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Abstract: The effect of ceria doping of (ZrO2)1-x(Sm2O3)x crystals on their phase composition, microhardness 
and fracture toughness has been studied. The (ZrO2)0.995-х(Sm2O3)х(СеО2)0.005 crystals (where x = 0.032, 0.037 and 
0.04) have been grown using directional melt crystallization in cold skull. The phase composition and structure 
of the crystals have been studied using X-ray diffraction, TEM and Raman spectroscopy. The mechanical 
properties such as microhardness and fracture toughness have been studied using Vickers indentation. It has 
been shown that the (ZrO2)0.995-х(Sm2O3)х(СеО2)0.005 solid solution crystals contain both Се4+ and Се3+ ions. Phase 
analysis data suggest that СеО2 doping increases the tetragonality degree of the transformable t phase and 
reduces the tetragonality degree of the non-transformable t’ phase as compared to the (ZrO2)1-x(Sm2O3)x 
crystals. As a result, the t→m phase transition triggered by the indentation-induced stress in the СеО2 doped 
crystals is more intense and covers greater regions. СеО2 doping of the solid solutions increases the fracture 
toughness of all the crystals studied whereas the microhardness of the crystals changes but slightly. СеО2 
doping of the (ZrO2)1-х(Sm2O3)х solid solutions in the experimental concentration range does not improve the 
high-temperature phase stability of the crystals and does not prevent high-temperature degradation of their 
fracture toughness. 
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1. Introduction 

Partially stabilized zirconia based materials possess good mechanical properties providing for 
their wide application range, including construction ceramics, wear-resistant bearings, heat 
protective coatings, oxygen conducting solid state electrolytes, biomedical devices 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 
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solutions depends on the type and concentration of stabilizing oxides [7–9]. The most widely used 
stabilizing oxides are yttria and ceria. ZrO2 based solid solutions partially stabilized with СеО2 are of 
great interest due to their high fracture toughness [2,10–14]. 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 yttria, almost all trivalent rare-earth element cations form zirconia based solid 
solutions. Earlier data [15] suggest that solid solutions stabilized with large-radius trivalent cations 
exhibit a tendency to more efficient phase separation. In other words, the greater the radius of the 
trivalent cation, the closer the tetragonality degrees of the metastable (t) and (t’) phases to those of 
the equilibrium t and c phases which are 1.022 [16] and 1.0, respectively. This is in agreement with 
earlier data [17] showing that the width of the (c+t) two-phase region depends on the cation type, i.e., 
it increases with cation radius. The proximity of the metastable t phase composition to the t/(с+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+ = 1.019 Å < RGd3+ = 1.053 Å < RSm3+ 
= 1.074 Å showed that the fracture toughness of the (ZrO2)1-x(R2O3)х tetragonal crystals, where R = Y, 
Gd, Sm, increases with the ionic radius of the trivalent cation [15]. However, the fracture toughness 
of the synthesized partially stabilized zirconia decreases significantly if the material contains the 
monoclinic phase. Along with the good mechanical parameters, of special importance is the long-
term stability of their parameters under cycled loads and at elevated temperatures and humidity [18–
21]. Optimization of the mechanical properties of the materials and increasing 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 ZrO2 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. 

The aim of this work is to study the effect of ceria doping of (ZrO2)1-x(Sm2O3)x crystals on their 
phase composition, microhardness and fracture toughness. The experimental results were compared 
with earlier data on (ZrO2)1-x(Sm2O3)x crystals [24]. 

2. Materials and Methods 

The test crystals were grown using directional melt crystallization in a 100 mm diam. water-
cooled crucible with direct inductive heating. The power source was a 63 kW 5.28 MHz high-
frequency generator. The raw powders (at least 99.99% purity) were mechanically mixed and loaded 
into the crucible. The charge weight was 4.5–5 kg. Melting was initiated using metallic zirconium. 
The melt was crystallized by moving the crucible out of the heating zone at a 10 mmph speed. The 
cross-sections and lengths of the crystals were 10 to 20 mm and 30 to 40 mm, respectively. 

The phase composition of the crystals was studied using X-ray diffraction and Raman 
spectroscopy on a BrukerD8 diffractometer and a RenishawinVia microscope/spectrometer, 
respectively. Plates for the tests were cut out from the middle parts of the crystals. The crystals grown 
by directional melt crystallization in a cold skull had no preferential growth orientations. Therefore, 
the actual crystal orientations were identified by X-ray diffraction and test plates were then cut out 
perpendicular to the <100> direction. 

