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ABSTRACT

Purpose: The purpose of this work is to evaluate the propensity to brittle fracture of YSZ
ceramics stabilized by the various amount of yttria, based on a study of changes in the
microstructure, phase composition, and fracture micromechanisms.

Design/methodology/approach: The series of 3YSZ, 4YSZ, and 5YSZ ceramic
specimens were sintered in an argon atmosphere. Three sintering temperatures were
used for each series: 1450°C, 1500°C, and 1550°C. Microhardness measurements were
performed on a NOVOTEST TC-MKB1 microhardness tester. The configuration of the
imprints and cracks formed was studied on an optical microscope Neophot-21. The fracture
toughness of the material was estimated using both the Vickers indentation method and a
single-edge notch beam (SENB) test performed under three-point bending at 20°C in air.
The microstructure and morphology of the fracture surface of the specimens were studied
using a scanning electron microscope Carl Zeiss EVO-40XVP. The chemical composition
was determined using an INCA ENERGY 350 spectrometer.

Findings: Peculiarities of changes in the microstructure, the morphology of specimens
fracture surface, and mechanical characteristics of YSZ ceramic materials of different
chemical and phase compositions sintered in a temperature range of 1450°C to 1550°C are
found.

Research limitations/implications: To study the actual behaviour of YSZ ceramic
materials under operating conditions, it is necessary to evaluate their Young’s moduli,
strength, microhardness, and fracture toughness in an operating environment of the
corresponding parameters (temperature, pressure, etc.).
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Practical implications: Based on the developed approach to estimating the propensity
to brittle fracture of the formed YSZ ceramic microstructure, it is possible to obtain YSZ
ceramic material that will provide the necessary physical and mechanical properties of a
wide variety of precision ceramic products.

Originality/value: An approach to estimating the propensity to brittle fracture of YSZ
ceramics stabilized by the various amount of yttria is proposed based on two methods of
evaluating crack growth resistance of materials, namely, the Vickers indentation method and
SENB method.

Keywords: YSZ ceramics, Microhardness, Fracture toughness, Microstructure, Fracture
micromechanism
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1. Introduction

Nowadays, many advanced ceramics enterprises can
produce a wide variety of precision ceramic products
customized to the clients’ needs, ensuring a long life cycle
for the products. Depending on the qualities required, the
products are manufactured of sintered silicon carbide,
aluminium oxide, partially stabilized zirconia, or other
ceramics [1-6].

Ceramic products manufactured of yttria-stabilized
zirconia (YSZ) are operated in high-temperature, high
pressure, corrosive, and abrasion environments (petro-
chemical industry), grinding, high-temperature, and high-
speed conditions (textile, water hardware), high-pressure
and high-temperature insulation conditions (other
industries). According to the clients’ needs and
corresponding qualities required, the products are to be wear
and corrosion resistant, thermal shock resistant, highly
insulated, and possess high strength and air impermeability.

A conventional YSZ production process comprises the
following stages: material acquisition (raw materials),
material allocation, spray granulation, formation, sintering,
grinding, product inspection, and packaging inspection.
There are still issues on the structural integrity and lifetime
of manufactured ceramic products which operate under the
above-mentioned conditions [7-13]. Among them, the
choice of chemical composition and manufacturing modes
of material are the crucial ones that affect the resulting phase
balance and physical and mechanical properties of the
manufactured material [14-20].

In the works [21,22], based on studies of the phase
evolution in plasma-sprayed YSZ coatings during annealing
using XRD analysis and neutron scattering studies, it was
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found that metastable tetragonal YSZ decomposes into
monoclinic and cubic phases as the yttria content in the
tetragonal phase decreases. In the works [23,24], based on
XRD studies on plasma-sprayed coatings and EB-PVD
coatings, it was found that between 1300°C and 1400°C,
the metastable tetragonal phase decomposes into a
tetragonal phase with low yttria content and a cubic or
tetragonal phase with high yttria content. In the work [25],
XRD analysis was performed in combination with a
transmission electron microscopy (TEM) study on EB-PVD
coatings heat-treated at temperatures from 1100°C to
1500°C, and it was found that the metastable tetragonal YSZ
phase decomposes into a tetragonal phase with low yttria
content and both tetragonal and cubic phases with high yttria
content. Alternation of layers with high and low yttria
content was found in TEM images. Based on these results,
using computer simulations, it was concluded that the
domain boundaries have a cubic-like structure with a
relatively high content of yttrium ions [26,27].

