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Abstract: Currently, ceramics are widely used in various industry branches, especially in energy,
chemistry, and aerospace, as well as in medicine. Yttria-stabilized zirconia (YSZ) having unique
electrical, thermal, and mechanical properties is one of the most popular ceramics for such applica-
tions. In this study, the influence of sintering temperature and yttria percentage on the microstructure
and mechanical behavior of YSZ ceramics have been investigated. Corresponding mixtures of ZrO,
powder doped with 3 and 6 mol% Y,O3 powders (hereinafter: 3YSZ and 6YSZ) were prepared, and a
series of ceramic specimens were sintered in argon at 1450 °C, 1500 °C, and 1550 °C for 2 h. Changes
in the morphology and size of microstructural components as well as their distribution were ana-
lyzed with respect to the sintering mode, phase composition, flexural strength, and fracture surface
morphology. The 3YSZ and 6YSZ ceramics sintered for 2 h at 1550 °C and 1450 °C, respectively,
exhibited the highest levels of strength due to the presence of agglomerates of fine tetragonal zirconia
phase particles with high bond strength, as well as larger grains of the monoclinic zirconia phase.
The dominant fracture micromechanisms in both the 3YSZ and 6YSZ ceramics related to their high
strength are discussed.

Keywords: yttria-stabilized zirconia; microstructure; grain morphology; porosity; phase balance;
strength; fracture behavior

1. Introduction

Perfect properties of ZrO,-based ceramics (zirconia) such as high bending strength and
fracture toughness, as well as their high chemical stability and biocompatibility [1,2], allow
these ceramics to be widely used in the manufacturing of various high-temperature com-
ponents and units [3-7], as well as in chemical industry [8-10], energy generation [11,12],
and biomedical applications, in particular, for the manufacture of dental and other im-
plants [13,14] and prostheses [15-17]. In dentistry, zirconia ceramics are used for the
manufacture of frameworks for dental prostheses, monolithic restorations [18-23], as well
as abutments for implants, inlay- and onlay-bridges, and single crowns [24].

Previously published results [1,25-27] showed that transformation strengthening of
zirconia occurs as a result of the transformation of the tetragonal (t) phase into the mono-
clinic (m) one under significant stresses, especially in the crack tip vicinity, which effectively
decelerates the advancing cracks. Therefore, improved mechanical properties of the ce-
ramics can be ensured due to the tetragonal phase present in the ceramic microstructure.
For stabilizing the metastable tetragonal phase at ambient temperature, zirconia ceramics
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are doped with the following stabilizing oxides: Y,0O3 [28-30], CeO, [31,32], CaO [33], and
MgO [34].

In the zirconia-based ceramics containing 5.29 wt.% Y,O3 and 0.005 wt.% Al,Os3,
non-uniform distribution of Y,03, grain growth during sintering at elevated temperatures,
and significant percentage of the cubic (c) zirconia phase, formed under these conditions,
were found to retard the tetragonal-monoclinic (t-m) transformation and, as a result,
transformation strengthening of the material [18]. Numerous works [1,25,26] indicated
that zirconia ceramics stabilized with 2-3 mol% Y,O3 contain a significant fraction of
the tetragonal phase and, therefore, show the highest tendency towards transformation
strengthening. Ceramics, the microstructure of which is formed by 0.3-0.4 um grains of
the tetragonal phase, are widely utilized in dentistry [2]. In tetragonal zirconia stabilized
with yttria (Y-TZP) after sintering for 2 h at 1550 °C, the grain size was 0.3-0.7 um [35]. In
Reference [17], it was shown that the t-ZrO, phase became more stable with decreasing
grain size. When the average size of grains in the microstructure decreases to values
smaller than the critical one, namely 0.3 pm, the t-ZrO; phase is stabilized at ambient
temperature [36].

Based on the study of Y-TZP ceramics [20], variations in the sintering mode were
shown to affect the material microstructure and properties. In particular, a change in the
exposure time can affect the grain size. This, in turn, causes a change in strength of these
ceramics. The flexural strength of ceramics sintered for 60 min at 1350 °C was found to
be 1080 MPa, and this of ceramics sintered for 180 min at 1550 °C increased to 1604 MPa.
In the first case, a fine microstructure with grains ranged within 0.1-0.4 um was observed.
However, in the second case, the prevailing grain size was 0.5-0.8 um, with a certain
percentage of much larger grains with up to 0.9-1.3 pm size. Such grain growth caused
corresponding changes in mechanical behavior of the material.

The influence of the percentage of ZrO, on fracture toughness and strength of zirconia-
toughened alumina was investigated in Reference [37]. The studied specimens comprised
the o-Al,O3 phase and the tetragonal and monoclinic ZrO, phases. With an increase in the
total ZrO, percentage, the fraction of the t-ZrO, phase decreased. Growth of the Al;O3
crystals was efficiently inhibited with the addition of 10-20% ZrO,. This, in turn, improved
mechanical properties of the materials. According to [38], both the fracture toughness and
strength should be determined for a complete characterization of mechanical behavior of
zirconia-based ceramics.