The structure of the crystals was studied using transmission electron microscopy (TEM) under 
a JEM-2100 microscope at a 200 kV acceleration voltage. The TEM specimens were prepared by ion 
beam thinning on a PIPSII instrument. 

The microhardness and cracking resistance of the crystals were compared by indentation in the 
{100} plane for different specimen rotation angles in the specimen plane. The tests were conducted 
with a DM 8 В AUTO microhardness tester (Vicker’s indenter, maximum load 20 N) and a Wolpert 
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Hardness Tester 930 with a minimum load of 50 N. 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 (К1с) was calculated using Niihara’s formula for the Palmqvist Crack 
system [25–27] 

K1c = 0,035(L a⁄ )−1 2⁄ (CE H)⁄ 2 5⁄ Ha1 2⁄ C−1   (1) 
where K1c is the stress intensity coefficient (MPa∙m1/2); 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); H is the 
microhardness (Pa). 

For K1c calculation, radial cracks around the indentation were taken the length of which met the 
criterion (0.25 ≤ l/a ≤ 2.5) for Palmqvist craks. 

3. Results and Discussion 

The test crystals had the compositions (ZrO2)1-x(Sm2O3)x (where х= 0.032, 0.037 and 0.04) and 
were additionally doped with 0.5 mol.% СеО2. Hereinafter the crystals compositions will be denoted 
as 3.2Sm0.5СеSZ, 3.7Sm0.5СеSZ and 4.0Sm0.5СеSZ, respectively. 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. 

The as-grown (ZrO2)0.995-х(Sm2O3)х(СеО2)0.005 single crystals had orange color due to Ce3+ ions, this 
color changing after air annealing. The orange/red color is caused by the wide absorption band near 
460 nm originating from the 4f→5d transition of Се3+ ions [28]. The presence of Ce3+ ions in the crystals 
is further confirmed by on the X-ray adsorption near-edge structure data (XANES). Figure 1 shows 
the XANES spectrum of the 4.0Sm0.5СеSZ crystal exhibiting two clear absorption bands at 5732 and 
5738 eV corresponding to the Се4+ ions and a broadened absorption band at 5727 eV corresponding 
to the Се3+ ions [29]. The data suggest that the (ZrO2)0.995-х(Sm2O3)х(СеО2)0.005 crystals contain both Се4+ 
and Се3+ ions. 

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

X-ray phase data show that the 3.2Sm0.5СеSZ crystals contain 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. Those macrodefects are probably caused by 
polymorphic transitions occurring during crystal cooling that are accompanied by volumetric 
changes. This phase composition was also typical of the 3.2SmSZ 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 
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modifications of zirconia. Some structural parameters of the tetragonal crystals are presented in Table 
1. By way of comparison, Table 1 also shows earlier data for (ZrO2)1-х(Sm2O3)х crystals [15]. 

Table 1. Phase composition, lattice parameters and tetragonality degree of (ZrO2)0.995-

х(Sm2O3)х(СеО2)0.005 and (ZrO2)1-х(Sm2O3)х crystals. 

Specimen Phase Content, wt.% Lattice Parameters, Å c/√2a 

3.7SmSZ [24] 
t 
t’ 

85 ± 5 
15 ± 5 

a = 3.6062(2) c = 5.1866(2) 
a = 3.6426(5) c = 5.1695(2) 

1.0170 
1.0035 

3.7Sm0.5CeSZ 
t 
t´ 

90 ± 5 
10 ± 5 

a = 3.6062(2) c = 5.1886(2) 
a = 3.6426(5) c = 5.1682(2) 

1.0174 
1.0032 

4.0SmSZ[24] 
t 
t´ 

75 ± 5 
25 ± 5 

a = 3.6063(2); c = 5.1854(2) 
a = 3.6429(5); c = 5.1692(2) 

1.0167 
1.0034 

4.0Sm0.5CeSZ 
t 
t´ 

85 ± 5 
15 ± 5 

a = 3.6063(1) c = 5.1877(2) 
a = 3.6427(5) c = 5.1685(2) 