The authors of the work [28], based on studies of
2Y-TZP ceramics from powder obtained by detonation
synthesis, found an unusual combination of both very high
strength and fracture toughness without any correlation with
grain size. Based on the revealed broad transformation zone
with secondary microcracks and shear bands on the tensile
side during bending of the specimens, it is assumed that this
character of the fracture is responsible for the high fracture
toughness. Similarly, in the work [29], based on the study of
a series of specimens sintered at 1000°C for 10 h from pure
zirconium dioxide powder and YSZ powder, phase
transformations due to doping were revealed, which allowed
understanding the structural properties of zirconia with and
without doping for technological purposes.
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In the work [30], the effect of Fe,O; additives on the
microstructure, mechanical properties, and translucency of
zirconia with 3 mol% or 5 mol% Y,03 was evaluated. The
density, phase composition, roughness, microstructure,
strength, and translucency of specimens sintered at 1475,
1500, 1550, and 1600°C for 2 h were analysed. After
sintering at 1600°C, only tetragonal ZrO, was detected in
specimens with 3% Y»0O3, while in specimens with 5% Y>03
the cubic ZrO phase was detected. For specimens sintered
at 1600°C, a significant increase in grain size (from 0.8 pm
to 2.3 pm) with an increase in the Y,03 content from 3% to
5% was revealed. The change in Fe,O; content did not
promote changes in the density, microstructure, or
mechanical properties. However, the effect of the Y,0;
content on strength of the material was found.

The authors of the work [31] studied the resistance to
low-temperature  degradation of zirconium dioxide
stabilized with 3 mol% Y»03 (3Y-TZP), which additionally
contained 0.25% AlOs, as a material of monolithic
restorations in dentistry. Such a phenomenon occurs when
Y,03-containing t-ZrO- is converted to m-ZrO» during aging
at temperatures of 100-300°C. This conversion is
accelerated in the presence of moisture and is followed by
the degradation of the mechanical properties of the material.
Taking into account the effect of pretreatment temperature
on the biaxial strength of indented specimens, it is assumed
that the durability of restorations will not lower if aged
restorations retain residual compressive stresses on the
surface corresponding to t—m phase transformation less
than 52% in the environment. In the work [32], the lattice
distortion after phase transformation was calculated using
the Kikuchi-band based method, and the BSD results were
compared with the results of XRD analysis.

The strength and wear resistance of materials of which
products of the petrochemical and textile industries
(bearings, mechanical seals bearings, friction slices, valve
plates, ball wvalves, pipeline lining, nozzles, moulds,
thermocouple protection tubes, etc.) are made, are
traditionally the main property, according to which their
bearing capacity is evaluated [31,33,34]. However, one of
the key functional requirements for such products is high
chemical inertness to avoid the interaction of the product
material with operating environments [35-37]. Therefore, it
is necessary to form an appropriate microstructure of the
material of products, which would prevent its degradation at
the boundary “environment-material” and the degradation of
bulk material [38-45]. Due to such requirements for the
microstructure of the material, strength may be an
insufficient characteristic of its bearing capacity. There are
more structurally sensitive methods for diagnosing the load-
bearing capacity of ceramic materials and products, among
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which the indentation method is one of the most common
mechanical methods [31,46-48]. In addition to this method,
traditional fracture toughness tests with a variety of
specimen shapes and loading schemes are used in fracture
mechanics [30,33,35,36,46,47,49,50]. Therefore, it is
advisable to study the mechanical behaviour of YSZ ceramic
material, sintered in different modes, in particular, to
investigate the relationship between its microstructure and
the tendency to brittle fracture.

