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Abstract: The lifetime of products made of ceramic materials is related to their mechanical char-
acteristics such as strength, hardness, wear resistance, and fracture toughness. The purpose of
this work was to study the effect of sintering temperature on the phase-related peculiarities of the
microstructures, causing changes in the flexural strength and fracture toughness of fine-grained
ZrO2–Y2O3–Al2O3–CoO–CeO2–Fe2O3 ceramics. Flexural strength and fracture toughness tests were
carried out using ceramics sintered in three modes (2 h at 1550 ◦C, 1580 ◦C, and 1620 ◦C in argon), and
thorough phase, microstructure, and fractographic analyses were performed. For the ceramic sintered
at 1550 ◦C, a mixed mechanism of intergranular fracture of the t-ZrO2 phase particles and cleavage
fracture of the Ce–Al–O phase particles was found, which is reflected in its comparatively low fracture
toughness. For the ceramic sintered at 1580 ◦C, a fracture developed along the boundaries of the
aggregates, made of completely recrystallized fine ZrO2 grains with a high bond strength between
adjacent t-ZrO2 grains; this corresponds to the highest fracture toughness (5.61 ± 0.24 MPa·m1/2) of
this ceramic. For the ceramic sintered at 1620 ◦C, a transgranular fracture of the t-ZrO2 phase and
Ce–Al–O phase particles and crack propagation along the t-ZrO2/Ce–Al–O interface were revealed;
this caused a decrease in fracture toughness.

Keywords: zirconia-based ceramics; phase balance; microstructure; flexural strength; fracture
toughness; fracture micromechanism

1. Introduction

The lifetime and reliability of products made of ceramic materials depend to a great ex-
tent on their ceramic chemical and phase compositions and, as a result, their microstructure.
Rahaman M.N. [1] showed that sintering is one of the most important stages in the process
of manufacturing a ceramic product. The choice of a sintering mode has a significant
effect on the grain size, microstructure features, and phase composition of ceramics. The
improved properties of zirconia-based ceramics are largely provided by the presence of
a tetragonal phase in their microstructure. The tetragonal phase is metastable, and its
stabilization at room temperature can be achieved by doping zirconia with other oxides
(stabilizers), such as CaO [2], MgO [3], Y2O3 [4–6], and CeO2 [7,8].

The sintering temperature and dwell time significantly affect the microstructure of
yttria-stabilized tetragonal zirconia polycrystals (Y-TZP). As reported by the authors of a
series of works [1,9,10], the average grain size in 3 mol% Y2O3-stabilized zirconia ceramics
(3Y-TZP) increases with increasing sintering temperature and dwell time.

It is known that, depending on the required microstructure, Y-TZP ceramics are sin-
tered at temperatures between 900 ◦C and 1600 ◦C. As reported by Denry I. and Kelly
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J.R. [11], to obtain coarse Y-TZP microstructures, higher temperatures and longer dwell
times are required. For example, the sintering of dental implants is carried out at tem-
peratures between 1200 ◦C and 1600 ◦C. As a result, a highly compacted fine-grained
microstructure with a grain size of 300 nm or less can be obtained.

As reported by Reveron H. and Chevalier J. [12], 3Y-TZP is the most commonly
manufactured powder in the ZrO2–Y2O3 system for biomedical use. However, along
with this composition, 4Y, 5Y, and other Y-rich zirconia compositions have also been
produced industrially for dental restorations. Chevalier J. and Gremillard L. [13] found,
for biomedical-grade alumina and 3Y-TZP zirconia, that, in terms of fracture toughness,
zirconia has an advantage over alumina, which is caused by a t-m transformation. In the
microstructure of 3Y-TZP ceramics intended for dental use, Guazzato M. et al. [14] revealed
small equiaxed grains (0.2–0.5 µm) with a tetragonal phase, the size of which depended on
the sintering temperature. The monoclinic phase fraction was only 0.5%. After sintering
at 1450 ◦C for 1 h, this ceramic had a flexural strength of 680 MPa, fracture toughness of
5.5 MPa·m1/2, and microhardness of 13 GPa.

Matsui K. et al. [15] studied the isothermal sintering behavior in 3Y-TZP to clarify the
phase-separation and grain-growth mechanisms. They revealed that the cubic-phase re-
gions with high Y3+ ion concentrations in 3Y-TZP sintered at 1500 ◦C. Namely, these regions
were located in the grain interiors adjacent to the grain boundaries. Belli R. et al. [16] used
a conventional mode for sintering yttria-stabilized zirconia (YSZ) ceramics, namely 1500 ◦C
for 2 h, and determined their fracture toughness under three- or four-point bending. They
showed that, with an increase in the Y2O3 content from 1 to 3 mol%, the fracture toughness
of YSZ ceramics drops steeply from 17.5 to 4.9 MPa·m1/2, and with a further increase in the
Y2O3 content from 3 to 6 mol%, it decreases smoothly from 4.9 to 2.9 MPa·m1/2. For a YSZ
ceramic doped with 1.89 mol% Y2O3, as an exception, sintering was carried out at 1350 ◦C
for 4 h. The fracture toughness of this ceramic was 8.87 MPa·m1/2.