In our earlier works [39,40], the mechanical behavior of YSZ ceramics stabilized
by 3-5 mol% Y,0O3; was investigated with respect to the material composition and phase
balance. The highest fracture toughness was revealed for 5YSZ ceramics sintered for 2 h
at 1450 °C. For this ceramic material, the correlation between fracture toughness and a
percentage of the t-ZrO; phase was found [39]. In the work [40], mechanical properties
of YSZ ceramics doped with 6-8 mol% Y,O3 were investigated in relation to the sintering
mode and phase balance. 7YSZ ceramics sintered at 1600 °C for 2 h exhibited the highest
crack growth resistance. This corresponds to the previously published results [41].

In the work [42], the effect of the addition of 3 to 8 mol% Y,03 to ZrO, on microstruc-
ture and mechanical behavior of YSZ ceramics sintered for 2 h in argon at 1550 °C has been
investigated. The correlations between the yttria percentage, grain size distribution, phase
balance, and strength were analyzed. It was revealed that 7YSZ ceramic had the highest
strength. Such excellent characteristics are provided by m-ZrO, and t-ZrO, fine-grained
microstructure.

A number of works [18,43,44] indicated that the sintering temperature of zirconia-
based ceramics can significantly affect their porosity, grain size, and the resulting mechani-
cal properties. In Reference [43], the zirconia compacts containing 0 mol% Y,Oj3 exhibited a
completely m-ZrO, structure already after pressing; although for ceramics with 1.5 mol%
Y;03, a completely t-ZrO, structure was obtained only after sintering at 1100 °C. For
zirconia ceramics containing 8 mol% Y,0Oj3, a completely c-ZrO, structure was obtained
during pressing. After pressing, pores with a prevailing diameter of 10 nm were observed
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in all the compacts, and the maximum pore diameter reached 12.5 nm. Powder compacts
containing 0 mol% Y,O3 (only the m-ZrO, phase) exhibited an increase in the pore diameter
when the temperature rose to about 600 °C. For the higher temperatures (up to 1100 °C),
significant grain growth and decreased porosity were observed, and sample compaction
occurred. Similarly, powder compacts containing 1.5 mol% Y,O3 and 8 mol% Y,O3 showed
an increase in the pore diameter when the sintering temperature increases to about 600 °C.
For the higher temperatures (up to 1100 °C), slight growth of grains, as well as gradual
closing of pores and significant densification of the sample, was observed.

In Reference [44], the powder compacts of ZrO,-3 mol% Y,O3 were characterized
by a uniform distribution of pores with a diameter of less than 8 nm. After sintering
(1070 °C, 2 h), very high-density ceramics (grain size of about 80 nm) exhibiting defect-
free microstructure were obtained. The absence of defects was explained by a fairly low
sintering temperature.

The aim of this study was to detect correlations between the sintering temperature,
yttria percentage, phase composition, microstructure features, and mechanical characteris-
tics of YSZ ceramics. While our previous works on YSZ ceramics had mainly been focused
on the effect of yttria percentages (3-5 mol%, 6-8 mol%), this one, in contrast to them,
explores changes in the microstructure of YSZ ceramics with a gradual increase in sintering
temperature. Thus, this work became crucial in determining optimal sintering mode for
providing high mechanical strength of material. The dominant fracture micromechanisms
in the studied ceramics related to their strength are discussed.

2. Materials and Methods

The investigated yttria-stabilized zirconia (hereinafter YSZ) was prepared using com-
mercial powders of yttria and zirconia fabricated at the Vol'nogorskii Mining and Smelting
Plant, Vol'nogorsk, Ukraine. Corresponding powders were characterized by the average
particle sizes as follows: 10-30 nm for Y,O3; and 100-150 nm for ZrO;. Rectangle beam
samples of YSZ ceramics doped with 3 and 6 mol% Y,0O3 (hereinafter 3YSZ and 6YSZ),
of the size 4.2 x 4.2 x 50 mm3, were produced by sintering for 2 h at 1450 °C, 1500 °C,
and 1550 °C in an electric resistance furnace in argon. Preparation of powder mixture and
selection of sintering modes have been thoroughly described in our earlier paper [39]. Slow
polishing of the samples was carried out with a metallographic polishing machine to avoid
phase transformations and reach the required surface quality.

Standard preparation techniques were utilized to prepare samples for imaging and
chemical analysis. They were cut on Struers Accutom 50 with a diamond disk, mounted
in epoxy resin, and polished using a Struers Tegramin machine (Struers, Copenhagen,
Denmark) with a set of SiC papers and diamond suspensions. The samples were analyzed
without etching or coating.