The work is aimed at evaluating the propensity to brittle
fracture of YSZ ceramic material stabilized by the various
amount of yttria, based on a study of changes in the
microstructure, phase composition, and fracture micro-
mechanisms.

2. Experimental procedures

In this work, commercial starting powders of ZrO,
ceramics partially stabilized with 3, 4, and 5 mol% Y»0;
(hereinafter: 3YSZ, 4YSZ, and 5YSZ) from the
Vol’nogorskii Mining and Smelting Plant, Ukraine have
been studied. ZrO, starting powders with initial particle
sizes of 100-150 nm and Y,O3 powders with initial particle
sizes of 10-30 nm were used. Powders in corresponding
ratios were thoroughly mixed in a drum mill with the
presence of isopropyl alcohol. In addition to the mixture of
Zr0O; and Y»03 powders, the slurry contained the following
components: ethylcellulose (polymer bond), dibutyl
phthalate (plasticizer), and isopropyl alcohol (solvent). To
remove residual liquid from the powders after mixing, they
were dried in an oven at 120°C until the loss of their weight
was stopped. The powders were then calcined at 700°C to
get a specific particle size distribution and phase
composition. To improve compaction, 5 wt.% polyvinyl
butyral (5% alcohol solution) was added to the prepared
powders [51-54]. Series of prismatic specimens 4x4x50 mm
in size were formed by the method of bilateral compaction
in a metal mould under a pressure of 50 MPa. The specimens
were then sintered in an electrical resistance furnace for 2 h
in argon using a conventional sintering technique. Three
sintering temperatures were used for each series: 1450°C,
1500°C, and 1550°C. In such a way, nine variants of
material were obtained (Tab. 1).

This made it possible to investigate the effects of
sintering temperature on the phase balance of the material as
well as particle size distribution. After sintering, the side
surfaces of all specimens were ground and polished to reach
the required surface quality. The final size of each specimen

was 3.5%3.5x50 mm.
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Table 1.

Chemical composition and sintering modes of variants of the

investigated material
Content of

Sintering mode

Variant Y203, mol%  Temperature, °C  Time, h
3YSZ-1450 3 1450 2
3YSZ-1500 3 1500 2
3YSZ-1550 3 1550 2
4YSZ-1450 4 1450 2
4YSZ-1500 4 1500 2
4YSZ-1550 4 1550 2
5YSZ-1450 5 1450 2
5YSZ-1500 5 1500 2
5YSZ-1550 5 1550 2

The microhardness of the investigated material variants
was measured using a NOVOTEST TC-MKBI
microhardness tester under the indentation loads of 0.49 N,
098N, 1.96 N, 2.94 N,4.91 N, and 9.81 N.

Conditions for measuring the microhardness of materials
are regulated by the relevant standards [55,56]. According to
ASTM C 1327 [56], Vickers microhardness (in GPa) is
calculated by the formula:

HV = 00018544 () (1)

where P is the indentation load (N) and d is the average
length of the diagonals of the indentation imprint (mm).

Based on the values of the optically measured imprint
diagonals, the microhardness tester automatically calculates
the arithmetic mean value of the imprint diagonal length.
After that, the value of microhardness is automatically
calculated as the ratio of the load applied to the indenter to
the inclined surface area of the imprint.

The microhardness of each material variant (Tab. 1) was
determined by making at least 10 indentations for each of
the selected load levels at 20°C in air.

The fracture toughness, which is estimated by
calculating the critical stress intensity factor (SIF) K, is an
important characteristic of the mechanical behaviour of
metallic and ceramic materials, which allows assessing their
propensity to brittle fracture due to the formation and growth
of cracks [57-62]. A wide range of methods for estimating
the fracture toughness of materials under Vickers pyramid
indentation [63-76], each of which is thoroughly described
and confirmed by analytical calculations and experiments,
testifies to the universality of this approach. The formulas
presented in these works contain both physical and
mechanical parameters, as well as empirical coefficients,
and this, accordingly, narrows the range of materials to the
diagnosis of which these formulas can be applied. In the
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work [77], the Ki. values were calculated for ZrO,-Y,0;
ceramics according to each of the formulas proposed in the
works [63-76], and these values were then compared with
those obtained for such material by traditional methods of
fracture mechanics. These studies allowed substantiating for
the characterization of this material the following formula
[73] as an optimal one:

K. = 0.016 (5)1/2 ED) )

where £ is Young’s modulus (GPa), H is microhardness
(GPa), P is the indentation load (N), and c is the radial crack
length (m). To obtain the value of Ki. in MPa-m'?, you need
to multiply the value obtained by this formula by 107

Thus, this formula uses a set of power (Young’s modulus
of material, microhardness, and indentation load) and
geometric (total crack length ¢ according to ASTM C 1327
[56]) parameters.

Based on the results of these studies, in our work, we
used the above-mentioned formula to assess the fracture
toughness of the studied material variants.

Along with fracture toughness test by the Vickers
indentation method, we used in this work a single-edge
notch beam test under three-point bending [78-80]. An edge
notch 0.1 mm in width was machined in a beam specimen
using a diamond disk. The supporting roller span of the
loading device was 14 mm. The tests were performed on the
MTS Criterion E43.104 test machine at 20°C in air. The
corresponding formulas [78-80] were used for calculating
the critical SIF Ki. of material. Five samples of each of the
investigated material variants were tested and the average
Kic value was calculated.

A scanning electron microscope (SEM) Carl Zeiss EVO-
40X VP was used for studying microstructure and fracture
surface morphology of specimens. To determine the
chemical composition of the material in local areas, INCA
ENERGY 350 spectrometer with an energy dispersive X-ray
microanalysis was used. To study the geometry of imprints
and cracks, an optical microscope Neophot-21 was used.

3. Results and discussion

3.1. Phase balance in the investigated YSZ
ceramics

The obtained XRD patterns of the studied material
variants exhibit, in general, the phase balance for 3YSZ,
4YSZ, and 5YSZ ceramics and the changes in the phase
balance with changes in the sintering temperature from
1450°C to 1550°C.
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Based on the analysis of XRD patterns, the competing
effect of two different factors on the phase balance in the
studied material variants was noticed. The sintering
temperature of ceramics is one factor, and the content of the
stabilizing Y,O3 additive is another one. In 3YSZ ceramics,
the amount of tetragonal phase of zirconia increases with
increasing sintering temperature from 1450°C to 1500°C,
while the amount of monoclinic phase increases slightly, so
no noticeable decrease in cubic phase is observed (Fig. 1a).
However, with a further increase in the sintering temperature
to 1550°C, despite maintaining the rate of increasing the
tetragonal phase percentage, the amount of monoclinic
phase increases very steeply and, accordingly, the amount of
cubic phase decreases to about 2 wt.%.

Analysis of the phase balance in 5YSZ ceramics showed
that with increasing sintering temperature from 1450°C to
1500°C the amount of tetragonal phase of zirconia, in
contrast to 3YSZ ceramics, decreases rapidly, while the
amount of monoclinic phase increases and the percentage of
cubic phase (about 5 wt.%) does not change (Fig. 1c). With
a further increase in the sintering temperature to 1550°C, the
rate of decreasing the tetragonal phase percentage remains
constant, and the amount of monoclinic phase no longer
increases but rather decreases. This is probably a
consequence of a sharp increase in the amount of cubic
phase due to its stabilization at this temperature with a large
enough amount of Y,0s.

The phase balance in 4YSZ ceramics, which is
intermediate in terms of the stabilizing Y»0; additive
percentage, reflects the competing effect of the two above-

mentioned factors, namely, the sintering temperature of the
ceramics and the content of the stabilizing Y»Os additive. As
the sintering temperature increases from 1450°C to 1500°C,
the amount of tetragonal phase of zirconia decreases rapidly,
while the amount of monoclinic phase increases slightly and
the amount of cubic phase increases significantly (Fig. 1b).
This tendency to change the phase balance in the material is
the opposite of the trend found in 3YSZ ceramics and is
probably the result of a higher content of the stabilizing
Y»0; additive. However, we see in the graph (Fig. 1b) that
such an advantage in the stabilizing additive is insufficient
to stabilize the cubic phase at higher sintering temperatures.
Therefore, with a further increase in the sintering
temperature to 1550°C, the stabilizing additive provides
only an increased amount of tetragonal phase of zirconia.
The rate of increasing the monoclinic phase percentage
remains constant, and the amount of cubic phase decreases
to about 2.5 wt.%.

