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Abstract: The effect of ceria doping of (ZrO,);_,(SmyO3), crystals on their phase composition,
microhardness and fracture toughness was studied. The (ZrO5)g.995_+(Sm»03)x(CeOy)g 005 crystals
(where x = 0.032, 0.037 and 0.04) were grown using directional melt crystallization in a cold crucible.
The mechanical properties, such as microhardness and fracture toughness, were explored using
Vickers indentation. It was shown that the (ZrO5)g.995_(SmyO3)x(CeO3)o g5 solid-solution crystals
contained both Ce** and Ce3" ions. Phase analysis data suggested that CeO, doping increased the
tetragonality degree of the transformable t phase and reduced the tetragonality degree of the non-
transformable t’ phase as compared to the (ZrO;)1_,(Sm;O3)y crystals. As a result, the t—m phase
transition triggered by the indentation-induced stress in the CeO,-doped crystals was more intense
and covered greater regions. CeO, doping of the solid solutions increased the fracture toughness
of all the crystals studied, whereas the microhardness of the crystals changed only slightly. CeO,
doping of the (ZrO;);_,(Sm;O3)y solid solutions in the experimental concentration range did not
improve the high-temperature phase stability of the crystals and did not prevent high-temperature
degradation of their fracture toughness.

Keywords: Ce-Sm-PSZ; directional melt crystallization; solid solutions; fracture toughness; ZrO,

1. Introduction

Partially stabilized zirconia-based materials possess good mechanical properties and,
therefore, a wide application range, including construction ceramics, wear-resistant bear-
ings, heat protective coatings, oxygen-conducting solid-state electrolytes, biomedical de-
vices, etc. [1-5].

The high strength of the abovementioned materials is primarily determined by the
transformation strengthening mechanism [1,2,6]. Strengthening takes place as a result
of a phase transition from the metastable tetragonal phase to the stable monoclinic one,
the lattice parameters of which are greater than those of the tetragonal phase. The phase
composition of zirconia-based solid solutions depends on the type and concentration of
stabilizing oxides [7-9]. The most widely used stabilizing oxides are yttria and ceria.
ZrOs-based solid solutions partially stabilized with CeO; are of great interest due to their
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high fracture toughness [2,10-13]. However, the strength parameters of those materials,
such as microhardness, Young’s modulus and flexure strength are inferior to those of
yttria-stabilized zirconia-based materials.

Apart from yttrium, almost all trivalent rare-earth metal ions form zirconia-based
solid solutions. Solid-state thermodynamic metastable tetragonal zirconia solutions, the
compositions of which pertain to the (c + t) two-phase field of the phase diagram, are of
greatest interest because of their good mechanical characteristics. The width of the (c + t)
field changes depending on the stabilizing of the cation radius at a certain temperature.
Smaller cations, e.g., yttrium or ytterbium, have wider tetragonal fields (up to ~2.5 mol.%
R»03) and narrow tetragonal (t + c) fields (2.5-7 mol.% RyO3) (R = rare-earth element). The
t/(t + c¢) phase boundary shifts towards lower stabilizing oxide concentrations with an
increase in the ionic radius of the stabilizing oxide, whereas the (t + c)/c boundary shifts
towards higher stabilizing oxide contents [14,15]. Furthermore, stabilization of tetragonal
solid solutions with larger-diameter cations entails a deeper phase decomposition and
triggers the formation of the t and t’ phases, the compositions of which are close to the
t/(t + c) and (t + ¢)/c phase boundaries [16]. The proximity of the metastable t phase com-
position to the t/(c + t) phase boundary favors the stress-induced t—m phase transition and
hence increases the transformability of the material. Comparison between the mechanical
properties of the crystals, depending on the ionic radius of trivalent cation in the series
RY3* = 0.1019 nm < RGd3* = 0.1053 nm < RSm3* = 0.1074 nm, showed that the fracture
toughness of the (ZrO,);_,(R2O3)x tetragonal crystals, where R =Y, Gd and Sm, increases
with the ionic radius of the trivalent cation [17]. However, the fracture toughness of the
synthesized partially stabilized zirconia decreases significantly if the material contains the
monoclinic phase. Along with good mechanical parameters, of special importance is the
long-term stability of these parameters under cycled loads and at elevated temperatures
and humidity [18-21]. Optimizing of the mechanical properties of the materials and increas-
ing their stability are achieved through co-doping with several oxides. There are a number
of works dealing with yttria and ceria co-doping of zirconia and study of their parameters
depending on the composition, grain structure and synthesis conditions [8,9,22]. However,
there are but a few publications on co-doping with ceria and other rare-earth element
oxides. YSZ co-doping with ceria and neodymia delivered good mechanical properties
and, furthermore, provided for their preservation upon heat treatment [23]. One can expect
that co-doping of ZrO,-based solid solutions with ceria and rare-earth element oxides
having greater cation radius than Y3* will produce materials combining high strength and
fracture toughness.