The amount and type of stabilizing additives have an ambiguous effect on the proper-
ties of zirconia-based ceramics, especially in the case of complex doping. Rada S. et al. [17]
studied ceramics of the 5Fe2O3·10SiO2·xY2O3·(85–x)ZrO2 system. In particular, they found
that the fraction of the cubic ZrO2 crystalline phase increases when the content of the
monoclinic ZrO2 phase is reduced by adding Fe2O3. Gupta A. et al. [18] showed that, by
adding CeO2 to 8YSZ ceramics, the grain size can be optimally modeled if a fine-grained
microstructure is required for improved thermal dissipation (for TBC applications) or
coarser grains (for increased ionic conductivity in solid electrolytes).

In the case of YSZ applications as high-temperature-resistant thermal barrier coatings
(TBCs), great limitations on this material are imposed, as shown by Schlichting K.W.
et al. [19] and Yang E. et al. [20]. Therefore, it is highly desirable to search for new materials
for TBCs with better phase stability and lower thermal conductivity. Zhu D. and Miller
R.A. [21], Loghman-Estarki M.R. et al. [22], and Guo L. et al. [23] reported that doping YSZ
ceramics with La2O3, Sc2O3, Gd2O3, TiO2, and Al2O3 additives is a promising method,
as these could effectively enhance the mentioned TBC properties. However, such doping
brings some complexity to the crystal structure of the material, and its sintering becomes
more difficult.

Nagaraj B.A. and Wortman D.J. [24] showed that it is necessary to increase the re-
sistance of TBCs to high-temperature corrosion to expand the scope of their application.
The most promising approach is to replace Y2O3 with stronger acidic stabilizers, such as
CeO2, In2O3, Sc2O3, and YTaO4 [24,25]. Park S.Y. et al. [26] reported that, among these
systems, a coating based on CeO2-stabilized zirconia (CSZ) is extensively investigated as a
replacement for YSZ. The authors suggest that with the high CeO2 content (25 wt%), CSZs
can have high tetragonal phase stability, resulting in better high-temperature corrosion
resistance than YSZ. This result can be confirmed by the fact that CeO2 is more resistant to
the chemical effects of salts such as sulfates [27] and vanadium salts [28].

Contemporary ceramic–ceramic composites are considered promising for various
applications. Palmero et al. [29] suggested the further improvement of these composites by
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using ceria-stabilized zirconia (Ce-TZP) as a separate phase; namely, innovative zirconia-
based composites, in which elongated SrAl12O19 and equiaxial α-Al2O3 phases are dis-
persed in a Ce-TZP matrix. As shown by the authors, the alumina phase in the microstruc-
ture of these composites can favor the retention of fine Ce-TZP grains. This, in turn,
improves the composite’s strength compared to monolithic Ce-TZP, while maintaining its
high fracture toughness. Additionally, Reveron et al. [30] and Nawa et al. [31] showed that
a pseudo-plastic mechanical behavior of this class of composites can be achieved.

Dmitrievskii A. et al. [32] investigated the effect of the percentage of Al2O3 in CaO-
stabilized zirconium dioxide on the phase composition and mechanical properties of
CaO–ZrO2–Al2O3 ceramic composites. The authors found for the nanostructured CaO–
ZrO2–Al2O3 composites the optimal microhardness/fracture toughness ratio, and a high
flexural strength, at a corundum content of 5% when the sintering temperature was typical
of ZrO2. Zhigachev A.O. et al. [33] presented a review of methods to control the phase
stability and ionic conductivity of scandia-stabilized zirconia (ScSZ) ceramics by co-doping
them with various oxides, in particular, yttria, ceria, etc. They presented some novel
techniques for ScSZ electrolyte preparation for intermediate-temperature solid oxide fuel
cells (SOFCs), including the optimal co-doping scheme. In particular, alumina was shown
to be employed as a sintering aid [34] or additive for scavenging impurities [35]. It was also
shown that the notable improvement of the aging resistance of SOFC electrolytes could
be reached by doping ScSZ with 2.2 mol% Al2O3 and above. As zirconia ceramics are
also a base for SOFC anodes [36–38], the proposed techniques can also be applied to the
production and treatment of such SOFC components.

As can be seen, some specific tests are particular to ceramics used in various industries.
In the present work, an attempt to consolidate the academic knowledge on zirconia-based
ceramics with various additives applied in various industries (dentistry, chemical, green
energy, etc.) was made, to reveal the positive effects of chemical and phase composition on
the ceramic performance, first of all, as well as the ceramic strength and fracture toughness.

The lifetime of products made of ceramic materials is traditionally related to their
strength and wear resistance. Along with these main characteristics, high fracture toughness
is a key requirement for products made of ceramic materials. The latter characterizes their
crack propagation resistance and largely determines the lifetime of products, as shown by
Miyazaki H. et al. [39] and Moradkhani A. et al. [40].

The critical stress intensity factor (SIF), KIc, is widely used as a quantitative parameter
for estimating the fracture toughness of a material and shows its propensity to brittle
fracture [39–43]. It is reported in the literature on various experimental methods for
estimating the fracture toughness of ceramics [39,40,44–47]. Of the main methods, the
chevron-notched beam (CNB), single-edge notch beam (SENB), single-edge pre-cracked
beam (SEPB), single-edge V-notched beam (SEVNB), and indentation methods are well
known. The above-mentioned conventional methods for determining fracture toughness,
except for the indentation method [40,44] and the SENB method, are time-consuming
and expensive. On the other hand, the SENB method is comparatively simple. How-
ever, the fracture toughness values obtained by the SENB method can be only used for
ranking materials and in comparison with the results obtained by standardized ASTM
methods [41–43].