The XRD patterns of the material given for the selected
modes (Fig. 2, variants 3YSZ-1550, 4YSZ-1500, 5YSZ-
1450, and 5YSZ-1550) reflect in detail the above-mentioned
regularities of the phase balance of the studied material
compositions.

The XRD pattern of 3YSZ ceramics of variant 3YSZ-
1550 contains peaks of the t-ZrO,, ¢-ZrO,, and m-ZrO,
phases (Fig. 2a). However, the peaks of the c-ZrO; phase are
very low, which corresponds to the amount of this phase of
about 2 wt.% (Fig. 1a), whereas the t-ZrO, phase peaks are
relatively high. In contrast to the behaviour of the material
of variant 3YSZ-1550, the XRD pattern of 4YSZ ceramics
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Fig. 1. Changes in zirconia phase balance of the investigated materials of variants (a) 3YSZ-1450, 3YSZ-1500, 3YSZ-1550,
(b) 4YSZ-1450, 4YSZ-1500, 4YSZ-1550, and (c) 5YSZ-1450, 5YSZ-1500, 5YSZ-1550 depending on the sintering
temperature (see Tab. 1). Phase marking: t — tetragonal, m — monoclinic, ¢ — cubic
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of variant 4Y SZ-1500 exhibits a slightly different behaviour
(Fig. 2b). Relatively lower peaks of the t-ZrO, and m-ZrO,
phases, but much higher peaks of the c-ZrO, phase
characterize this material. The XRD patterns of the material
of variants 5YSZ-1450 and 5YSZ-1550 (Fig. 2¢ and Fig. 2d,
respectively) display the general phase balance in 5YSZ
ceramics, as they correspond to the extreme positions of the
sintering temperature range of 1450-1550°C. However, the
trend of changes in the phase balance with changes in the
sintering temperature of this material from 1450°C to
1550°C is opposite to that found for the material of variants
3YSZ-1450,3YSZ-1500, and 3YSZ-1550 (see Fig. 1a). The
peaks of the t-ZrO, phase for the material of variant 5YSZ-
1450 are of maximum height as compared to other studied
variants (Fig. 2c), and for the material of variant 5YSZ-
1550, they are much lower. The opposite behaviour is
observed for the other two phases. That is, for the material
of variant 5YSZ-1550, the peaks of the m-ZrO, phase and,
in particular, of the c-ZrO, phase are significantly higher
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compared to the peaks for the material of variant 5YSZ-
1450. The rapid growth of the peaks and, accordingly, the
amount of cubic phase occurred due to its stabilization at a
sintering temperature of 1550°C with a relatively large
amount of yttria.

Thus, in 3YSZ and 4YSZ ceramics, the sintering
temperature of 1550°C allows providing a relatively large
amount of tetragonal phase of zirconia (over 65 wt.%), while
the monoclinic phase is the balance because the amount of
cubic phase is insignificant (up to 5 wt.%). In 5YSZ
ceramics at this sintering temperature, the maximum amount
of cubic phase for such a chemical composition was
obtained, but the maximum amount of tetragonal phase of
zirconia (over 73 wt.%) was obtained at a sintering tempe-
rature of 1450°C.

