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Abstract: The mechanical behavior of 3 mol% Y,03-ZrO, ceramic and 21 wt.% Al,O3-3 mol%
Y703-ZrO, ceramic composite with submicron grain size was studied. Mechanical properties,
such as hardness, Young’s modulus, four-point bending strength, and fracture toughness of both
materials were measured. Linear stress-strain deformation behavior of both 3 mol% Y,03-ZrO, and
21 wt.% Al,O3-3 mol% Y,03-ZrO, was observed in flexure, both at room temperature and at 400 °C.
A small deviation from linear elastic deformation was detected in 21 wt.% Al,O3-3 mol% Y,03-ZrO,
ceramic composite when loaded above a stress of 1500 MPa. Therefore, it was concluded that only
elastic deformation occurred at low stresses upon loading, which exclude the presence of domain
switching in zirconia upon bending under the loading conditions of this study.

Keywords: zirconia; ferroelasticity; hysteresis; strength; fracture toughness

1. Introduction

The unique material with high mechanical properties, 3 mol% Y,03-ZrO, ceramic
(Y-TZP) has been intensively studied in the past [1-3]. The interest in the mechanical
properties of Y-TZP has been high for a long time, as this ceramic shows very high strength
and sufficiently high fracture toughness, which allow it to be used in ceramic knives,
dental and other biomedical implants, bearing, and wear applications among others [3-9].
Y-TZP has also caused a lot of fundamental interest due to the occurrence of stress-induced
martensitic tetragonal to monoclinic phase transformation [1]. The t—m transformation
occurs in the stress field of a loaded crack tip and is responsible for the strengthening and
toughening of tetragonal ZrO; as compared to cubic fully stabilized 8 mol% Y,03-ZrO; [3].
In addition to transformation toughening, ferroelastic domain switching is another tough-
ening mechanism acting in ZrO, because of the presence of different defects [10]. Y-TZP
ceramics are heavily twinned, and a number of potentially mobile defects such as twins,
antiphase boundaries, oxygen vacancies, and stacking faults could all contribute to the
absorption of mechanical energy during ZrO, loading leading to domain switching and
further toughening. As a result of transformation toughening and domain switching, the
reported bending strength of 3 mol% Y-TZP varies in the range of 650-1200 MPa, and
its fracture toughness varies in the range of 5 to 10 MPa-m!/? [11], while fully stabilized
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8 mol% Y,03-ZrO; has strength in the range of 200-300 MPa and fracture toughness in the
range of 1.8-2.4 MPa-m'/2 [10].

The addition of Al,O3 to Y-TZP ceramics to improve mechanical properties was explored
in a number of publications [12-15]. A significant increase in strength of AL,O3-Y-TZP (ATZ)
composites was reported in [13-15]. The three-point bending strength of 28 vol% Al;O3-3 mol%
Y,03/ZrO,; composite was reported to be equal to 2800 MPa in [13,14], and in four-point
bending was reported to be equal to 2400 MPa in [15]. Both transformation toughening of
the Y-TZP phase in the composite and the presence of residual thermal stresses appearing
due to the mismatch of the coefficients of thermal expansions between Al,O3 and Y-TZP
phases, along with a decrease in grain size of the material, are likely to be responsible for
the remarkable increase in bending strength of ATZ even when compared to already strong
Y-TZP ceramics [12]. The reported values of fracture toughness of 28 vol% Al,O3-3 mol%
Y,03/ZrO, ceramics are equal to 4.7 £ 0.5 MPa-m!/2 in [12] and to ~5 MPa-m!/2 in [15].
An increase of K;. of ATZ up to ~10 MPa-m'/2 was reported in [15], however, the content
of Y,03 additive in ZrO, was not specified in this paper. In addition to such an improve-
ment in strength, ATZ ceramics showed better wear resistance and decreased degradation
behavior in the presence of moisture, thus allowing it to be used for many biomedical
applications, such as hip and dental implants.