This work aims at studying the effect of sintering temperature on the phase-related
peculiarities of microstructures that cause changes in the flexural strength and fracture
toughness of fine-grained ZrO2–Y2O3–Al2O3–CoO–CeO2–Fe2O3 ceramics. Sintering at an
intermediate temperature of 1580 ◦C resulted in a microstructure containing aggregates of
fine recrystallized grains with strong bonding at the grain boundaries. Fracture propagation
along these boundaries required high energies; therefore, the fracture toughness was the
highest under this condition. The effects of sintering temperature on phase balance and
mechanical properties are discussed.
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2. Materials and Methods

The investigated zirconia, partially stabilized with Y2O3, Al2O3, CoO, CeO2, and
Fe2O3, was prepared using their corresponding oxide powders (Table 1). Initial commercial
powders were as follows (the average grain size is given in parentheses): 1 mol% Y2O3
(10–30 nm); 12 mol% Al2O3 (30–40 nm); 1 mol% CoO (20–30 nm); 7 mol% CeO2 (15–30 nm);
and 1 mol% Fe2O3 (20–40 nm). ZrO2 powder (20–30 nm) was the balance (IoLiTec Inc.,
Tuscaloosa, AL, USA). Beam specimens of partially stabilized zirconia approximately
3.5 × 4.5 × 45 mm3 in size were sintered in an electric resistance furnace with an argon
shielding atmosphere in three modes, corresponding to different sintering temperatures
(Table 1): 1550 ◦C for 2 h (mode 1), 1580 ◦C for 2 h (mode 2), and 1620 ◦C for 2 h (mode 3).
These modes, especially the sintering temperatures, resulted from a trade-off between
the conventional modes for sintering YSZ and Ce-TZP ceramics described above and our
thorough study on sintering Al2O3–ZrO2 ceramics [48]. The preparation of the powder
mixture has been thoroughly described in our earlier paper [49]. A grinding and polishing
Struers Tegramin machine (Struers, Copenhagen, Denmark) for metallographic preparation
was used for processing the side surfaces of specimens after sintering to avoid phase
transformations. Such processing allowed us to reach the required surface quality. The final
dimensions of the specimens were reached, as per the ISO standard on mechanical tests [50],
as follows: The thickness was b = (3.0 ± 0.2) mm and the width was w = (4.0 ± 0.2) mm.
For metallographic studies, the prepared cross-sectional surface of specimens was etched
in 40% hydrofluoric acid (HF) for 30 min according to the technique presented by Flamant
Q. et al. [51].

Table 1. Marking of the investigated ceramics, their chemical compositions, and sintering modes.

Mode
Marking

System and Chemical Composition of the Initial
Powder Mixture (mol%)

Sintering Mode

Temperature (◦C) Time (h)

1 78ZrO2–1Y2O3–12Al2O3–1CoO–7CeO2–1Fe2O3 1550 2
2 78ZrO2–1Y2O3–12Al2O3–1CoO–7CeO2–1Fe2O3 1580 2
3 78ZrO2–1Y2O3–12Al2O3–1CoO–7CeO2–1Fe2O3 1620 2

Beam specimens of the above-mentioned geometry were used for estimating the
flexural strength of the studied ceramics. For this purpose, a testing machine UIT STM
050 (UKRINTECH, Kharkiv, Ukraine) with a self-made loading unit for three-point bend
loading at a cross-head speed of 10−2 mm/s was used. The loading unit was set with a
30 mm span between the supporting rollers. The test was performed at 20 ◦C in air. The
material strength in flexure was calculated by the equation presented by Gere J.M. and
Timoshenko S.P. [52], Romaniv O.M. and Vasyliv B.D. [53], and the ISO 6872 standard [50]
using the “load–flexure” test data:

σf = 1.5
P·l

w·b2 (1)

where σf is the flexural strength (MPa), P is the fracture load (N), l is the span between
the supporting rollers (mm), and b and w are the thickness and width (mm) of the beam
specimen, respectively.

Five specimens were tested for each material mode, and the flexural strength was
calculated as the average value, and their standard deviation was also determined.

A conventional SENB test method [41–43,50] was applied for the estimation of the
fracture toughness of the studied ceramics. The cross-section geometry of the beam speci-
mens used for this test was the same as for the flexural test. A 0.1 mm wide straight notch
with its front along the thickness dimension was made by a 0.08 mm thick diamond wheel,
using a self-made cutting machine. Therefore, the notch tip radius was about 0.05 mm. The
SENB specimens were tested under three-point bending at 20 ◦C in air. A span between the
supporting rollers of 30 mm was set. Corresponding formulas for calculating the critical
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SIF [48,50] based on the “load–flexure” test data were used. The average KIc value of
five specimens for each material mode was calculated, and their standard deviation was
also determined.

For performing X-ray diffraction (XRD) analysis of the specimens, a DRON-4.07M
diffractometer (Bourevestnik, St Petersburg, Russia) was utilized. The following parameters
were set: Cu Kα radiation and Bragg–Brentano type geometry; voltage of 40 kV; current
of 15 mA; 2θ angular range of 20–90◦; and a step of 0.0217◦. For the indexing, refining
the profile, and determining the phase fractions, the WinCSD software package [54] was
used. The following reference codes were used for the marked ZrO2 phases (t—tetragonal,
m—monoclinic): COD ID 2300612 and COD ID 1528984, respectively.