Therefore, the general tendencies of change of phase
balance in yttria-stabilized zirconia are as follows: (i) with
increasing sintering temperature the amount of tetragonal
and monoclinic phases increases when the content of the
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Fig. 2. XRD patterns of the investigated materials of variants (a) 3YSZ-1550, (b) 4YSZ-1500, (c) 5YSZ-1450, and (d) 5YSZ-
1550 depending on the sintering temperature (see Tab. 1). Phase marking: t — tetragonal, m — monoclinic, ¢ — cubic
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stabilizing Y»0s additive is insignificant; (ii) with increasing
sintering temperature the amount of tetragonal and
monoclinic phases decreases when the content of the
stabilizing Y,O3 additive is relatively high. Therefore, to
achieve a relatively high content of metastable tetragonal
phase, zirconia with a low content of the stabilizing Y03
additive must be sintered at a temperature of 1550°C, and
zirconia with a higher content of the additive must be
sintered at 1450°C. Under these conditions, a minimum
amount of cubic phase is formed.

3.2. Mechanical properties and the
microstructural aspect

In the work [77], microhardness data set under the
indentation loads of 0.49 N, 0.98 N, 1.96 N, 2.94 N, 491 N,
and 9.81 N was obtained for yttria-stabilized zirconia (ZrO-
8 mol% Y>03) and a power function was fitted to the data.
It was concluded that for the ceramics of this system there is
a dependence of the material microhardness on the
indentation load known as the indentation size effect [81-83]
when the average values of microhardness decrease with

increasing indentation load. However, at indentation loads
ranged from 4.91 N to 9.81 N (the last value was the upper
limit of a microhardness device), a tendency was observed
with the yield of microhardness values on the plateau. The
values of microhardness and fracture toughness obtained in
this range of indentation loads are invariant.

According to the results of microhardness measurements
of the studied material variants under the indentation loads
of 0.49 N, 0.98 N, 1.96 N, 2.94 N, 4.91 N, and 9.81 N, the
dependences were obtained (Fig. 3), of which 3YSZ-1550,
4YSZ-1450, 4YSZ-1550, 5YSZ-1450, and 5YSZ-1550 are
characterized by decreasing the average values of
microhardness with increasing indentation load.

In dependences 3YSZ-1450, 3YSZ-1500, 4YSZ-1500,
and 5YSZ-1500, on the contrary, under the lowest load, the
values of microhardness are minimal, which is not typical of
ceramics, and the phase balance of these ceramics is
characterized by the total maximum of cubic and monoclinic
phases with the predominance of the latter one. However, for
all the dependences, the yield of average values on the
plateau at indentation loads from 4.91 N to 9.81 N was
observed.
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Fig. 3. The microhardness versus indentation load dependences for (a) 3YSZ, (b) 4YSZ, and (c) 5YSZ ceramics sintered at a
temperature of 1450°C (variants 3YSZ-1450, 4YSZ-1450, and 5YSZ-1450), 1500°C (variants 3YSZ-1500, 4YSZ-1500, and
5YSZ-1500), and 1550°C (variants 3YSZ-1550, 4YSZ-1550, and 5YSZ-1550). The variant numbers (see Tab. 1) correspond

to the symbol numbers
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The invariant values of microhardness of the studied
ceramic variants obtained under the indentation load of 9.81
N demonstrate the evolution of changes in the mechanical
behaviour of the material with a change in the sintering
temperature from 1450°C to 1550°C (Fig. 4).

The highest microhardness of 3YSZ ceramics was
obtained at a sintering temperature of 1550°C (curve 3YSZ
in Fig.4). However, for 4YSZ ceramics, the sintering
temperature of 1500°C (curve 4YSZ) is optimal, because the
material obtained by this mode shows the highest
microhardness compared to sintered at temperatures of
1450°C and 1550°C. 5YSZ ceramics sintered at 1500°C
have the lowest microhardness, in contrast to 4YSZ
ceramics, and the highest microhardness values are obtained
for 5YSZ ceramics sintered at 1450°C. This ambiguity of the
change in microhardness with the change in the sintering
temperature of the material is due to the influence of an
amount of the stabilizing additive and, as a consequence, the
corresponding phase balance in the sintered materials (see
Fig. 3). We observe a correlation between the phase
percentage (Fig.3) and microhardness of the studied
material variants (Fig. 4).