2. Stress-Strain Deformation Behavior of ZrO,-Based Ceramics

The presence of the t—m phase transition or domain switching as toughening mecha-
nisms will be evident in the deformation behavior, where one should be able to detect their
presence in the stress-strain deformation plots of ZrO,-based ceramics upon loading. How-
ever, many important publications on the mechanical behavior of numerous ZrO,-based
ceramics describing t—m phase transformation [1,16,17], or domain switching [10] as tough-
ening mechanisms acting in ZrO, upon loading, do not provide stress-strain deformation
diagrams, and it is not possible to see how the material deforms.

2.1. Effect of t—m Phase Transition

A schematic stress-strain diagram presented in [18] shows a characteristic deformation
behavior, where the material first starts deforming elastically up to a certain critical stress
level, where the strain continues to grow, but the stress remains at a constant value due to
the t—m transformation. Only when the transformation ends does the stress start growing
again, and the material starts deforming elastically again all the way to failure. While
the schematic stress-strain diagram presented in [18] was used to perform theoretical
calculations of transformation toughening in tetragonal ZrO;, very similar stress-strain
diagrams were obtained experimentally using a combination of hydrostatic and uniaxial
compression loading in [19]. In these diagrams, the initial elastically deformed phase of
12 mol% CeO,-ZrO; (Ce-TZP) exhibited a much steeper slope all the way up to ~1300 MPa
loading, where a significant increase in strain at the constant stress level occurred, followed
by a further increase in stress with another linear portion of stress-strain deformation, this
time, however, with significantly lower slope and, thus, lower Young’s modulus of the
material. Texture in transformed monoclinic ZrO, phase and non-transformed tetragonal
ZrO, phase 12 mol% CeO,-ZrO;, was detected as a result of the transformation. Such
texture formation in the t-ZrO, phase was explained either by slip /rotation to accommodate
monoclinic variants or by domain switching [19]. The formation of microcracks was also
reported to occur in Ce-TZP during the {—m phase transition [20]. It is considered that
the t—m phase transition can occur only at the free surface of the material upon loading;
therefore, this mechanism is most effective upon failure at the crack tip. However, t—m
transition “plateau” during stress-strain deformation of Ce-TZP can occur because of
microcracking that creates free surfaces inside of the material allowing for the appearance
of the monoclinic phase with a larger volume as compared to the initial tetragonal phase
leading to the absorption of energy and related enhancement of mechanical properties.
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A slightly different deformation behavior was obtained when measuring the stress-
strain diagrams of 8 mol% MgO-ZrO, (Mg-PSZ) ceramics [15,19,21]. Both triaxial [19]
and uniaxial [21] compression and four-point bending [15] stress-strain plots of 8 mol%
MgO-ZrO, showed first elastic deformation, but upon reaching some critical “yield” stress,
non-linearity was introduced. The yield stress reported in [Chen, Lankford] by triaxial
and uniaxial compression was measured to be in the range of 900-1200 MPa, and the
deviation from linear deformation and introduction of plasticity in Mg-PSZ during bending
experiments were observed around 300-600 MPa [15]. In all loading experiments of Mg-
PSZ, no “plateau” was observed in the stress-strain deformation diagrams. It is known that
12 mol% CeO,-ZrO, consists of pure tetragonal phases upon sintering; however, 8 mol%
MgO-ZrO,; consists of a cubic matrix phase with tetragonal precipitates homogeneously
distributed in the bulk of the cubic matrix [19]. Therefore the mechanisms of the t—m phase
transformation and texture formation might be different in these two materials resulting in
the difference of their stress-strain deformation diagrams.