Earlier studies of (ZrO;);_,(SmyO3), solid-solution crystals showed them to have
high fracture toughness [24]. The aim of this work was to study the phase composition,
microhardness and fracture toughness of (ZrO); _(SmyO3)y crystals doped with 0.5 mol.%
CeO,. The 0.5 mol.% ceria concentration was chosen based on the following reasons: On
the one hand, cerium-containing ceramics having high fracture toughness typically have
higher ceria concentrations. On the other hand, directional melt crystallization of high-ceria
crystals causes ceria displacement from the crystallization front and eventually hinders the
growth of homogeneous single crystals.

2. Materials and Methods

The (ZrO3)0.995—x(Smp03)x(CeOy) 005 crystals (where x = 0.032, 0.037 and 0.04) were
grown using directional melt crystallization in a 100 mm diameter water-cooled crucible
with direct high frequency heating. The melt was crystallized by moving the crucible
out of the heating zone at a 10 mm/h. Melt crystallization starts upon melt cooling to
the liquid’s temperature. In this temperature range, multi-center crystal precipitation and
growth occur, the latter being accompanied by a decrease in the number of the crystals since
growth is a competitive process which depends on growth rate during directional melt
crystallization. As one moves from the crystallization front, the grown crystals cool down
to the cubic-to-tetragonal transition temperature (2300-2200 °C depending on stabilizing
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oxide concentration) and remain single-phase and cubic. Further cooling causes a cubic-to-
tetragonal transition.

The phase composition of the crystals was studied using X-ray diffraction on a
Bruker D8 diffractometer. Melt-crystallization-grown (ZrO5)g 995 x(Sm203)x(CeO2)o.005
crystals do not have preferential crystallographic growth orientation, and therefore each
crystal was preliminarily oriented relative to specific crystallographic directions. The
crystals were then cut into wafers perpendicular to the <001> direction. The diffraction
patterns of the wafers cut from the crystals exhibited different-order reflections from the
crystallographic plane parallel to the cut. Twinning in the crystals produced simultaneous
different-order reflections from the {001} and {110} planes in wafers cut perpendicularly to
the <001> direction.

Local-phase analysis in the vicinity of indentations was conducted using Raman
spectroscopy under a Renishaw inVia microscope/spectrometer. Combination scattering
spectra were recorded in a backscattering setup in mapping mode along the <100> and
<110> crystallographic directions in 532 nm excited laser radiation. A 20 x objective was
used for spectrum recording, the laser spot diameter was 1 um, and the exposure time
was 5 s.

The structure of the crystals was studied using transmission electron microscopy
(TEM) under a JEM-2100 microscope (JEOL, Tokyo, Japan) at a 200 kV acceleration voltage.
For this, 3 mm thick wafers were cut ultrasonically. The as-cut specimens were ground to a
thickness of ~100 um; then, a cavity to a thickness of ~25 um was made in the specimen
center. The final thinning stage was Ar ion beam etching. The morphology and sizes
of the twins in the (ZrO;)g.995_x(SmO3)x(CeOy)g 005 tetragonal crystals were studied in
diffraction contrast mode.

The microhardness and fracture toughness of the crystals were compared by indenta-
tion in the {100} plane for different specimen rotation angles in the specimen plane. The tests
were conducted with a DM 8 B AUTO microhardness tester (Vicker’s indenter, maximum
load 20 N) and a Wolpert Hardness Tester 930 with a minimum load of 50 N. The micro-
hardness and fracture toughness were measured at 5 and 200 N loads, respectively. The
as-cut specimens were chemomechanically polished for damaged surface layer removal.
The as-treated surface had no micro- or nanocracks and was leveled and smooth.

The cracking resistance (K;.) was calculated using Niihara’s formula for the Palmqvist
crack system [25-27]:

Kic = 0.035(L/a) */*(CE/H)?/°Ha!/2C"! 1)

where Kj. is the stress intensity coefficient (MPa-m'/2), L is the radial crack length (m), a is
the indentation half-width (m), C is the constraint factor (=3), E is Young’s modulus (Pa)
and H is the microhardness (Pa).