Both optical Olympus DSX1000 (Olympus, Tokyo, Japan) and scanning electron mi-
croscope (SEM) Hitachi SU3500 (Hitachi, Tokyo, Japan) were used for the microstructure
and fracture surface characterizations of ceramics. In an assemble with the last one, Oxford
energy dispersive X-ray spectroscopy system (EDS) was provided. Additionally, Hitachi
SU3900 SEM with Bruker EDS and Esprit software (Bruker, Billerica, MA, USA) and Aztec
software (Oxford Instruments, Abingdon, UK) were used. For each material variant, we
manually measured 625 grains, 510 pores, 100 cleavage facets, and 310 fracture voids. For a
several small and large grains, the yttrium concentration was estimated in each material
variant in relation to the yttria fraction, sintering temperature, and grain size. During EDS
analysis, acceleration voltage of 20 keV was applied.

X-ray diffraction (XRD) analysis of as-sintered samples was carried out using a diffrac-
tometer DRON-4.07M (Bourevestnik, St Petersburg, Russia). A software package WinCSD
(WIinCSD, https://www.wincsd.eu/, accessed on 21 March 2021) was utilized for per-
forming the indexing, refining the profile, and determining the phase balance (weight per-
centage). The following reference codes were used for the marked ZrO, phases (c—cubic,
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t—tetragonal, m—monoclinic): COD ID 2101234, COD ID 2300612, and COD ID 1528984,
respectively.

A testing machine MTS E43.004 (MTS Systems Corporation, Eden Prairie, USA) with
a unit for three-point bend loading was used for performing the bend test of the beam
samples at 20 °C in air. The loading unit was set with 14 mm distance between the
supporting rollers. The material strength in flexure was calculated using the equation [45]:

P:s

where 07 is the strength (MPa), P is the fracture load (N), s is the distance between the
supporting rollers (mm), and / and b are the height and width (mm) of a beam sample,
respectively.

For each material variant, five samples were tested, and the flexural strength was
calculated as the average value.

3. Results and Discussion
3.1. Characterization of Microstructure

Optical microscopy of the microstructures showed uniformly distributed pores in
all the studied materials (Figure 1). For the 3YSZ ceramic, a decrease in the average size
of pores can be recognized with a decrease in sintering temperature from 1550 through
1500 to 1450 °C (Figure la—c). However, the opposite tendency was found for the 6YSZ
ceramic (Figure 1d—f). Thus, the average size of pores decreased in the 3YSZ ceramic
from 0.91 to 0.69 um whereas this in the 6YSZ ceramic increased from 0.49 to 0.76 um
(Table 1). The most distinct differences were found for the pore number density and
area fraction of the 3YSZ ceramic with a decrease in sintering temperature from 1500
to 1450 °C and for those of the 6YSZ ceramic with a decrease in sintering temperature
from 1550 to 1500 °C. These results indicate the most essential microstructural changes in
the mentioned temperature ranges; namely, the highest temperature in the range promotes
a more advanced densification of corresponding ceramics.

Figure 1. Optical microstructure of (a-c) 3YSZ and (d—f) 6YSZ ceramics sintered at (a,d) 1550,
(b,e) 1500, and (c,f) 1450 °C.
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Table 1. Parameters of microstructure and fracture surface of the ceramics.

% Y03

Sintering

Temperature, °C

Average Grain

Pores Fracture Voids Cleavage Facets

Size, um Average Size, Number Density, Area Fraction, Average Number Density, Average Number Density, Area

pm um—2 % Size, pm um—2 Size, um? um—2 Fraction, %

1550
1500
1450

1.0+ 05 09+0.6 0.0328 29 0.7 £0.4 0.039 8.0+49 0.043 34
0.7+03 07+04 0.0471 26 0.5+0.2 0.076 64+32 0.020 13
0.6 0.2 07+05 0.0724 4.0 04+02 0.142 72+40 0.005 4

1550
1500
1450

07403 0.5+0.3 0.0200 05 04+0.1 0.030 6.1+29 0.015 9
0.6 +0.3 0.6 +0.4 0.0516 24 05402 0.057 79+49 0.020 16
0.6 +0.3 0.8 +0.5 0.0409 25 05+03 0.071 74+32 0.018 13

%

Fraction,

60 1

50 A

40 A

30 1

20

10 1

H]H]WI_D,_&; o]