The stress-strain diagrams of 3 mol% Y;O3-ZrO, ceramics in compression are pre-
sented in [22]. The elastic stress-strain behavior was established to occur up to a very high
compressive stress, where the yield stress and deviation from linear elastic deformation
are reported at an impressive ~2800 MPa and all the way until failure at ~3400 MPa. The
flexural strength of this Y-TZP polycrystalline ceramic is reported as ~1000 MPa; however,
no stress-strain flexure diagrams were provided [22]. It was explained that the continuous
non-step nature of transformation strain observed in Y-TZP appeared because the activa-
tion of the t—m transition upon loading depends on the microstructure of the ceramic. The
grains in this polycrystalline Y-TZP have different grain size, morphology, Y,O3 content,
and orientation relative to the stress axis and, therefore, a different applied stress is required
to cause t—m transformation in each of these different grains. As a result, no autocatalytic
“plateau” appeared in the stress-strain deformation plots of Y-TZP ceramics upon loading
in compression [22].

2.2. Effect of Domain Switching

In addition to the t—m transformation acting in tetragonal ZrO,, domain switch-
ing was also proposed as a different toughening mechanism in ferroelastic ZrO, [10]. In
ferroelastics, the stress-strain deformation behavior is characterized by the presence of hys-
teresis with spontaneous strain and coercive stress [23]. Domain switching in ferroelastic
ZrO; occurs by reorientation of the tetragonal lattice distortion by external mechanical
stress. In order to accommodate lattice distortion, the tetragonal ZrO, is heavily twinned.
However, the presence of such domains is an insufficient condition for ZrO; to exhibit
ferroelasticity, as the existing domain walls must also have sufficient mobility to be able to
move upon application of the stress. For polycrystalline ceramics, the coercive stress neces-
sary to initiate domain wall movement must be different for different grains, depending on
grain size and orientation, availability of porosity, etc. The stress-strain plots of Ce-TZP
obtained in uniaxial compression [10] exhibited a linear elastic behavior all the way up to
1650 MPa, where the appearance of a “plateau” was recorded with increasing deformation
at an almost constant stress. The behavior was very similar to the one reported in [19];
however, in this experiment, the Ce-TZP sample was not loaded till failure, but it was
unloaded to zero stress with an observed hysteresis loop and remnant strain. In [24], the
deviation from linear elastic deformation was also reported to occur at 1650 MPa in 3 mol%
Y-TZP loaded in uniaxial compression, with the exception that no “plateau” was detected
and only non-linear deformation was recorded to occur above 1650 MPa in compression.
In [24], the compression tests were coupled with in-situ neutron diffraction experiments,
and therefore the domain switching as the formation of texture and preferred orientation
in tetragonal Y-TZP above 1650 MPa was found. It was concluded that no preferred ori-
entation was found below 1650 MPa when Y-TZP deformed elastically, and the texture
formation/domain switching was responsible for ferroelastic behavior of ZrO, during
loading above 1650 MPa in compression.
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Unlike elastically deformed ceramics, ferroelastics can demonstrate asymmetric de-
formation behavior in tension and compression. As a result, in ferroelastics, coercive
stresses measured in tension and compression can be different. The coercive stress in
compression for 3 mol% Y-TZP was reported to be equal to 1650 MPa [24]; however, the
coercive stress in tension for this material was reported to be in the range of 300-600 MPa,
which is significantly lower than the stress measured in compression. However, to the best
of our knowledge, no stress-strain diagrams of Y-TZP measured in tension are available
in the published papers, unlike published stress-strain diagrams of Y-TZP measured in
compression. Furthermore, the authors could not identify the previous work where the
cyclic stress-strain deformation behavior was performed at 400 and 600 °C.

2.3. AlO3-Y-TZP Composites

In Al;O3-Y-TZP composite ceramics, besides t—m transformation toughening and
domain switching, one can expect at least one more strengthening mechanism to occur,
such as residual thermal stresses, which will affect both the strength and fracture toughness
of this particulate composite [Pezotti]. However, no stress-strain deformation diagrams of
AlyO3-Y-TZP ceramics were found in the literature.