For Kj. calculation, radial cracks around the indentation were taken—the length of
which met the criterion (0.25 < 1/a < 2.5) for Palmqvist cracks.

The anisotropy of the fracture toughness in the (100) plane of the crystals was measured
by rotating the specimens around a fourth-order axis through 0 to 90 deg with a 22.5 deg
step. Although the above fracture toughness measurement method has a number of
restrictions, it is widely used for measuring the fracture toughness of ZrO,-based ceramics;
yet the anisotropy data are an estimation rather than an exact measurement.

3. Results and Discussion

The test crystals had the compositions (ZrO5)1_,(Sm,O3)y (where x = 0.032, 0.037 and
0.04) and were, additionally, doped with 0.5 mol.% CeO,. Hereinafter, the crystals composi-
tions will be denoted as 3.25m0.5CeSZ, 3.75Sm0.5CeSZ and 4.0Sm0.5CeSZ, respectively.

The as-grown (ZrO;)0.995—x(Smp03)x(CeOy)p.005 single crystals had orange color due
to Ce3* ions, this color changing after air annealing. The orange/red color was caused
by the wide absorption band near 460 nm originating from the 4f—5d transition of Ce*
ions [28]. The presence of Ce®* ions in the crystals was further confirmed by the X-ray
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adsorption near-edge structure data (XANES). Figure 1 shows the XANES spectrum of
the 4.05Sm0.5CeSZ crystal, exhibiting two clear absorption bands at 5732 and 5738 eV,
corresponding to the Ce** ions, and a broadened absorption band at 5727 eV, corresponding
to the Ce®* ions [29]. The data suggest that the (ZrO3)0.995_»(Sm2O03)x(CeO2)g 005 crystals
contained both Ce** and Ce3* ions. Furthermore, qualitative comparison between the
shapes of the experimental XANES spectrum and that of the earlier-reported one [29]
suggests that the content of Ce3* ions in the (ZrO5)0.995_ x(Sm03)x(CeOy)g.005 crystals was
low and that cerium cations were mainly present in the form of Ce**.

2.5
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1.0 |

05}

Normalized absorption / arb. units

0.0 ' :
5710 5720 5730 5740 5750 5760
Energy / eV

Figure 1. Ce ion XANES spectrum of 4.0Sm0.5CeSZ crystal.

X-ray phase data show that the 3.25m0.5CeSZ crystals contained a mixture of the
monoclinic (m) and tetragonal (t) phases of zirconia. It should be noted that those crystals
were visibly inhomogeneous in the bulk and had a few cracks. These macrodefects were
probably caused by polymorphic transitions occurring during crystal cooling that were
accompanied by volumetric changes. This phase composition was also typical of the
3.25mSZ crystals that did not contain ceria [24]. Thus, ceria doping of crystals containing
3.2 mol.% stabilizing oxide did not stabilize the tetragonal phase in the whole bulk of the
crystals. Other crystals contained only the tetragonal modifications (t and t") of zirconia.

The cubic-to-tetragonal phase transition occurring during crystal cooling upon melt
crystallization is a diffusion-free martensitic one and does not cause changes to the chemical
composition of the material. The transition is mainly characterized by the migration speed
of the phase boundary [15]. Further slow cooling of the crystals in the (c + t) two-phase
field is accompanied by diffusive processes related to solid-solution decomposition in
accordance with the phase diagram. Tetragonal-phase precipitates form in the bulk of
the initial cubic solid solution. The precipitates are depleted of the stabilizing oxide in
comparison with the initial composition (the t phase). The cubic phase is therefore enriched
with the stabilizing oxide and undergoes a transition to the tetragonal phase to form a
non-transformable t’ matrix.

As an example, Figure 2 shows a sample’s diffractogram cut from a 4.0Sm0.5CeSZ
crystal perpendicular to the <001> axis.
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Figure 2. Diffraction pattern of 4.0Sm0.5CeSZ specimen cut from the crystal perpendicularly to the
<001> direction.

Twinning in the crystals occurring in the (011) or (101) planes produced simultaneous
different-order reflections from the (001) and (110) planes of the tetragonal ZrO, mod-
ification. In accordance with the P4;/mnc space group of the crystals, the diffraction
pattern had the second-, fourth- and sixth-order reflections from the (001) plane and the
first three order reflections from the (110) plane.