14
5YSZ

H, GPa
=
{ \
<
W
N

1450 1500 1550
Sintering temperature, °C

Fig. 4. Changes in microhardness of 3YSZ, 4YSZ, and
5YSZ ceramics depending on the sintering temperature (see
Tab. 1). The measurements were performed under the
indentation load of 9.81 N

To assess the fracture toughness of ceramics by the
Vickers indentation method, the authors of several works
[58, 59, 72] used the formula (2), which provided values
close to those obtained by other methods of fracture
mechanics. Therefore, we used this formula to estimate the
crack growth resistance of the studied variants of YSZ
ceramics. Thus, the values of the fracture toughness of the
studied material variants were calculated by the formula (2)
for each level of indentation load P and the corresponding
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value of microhardness H (see Fig. 3), using the approach
proposed in the work [77].

Functions fitted to the corresponding experimental data
of the materials under study (Fig. 5a) exhibit the behaviour
of ceramic compositions similar to the trends in
microhardness (Fig. 4). Besides, the fracture toughness
dependences obtained using the SENB test method (Fig. 5b)
also exhibit similar behaviour.

(@ 890

B 76f

2]

{1

2 I

72}
6.8

K., MPam"

(b) YSZ
12,0 F /E;E
i [

4.0

Sintering temperature, °C

Fig. 5. Changes in fracture toughness of 3YSZ, 4YSZ, and
5YSZ ceramics depending on the sintering temperature
(see Tab. 1): a) Vickers indentation method under the
indentation load of 9.81 N; b) SENB method under three-
point bending

For 5YSZ ceramics, we can see a minimum on the
corresponding curve close to the sintering temperature of
1500°C, whereas for 3YSZ and 4YSZ ceramics no
unambiguous tendency is observed since the character of the
curves differs depending on the type of fracture toughness
test (SENB test or Vickers indentation test). This ambiguous
behaviour evidences that the sintering temperature of the
material, slightly above 1500°C, is critical in the
microstructure formation process.

Thus, for 3YSZ, 4YSZ, and 5YSZ ceramics, phase
balances are defined at which the maximum fracture
toughness is reached. Such material variants are
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characterized by the distinct microstructure (Fig. 6) and
morphology of the fracture surface (Fig.7). Thus, the
maximum fracture toughness of 3YSZ ceramics is reached
at the maximum content of the tetragonal phase (variant
3YSZ-1550). In the picture of the SEM microstructure of
such a specimen (Fig.6a), agglomerates uniformly
distributed in the matrix of t-ZrO, are observed. These
agglomerates consist of particles of about 2-4 um in size. No
clear contours of the tetragonal phase particles are seen.
However, it seems that the average particle size is less than
1 pum since in the picture of SEM fracture surface of such a
specimen (Fig. 7a), a distinct intergranular fracture micro-
mechanism is observed and separate grains are less than
1 pm in size.

Signal A=CZ BSD Date :25 Mar 2021
Photo No. = 1723 Time :20:23:47

EHT =17.00 kV

Mag = 2000 K X
= WD = 12.0 mm

S ‘1
Signal A=CZ BSD Date :21 Apr 2021

Mag = 20.00 KXEHT =17.00 kv
WD =11.5mm Photo No. = 1928

T

Time :11:11:33

In 5YSZ ceramics of variant 5YSZ-1450, it is already
possible to distinguish blurred contours of nano-
agglomerates of the t-ZrO, phase of about 200-250 nm in
size (Fig. 6¢). The fracture along the boundaries of such
nanograins occurs during the fracture toughness test
(Fig. 7c) exhibiting a distinct intergranular fracture
micromechanism. This material has the highest fracture
toughness among the studied ones (see Fig.5) which
correlates with an amount of the t-ZrO, phase (see Fig. 1c¢).