2.4. The Goal of the Research

Here we report stress-strain deformation diagrams for 3 mol% Y-TZP and Al,O3-3 mol%
Y-TZP ceramics measured in four-point bending along with their other selected mechanical
properties, as no stress-strain deformation behavior of those two materials measured in
tension could be found published in the literature.

3. Experimental

Commercially available 3 mol% Y,O3-ZrO, powder (TZ-3YS-E, Tososh, Tokyo, Japan)
was used for producing 3 mol% Y-TZP ceramics. The powder was uniaxially compressed
at 20 MPa using a steel die into disks with an 82 mm diameter and 10 mm height, and
then cold isostatically pressed at 200 MPa. The disks were further sintered at 1550 °C
for 4 h to become almost fully dense. The sintering at different temperatures did not
produce such dense Y-TZP ceramics. Commercial ATZ samples were provided by Decema
(ATZ20-HIP, Decema GmbH, Singen, Germany). A powder with 20 wt.% Al,O3-3Y-TZP
composition was molded into 8 mm diameter and 80 mm height cylinders by a proprietary
colloidal shaping process, which was followed by pressureless sintering and hot isostatic
post compaction. Y-TZP ceramic samples were produced in the laboratory using commer-
cially available powders, while ATZ ceramics were produced by the industrial partner.

After sintering, 3 x 4 x 48 mm? ceramic bars were machined to be used in four-
point bending tests to measure fracture toughness and flexure strength and to study
stress-strain behavior. Out of the 30 total Y-TZP machined samples, 10 of them were
machined following a procedure (machining #1) that resulted in relatively low surface
roughness, while the other 20 bars were machined following a slightly different procedure
(machining #2), which resulted in higher surface roughness. Out of the 20 total ATZ
machined samples, 10 of them were machined following a procedure (#1), the same as
Y-TZP ceramics, which also resulted in lower surface roughness of the ATZ bars, while
10 other bars were machined following procedure #2, which resulted in higher surface
roughness of the ATZ samples after machining. The surface roughness of all samples after
machining was measured by a surface profilometer (Hommel tester T500). Some of these
ceramic samples were mirror polished to prepare them for hardness measurements, phase
analysis and microstructural characterization.

The density of machined samples was measured by Archimedes’ technique [25].
The microstructure and fracture surfaces of the Y-TZP and ATZ ceramics were analyzed
using scanning electron microscopy (VEGA TS3, TESCAN, Brno, Czech Republic). The
V-notches placed in the samples for fracture toughness measurements were documented
using optical microscopy (Light Microscope Stereo Discovery.V20, Zeiss, Jena, Germany).
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The micrographs of the polished and thermally etched ceramic surfaces were used to
measure the Y-TZP and ATZ grain size according to [26]. The phase composition of Y-
TZP and ATZ ceramics was studied using X-ray diffraction. X-ray powder diffraction
studies were performed in Bragg-Brentano geometry using a BRUKER AXS D8 ADVANCE
diffractometer equipped with Cu-K« X-ray source. The data was acquired in 20 range of
5-120° with a step of 0.02° and a 1 s exposure time per step. Hardness tests were performed
using a Vickers hardness tester Durimet (Ernst—Leitz, Wetzlar, Germany). The 9.8 N load
was applied to the polished surface of the samples using a diamond indenter for 15 s, with
20 impressions placed on each Y-TZP and ATZ sample. The impression diagonals were
further measured to determine hardness values in accordance with the EN 843-4 standard.
The impulse excitation technique (IET) was also employed to measure the Young’s modulus
of Y-TZP and ATZ ceramics [27].

Four-point bending strength was measured using a 2 kN load cell in a 40/20 mm loading ge-
ometry and a crosshead displacement speed of 1 mm/min (USM, Haller, Zwick Z005, Germany)
using displacement control mode loading [28]. Each sample was preloaded to 10 N. Thirty
Y-TZP samples, and twenty ATZ samples were taken to failure, and the obtained strength
data were further analyzed using standard Weibull statistics [29]. The parameters of the
two-parameter Weibull distribution, the scale parameter (o) and the Weibull modulus (1)
were calculated by the maximum likelihood method. As no deformation of the sam-
ples was measured using a specialized measurement system in these four-point bending
tests, the strain was estimated, taking into account testing machine compliance using the
methodology described in [30].