At high 20 angles the diffraction patterns exhibited tetragonal phase splitting in
two tetragonal phases with different lattice parameters. Some structural parameters of the
tetragonal crystals are presented in Table 1. By way of comparison, Table 1 also shows
earlier data for (ZrO;); _x(SmpO3)x crystals [24].

Table 1. Phase composition, lattice parameters and tetragonality degree of (ZrO5)g 995 (SmO3)y
(Ce01)0.005 and (ZrO3)1 —(SmyO3)y crystals.

°

Specimen Phase Content, wt.% Lattice Parameters, A c/\/2a
srsmszp 155 asaemmye-sien)  Looss
SmOSCeSZ 053 aaewemeosied Lok
sosmszp L Bia aaeid(ye-sienn 100
L0SmosCesz 1515 asaem®e-siso) Lo

Analysis of the data in Table 1 shows that doping with 0.5 mol.% CeO; affected the
lattice parameter c of the tetragonal phase the most effectively. For example, the lattice
parameter c of the t phase grew from 5.1866 to 5.1886 A for the 3.7SmSZ crystals and from
5.1854 to 5.1877 A for the 4.0SmSZ ones. The lattice parameter c of the t’ phase decreased
from 5.1695 to 5.1682A for 3.7SmSZ and from 5.1692 to 5.1685 A for 4.0SmSZ. Thus, CeO,
doping increased the tetragonality degree of the transformable t phase and reduced the
tetragonality of the non-transformable t’ phase. The tetragonality degree of zirconia-based
tetragonal solid solutions is known to be directly related to the content of the stabilizing
oxide [15]. Similar results were obtained for the Yb,O3-Nd,O3-ZrO, ceramics (1Yb-2Nd-
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TZP), which also exhibited phase separation accompanied by a change in the tetragonality
degree and, accordingly, stabilizing of oxide concentration in the tetragonal grains [30].

TEM study did not reveal differences between the structures of the (ZrO;)g.995_
(5my03)x(CeOy)0.005 and (ZrOy)1_»(SmyO3)y crystals. Figure 3 shows a TEM image of the
3.75m0.5CeSZ crystal.

< ol

Figure 3. TEM image of 3.75m0.5CeSZ crystal.

The image (Figure 3) shows multiple twins. The image brightness at different sides of
the twin boundary differs since lattice orientation changes upon crossing a coherent twin
boundary. This structure is typical of all the test crystals. Despite the clearly expressed
twinning structure of the crystals, the electron diffraction patterns do not contain typical
additional reflections. For crystal twinning in the {110} plane the twin reflections coincide
with the matrix reflections and cannot be resolved in the electron diffraction patterns at
low tetragonality degrees. One can clearly see (Figure 3) two types of twin structures
with different domain sizes in the crystals: a large-domain structure with typical domain
sizes of 0.3-0.5 um and a small-domain structure with typical domain sizes of < 0.1 um
located at the large-domain boundaries. The electron diffraction pattern for the region
containing both fine and coarse twins is single-crystal. This fact suggests that differently
sized structural features have similar orientations. The misorientation angles between
regions with fine and coarse twins were within 2 deg. Similar structures were earlier
observed in the (ZrO;);_(GdyOs)y crystals. It was shown that the regions containing large
twins were the t phase whereas the smaller twins pertained to the t’ phase. The Gd;O3
distribution between those phases proved to be inhomogeneous [31]. One can hypothesize
that the inhomogeneous composition of the tetragonal solid solutions in the test crystals
also changed the morphology of their twin structure, i.e., large domains pertained to the t
phase, and small ones to the t” phase.

The microhardness data for the crystals are summarized in Table 2. It can be seen
that the two-phase 3.25m0.5CeSZ crystals containing the monoclinic phase had the lowest
microhardness. CeO, doping of the crystals reduced their microhardness, but slightly, as
compared to the (ZrO;);_(SmpO3)y crystals. The tendency of microhardness growth with
SmyOs3 concentration observed for the (ZrO;);_,(SmyO3)y crystals was also the case for the
(Zr0O2)0.995-x(Sm203)x(CeO2)0.005 Ones.
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Table 2. Microhardness of (ZrO;);_(Sm;O3)y [24] and (ZrO;)g.995—(SmpO3)x(CeOy)p 005 crystals.