The evolution of porosity with a decrease in the sintering temperature was char-
acterized by the pore size distributions analysis (Figure 2). With a decrease in sintering
temperature of the 3YSZ ceramic from 1550 to 1450 °C (Figure 2a), the fraction of 0.3-0.6 um
pores increased from 26 to 54%. At the same time, the fraction of 0.6-0.9 um pores decreased
from 25 to 15%, this of 0.9-1.2 pm pores decreased from 22 to 14.5%, and this of 1.2-1.5 pm
pores decreased from 13 to 12% (Figure 2a). For 1.5-1.8 pm and >1.8 um pores, negligi-
ble fractions were estimated for the sintering temperatures of 1500 °C and 1450 °C. The
exception was found for 1550 °C, where the fractions reached 7.5%. An increase in the
sintering temperature to 1550 °C is suggested to provoke a rapid recrystallization of the
initial powder in contrast to a lower sintering temperature. This is followed by substantial
shrinkage in local areas where homogeneous distribution of the initial powder was not
reached. As a result, a comparatively high number of large pores are formed under such
conditions. It should be noted that the average pore size is maximal (i.e., 0.9 pm, see Table 1)
and the area fraction of pores is 2.9% (see Table 1) for these conditions. According to the
work [46], for the sample series prepared by high-speed sintering (1500 °C, 5 min) the
porosity was in the range 0.7-1.2% and for those conventionally sintered (1500 °C, 2 h) it
was about 0.3% that exhibited larger deviation of the measured values from the average
for the samples sintered rapidly. It was suggested that both high-speed sintering and
non-uniform distribution of yttria in 5YSZ zirconia caused an increase in size of residual
pores. Similarly, the authors of the work [47] have studied evolution of microstructural
components during the sintering of yttria—zirconia compacts at 1400 °C for 2 h. They found
that along with domination of small pores, some quantity of much larger pores occurred in
the ceramics due to formation of the isolated clusters which consisted of sub-micrometer
particles of pure zirconia.

03% 1550 90 - 06% 1550
3% 1500 80 9 _ 06% 1500

m 3% 1450 70 1 m6% 1450
60

50 A
40
30 A

%

Fraction,

5 I

0.3-0.6

0.6-0.9

09-12 1.2-15 1.5-18 >1.8 0.3-06 06-09 09-12 12-15 1.5-18 >1.8

Pore size, um Pore size, um

Figure 2. Distributions of pore size for (a) 3YSZ and (b) 6YSZ ceramics sintered at three temperatures.

A quite different pattern of the porosity evolution was revealed for the material with
a higher content of yttria (Figure 2b). With a decrease in the sintering temperature of the
6YSZ ceramic from 1550 to 1450 °C (Figure 2b), the fraction of 0.3-0.6 pm pores decreased
from 76 to 40%. At the same time, the fraction of 0.6-0.9 um pores increased from 9 to 15%,
this of 0.9-1.2 um pores increased from 7 to 22%, and this of 1.2-1.5 pm pores increased
from 5 to 10% (Figure 2b). Similarly to a trend for the 3YSZ ceramic, negligible fractions
were determined for all the sintering temperatures for 1.5-1.8 um and >1.8 um pores.
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With a decrease in sintering temperature of the 3YSZ ceramic from 1550 to 1450 °C,
the area fractions of 0.3-0.6 um and 0.6-0.9 um grains increased from 4 to 21.5% and from
18 to 59%, respectively (Figures 3a—c and 4a). Conversely, for 0.9-1.2 um up to 1.8-2.1 um
grains a decrease in the area fraction from 20.5 to 8% and from 2.5 to 1.5%, respectively,
was observed. After sintering at 1550 °C, untypically high area fractions (up to 15%) were
noticed for large 2.4-2.7 um and >2.7 um grains.

Figure 3. SEM-SE microstructure of (a—c) 3YSZ and (d—f) 6YSZ ceramics sintered at (a,d) 1550,
(b,e) 1500, and (c,f) 1450 °C.

60 -

03% 1550
50 - 03% 1500
X 40 - m 3% 1450
3
= 30
Q
S
s 20
°
<
10 -

0.3-0.6 0.6-0.9 0.9-1.2 1.2-15 15-1.8 1.8-21 2.1-24 24-27 >27

a Grain size, um
50 -
06% 1550
40 | O06% 1500
X m6% 1450
= 30 A
K}
©
S 20 -
4]
2
<< 10 A
g Boacl wll 1

0.3-0.6 0.6-0.9 0.9-12 1.2-15 1.5-1.8 1.8-21 21-24 24-27 >27
Grain size, um

Figure 4. Distributions of grain size for (a) 3YSZ and (b) 6YSZ ceramics sintered at three temperatures.
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Spectrum

The microstructure of the 6YSZ ceramic showed a quite different variation of the grain
size distribution with the sintering temperature (Figures 3d—f and 4b). For this material,
the area fraction of 0.3-0.6 um grains increased from 24 to 37% with the temperature
decreasing. This means that the 6YSZ ceramic generally exhibited finer microstructure
at a low sintering temperature (1450 °C) compared to the 3YSZ ceramic. Such a trend
found for the 6YSZ ceramic is not fully supported with the average grain size calculations,
as no significant variation of this parameter was observed with a variation in sintering
temperature (Table 1). Therefore, grain size distributions should always be considered
for accurate characterization of microstructure evolution in YSZ ceramics, instead of the
average grain size parameter.