The fracture toughness of V notched Y-TZP and ATZ ceramics was measured using the
single edge v-notch beam (SEVNB) technique according to [31]. In addition, the fracture
toughness of the material can also be estimated from the strength test samples, as the
critical stress intensity factor of the semielliptical surface crack of the fracture origin, when
dimensions of fracture origin and fracture stress in bending o, are known. If this is the
case, the fracture toughness can be calculated using,

Ky, = H(fb\/%}"(i, % %4)) )

where a is the depth of the surface crack, c is the half-length of the surface crack, ¢ is the
sample thickness, b is the half-width of the sample, H = H (%, 2 ) is the correction factor,
Q = Q(%) is the shape factor for an elliptical crack, and F(§, 2, £, ¢) is the stress-intensity
boundary-correction factor. The calculation of Kj, and determination of H, Q, and F is
described in detail in [32]. Equation (1) is valid for0 < a/c <1,0<a/t <1,¢/b <05
and0 < ¢ < .

A separate set of four-point bending experiments in cyclic loading was also performed
on Y-TZP and ATZ ceramics at room temperature, as well as at 400 and 600 °C, in order to
detect any hysteretic behavior of the ceramics during loading. The 3 x 4 x 48 mm? samples
were loaded using a 2 kN load cell and a bending jig with 5 mm rollers and 40/20 mm load-
ing geometry on a universal testing machine (Zwick/Roell Z005, Zwick, Ulm, Germany).
The tests were performed in a load control mode with a loading/unloading rate of
4 N/s. Each sample was preloaded to 10 N, which was set as a zero point for fur-
ther loading. In cyclic bending experiments, three rod-deflection measurement systems
(Maytech, Wuppertal, Germany) were used to measure the displacement of the samples.
The deflection of the samples was measured by the central rod of the deflectometer posi-
tioned at the center of the tensile surface of the sample with two control rods positioned
below the loading rollers at a distance of 10 mm from each side of the central rod. Therefore,
during the cyclic loading experiments, both the applied load and deflection of the samples
were directly recorded during the experiments. Once the samples were preloaded, and a
zero load was set up, a cycling loading with 100 MPa increment was applied. The cyclic
loading was applied all the way to a predetermined stress, which was done to ensure that
failure did not occur during cycling. Therefore, Y-TZP experienced eight loading cycles all
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the way to 800 MPa, and ATZ experienced nine loading cycles all the way to 900 MPa at RT.
However, Y-TZP tested in cycling loading at 600 °C failed during the fifth cycle, therefore
for all elevated temperature tests at 400 and 600 °C, only four cycles were performed both
for Y-TZP and ATZ ceramics.

4. Results and Discussion
4.1. Density, Grain Size, and Phase Composition of Y-TZP and ATZ

After sintering, the density of Y-TZP and ATZ ceramics were measured to be equal to
6.05 and 5.48 g/cm?, respectively (Table 1). Such high densities were indicative that both
materials were sintered to almost full density. Only very small amounts of porosity were
present in both ceramics. The microstructure of Y-TZP and ATZ ceramics is presented in
Figure 1, and both Y-TZP and ATZ ceramics have a submicron grain size. The average
grain size of Y-TZP ceramics was measured to be 0.735 £ 0.021 pm, while the ATZ ceramic
composite has a much smaller average grain size of 0.414 £ 0.023 pm (Table 1). While
no separate measurements were performed to calculate the grain sizes of the Al;O3 and
Y-ZrO, grains in the ATZ composite, one can see from Figure 1B that both phases have
approximately similar grain sizes. By analyzing the phase composition of the Y-TZP
ceramics, it was determined that the tetragonal phase was dominant at approximately
87 wt.%, while the cubic phase was also present.