Composition Microhardness, GPa Composition Microhardness, GPa
3.25mSZ 10.75 £ 0.30 3.25m0.5CeSZ 10.54 £ 0.25
3.7SmSZ 11.30 = 0.30 3.7Sm0.5CeSZ 11.15+0.25
4.0SmSZ 12.15 £ 0.30 4.0Sm0.5CeSZ 11.70 £ 0.25

Figure 4 shows the fracture toughness of the (ZrO;)g 995 »(Sm»03)x(CeOs)g.005 crystals
as a function of indenter diagonal orientation relative to the crystallographic directions
in the specimen plane. By way of comparison, Figure 4 shows the fracture toughness of
the (ZrO;)1_x(Sm;O3)y crystals. The data clearly suggest that CeO, doping in all cases
increased the fracture toughness of the crystals. The relatively low fracture toughness of
the 3.25m0.5CeSZ crystals was probably caused by the presence of the monoclinic phase.
Tetragonal crystals with high fracture toughness had the most expressed anisotropy. The
3.7Sm0.5CeSZ crystals had the highest fracture toughness of 16 MPa-m'/2.

—8—325mSZ —8—378msz —8—408msz
7-a —m—325m0.5CeSZ 17-D —8—3.75m0.5CeSZ 17-C —m— 4.0Sm0.5CeSZ
8 16 & 16 e e 16
15 15 g15] 8 . S
-):E *E n * \ _—
nt-u 14 . n‘-U 14 - -\l\ / B g CE a
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Figure 4. Fracture toughness of (a) 3.25m0.5CeSZ, (b) 3.7Sm0.5CeSZ and (c) 4.0Sm0.5CeSZ crystals
depending on indenter diagonal orientation in {100} specimen plane. <100> direction corresponds to
0 arc deg.

It is well-known that the high fracture toughness of partially stabilized zirconia-
based materials originates from the transformation strengthening mechanism. Theoretical
analyses of the contribution from the transformation strengthening mechanism to the
fracture toughness showed that contribution to be proportional to the content of the
transformable tetragonal phase, its transformability and the transformation zone width [32].
Data on the transformation zone width and transformability of the tetragonal phase (R,)
(the relative quantity of the tetragonal phase that transformed to the monoclinic one) can
be derived from local-phase analysis around the indentation. The transformability (R;;)
was calculated from the monoclinic to tetragonal phase band intensity ratio in the Raman
spectra using the following formula [33]:

75 + Igg

Ry = 178 " 710
e e

()

where I/ and I are the intensities of the 178 and 190 cm ™! bands in the monoclinic phase
spectrum, and I is the intensity of the 146 cm ™! band in the tetragonal phase spectrum.
Figure 5 shows the transformation degrees at different points near the indentation for the
3.75m0.5CeSZ and 3.7SmSZ crystals.
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Figure 5. Degrees of tetragonal to monoclinic phase transformation for 3.7Sm0.5CeSZ and 3.7SmSZ
crystals at local points near indentation for directions (a) along indenter diagonal and (b) along
indenter side. Indentation boundaries are marked by dashes.

As can be seen from Figure 5, the region of the stress-induced t—m phase transition
in the 3.7Sm0.5CeSZ crystals extended farther beyond the indentation boundaries than
in the 3.7SmSZ crystals. The 3.7Sm0.5CeSZ crystals also exhibited a greater degree of
transformation as compared to the 3.7SmSZ ones. Similar regularities were also observed
for the 4.05m0.5CeSZ and 4.0SmSZ crystals. Thus, the addition of CeO, to solid solutions
led to an increase in the intensity and expansion of the t—m phase-transformation region
around the imprint during indentation. Both those factors increased the fracture toughness
of the crystals.

Thus, analysis of the experimental data leads to the conclusion that CeO, doping of the
(ZrO2)1 _x(Sm2O3)x solid solutions increased the tetragonality degree of the transformable
tetragonal t phase and the intensity of the indentation-induced tetragonal to monoclinic
phase transition. All those factors eventually increased the fracture toughness of the
CeO,-doped (ZrO;)1 _x(SmpO3)y crystals.

The crystals were annealed in vacuum or in air at 1600 °C for 2 h.

Vacuum annealing changed the color of the crystals to black due to the formation
of non-stoichiometric oxygen vacancies producing an intense absorption band in the
visible spectrum. Annealing of the (ZrO;)( 995_x(SmyO3)x(CeO2)p 005 crystals, regardless of
composition, either in air or in vacuum, caused visible changes to their surfaces. Figure 6
shows optical surface images of the crystals upon annealing in different environments.

