do not represent the vibrational response
f ions in zirconia lattice, they still can be easily used to identify
oth the presence of the cubic and rhombohedral phases and help
etect residual stress existing in the material due to temperature or
ressure effects. The approach is similar to the one used in alumina
o detect stresses using well known R-line peak positions which
ppeared because of the transitions between the ground state of
he Cr3+ impurity ion and its first excited state, when the material
s excited with an citation source such as a laser [31,32].

Fig. 4A represents the typical spectra of cubic and rhom-
ohedral phases. Spectra taken both from the polished surface
nd from the center of the Vickers impression do not show a
ignificant difference. The deconvoluted peaks of cubic and rhom-
ohedral Sc0.1Ce0.01ZrO2 are shown in Fig. 4B. Confocal optical
icrographs of the cubic and rhombohedral Sc0.1Ce0.01ZrO2 are

hown in Fig. 5(A and B). While the cubic Sc0.1Ce0.01ZrO2 has
smooth and flat surface, where grain boundaries are clearly
isible, the rhombohedral Sc0.1Ce0.01ZrO2 has formed surface ter-
ination steps [13]. The formation of the rhombohedral structure

as occurred during annealing of the cubic Sc0.1Ce0.01ZrO2 at
75 ◦C for 12 h which lead to a full transformation from cubic
o rhombohedral phase. The confocal optical micrographs of the
urces 195 (2010) 2301–2309

Vickers impressions obtained by indenting cubic and rhombo-
hedral Sc0.1Ce0.01ZrO2 are shown in Fig. 5(D and C). Total of
20 impressions were made for each sample at a 9.8 N load.
The impressions were used for the measurements of hardness
and indentation fracture toughness. Thus, Hv = 14.02 ± 0.3 GPa and
K1C = 2.03 ± 0.7 MPa m1/2 are reported for cubic Sc0.1Ce0.01ZrO2 and
Hv = 13.78 ± 0.4 GPa and K1C = 1.68 ± 0.2 MPa m1/2 are reported for
rhombohedral Sc0.1Ce0.01ZrO2.

In order to determine the stability of the cubic and rhombohe-
dral phases in 25–400 ◦C temperature range the heating/cooling
experiments were performed where spectra in the region of
1240–1740 cm−1 were collected from three different locations on
the sample’s surface during heating and cooling. Three differ-
ent samples of cubic Sc0.1Ce0.01ZrO2 and three different samples
of rhombohedral Sc0.1Ce0.01ZrO2 were indented using a Vickers
indenter at 9.8 N. For each indented sample, a separate location has
been chosen: (a) a non-deformed polished surface far away from
the impression; (b) a center of the Vickers impression; (c) a loca-
tion close to the Vickers impression where a stress should develop
due to a deformation introduced by indentation. The last two loca-
tions, a center of the Vickers impression and a stress field point, are
shown in Fig. 5C.

The spectra collected from three different locations in cubic and
rhombohedral phases during heating and cooling up to 400 ◦C are
presented in Fig. 6. It was detected that while cubic phase is retained
as cubic on the polished non-deformed surface for the performed
heating experiment, it would transform to a rhombohedral struc-
ture upon cooling in the center of the Vickers impression, where
the mixture of cubic and rhombohedral phases could be detected
at room temperature after cooling (Fig. 6A). However, at the stress
field (approximate location is shown with a black dot in Fig. 5C) a
full transformation from the cubic to rhombohedral phase would
occur, thus only the spectrum of rhombohedral phase can be found
and no cubic phase can be detected after cooling. At the same time,
it was found that the rhombohedral phase is stable in the whole
25–400 ◦C temperature range at all three locations both upon heat-
ing and cooling conditions (Fig. 6B).