General trends in the microstructure variation with a decrease in sintering temperature
from 1550 through 1500 to 1450 °C can be summarized as follows:

e  The average size of pores decreased by 30% in the 3YSZ ceramic; however, it increased
by 55% in 6YSZ material (Table 1);

e  The pore size distributions showed an increase in the fraction of finer pores (<0.6 um)
and a decrease in the fraction of larger pores (>0.6 um) in the 3YSZ ceramic (Figure 2a);
however, this trend was opposite in the 6YSZ ceramic (Figure 2b);

e  The average grain size decreased in the 3YSZ ceramic, but no significant variation was
observed in the 6YSZ one (Table 1);

o  The 6YSZ ceramic sintered at 1450 °C exhibited finer microstructure in terms of the
area fractions for the grain size parameter, compared to the 3YSZ ceramic;

e  Grain size distributions should always be considered for accurate characterization of
microstructure evolution in YSZ ceramics, instead of the average grain size parameter.

3.2. Chemical and Phase Compositions

The mapping made using SEM-EDS exhibited local segregation of yttrium (Y) in the
ceramics under study. Thus, the larger grains were enriched in Y in both materials and no
significant variation with sintering temperature was observed (Figure 5). Previous research
confirmed the existence of the monoclinic (m), tetragonal (t), and cubic (c) ZrO; phases in
these ceramics, enriched with different amounts of Y [39,40,42]. It was found in [39,42] that
the larger grains are m-ZrO,, but a remainder of the c-ZrO; phase (yttrium-enriched c¢-ZrO,
particles) is situated on their boundaries. This is consistent with our results (Figure 5a,b). In
contrast, according to [42], tiny yttrium-depleted t-ZrO, particles united into agglomerates
are situated separately, similarly to the results given in Figure 5a,c.

O |Fe | Y | Zr | I} Hf Spectrum O Fe Y Zr | Hf

Spectrum 1 23.38 0.14 8.09 66.80 0.36 1.23
Spectrum 2 23.40 0.13 7.46 67.42 0.35 1.24
Spectrum 3 23.50 0.12 8.49 66.38 0.35 1.16

Spectrum 1 23.31 0.10 3.00 71.68 0.54 1.37
Spectrum 2 23.56 0.09 3.48 71.19 0.45 1.23
Spectrum 3 24.27 0.09 3.79 70.13 0.44 1.28

Mean

Sigma

igmaMean 0. . : . . .
b SigmaM 0.04 0.01 0.30 0.30 0.01 0.02

23.43 0.13 8.02 66.87 0.35 1.21 Mean 23.70 0.09 3.55 70.91 0.47 1.29
0.07 0.01 0.52 0.53 0.01 0.04 Sigma 0.41 0.01 0.41 0.67 0.05 0.06
C SigmaMean 0.20 0.00 0.20 0.34 0.02 0.03

Figure 5. Chemical analysis of the 6YSZ ceramic sintered at 1500 °C: (a) SEM-BSE image and EDS
maps of O, Y, and Zr with chemical compositions measured for (b) coarse and (c) fine grains.
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Using XRD patterns for the studied ceramics presented in our previous research [39,40],
we constructed the dependences of phase fractions on the sintering mode (Figure 6). As men-
tioned above, three phases (m, t, and c¢-ZrO,) are present in these materials in various ratios.

80

L Bt
BHm
Bc

[&)]
o

N
o

Phase balance, wt%
S
o

3% 1550 3% 1500 3% 1450 6% 1550 6% 1500 6% 1450
Variant of material

Figure 6. Phase balance for 3YSZ and 6YSZ ceramics sintered at three temperatures. Notation: m is
monoclinic, ¢ is cubic, and t is tetragonal ZrO,.

In summary, with the sintering temperature decreasing;:

e  For the 3YSZ ceramic, a slow decrease in the tetragonal ZrO; phase percentage and a
steeper increase in the c-ZrO, phase fraction occurred; a comparatively high fraction
of the t-ZrO, phase (above 59%) is characteristic for this material;

e  For the 6YSZ ceramic, a steeper decrease in the tetragonal ZrO, phase percentage and
a slow increase in the c-ZrO, phase fraction occurred; a comparatively high yttria
percentage provides better stabilization of the c-ZrO, phase in the studied temperature
range; a higher sintering temperature facilitates cubic to tetragonal and monoclinic
zirconia phase transitions.

3.3. Strength and Analysis of Fracture Surface

A change in phase balance is obviously related to the material strength (Figure 7).
The main regularities of a change in phase balance in relation to the material strength
(Figures 6 and 7) were found as follows:

e  For the 3YSZ ceramic, the strength is almost linearly related to the t-ZrO, phase
fraction;

e  For the 6YSZ ceramic, there is no linear relationship between the strength of the
material and phase fractions, as the fractions of both the cubic and monoclinic ZrO,
phases are quite high.

All the above results confirm a synergistic effect of yttria content, pore size distribu-
tions and their fractions, grain size distributions and corresponding area fractions, and
phase balance on flexural strength. Therefore, a thorough analysis of these microstruc-
tural features allows to propose an appropriate fracture micromechanism. This, in turn,
allowed improving the mechanical properties of the ceramics via the processing technology
optimization.