The surfaces of the as-grown 3.75Sm0.5CeSZ and 4.0Sm0.5CeSZ crystals were smooth
and homogeneous. The observed changes can be caused by a change in the phase composi-
tion of the crystals upon annealing.

X-ray diffraction phase composition analysis of the crystals showed that all the air-
and vacuum-annealed test crystals contained only the monoclinic ZrO, modification. The
general appearance of the as-annealed diffraction patterns for different compositions varied,
but slightly. Figure 7 shows the diffraction pattern of the air-annealed 4.0Sm0.5CeSZ crystal.

The diffractogram (Figure 7) shows reflections of different orders from the {001} plane.
A comparison of the angles between the planes with the tabular values for the monoclinic
modification of ZrO, (space group P2;) showed that a monoclinic phase was formed in all
the studied samples after annealing.

Thus, study of the phase composition of the CeO;-doped crystals showed that an-
nealing produces (or increases the quantity of) the monoclinic phase. In our opinion,
the formation of the monoclinic phase occurs spontaneously during crystal cooling after
annealing at 1600 °C for 2 h.
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Figure 6. Surface images of (a,d) 3.2Sm0.5CeSZ, (b,e) 3.7Sm0.5CeSZ and (c,f) 4.0Sm0.5CeSZ crystals

upon (a—c) air and (d-f) vacuum annealing.
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Figure 7. Diffraction pattern of air-annealed 4.0Sm0.5CeSZ crystal. The normal to the specimen plane
is parallel to the <001> direction.

The observed changes in the phase composition of the crystals were accompanied by
changes in their microhardness (Table 3).
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Table 3. Microhardness of (ZrO;)g.995—x(Smp03)x(CeOy)p 905 crystals before and after annealing in
air and in vacuum.

HYV, GPa
Specimen
As-Grown Vacuum-Annealed Air-Annealed
3.25m0.5CeSZ 10.54 +0.25 8.55 + 0.30 8.50 4+ 0.30
3.7Sm0.5CeSZ 11.15 4+ 0.25 8.65 £+ 0.30 8.60 4 0.30
4.0Sm0.5CeSZ 11.70 £ 0.25 9.25 4+ 0.30 8.70 4 0.30

All the heat-treated crystals exhibited a decrease in the microhardness, probably due to
the formation of, or an increase in, the quantity of the monoclinic phase in the crystal bulk
upon annealing. The annealing environment had a negligible effect on the microhardness
of the crystals.

High-temperature annealing had the greatest effect on the fracture toughness of the
crystals. The as-annealed fracture toughness of the 3.25m0.5CeSZ, 3.75Sm0.5CeSZ and
4.0Sm0.5CeSZ crystals decreased dramatically, to within 2-3.5 MPa-m!/2, the fracture
toughness values exhibiting no anisotropy. Similar degradation of the structure and me-
chanical properties was earlier observed after annealing of 3.25mSZ, 3.7SmSZ and 4.0SmSZ
crystals [24].

Thus, CeO, doping of the (ZrO;)1_,(Sm0O3), solid solutions in the experimental
concentration range did not increase the high-temperature phase stability of the crystals
and could not prevent high-temperature degradation of their fracture toughness.

4. Conclusions

The effect of ceria doping of (ZrO2);_4(SmyO3) solid solutions on their phase compo-
sition, microhardness and fracture toughness was studied. Doping with 0.5 mol.% CeO,
increased the lattice parameter c of the transformable tetragonal t phase, and decreased
the lattice parameter ¢ of the non-transformable tetragonal t’ phase. At the same time, the
tetragonality degree of the t phase increased while that of the t’ phase decreased. CeO,
doping caused a more profound phase separation in the (c + t) two-phase region. As a result,
the composition of the transformable t phase approached the t/(c + t) phase boundary, thus
making the phase more transformable, whereas the composition of the non-transformable t’
phase shifted toward the (c + t)/c phase boundary.

CeO; doping had but little effect on the microhardness of the crystals but increased
their fracture toughness as compared to the (ZrO;);1_x(SmO3)x ones. The 3.7Sm0.5CeSZ
crystals had the highest fracture toughness, 16 MPa-m!/2. That high fracture toughness
was caused by an increase in the degree of the stress-induced tetragonal to monoclinic
phase transition.

However, CeO, doping of the (ZrO,);_«(SmyO3)x solid solutions in the experimental
concentration range did not increase the high-temperature phase stability of the crystals
and did not prevent high-temperature degradation of their fracture toughness.
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