To analyze the peculiarities of the microstructure and fracture surface morphology
of tested specimens, scanning electron microscopy (SEM) was utilized. For this purpose,
two scanning electron microscopes were used: a Carl Zeiss EVO-40XVP (Zeiss, Oberkochen,
Germany) and Hitachi SU3900 (Hitachi, Tokio, Japan). Both the back-scattered electron
(BSE) imaging mode and secondary electron (SE) imaging mode were used for the mi-
crostructure analysis. Only the secondary electron (SE) imaging mode was used for the
analysis of the fracture surfaces of tested specimens. To determine chemical compositions
in local areas of the specimens, an energy-dispersive X-ray (EDX) microanalysis using an
INCA Energy 350 system (Oxford Instruments, Abingdon, UK) was performed.

3. Results
3.1. XRD Analysis of the Studied Ceramics

According to the XRD patterns, the ZrO2–Y2O3–Al2O3–CoO–CeO2–Fe2O3 ceramics
under study are characterized by clear peaks in the m-ZrO2 and t-ZrO2 phases (Figure 1).
We found a gradual increase in the peak heights of the t-ZrO2 phase for the materials
with an increase in the sintering temperature from 1550 ◦C through 1580 ◦C to 1620 ◦C.
Conversely, the peak heights of the m-ZrO2 phase decreased slightly for materials across
this series. This appearance of the XRD patterns is consistent with the phase fractions
determined for the ceramics (Figure 2). The fraction of the tetragonal phase in the ceramic
sintered at 1550 ◦C (mode 1) was approximately 82.6 wt%. In the ceramics sintered at
1580 ◦C and 1620 ◦C, the fractions were 84.6 wt% and 85.9 wt%, respectively. Conversely,
we found a gradual decrease in the fraction of the monoclinic phase (17.4 wt%, 15.4 wt%,
and 14.1 wt%) for the ceramics obtained, respectively, at sintering temperatures of 1550 ◦C,
1580 ◦C, and 1620 ◦C. Therefore, we have obtained a correlation between the sintering
temperature of these ceramics and their percentages of m-ZrO2 and t-ZrO2 phases.

It should be noted that the Al2O3 phase was not detected, although the fraction of the
original Al2O3 powder was 12 mol%. Y2O3, CoO, and Fe2O3 were also not detected, as
their fractions in the original powders were even smaller. Even CeO2 was not detected by
XRD analysis, although its fraction in the original powder was relatively high (7 mol%).

It is known [55–57] that in most ceramics, point defects can be created by irradiation.
In particular, two-phase ceramics of a cubic-type CeZrO4–YZrO3 have been found to be
more resistant to radiation-induced degradation than single-phase ZrO2 and CeO2. The
use of mechanical tests (strength, microhardness) allows for estimating the softening of
ceramics. The defects can be formed not only by irradiation, but also during the synthesis
of the ceramics.

According to Table 2, slight changes in the lattice parameters of both the monoclinic
and tetragonal zirconia phases can be observed. However, the cell volume parameter, as
an integral characteristic of a lattice, showed a non-linear change that occurred with an
increase in the sintering temperature of the studied ceramics. The lowest cell volumes for
the monoclinic and tetragonal zirconia phases were detected in the ceramic sintered in mode
2. Nevertheless, such an insignificant change in this parameter, as well as in the material’s
density, does not allow us to discuss any change in the grade of the deformed lattice.
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Table 2. Lattice parameters and physical properties of the monoclinic and tetragonal ZrO2 phases of
the studied ceramics sintered in modes 1–3.

Mode

Phase

Monoclinic Tetragonal

Lattice Parameter Cell Volume,
Ǻ3

ρ,
g/cm3

Lattice Parameter Cell Volume,
Ǻ3

ρ,
g/cm3

a, Ǻ b, Ǻ c, Ǻ β, deg. a, Ǻ c, Ǻ

Refs.
[58,59] 5.3129 5.2125 5.1471 99.218 140.7 – 3.578 5.19 66.64 –

1 5.167(2) 5.261(3) 5.375(2) 98.57(2) 144.5(2) 5.665(7) 3.6170(4) 5.2000(6) 68.03(2) 6.015(2)
2 5.177(2) 5.217(2) 5.370(2) 98.65(2) 143.4(2) 5.707(7) 3.6150(3) 5.1976(5) 67.92(2) 6.024(2)
3 5.163(3) 5.268(3) 5.378(3) 98.59(2) 144.7(2) 5.657(9) 3.6164(4) 5.2000(6) 68.01(2) 6.017(2)
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3.2. Microstructure and EDX Analysis of the Microstructural Components

A certain discrepancy between the composition of the original powders before sin-
tering and their determined phase fractions in the sintered ceramics can be explained by
microstructural analysis, using local EDX analysis. In all three ceramics, it is possible to
observe small needle-like and round particles of a dark-gray color, as well as coarse areas
(about 10–25 µm) of black color that contain randomly distributed small particles of a
dark-gray color (Figure 3a,c, Figure 4a,c and Figure 5a,c).
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EDX analyses are marked with rectangles. The black arrows show the crack growth directions, the
areas of cleavage, the mixed fractures of aggregates, and the intergranular fracture of t-ZrO2.

All the specified components of the microstructure are more or less evenly distributed
in the light-gray matrix. At this magnification of the image, no clear difference between the
microstructures was revealed.