In 5YSZ ceramics of variant 5YSZ-1550, we can
observe, in contrast to the ceramics of variant 5YSZ-1450,
some ordering of the former t-ZrO, phase agglomerates
(Fig. 6d) which can evidence the presence of some quantity
of the c¢-ZrO, phase. Such c-ZrO, phase nanoparticles are

EHT = 17.00 kv ignal A = Date :21 Apr 2021
Mag = 20.00 K X SHC AR ZEISS
WD=145mm  PhotoNo.=1966 Time :12:40:02

Mag = 20.00 KXEHT= 17.00 kV
WD =125 mm

Signal A=CZ BSD Date :21 Apr 2021
Photo No. = 1948 Time :11:44:23

Fig. 6. SEM microstructures (BSD images) of specimens of (a) 3YSZ ceramics sintered at 1550°C, (b) 4YSZ ceramics sintered
at 1500°C, (c¢) 5YSZ ceramics sintered at 1450°C, and (d) 5YSZ ceramics sintered at 1550°C
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observed on the fracture surface of the specimen (Fig. 7d).
These particles are located along the boundaries of t-ZrO,
phase grains, the size of which is close to that of grains in
material variant 3YSZ-1550. Probably, such coarsening of t-
ZrO, phase grains is a result of enhanced sintering
temperature causing intense grain growth. Despite some
amount of the c-ZrO, phase, fracture toughness of this
material is lower than of the material variant 5YSZ-1450
that probably is a result of a lower amount of the t-ZrO»
phase (see Fig. 1c).

A sintering temperature of 1500°C is the most
appropriate for 4YSZ ceramics (variant 4YSZ-1500).
This material, having fracture toughness lower than the
material variant 3YSZ-1550, was formed due to the
competing action of the sintering temperature of the

Date :3 Feb 2021
Time :13:37:41

Mag = 20.00 KXEHT =20.00 kv
WD =13.0 mm

Signal A = SE1
Photo No. = 886

Date :4 Feb 2021
Time :19:40:30

Signal A = SE1
Photo No. = 945
E

ceramics and the content of the stabilizing Y,Os additive.
As a result of such the competition, the corresponding
microstructure was formed (Fig. 6b), and a lower amount of
the t-ZrO» phase as compared to two other variants (4YSZ-
1450 and 4YSZ-1550) of 4YSZ ceramics was reached (see
Fig. 1b). Despite a quite high amount of the c-ZrO; phase, it
does not contribute noticeably to the fracture toughness level
of this material. Fragmentation of course particles of the m-
ZrO, phase (Fig. 6b) is followed by cleavage along the
boundaries of such subgrains in combination with
intergranular crack growth along the boundaries of the
t-ZrO; phase (Fig. 7b).

Thus, in terms of mechanical behaviour, the best variant
of material is that of 5YSZ ceramics sintered at a
temperature of 1450°C (variant 5YSZ-1450).

Date :4 Feb 2021
Time :19:05:31

Mag = 20.00 KXEHT =20.00 kV
WD =15.0 mm

Signal A = SE1
Photo No. = 930

Mag = 20.00 KXEHT =20.00 kV
WD =11.0 mm

Signal A = SE1
Photo No. = 924

Date :3 Feb 2021
Time :15:12:20

Fig. 7. SEM fractography (SE images) of specimens of (a) 3YSZ ceramics sintered at 1550°C, (b) 4YSZ ceramics sintered at
1500°C, (¢) 5YSZ ceramics sintered at 1450°C, and (d) 5YSZ ceramics sintered at 1550°C
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4. Conclusions

1. In this work, the microstructure and physical and
mechanical properties of 3YSZ, 4YSZ, and 5YSZ
ceramics have been studied. It was shown that the
fracture toughness of YSZ material is a characteristic
sensitive to microstructural changes occurring in the
material due to phase transformations in the presence of
a stabilizing additive in the investigated sintering
temperature range.

2. For each of the studied modes of sintering YSZ ceramics,
the conditions for the formation of tetragonal,
monoclinic, and cubic phases of =zirconia in
corresponding material modifications were
substantiated.

3. In 5YSZ ceramics sintered at a temperature of 1450°C,
the highest level of fracture toughness was reached as
compared to those of other studied material variants. The
fracture toughness of this material correlates with a high
percentage of the tetragonal phase of zirconia.
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