Table 1. Microstructural parameters of yttria-stabilized zirconia (Y-TZP) and alumina-zirconia
composite (ATZ).

Property Y-TZP ATZ
Density, g/cm3 6.05 5.48
Porosity, % 0.8 0.04
Grain size, pm 0.735 £ 0.021 0.414 +0.023
Tetragonal phase fraction of t-ZrO;, % 87 87
Roughness Ra (machining #1), pm 0.1 0.08
Roughness Ra (machining #2), pm 0.58 0.56
X, = 1(400), [33,34]

= T(400)_+1(400),+1(004),

Where X, is the cubic ZrO; phase fraction, 1(400), is the integrated intensity of cubic
(400) peak, and 1(400), and 1(004), is the integrated intensity of tetragonal (400) and
(004) peaks, respectively. A very small quantity of monoclinic ZrO, can also be seen
from the diffraction pattern (Figure 2); however, its presence might be explained by t—m
phase transformation that occurred during machining of ZrO, samples in preparation for
mechanical testing. From the diffraction pattern of ATZ, one can identify the expected
a-Al,O3 phase and both the tetragonal and cubic structures of the ZrO, phase. Similar to
Y-TZP, the ZrO; consisted of 87% tetragonal phase and about 13% cubic phase, with the t to
¢ phase ratio being very similar to that determined in pure Y-TZP ceramics. A small quantity
of m-ZrO, along with a small amount of a non-identified phase were also detected. No
Rietveld refinement and no calculation of lattice parameters of the phases were performed.

4.2. Hardness and Young’s Modulus

The Vickers hardness of Y-TZP ceramics was measured to be equal to 12.08 + 0.21 GPa
(Table 2). The measured values correspond very well to the hardness of 3 mol% Y-TZP
ceramics published in the literature, where Vickers hardness is reported in the range of
10-13 GPa [35,36]. The addition of a harder phase, such as Al,O3, increased the hard-
ness of the composite, the hardness of the ATZ composite was measured to be equal to
13.91 £ 0.24 GPa (Table 2). As the hardness of pure Al,O3 was reported to be equal to
~19 GPa [37], the hardness of 20 wt.% Al,O3-Y-TZP ceramic composite could be estimated
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by a rule of mixture. It was estimated that the theoretical hardness value of the ATZ
composite is equal to 13.7 GPa, which corresponds very well with the experimentally
measured values.

Figure 1. Backscattered SEM micrographs of (A) Y-TZP and (B) ATZ ceramics.
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Figure 2. X-ray diffraction patterns of (A) Y-TZP and (B) ATZ ceramics. The small quantity of monoclinic ZrO, phase

identified by % on both diffraction patterns.

Table 2. Mechanical properties of yttria-stabilized zirconia (Y-TZP) and alumina-zirconia composite

(ATZ) at room temperature.

Property Y-TZP ATZ
Hardness, GPa 12.08 + 0.21 13.914+0.24
Young modulus (IET), GPa 211 + 0.57 254 + 0.19
Flexural strength, MPa 1106 £+ 111 1503 + 229
Fracture toughness, MPa-m!/2 (SEVNB) 5.38 + 0.09 5.02 +£0.41
Fracture toughness, MPa-m!/2
(estimated from fracture origin dimensions) 71 64
Young modulus (slope), GPa 208 253

Young’s modulus of Y-TZP, as measured by the impulse excitation technique, was
equal to 211 & 0.57 GPa (Table 2), which corresponds very well with the results published
in [38]. The Al,O3 ceramic has a higher Young’s modulus (~400 GPa [39]) when compared
to Y-TZP; therefore, the Young’s modulus of the ATZ composite was measured to be higher
as compared to Y-TZP and was equal to 254 £ 0.19 GPa (Table 2). The theoretical estimates
of the ATZ composite’s Young’s modulus calculated by the rule of mixtures provide a value
of 265 GPa, which is found to be in good agreement with the measured Young’s modulus

values by the IET technique.
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4.3. Flexural Strength and Weibull Statistics