The position of the peaks of cubic and rhombohedral phases
was analyzed as a function of the locations and temperature (Fig. 7).
While the positions of 1329 cm−1 peak, of the cubic phase collected
from the center of the Vickers impression and the stress field, with
the same tendency observed for 1521 cm−1, were shifted to the
higher wavenumbers relative to the peak position collected from
the polished, non-deformed surface (Fig. 7A), the opposite tendency
was detected to occur for some of the peaks of the rhombohedral
phase (Fig. 7B). Thus, 1472 cm−1 peaks of the rhombohedral phase
were shifted to the lower wavenumbers by ∼10–15 cm−1 relative
to their positions at the polished and stress field surfaces, while
1338 cm−1 peak of rhombohedral phase hardly showed any shift in
position. This difference can be clearly seen when 2D maps of the
peak positions were created with Vickers impression made in cubic
and rhombohedral phases (Fig. 8). The 2D peak position maps of
1329, 1444, and 1521 cm−1 peaks of the cubic Sc0.1Ce0.01ZrO2 along
with the representative spectra taken from the location of interest
are shown in Fig. 8A. The Raman micrographs of the Vickers impres-
sion, created by mapping positions of the 1329 and 1521 cm−1

peaks give an indication of where the impression is located and
what is the shift of the peaks depending on the location. However,
the 1444 cm−1 peak shows a homogeneous distribution of the peak
position in the region of interest, therefore it is not stress/strain
sensitive. The position of the 1329 and 1521 cm−1 peaks of the

cubic phase shifted to the higher wavenumbers in the center of
the Vickers impression, as indicated in Fig. 8A. At the same time
the 2D peaks position maps created using 1338, 1472, 1560, and
1642 cm−1 peaks of the rhombohedral Sc0.1Ce0.01ZrO2 showed that
the shift to the lower wavenumbers occurred in the center of the
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Fig. 4. (A) Typical spectra of cubic and rhombohedral (�) Sc0.1Ce0.01ZrO2 and (B) the deconvoluted peaks of cubic and rhombohedral (�) Sc0.1Ce0.01ZrO2.

Fig. 5. (A and B) Confocal images of cubic and rhombohedral (�) Sc0.1Ce0.01ZrO2, (C and D) confocal optical micrographs of impressions made by a Vickers indenter in (A)
cubic of Sc0.1Ce0.01ZrO2 and (B) rhombohedral (�) Sc0.1Ce0.01ZrO2 ceramics used to determine hardness and indentation fracture toughness, as well as used for mapping
experiments.
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Fig. 6. Spectra of cubic (A) and rhombohedral (B) Sc0.1Ce0.01ZrO2 during heating and cooling up to 400 ◦C.

Fig. 7. Position of the peaks of cubic (A) and rhombohedral (�) phases (B) vs. temperature upon heating experiments; (�) polished surface, (�) center of Vickers impression,
(�) stress field.
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Fig. 8. 2D maps of the positions of peaks for cubic (A) and rhombohedra

ickers impression for all four peaks (Fig. 8B). The reason of the
hifts to the lower wavenumbers can lie in a different response
o the compressive stress of the rhombohedral phase, but it could
lso be explained by a different response of the particular vibra-
ions under consideration. To explain the differences, the uniaxial
tress/strain calibration experiment, for both cubic and rhombohe-

ral phases, are required that will be performed in the future.

After heating/cooling experiments of the cubic phase in
0–400 ◦C temperature range (Fig. 6) it became clear that not only
emperature, but also existing stress affects the phase composition
f Sc0.1Ce0.01ZrO2. Fig. 9A shows the confocal optical micrograph
c0.1Ce0.01ZrO2. The typical spectra of the two phases are also presented.

of the impression after heating/cooling to 400 ◦C experiment of
the indented cubic Sc0.1Ce0.01ZrO2. The deformation zones formed
around impression are clearly visible. This impression was used
for mapping (Fig. 9B) which shows formation of the rhombohedral
phase in the stressed fields around the impression after heat-
ing/cooling. The impression map was created using the area of