However, the images of the microstructures (Figure 3b,d, Figure 4b,d and Figure 5b,d)
taken at high magnification clearly demonstrate the features of the above-mentioned
microstructural components. Although it was not possible to detect individual grains of
the matrix phase on SEM images of the microstructure, the morphology of particles from
other phases can be analyzed in sufficient detail.

In general, according to EDX analysis, the ceramic sintered in mode 1 (Figure 3a)
contains 24.28 wt% O, 4.21 wt% Al, 0.31 wt% Fe, 66.13 wt% Zr, and 5.07 wt% Ce (spectrum
S1 in Table 3). The ceramic sintered in mode 2 (Figure 4a) contains 24.01 wt% O, 6.69 wt%
Al, 0.23 wt% Co, 63.29 wt% Zr, and 5.78 wt% Ce (spectrum S1 in Table 4). The ceramic
sintered in mode 3 (Figure 5a) contains 23.98 wt% O, 4.54 wt% Al, 0.48 wt% Co, 64.46 wt%
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Zr, and 6.54 wt% Ce (spectrum S1 in Table 5). Therefore, no significant difference in the
chemical composition of the sintered ceramics was found.

Table 3. The data of the EDX spectra 1–5, marked in Figure 3, for a ceramic specimen sintered in
mode 1.

Chemical Element and
X-ray Series

Spectra

S1
(General)

S2
(Matrix) S3 S4 S5

wt% at% wt% at% wt% at% wt% at% wt% at%

O K 24.28 62.19 21.86 61.98 28.61 47.52 35.60 55.12 34.32 61.07
Mg K – – – – – – – – 0.95 1.12
Al K 4.21 6.39 – – 47.69 46.97 44.37 40.73 25.06 26.44
Fe K 0.31 0.23 0.37 0.30 1.26 0.60 0.69 0.31 0.37 0.19
Co K – – 0.11 0.09 2.51 1.13 1.71 0.72 1.87 0.90
Y L – – – – – – – – – –
Zr L 66.13 29.71 71.91 35.77 – – – – 24.58 7.67
Ce L 5.07 1.48 5.75 1.86 19.93 3.78 17.63 3.12 12.85 2.61
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Figure 4. SEM (a–d) microstructures and (e,f) fractography (SENB test method) of specimens of the
investigated ceramics in mode 2 at (a,c,e) low and (b,d,f) high magnifications (Table 1). (a,b) BSD
images; (c–f) SE images. Zones of (a) general (spectrum S1) and (b) local (spectra S2, S3, S4, and S5)
EDX analyses are marked with rectangles. The black arrows show the crack growth directions, the
areas of mixed fractures of aggregates, and the intergranular and transgranular fracture of t-ZrO2.
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Figure 5. SEM (a–d) microstructures and (e,f) fractography (SENB test method) of specimens of the
investigated ceramics in mode 3 at (a,c,e) low and (b,d,f) high magnifications (Table 1). (a,b) BSD
images; (c–f) SE images. Zones of (a) general (spectrum S1) and (b) local (spectra S2, S3, S4, and S5)
EDX analyses are marked with rectangles. The black arrows show the crack growth directions, the
areas of cleavage, the mixed fractures of aggregates, and the intergranular and transgranular fracture
of t-ZrO2.

Table 4. The data of the EDX spectra 1–5, marked in Figure 4, for a ceramic specimen sintered in
mode 2.

Chemical Element and
X-ray Series

Spectra

S1
(General)

S2
(Matrix) S3 S4 S5

wt% at% wt% at% wt% at% wt% at% wt% at%

O K 24.01 60.33 20.37 59.72 33.60 52.83 34.92 56.18 41.43 55.09
Mg K – – – – 1.22 1.26 – – – –
Al K 6.69 9.97 – – 44.43 41.42 38.53 37.21 56.21 44.32
Fe K – – 0.43 0.36 1.20 0.54 0.72 0.35 0.60 0.23
Co K 0.23 0.16 0.67 0.54 1.78 0.76 1.63 0.71 0.43 0.16
Y L – – – – – – – – – –
Zr L 63.29 27.89 72.94 37.51 – – 11.66 3.52 – –
Ce L 5.78 1.65 5.59 1.87 17.77 3.19 12.54 2.03 1.33 0.20
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Table 5. The data of the EDX spectra 1–5, marked in Figure 5, for a ceramic specimen sintered in
mode 3.

Chemical Element and
X-ray Series

Spectra

S1
(General)

S2
(Matrix) S3 S4 S5

wt% at% wt% at% wt% at% wt% at% wt% at%

O K 23.98 61.72 20.05 59.24 35.18 54.00 34.43 57.22 32.38 53.11
Mg K – – – – 1.42 1.43 – – 1.42 1.54
Al K 4.54 6.93 – – 44.95 40.91 35.67 35.16 40.46 39.35
Fe K – – 0.49 0.38 0.35 0.16 0.71 0.34 0.58 0.27
Co K 0.48 0.34 0.87 0.59 1.36 0.57 1.59 0.72 1.25 0.56
Y L – – – – – – – – – –
Zr L 64.46 29.09 73.07 38.07 – – 12.99 3.79 6.80 1.96
Ce L 6.54 1.92 5.52 1.72 16.74 2.93 14.61 2.77 17.11 3.21

According to the local EDX analysis, the light-gray matrix phase of the ceramic sintered
in mode 1 (Figure 3b) contains 21.86 wt% O, 0.37 wt% Fe, 0.11 wt% Co, 71.91 wt% Zr, and
5.75 wt% Ce (spectrum S2 in Table 3). The matrix phase of the ceramic sintered in mode 2
(Figure 4b) contains 20.37 wt% O, 0.43 wt% Fe, 0.67 wt% Co, 72.94 wt% Zr, and 5.59 wt%
Ce (spectrum S2 in Table 4). The matrix phase of the ceramic sintered in mode 3 (Figure 5b)
contains 20.05 wt% O, 0.49 wt% Fe, 0.87 wt% Co, 73.07 wt% Zr, and 5.52 wt% Ce (spectrum
S2 in Table 5).