Based on SEM images of fracture surfaces for the 3YSZ and 6YSZ ceramics (Figure 8),
the void size and cleavage facet size distributions have been analyzed. It was found that
the patterns of the void size distributions vary with the yttria content. The 3YSZ ceramic
exhibited a decrease in fractions of voids in the 0.3-0.5 um, 0.7-0.9 um, and >0.9 um
size ranges, with a simultaneous increase in the <0.3 um and 0.5-0.7 pm size ranges
(Figure 9a), with decreasing the sintering temperature. In contrast, the 6YSZ ceramic
showed a significant decrease in the fraction of voids in the <0.3 um range with a gradual
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increase in fractions of voids in all the other ranges (Figure 9b). Moreover, for this material,
the most distinct difference in the fraction of voids, namely a decrease in the fraction of
voids in the <0.3 um range by 2.8 times, was found with a decrease in sintering temperature
from 1550 to 1500 °C. Such a distinct increase in the fraction of small voids at the sintering
temperature of 1550 °C may be related, to a great extent, to plenty of small pores occurring
under such conditions. The fracture void formation is believed to depend on the presence
of pre-existing pores. In particular, both the Figure 2b and Table 1 confirm this assumption
for the 6YSZ ceramic sintered at 1550 °C. For such sintering conditions, the fraction of
the smallest pores is maximal (i.e., 76%, see Figure 2b), the average pore size is minimal
(i.e., 0.5 um, see Table 1), and the area fraction of pores is minimal (i.e., 0.5%, see Table 1). In
contrast, the fractions of pores in the size range of 0.6-1.5 um and larger ones are minimal

for these conditions.
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1200
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Figure 7. Flexural strength of 3YSZ and 6YSZ ceramics sintered at three temperatures.

Figure 8. SEM-BSE fractography for (a—c) 3YSZ and (d—f) 6YSZ ceramics sintered at (a,d) 1550,
(b,e) 1500, and (c,f) 1450 °C.
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Figure 9. Size distributions of fracture voids for (a) 3YSZ and (b) 6YSZ ceramics sintered at three
temperatures.

In short summary, with a decrease in sintering temperature from 1550 through 1500
to 1450 °C:

e The average size of fracture voids decreased by 67% in the 3YSZ ceramic; however, it
increased by 33% in the 6YSZ material (Table 1);

e  The void size distributions showed a decrease in the fraction of larger >0.7 pm voids
with decreasing sintering temperature in the 3YSZ ceramic (Figure 9a); however, this
fraction increased in 6YSZ material (Figure 9b);

e  The observed variations in fracture void size distributions does not fully align with
the trend for the average void size. Therefore, the size distributions should always be
used for the characterization of microstructure evolution in YSZ ceramics, instead of
the average void size parameter.

Based on the cleavage facet size distribution analysis for 3YSZ ceramic (Figure 10a),
it was revealed that with a decrease in sintering temperature from 1550 through 1500
to 1450 °C: (i) fraction of cleavage facets in the 2-4 um? size range tends to increase;
(if) in all the other size ranges, no unambiguous variation of the fractions was found. That
is, a distinct difference was found for 3YSZ ceramic sintered at 1500 °C, as it exhibits two
average levels of the fractions, namely 18-26% for the size ranges of 2—4 um?2, 4-6 um?,
6-8 um?, and 8-10 um? (relatively small cleavage facets) and about 3% for the size ranges
of 10-12 um?, 12-14 um?, and >14 um? (relatively large cleavage facets). With an increase in
the sintering temperature to 1550 °C, a shift in the fractions of cleavage facets towards larger
cleavage facets is observed. Similar behavior with a shift in the fractions of cleavage facets
towards larger cleavage facets was revealed when decreasing the sintering temperature
to 1450 °C. However, a detailed analysis of fracture surfaces of tested specimens showed
that at the lowest temperature of 1450 °C, fracture had occurred along the boundaries of
separate clusters (Figure 8c). Therefore, the identified in this case cleavage facets cannot
be associated with “classic” transgranular fracture, as no recrystallized zirconia grain
was found.

A gradual decrease in fractions of cleavage facets (from 31.5% to 16%) with increasing
the cleavage facet size (from 2—4 pum? to 8-10 um?) was revealed for the 6YSZ ceramic
sintered at 1550 °C (Figure 10b). Moreover, a very small percentage (less than 6%) was found
for larger cleavage facets. In the cases of sintering temperatures of 1450 °C and 1500 °C,
the total fraction of large cleavage facets of 10-12 um? and >14 um? was much higher
(from 20% to about 29%).
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Figure 10. Cleavage facet size distributions for (a) 3YSZ and (b) 6YSZ ceramics sintered at three
temperatures.

In short summary, with a decrease in sintering temperature from 1550 through 1500

to 1450 °C:

The average size of cleavage facets (corresponding to the fracture by the transgranular
micromechanism) decreased by 11% in 3YSZ ceramic; however, it increased by 21% in
the 6YSZ material (Table 1);

Cleavage area decreased by 8.5 times in the 3YSZ ceramic; however, it increased
by 44% in the 6YSZ material;

No unambiguous variations of the fractions of cleavage facet distribution were found
in the 3YSZ and 6YSZ ceramics with a decrease in sintering temperature from 1550
through 1500 to 1450 °C.