1.0172 
1.0033 

Analysis of the data in Table 1 shows that doping with 0.5 mol.% СеО2 affects the lattice 
parameter c of the tetragonal phase the most effectively. For example, the lattice parameter c of the t 
phase grows from 5.1866 to 5.1886 Å for the 3.7SmSZ crystals and from 5.1854 to 5.1877 Å for the 
4.0SmSZ ones. The lattice parameter c of the t’ phase decreases from 5.1695 to 5.1682Å for 3.7SmSZ 
and from 5.1692 to 5.1685 Å for 4.0SmSZ. Thus, СеО2 doping increases the tetragonality degree of the 
transformable t phase and reduces 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 [30]. The observed changes in the tetragonality degree of the t and t’ 
phases suggest that СеО2 doping causes a more efficient phase separation in the (с + t) two-phase 
region. The transformable t phase becomes more transformable as its composition approaches the t/(с 
+ t) phase boundary, whereas the composition of the non-transformable t’ phase shifts toward the (с 
+ t)/с phase boundary. Similar results were obtained for the Yb2O3—Nd2O3—ZrO2 ceramics (1Yb–
2Nd–TZP) which also exhibited phase separation accompanied by a decrease in the concentration of 
stabilizing oxides in the tetragonal grains which made the materials more transformable [31]. 

TEM study did not reveal differences between the structures of the (ZrO2)0.995-х(Sm2O3)х(СеО2)0.005 

and (ZrO2)1-х(Sm2O3)х crystals. Figure 2 shows a TEM image of the 3.7Sm0.5CeSZ crystal. 
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Figure 2. TEM image of 3.7Sm0.5CeSZ crystal. 

The image (Figure 2) shows multiple twins. The image brightness at different sides of the twin 
boundary differs since lattice orientation changes upon crossing a coherent twin boundary. The 
twinning plane is a {110} type one. This structure is typical of all the test crystals. One can clearly see 
(Figure 2) 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 µm and a small-domain structure with typical domain 
sizes of < 0.1 µm located at the large-domain boundaries. Similar structures were earlier observed in 
the (ZrO2)1-х(Gd2O3)х crystals. It was shown that the regions containing large twins are the t phase 
whereas the smaller twins pertain to the t’ phase. The Gd2O3 distribution between those phases 
proved to be inhomogeneous [32]. One can hypothesize that the inhomogeneous composition of the 
tetragonal solid solutions in the test crystals also changes the morphology of their twin structure, i.e., 
large domains pertain 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 3.2Sm0.5CeSZ crystals containing the monoclinic phase had the lowest microhardness. СеО2 
doping of the crystals reduced their microhardness but slightly as compared to the (ZrO2)1-х(Sm2O3)х 
crystals. The tendency of microhardness growth with Sm2O3 concentration observed for the (ZrO2)1-

х(Sm2O3)х crystals is also the case for the (ZrO2)0.995-х(Sm2O3)х(СеО2)0.005 ones. 

Table 2. Microhardness of (ZrO2)1-х(Sm2O3)х [24] and (ZrO2)0.995-х(Sm2O3)х(СеО2)0.005 crystals. 

Composition Microhardness, GPa Composition Microhardness, GPa 

3.2SmSZ 10.75 ± 0.30 3.2Sm0.5CeSZ 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 3 shows the fracture toughness of the (ZrO2)0.995-х(Sm2O3)х(СеО2)0.005 crystals as a function 
of indenter diagonal orientation relative to the crystallographic directions in the specimen plane. By 
way of comparison, Figure 3 shows the fracture toughness of the (ZrO2)1-х(Sm2O3)х crystals. The data 
clearly suggest that СеО2 doping in all cases increases the fracture toughness of the crystals. The 
relatively low fracture toughness of the 3.2Sm0.5CeSZ crystals is 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∙m1/2. 
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Figure 3. Fracture toughness of (a) 3.2Sm0.5CeSZ, (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 transformation zone width [33]. Data on the transformation zone width and 
transformability of the tetragonal phase (Rm) (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 (Rm) was calculated from the monoclinic to tetragonal phase band intensity 
ratio in the Raman spectra using the following formula [34]: 

III
IIR mmt

mm

m
190178146

190178

++

+
=

     (2) 
where Im178 and Im190 are the intensities of the 178 and 190 cm-1 bands in the monoclinic phase 
spectrum and It146 is the intensity of the 146 cm-1 band in the tetragonal phase spectrum. Figure 4 
shows the transformation degrees at different points near the indentation for the 3.7Sm0.5CeSZ and 
3.7SmSZ crystals. 

 

Figure 4. 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 4, the region of the stress-induced t→m phase transition in the 
3.7Sm0.5CeSZ crystals extends farther beyond the indentation boundaries than in the 3.7SmSZ 
crystals. The 3.7Sm0.5CeSZ crystals also exhibit a greater degree of transformation as compared to 
the 3.7SmSZ ones. Similar regularities were also observed for the 4.0Sm0.5CeSZ and 4.0SmSZ 
crystals. This indicates that the indentation stress-induced t→m phase transition in the СеО2 doped 
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crystals is more intense and covers greater regions. Both those factors increase the fracture toughness 
of the crystals. 