In general, with an increase in the sintering temperature of ceramics, the percentage
of Ce in the matrix phase slightly decreases, in contrast to the general increase in the
percentage of t-ZrO2 (Figure 2).

Although the detected amount of Ce in the matrix phase confirms that it is t-ZrO2
stabilized by ceria that constitutes the matrix phase, the fact of a decrease in the percentage
of Ce indicates a slight migration of this element to other structural components. It should
be noted that aluminum was not detected here by EDX analysis, although a certain amount
of it could potentially be in solid solution [60,61] in this phase. The size of the t-ZrO2 phase
grains in these regions (Figure 3b,d, Figure 4b,d and Figure 5b,d) appears to be 0.5–1.5 µm.

Dark-gray round particles with a size of about 1.5–5 µm in the microstructure of the
ceramic sintered in mode 1 (Figure 3b) contain 28.61 wt% O, 47.69 wt% Al, 1.26 wt% Fe,
2.51 wt% Co, and 19.93 wt% Ce (spectrum S3 in Table 3). Such particles of similar sizes in
the ceramics in modes 2 (Figure 4b) and 3 (Figure 5b) are of similar chemical compositions
but contain, additionally, a small percentage of Mg: 1.22 wt% (spectrum S3 in Table 4) and
1.42 wt% (spectrum S3 in Table 5), respectively.

It is suggested that ternary compounds in the Ce–Al–O system with various stoichiom-
etry were formed in these regions [60–63]. The energetic advantage of the formation of
compounds in this system is explained by the lower melting temperatures of the oxides
CeO2 (2400 ◦C) and Al2O3 (2072 ◦C) compared to that of ZrO2 (2715 ◦C); the standard
enthalpies of formation of these three oxides, determined by Ellingham diagrams, are
–1025 kJ mol−1, –1050 kJ mol−1, and –1080 kJ mol−1, respectively [64]. A small amount of
magnesium, which is not characteristic of other phases, was additionally detected here. The
slight migration of the element Ce from the matrix phase, noted above, probably occurred
precisely to these structural components.

The round, needle-like particles of a dark-gray color about 1.5–5 µm long and 0.5–1.5 µm
thick in the microstructure of the ceramic sintered in mode 1 (Figure 3b) contain 35.6 wt% O,
44.37 wt% Al, 0.69 wt% Fe, 1.71 wt% Co, and 17.63 wt% Ce (spectrum S4 in Table 3). Particles
of similar shapes and sizes in the ceramics in modes 2 (Figure 4b) and 3 (Figure 5b) are
of similar chemical compositions. In contrast to the round particles, EDX analysis of the
needle-shaped particles in the ceramics in modes 2 (Figure 4b) and 3 (Figure 5b) revealed
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the element Zr present in the adjacent matrix phase: 11.66 wt% (spectrum S3 in Table 4)
and 12.99 wt% (spectrum S3 in Table 5), respectively.

Dark colored areas 10–25 µm in size are partially filled with small particles of a dark
gray color, each of which is 1–3 µm in size. These particles are aggregated and mostly
adjacent to the matrix phase, although some of them are unaggregated and distributed
over the entire area of the dark color. Dark-gray aggregated particles in the microstructure
of the mode 1 ceramic (Figure 3b) contain 34.32 wt% O, 0.95 wt% Mg, 25.06 wt% Al,
0.37 wt% Fe, 1.87 wt% Co, 24.58 wt% Zr, and 12.85 wt% Ce (spectrum S5 in Table 3). These
particles in the mode 2 ceramic (Figure 4b) contain 41.43 wt% O, 56.21 wt% Al, 0.6 wt%
Fe, 0.43 wt% Co, and 1.33 wt% Ce (spectrum S5 in Table 4). The same particles in the
mode 3 ceramic (Figure 5b) contain 32.38 wt% O, 1.42 wt% Mg, 40.46 wt% Al, 0.58 wt%
Fe, 1.25 wt% Co, 6.8 wt% Zr, and 17.11 wt% Ce (spectrum S5 in Table 5). This analysis
suggests that the dark-gray aggregated particles in the dark regions belong to the same
phase as the small dark-gray rounded particles (see above). However, at the edges of these
regions, where there are few dark-gray particles, our analysis revealed the element Zr. Such
places indicate a diffusion of aluminum out of the aluminum oxide during sintering, which
leads to the formation and expansion of dark areas in the structure of the ceramic. As
evidenced by EDX analysis (spectrum S5 in Tables 2–4), the remains of the aluminum oxide
are still preserved in the structure. Such heterogeneity and active interdiffusion of elements
during sintering lead to the tetragonal to monoclinic transformation in the zirconia phase
and, as a result, a weakening of the matrix material in places adjacent to the dark areas
(Figure 3b,d, Figure 4b,d and Figure 5b,d). The negative effect of this phenomenon on the
mechanical properties of the material is analyzed below in detail.