The measured flexural strength of Y-TZP and, especially, ATZ was relatively high for
ceramics. The average strength of Y-TZP ceramic was equal to 1106 £ 111 MPa, and the
average strength of ATZ ceramic composite was equal to 1503 £ 229 MPa (Table 2). The
Weibull distribution plots of all 30 tested Y-TZP, and all 20 tested ATZ samples are shown
in Figure 3A. The experimental data, presented in Figure 3 are (x, y) pairs, where x = In 07,
is a logarithm of the bending strength and y = Inln (1 — Pf)~ with Py being a fracture
probability and the theoretical Weibull distribution, presented by the straight dashed line,
which is the fit from the maximum likelihood function [29]. As one can see from Figure 3A,
the experimental data obey the Weibull distribution almost perfectly for Y-TZP ceramics.
However, deviations from the straight line were obtained for ATZ ceramics. The calculated
Weibull parameters, the scale parameter (o) and the Weibull modulus (1) are presented in
Table 3, where the scale parameters of Y-TZP and ATZ ceramics were equal to 1139 MPa
and 1536 MPa, respectively, and Weibull moduli of Y-TZP and ATZ ceramics were equal to
13.4 and 7.2, respectively.

1.7

In In 1/(1-F)

6.7 6.9 7.1 7.3 7.5

In (o [MPa])
1.7 A
,0.,®
07 i 4 o/ ./
o,o.,o
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=) B O-e-
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£-234 1,/
/ o e
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i B
-4.3 T T

6.7 6.9 7.1 7.3 7.5
In (o [MPa])

Figure 3. Weibull distribution of four-point bending strength of Y-TZP and ATZ ceramics. (A) Weibull
plots, where all 30 samples of Y-TZP and 20 samples of ATZ ceramics were counted, (B) Weibull
plots, where strength data of 10 samples of Y-TZP machined by a process #1 and 20 samples of Y-TZP
machined by a process #2, along with strength data of 10 samples of ATZ machined by a process
#1 and 10 samples of ATZ machined by a process #2 are shown separately for each composition with

different machining.
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Table 3. Weibull parameters of yttria-stabilized zirconia (Y-TZP) and alumina-zirconia composite (ATZ).

Composition n %0 " |90 " |90
(mixed) (mixed), MPa (machin. 1) (machin. 1), MPa (machin. 2) (machin. 2), MPa
Y-TZP 134 1139 26.7 1145 114 1132
ATZ 7.2 1536 7.1 1599 7.1 1474

From the calculated Weibull moduli data, one can see that the lower deviations
of experimental data of Y-TZP ceramics from the straight line in the Weibull plot may
be accompanied by the higher Weibull modulus as compared to Weibull modulus of
ATZ ceramics where significant deviations are observed. The scale parameter, which is
representative of a “mean” strength, should be less affected by the deviations. However,
the Weibull modulus, which characterizes uniformity of the flaw size distribution and
distribution of the strength values, is very sensitive to the deviations. It is well known
that the presence of deviations from the straight line in a Weibull plot can be explained by
intrinsic differences in the critical defect size distributions, edge effects, or transition from
volume to surface defects caused by machining. The R-curve behavior of ceramics can also
contribute to the Weibull parameters, such as an increase in both the scale parameter by
increasing the strength of the material and Weibull modulus by decreasing the sensitivity
of the fracture to the non-uniform defects’ size distribution.