Generally, among the parameters used in this work for characterizing microstructure,

the “effective” ones should quantitatively correlate the microstructural constituents to
mechanical properties of the YSZ ceramics:

The most distinct differences for the pore number density and area fraction in the
3YSZ ceramic (both are increasing by a similar value of 1.54 = 0.0724/0.0471 and
1.54 =4.0/2.6 times) were found with a decrease in sintering temperature
from 1500 to 1450 °C. In the 6YSZ ceramic, these parameters varied more (increased
by 0.0516/0.02 = 2.58 and 2.4/0.5 = 4.8 times, respectively) with a decrease in sinter-
ing temperature from 1550 to 1500 °C (Table 1);

The pore number density and area fraction of the 3YSZ ceramic sintered at a tempera-
ture of 1550 °C are 0.0328/0.02 = 1.64 and 2.9/0.5 = 5.8 times higher, respectively, than
those of the 6YSZ ceramic sintered at the same temperature (Table 1);
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e  With a decrease in sintering temperature from 1550 to 1450 °C, for the 3YSZ ceramic
the area fractions of 0.3-0.6 um and 0.6-0.9 pm grains increased from 4 to 21.5% and
from 18 to 59%, respectively; untypically high area fractions (up to 15%) were observed
for large grains in the 3YSZ ceramic, namely 2.4-2.7 ym and >2.7 um grain sizes in the
case of sintering temperature of 1550 °C (Figure 4a);

e  With a decrease in sintering temperature from 1550 to 1450 °C, for the 6YSZ ceramic,
the area fraction of 0.3-0.6 um grains (the smallest grains, Figure 4b) increased from 24
to 37%; this material exhibited finer microstructure compared to other conditions; for
6YSZ ceramics sintered at 1500 °C and 1450 °C, increased area fractions were revealed
for larger grains, >2.4 pm and >1.5 um grain sizes, respectively;

e It was revealed for the 3YSZ ceramic sintered at 1500 °C (Figure 10a) that the total
percentage of relatively small cleavage facets (2-10 um?) exceeds 90%, whereas this of
relatively large cleavage facets (>10 um?) is less than 10%; with both the increase in
the sintering temperature to 1550 °C and decrease to 1450 °C, shifts in the fractions
of cleavage facets towards large values are observed; fracture along boundaries of
separate clusters occurred in the 3YSZ ceramic sintered at 1450 °C, and no recrystal-
lized zirconia grain was identified; thus, the cleavage facets identified for this material
condition cannot be associated with “classic” transgranular fracture;

e A gradual decrease in fractions of cleavage facets (from 31.5% to 16%) in the size range
from 2 to 10 um was observed in the 6YSZ ceramic sintered at 1550 °C, and a small
fraction (about 6%) was found for larger cleavage facets (Figure 10b); the total fraction
of large cleavage facets of >10 um? was much higher (from 20% to about 29%) for
sintering temperatures of 1450 °C and 1500 °C than for 1550 °C;

e  The above-mentioned differences in the void size distribution shapes may be related to
the complex nature of the void formation, as some voids could grow from pre-existing
pores and others might have formed in the high-density parts of the volume. This
should be taken into account when characterizing the fracture evolution based on the
fracture void imaging.

3.4. Technology Optimization

We have analyzed how the key parameters under study should be changed for pro-
viding high strength of the studied ceramics. In terms of lowering porosity, the sintering
temperature for the 3YSZ ceramic should be about 1500 °C, as the increase in both the
pore number density and area fraction by 1.54 times was found with a decrease in sin-
tering temperature from 1500 to 1450 °C. In terms of decreasing the cleavage facet size,
the sintering temperature of 1500 °C would also be beneficial, as the total percentage
of relatively small cleavage facets (from 2 to 10 um?) exceeds 90% for this temperature.
An increase in sintering temperature to 1550 °C generates unusually high area fractions
(up to 15%) of coarse grains in the >2.4 um size range. This was confirmed by a slightly
increased cleavage facet size compared to that for the 3YSZ ceramic sintered at 1500 °C.
These larger grains exhibit a monoclinic crystal structure with a remainder of the c-ZrO; or
t-ZrO, phase enriched with yttrium [39-42]. In spite of the highest strength observed after
sintering at 1550 °C and the fracture growth mainly occurring along the boundaries of the
fine-grained t-ZrO, agglomerates [39,40,42], the transgranular fracture of coarse m-ZrO,
grains may deteriorate toughness. The lower sintering temperature (1500 °C) providing a
higher fraction of relatively small cleavage facets allows this issue to be solved.