3.3. Mechanical Behavior of the Studied Ceramics

The mechanical properties of ceramics (strength, hardness, and fracture toughness)
are known to depend on phase balance. The obtained dependences of strength and fracture
toughness on the sintering temperature do not all show a linear correlation. The flexural
strength was measured to be (Figure 6a) 546 ± 45 MPa for the ceramic sintered in mode
1; 558 ± 140 MPa for the ceramic sintered in mode 2; and 606 ± 148 MPa for the ceramic
sintered in mode 3. It is known [65–68] that the flexural strength strongly depends on the
size of pre-existing microcracks. As the microcracks are often present at grain boundaries,
the size of the microcracks depends on the grain size and is also related to the dislocation
density. Even if the typical diameter of pre-existing microcracks is not small, there is some
probability that the dislocation density could be as high as the crystallographic limit if the
number of microcracks in the single crystal specimen is very small. However, in our case,
the large difference between the obtained values of flexural strength for the same material
mode (indicated by the error bars) demonstrates the effect of other microstructural features
(homogeneity of chemical composition, powder mixing procedure, etc.).

Fracture toughness vs. sintering temperature dependence was found to be non-linear.
The fracture toughness was measured to be (Figure 6b) 5.09 ± 0.31 MPa·m1/2 for the
ceramic sintered in mode 1; 5.61 ± 0.24 MPa·m1/2 for the ceramic sintered in mode 2; and
5.22 ± 0.46 MPa·m1/2 for the ceramic sintered in mode 3. Guazzato M. et al. [14] and Kulyk
V. et al. [69] reported similar values of fracture toughness and flexural strength for 3Y-TZP
ceramics and 6YSZ ceramics, respectively.
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Figure 6. Changes in the mechanical characteristics of the studied ceramics (Table 1): (a) flexural
strength; (b) fracture toughness measured by the SENB method under three-point bending. The
numbers inside the bars indicate the mean values of the corresponding parameters. The segments in
red show the standard deviations for the corresponding parameters.

4. Discussion
4.1. Effects of Sintering Temperature on Microstructure and Properties

In general, increasing the sintering temperature leads to intensive grain growth in
yttria-stabilized zirconia [9,70–73]. When the average grain size of the t-ZrO2 phase be-
comes larger than permissible (about 1 µm for ceramics of this type), the retention of
metastable tetragonal zirconium dioxide is suppressed. In our case, the t-ZrO2 phase is
mainly stabilized by CeO2, the content of which in the original powder was 7 mol%. This
amount of CeO2 provides strong stabilization of the tetragonal crystal structure. A slight
decrease in the fraction of the m-ZrO2 phase with an increase in the sintering temperature
from 1580 ◦C to 1620 ◦C (Figure 2) is consistent with a slight increase in the flexural strength
of the ceramics (Figure 6a).

Comparatively large regions of dark color, with orientations appropriate to the cleav-
age planes of aggregates of Ce–Al–O phase particles, affect the flexural strength of the
studied materials, especially of ceramics sintered modes 2 and 3, and cause a large differ-
ence in the obtained values.

The following observations were made for variations in mechanical behavior with
phase balance:

• Flexural strength is almost linearly related to the t-ZrO2 phase fraction (Figure 6a);
• There is no linear relationship between the fracture toughness estimated by the SENB

method (Figure 6b) and the phase fractions (Figure 2). The maximum values of
fracture toughness (5.61 ± 0.24 MPa·m1/2) were determined for the material sintered at
intermediate temperature of 1580 ◦C, whereas the fractions of both the tetragonal and
monoclinic ZrO2 phases change linearly with an increase in the sintering temperature.

The trends of the phase balance in the studied ceramics can be summarized as follows:

• Judging by quantitative EDX analysis, the matrix phase is tetragonal ZrO2;
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• According to our suggestions, ternary Ce–Al–O phase particles with various stoi-
chiometry were formed in the regions where XRD analysis revealed a dominance of O,
Al, and Ce elements in the absence of Zr;

• Although the percentages of zirconium and oxygen were determined in local areas
(spectra S3 to S5 in Tables 2–4) using EDX analysis, this does not allow us to quantify
the percentages of the m-ZrO2 and t-ZrO2 phases in these areas.

4.2. The Fracture Micromechanisms in Ceramic SENB Specimens That Underwent the Fracture
Toughness Test

Ceramic SENB specimens that underwent the fracture toughness test were thoroughly
studied for a dominant fracture micromechanism. Fine-grained zirconia ceramics doped
with Y2O3, Al2O3, CoO, CeO2, and Fe2O3 exhibited a distinct fracture behavior.

The peculiarities of the fractures were studied in detail at high magnification. The
features of the fractures’ micromechanisms were marked in the images taken at lower
magnification to show their presence or absence. The main features were as follows (Figures
3f, 4f and 5f): (i) an intergranular fracture along the boundaries of partially sintered grains
of the t-ZrO2 phase; (ii) a transgranular fracture by cleavage along appropriate planes
occurred in the t-ZrO2 grains; (iii) an intergranular fracture along the boundaries of the
aggregates of completely recrystallized fine grains of the ZrO2 phase; (iv) a cleavage along
appropriate planes occurred in aggregates of Ce–Al–O phase particles; and (v) crack growth
along the t-ZrO2/Ce–Al–O interface.