180 �m × 180 �m of the impression, presented in Fig. 9A. The typ-
ical spectra, corresponding to cubic, rhombohedral and a mixture
of two phases, collected from the different locations on the maps
are given in Fig. 9B. As one can see from the map (Fig. 9C), the
cubic phase was mostly retained both further away outside of the
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ig. 9. (A) Confocal micrograph of Vickers impression in cubic Sc0.1Ce0.01ZrO2 phase
B) 2D maps of 1434–1474 cm−1 peak position of the selected area with the Vickers
pectra corresponding to cubic, cubic + rhombohedral (�), and pure rhombohedral
430–1480 cm−1 peak position collected along x-axis at the intersection with 0 of y

eformation zone at the polished surface and inside of the Vickers
mpression after heating/cooling, however the cubic to rhombohe-
ral phase transformation has occurred inside of the stress field.
he 1D line map of the ∼1460 cm−1 peak position along the x-axis
rom A to B shown in Fig. 9D. It shows that the peak position of
he cubic phase inside the Vickers impression has shifted to the
igher wave numbers relative to the non-deformed cubic phase
hich is located outside of the impression. The separate zones,

ontaining either almost pure cubic or rhombohedral phase or a
ixture of cubic and rhombohedral phases, are highlighted with

elevant dashed lines. A cubic phase was found outside the Vick-
rs impression and deformation zone surrounding impression, a
hombohedral phase was mostly found within a deformation zone,
nd a mixture of cubic and rhombohedral phases was found within
he impression, but also in the narrow interval at the outside area
f the deformation zone (Fig. 9D).
. Conclusions

The effect of the temperature and stress on the stability of the
ubic and rhombohedral Sc0.1Ce0.01ZrO2 ceramics has been stud-
400 ◦C heating/cooling; The Vickers impression was placed before heating/cooling.
ssion and deformation zones corresponding to the micrograph from (A); (C) typical
ases from three different locations of the map presented in 9B; (D) 1D map of the

along AB line.

ied by micro-Raman spectroscopy. The whole spectral range of the
cubic and rhombohedral Sc0.1Ce0.01ZrO2 collected using 532 and
785 nm lasers has been reviewed. The bands located at 239, 480,
and 623 cm−1 are detected by using two available lasers. However,
most of the bands can only be seen by using either 532 or 785 nm
lasers. Such bands can be tentatively assigned to the appearance of
the luminescence peaks related to Ln3+ impurity ions and further
photoluminescence study is required to determine the nature of
the impurities responsible for the appearance of the bands.

The phase stability of the cubic and rhombohedral phases
has been studied by in situ heating experiment. It was found
that the cubic phase is stable upon heating up to 1000 ◦C using
fast heating/cooling rates (10 ◦C min−1) in the experiment. The
rhombohedral Sc0.1Ce0.01ZrO2 is stable upon heating in 25–400 ◦C
temperature range. The cubic to rhombohedral phase transforma-
tion can be detected when cubic Sc0.1Ce0.01ZrO2 was deformed by

an indentation and then heated up to 400 ◦C. Upon cooling from
400 ◦C to room temperature, the cubic phase transformed to the
rhombohedral phase if located near to the Vickers impression.
Thus, it is not only the temperature but also the introduced stress
which are responsible for facilitating of the cubic to rhombohe-
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ral phase transition upon cooling. While it might be difficult to
etermine the stress distribution around the Vickers impressions

n Sc0.1Ce0.01ZrO2, due to complexity of the stress state, an uniax-
al compression experiments are required to determine the stress
ensitivity and piezospectroscopic coefficients of the bands in cubic
nd rhombohedral phases. However, based on the present finding
t is clear that both applied stress and heating of the material within
certain temperature range will promote a cubic to rhombohedral
hase transition in Sc0.1Ce0.01ZrO2.

The mapping experiments were performed to collect the pre-
iminary data, such as a shift of the selected peaks, which can be
urther used to characterize stress states or detect any possible
hase transition in the materials indented by Vickers. The stress
elated shift of peak positions has been detected both in cubic and
hombohedral Sc0.1Ce0.01ZrO2 upon indentation. The peaks under
nvestigation were shifted to the higher wavenumbers in the cen-
er of the Vickers impression in the cubic phase; however most of
he investigated peaks of the rhombohedral Sc0.1Ce0.01ZrO2 were
hifted to the lower wavenumbers in the center of the impression.
urther studies are required to determine the origin of the bands
nd establish a dependence of their positions on the applied stress.
owever, even without quantification of the complex stress state
round the impression one can say that in order to promote cubic
o rhombohedral phase transition in Sc0.1Ce0.01ZrO2 both temper-
ture and applied stress are required.
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