In terms of lowering porosity, the sintering temperature for the 6YSZ ceramic should
be about 1550 °C, as the increase in the pore number density and area fraction by 2.58
and 4.8 times, respectively, were found with a decrease in sintering temperature from 1550
to 1500 °C. A decrease in the cleavage facet size for the 6YSZ ceramic was also revealed
after sintering at 1550 °C, and the total percentage of relatively small cleavage facets
(from 2 to 10 umz) exceeded 96% for this condition. In all the other cases, i.e., sintering
at 1450 °C and 1500 °C, the total percentage of relatively large cleavage facets increased
from 20% to 29%. With respect to grain sizes, higher area fractions were observed for
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medium grains (of 0.9-1.5 um size) after sintering at 1550 °C, compared to sintering
at 1500 °C and 1450 °C. According to our previous works [39,40,42], these are t-ZrO,
grains. An increase in area fractions was revealed for larger grains, probably the m-ZrO,
phase, especially from 2.4-2.7 um to >2.7 pm and from 1.5-1.8 um to 2.1-2.4 pum, for 6YSZ
ceramics sintered at 1500 °C and 1450 °C, respectively. Larger fractions of coarser grains
correlate with the highest strength of this material. Therefore, in the cases of 1450 °C up
to 1500 °C sintering temperatures, a slightly increased cleavage facet size confirms the
implementation of the high energy-consuming fracture micromechanism [42] similar to
that described above for the 3YSZ ceramic sintered at 1550 °C. This micromechanism based
on dominant fracture along the boundaries of the fine-grained t-ZrO, agglomerates, also
includes cleavage fracture of the larger grains with a monoclinic crystal structure and a
remainder of the c-ZrO; or t-ZrO; phase enriched with yttrium [39-42]. In contrast, the high
amount of relatively small cleavage facets formed in the 6YSZ ceramic sintered at 1550 °C
does not provide the complete implementation of such fracture micromechanism.

Therefore, the sintering modes providing high mechanical strength (800 MPa and
higher) of YSZ ceramics were determined. Sintering at 1500 °C for 2 h was found to be a
promising mode for the 3YSZ ceramic, whereas a lower sintering temperature (1450 °C)
at the same holding time can provide a close level of strength for the 6YSZ ceramic. As
compared to the data presented in [36,44] for yttria-stabilized zirconia used in restorative
dentistry, our ceramics exhibited 12-35% higher level of strength.

4. Conclusions

Investigation of the microstructure-properties relationship and fracture behavior in
the ZrO, ceramics stabilized with 3 and 6 mol% Y;03 (3YSZ and 6YSZ) and sintered
at 1450 °C, 1500 °C, and 1550 °C for 2 h has led to the following conclusions:

1.  For the 3YSZ ceramic, with an increase in sintering temperature from 1450 to 1550 °C,
the porosity decreased (in particular, the pore number density decreased by 2.2 times
and their area fraction by 1.4 times), and the number density of fracture voids de-
creased by 3.6 times. However, at 1550 °C, high area fractions (up to 15%) of coarse
grains in the >2.4 pm size range were generated, which was consistent with an in-
creased cleavage facet size. After sintering at the intermediate temperature of 1500 °C,
the total percentage of relatively small cleavage facets (from 2 to 10 um?) reached 90%,
the cleavage fracture area was reasonably low (13%), and the flexural strength was
high (800 MPa). This resulted from an optimum phases balance consisting of 60%
m-ZrO, and near 20% of each t-ZrO; and c-ZrO,. Therefore, we propose sintering
at 1500 °C for 2 h as a promising technology mode for the 3YSZ ceramic.

2. For the 6YSZ ceramic, with an increase in sintering temperature from 1450 to 1550 °C
the porosity decreased (in particular, the pore number density decreased by two
times and their area fraction decreased by five times), the number density of fracture
voids decreased by 2.4 times, the total percentage of relatively small cleavage facets
(from 2 to 10 um?) reached 96%, and the cleavage area decreased to a minor value
of 9%. However, the temperature of 1550 °C resulted in a lower fraction of coarse
grains (>2.1 pm), probably the m-ZrO, phase, and a significantly increased the fraction
of medium t-ZrO, grains (0.9-1.5 um), as compared to 1450 °C for which a high
fraction of small t-ZrO, grains (0.3-0.6 pum) and a quite high fraction of coarse m-ZrO,
grains (1.5-2.4 pm) was found. Therefore, an increase in sintering temperature of the
6YSZ ceramic above 1450 °C did not produce a substantial improvement in strength.
This could be explained by a stronger stabilization of the crystal structure with an
increased Y,O3 content at 1450 °C leading to an “optimum” phase balance with ~50%
m-Zr0,, 35% t-ZrO,, and 15% c-ZrO,.

3.  3YSZ sintered at 1550 °C showed about 17% higher strength than 6YSZ sintered
at 1450 °C. Thus, lower concentrations of Y,O3 might be positively considered from
the mechanical properties point of view. However, a higher cost of energy for sinter-
ing at higher temperatures may facilitate adoption of materials with a higher Y,0O3
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content processed at lower temperatures. Due to the comparatively high strength,
the investigated samples can find potential practical applications in manufacturing
prostheses and dental implants.
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