The SEM image of the fracture surface of the ceramic sintered in mode 1 showed quite
smooth morphology at low magnification (Figure 3e). However, several features were
revealed on the fracture surface at higher magnification (Figure 3f); namely, the areas of
cleavage, the mixed fractures of the aggregates, and the intergranular fracture of t-ZrO2.
The SEM image of a fractured specimen sintered in mode 1 (Figure 7a) demonstrates its
fracture surface morphology in detail; namely, the areas of the cleavage of aggregates of
ternary Ce–Al–O phase particles, 3–4 µm in size, and a mostly intergranular fracture of
t-ZrO2 grains, 0.5–1.0 µm in size.
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In summary, for the ceramic sintered in mode 1, a comparatively low fracture tough-
ness was associated with a mixed mechanism of intergranular fracture of the t-ZrO2 matrix
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phase, a low-energy-consuming cleavage fracture in the regions of ternary Ce–Al–O phase
particles, and a mixed fracture of the aggregates of these particles.

The SEM image of the fracture surface of the ceramic sintered in mode 2 showed smooth
morphology at low magnification (Figure 4e), similar to that of the ceramic sintered in mode
1. At higher magnification (Figure 4f), the areas of a mixed fracture of aggregates, and an
intergranular and transgranular fracture of t-ZrO2 can be detected. A detailed observation
of the fracture surface of a fractured specimen sintered in mode 2 (Figure 7b) allowed for
recognition of the domination of the intergranular fracture of t-ZrO2 that alternates with
an occasional transgranular fracture. In this material, coarsened t-ZrO2 grains (0.8–1.2 µm
in size) were observed occasionally, compared to those in the material sintered in mode
1. Several works [53,74,75] reported that fracture toughness is higher when there are
crack deflections at grain boundaries, crack bridging by fibers or particles, transformation
toughening, and pre-existing dislocations acting as barriers to crack propagation. For a
specimen in mode 2, sintered at 1580 ◦C, we can observe the fracture along the boundaries of
the aggregates of completely recrystallized fine grains of the ZrO2 phase. Crack deflection
at the boundaries of the aggregates occurred due the high bond strength between adjacent
ZrO2 grains. Occasionally, the crack grows by cleavage through the ZrO2 grains located
directly ahead of its tip. Needle-shaped aggregates of ternary Ce–Al–O phase particles
fracture both transgranularly (transverse fracture) and intergranularly (in the weakening
locations). The high bond strength ensured the high-energy-consuming micromechanism
of fracture in this ceramic, and its highest fracture toughness (5.61 ± 0.24 MPa·m1/2).

The SEM image of the fracture surface of the ceramic sintered in mode 3 also exhibited
smooth morphology at low magnification (Figure 5e). The image at higher magnification
(Figure 5f) showed the domination of transgranular fractures of the t-ZrO2 matrix phase
grains, whereas intergranular fractures along their boundaries (Figure 7c) occurred less
often. The main reason for the low fracture toughness of a specimen sintered at 1620 ◦C is
suggested to be the material weakening in the locations where dark areas (Figure 5b,d) are
adjacent to the matrix ZrO2 phase. In these locations, a crack grew along the t-ZrO2/Ce–
Al–O interface. An additional reason for the low fracture toughness of this specimen is that
cleavage along the appropriate planes occurred in aggregates of Ce–Al–O phase particles.
The latter two micromechanisms are quite low-energy-consuming and negatively affect
the mechanical properties of the material both locally (fracture toughness) and in bulk
(flexural strength).

In summary, it can be stated that the sintering mode 2, namely, a sintering temperature
of 1580 ◦C and isothermal holding time of 2 h, ensures a comparatively high fracture tough-
ness (5.61 ± 0.24 MPa·m1/2) and moderate flexural strength (558 ± 140 MPa) of the studied
ceramics due to the formation of an appropriate microstructure and phase composition.

5. Conclusions

Our thorough investigation of the mechanical and fracture properties of ZrO2–Y2O3–
Al2O3–CoO–CeO2–Fe2O3 ceramics, supported with microstructural analysis, resulted in the
following conclusions:

1. Doping zirconia with Y2O3, Al2O3, CoO, CeO2, and Fe2O3 stabilizes the t-ZrO2 phase
and promotes the formation of a fine-grained microstructure.

2. In the material sintered at 1580 ◦C, somewhat coarsened t-ZrO2 grains were observed
compared to the material sintered at 1550 ◦C. In the material sintered at 1620 ◦C, a
weakening of the t-ZrO2 matrix phase occurred in locations adjacent to the regions of
ternary Ce–Al–O phase particles. Such local degradations of the material caused by
the active interdiffusion of elements during the sintering process and the tetragonal to
monoclinic transformation in the t-ZrO2 phase deteriorated the mechanical properties
both locally (fracture toughness) and in bulk (flexural strength).

3. Sintering at a temperature of 1580 ◦C for 2 h in an argon shielding atmosphere is
recommended as the best processing route to obtain optimum mechanical proper-
ties. This generates t-ZrO2 grains with the highest bond strength and allows the
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implementation of the high-energy-consuming fracture micromechanism; namely,
intergranular fracture along the boundaries of the aggregates of completely recrys-
tallized fine grains of the t-ZrO2 phase and occasionally transgranular fractures of
t-ZrO2 grains located directly ahead of the crack tip. As a result, the highest fracture
toughness (5.61 ± 0.24 MPa·m1/2) of this ceramic can be achieved.
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