Thus, analysis of the experimental data leads to the conclusion that СеО2 doping of the (ZrO2)1-

х(Sm2O3)х solid solutions increases 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 increase the fracture toughness of the СеО2 doped (ZrO2)1-х(Sm2O3)х crystals. 

In order to assess the high-temperature stability of the structure and mechanical properties of 
the crystals, we carried out air and vacuum annealing of the crystals 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 (ZrO2)0.995-х(Sm2O3)х(СеО2)0.005 crystals regardless of composition, either in air or in 
vacuum, caused visible changes to their surfaces. Figure 5 shows optical surface images of the crystals 
upon annealing in different environments. 

 
Figure 5. Surface images of (a, d) 3.2Sm0.5CeSZ, (b, e) 3.7Sm0.5CeSZ and (c, f) 4.0Sm0.5CeSZ crystals 
upon (a, b, c) air and (d, e, f) vacuum annealing. 

The surfaces of the as-grown 3.7Sm0.5CeSZ; and 4.0Sm0.5CeSZ crystals were smooth and 
homogeneous. Air and vacuum annealing of those crystals produced surface roughness. The surface 
of the as-grown 3.2Sm0.5CeSZ crystals was inhomogeneous. Annealing of those crystals increased 
surface roughness and the number of microcracks. The observed changes can be caused by a change 
in the phase composition of the crystals upon annealing. 

Thus, study of the phase composition of the СеО2 doped crystals showed that annealing 
produces (or increases the quantity) of the monoclinic phase. 

The observed changes in the phase composition of the crystals were accompanied by changes in 
their microhardness (Table 3). 

Table 3. Microhardness of (ZrO2)0.995-х(Sm2O3)х(СеО2)0.005 crystals before and after annealing in air and 
in vacuum. 

Specimen 
HV, GPa 

As-Grown Vacuum Annealed Air Annealed 

3.2Sm0.5CeSZ 10.54 ± 0.25 8.55 ± 0.30 8.50 ± 0.30 
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3.7Sm0.5CeSZ 11.15 ± 0.25 8.65 ± 0.30 8.60 ± 0.30 

4.0Sm0.5CeSZ 11.70 ± 0.25 9.25 ± 0.30 8.70 ± 0.30 

All the heat-treated crystals exhibited a decrease in the microhardness, probably due to the 
formation or an increase in the quantity of the monoclinic phase in the crystal bulk upon annealing. 
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 3.2Sm0.5CeSZ, 3.7Sm0.5CeSZ and 4.0Sm0.5CeSZ crystals 
decreased dramatically, to within 2–3.5 MPa∙m1/2, the fracture toughness values exhibiting no 
anisotropy. Similar degradation of the structure and mechanical properties was earlier observed after 
annealing of 3.2SmSZ, 3.7SmSZ and 4.0SmSZ crystals [15]. 

Thus, СеО2 doping of the (ZrO2)1-х(Sm2O3)х solid solutions in the experimental concentration 
range does not increase the high-temperature phase stability of the crystals and cannot prevent high-
temperature degradation of their fracture toughness. 

4. Conclusions 

The effect of ceria doping of (ZrO2)1-x(Sm2O3)x solid solutions on their phase composition, 
microhardness and fracture toughness was studied. Doping with 0.5 mol.% СеО2 increases the lattice 
parameter c of the transformable tetragonal t phase and reduces the lattice parameter c of the non-
transformable tetragonal t’ phase. The tetragonality degree of the t phase increases while that of the 
t’ phase decreases. СеО2 doping causes a more profound phase separation in the (с + t) two-phase 
region. As a result, the composition of the transformable t phase approaches the t/(с + t) phase 
boundary thus making the phase more transformable, whereas the composition of the non-
transformable t’ phase shifts toward the (с + t)/с phase boundary. 

СеО2 doping has but little effect on the microhardness of the crystals as compared to the (ZrO2)1-

х(Sm2O3)х ones but increases their fracture toughness without changing the Sm2O3 concentration 
dependence. The 3.5Sm0.5CeSZ crystals had the highest fracture toughness,  
16 MPa∙m1/2. That high fracture toughness is caused by an increase in the degree of the stress-induced 
tetragonal to monoclinic phase transition. 

However, СеО2 doping of the (ZrO2)1-х(Sm2O3)х 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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