It was also of interest to analyze the obtained strength distribution of Y-TZP and
ATZ ceramics based on the different machining procedures, which resulted in different
surface roughness of these materials. Out of total of 30 samples of Y-TZP ceramics tested
in four-point bending, 10 samples were machined following a proprietary procedure #1,
which resulted in 0.1 pm surface roughness, and 20 samples were machined followed
proprietary procedure #2, which resulted in 0.58 pm surface roughness. Out of the total
20 samples of ATZ ceramics, 10 samples were machined followed proprietary procedure #1,
which resulted in 0.08 um surface roughness, while the other 10 samples were machined
followed proprietary procedure #2, which resulted in 0.56 pm surface roughness. These
surface roughness results are presented in Table 1. The corresponding Weibull plots of all
four different subsets of Y-TZP and ATZ ceramics of the samples machined by different
procedures are shown in Figure 3B. As one can see from Figure 3B, the machining procedure
of Y-TZP ceramics tremendously affected the Weibull modulus, as the uniformity of critical
defects improved significantly with the decreasing surface roughness of the material.
A surface roughness of 0.1 um resulted in a Weibull modulus of 26.7 for Y-TZP, while for a
surface roughness of 0.58 um, the Weibull modulus decreased to 11.4. However, the scale
parameter of Y-TZP ceramics was not so sensitive to the machining procedure, resulting
in only the small deviation from 1145 to 1132 MPa when the machining resulted in the
surface roughness of 0.1 pm and 0.58 um, respectively. The different machining, resulting
in different surface roughness, also affected the Weibull parameters of ATZ ceramics too,
but in a different way compared to Y-TZP (Figure 3B). While the Weibull modulus showed
no dependence and remained the same for the samples machined by different procedures,
the scale parameter showed a higher value of 1599 MPa for the samples machined to a
finer surface roughness of 0.08 um, when compared to the scale parameter of 1474 MPa
determined for the samples machined to the coarser surface roughness of 0.56 um. Such
results, the type of machining and different surface roughness do not significantly affect
the uniformity of flow size distribution and distribution of strength values, indicate a better
damage tolerance of ATZ ceramic composite compared to Y-TZP ceramics. However, to
further investigate the different behavior, the fractography of the fracture surfaces of these
materials was performed.

4.4. Fracture Surface Analysis and Sensitivity of Weibull Parameters to Critical Defect Size Distribution

SEM micrographs of the fracture surfaces of Y-TZP and ATZ ceramics after four-
point bending are shown in Figures 4 and 5, respectively. In both materials, the fracture
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surfaces of the samples with the lowest and highest strength values were analyzed. The
SEM micrographs of the Y-TZP samples that failed at 829 and 1226 MPa are shown in
Figure 4, the values represent the lowest, and the highest strength of Y-TZP measured
on all 30 samples tested in four-point bending. The samples with the lowest and highest
strength were machined using proprietary procedure #2, with a higher surface roughness
of 0.58 pm after machining. The whole fracture surfaces of the two Y-TZP samples are
shown in Figure 4A,C, from which the areas with a fracture origin were further identified.
The magnified micrographs of larger defects, which served as fracture origins in Y-TZP
ceramics with the lowest and highest strength, are shown in Figure 4B,D. As one can see
from Figure 4B, the large defect that caused a fracture of the Y-TZP sample at 829 MPa was a
large void, which was either produced due to different shrinkage of different agglomerates
or some contamination that burned out during sintering, leaving this large defect inside the
material. This defect, which served as the fracture origin where the crack started growing,
causing the catastrophic failure, had the rather large dimensions of 38 x 118 um? and was
also connected to the surface of the sample; thus it could be classified as a surface defect.
The defect, which caused the failure of Y-TZP at 1226 MPa, was most likely also a relatively
large subsurface pore with the dimensions of 23 x 24 um?. This pore size was significantly
smaller when compared with the previous sample, thus leading to a significantly larger
stress the Y-TZP could withstand until it failed at 1226 MPa.

G,=829 MPa

6,=1226 MPa

Figure 4. SEM micrographs of fracture surfaces of Y-TZP ceramics. The overall fracture surfaces of Y-TZP samples failed at

829 MPa (A) and 1226 MPa (C), where locations of fracture origins are marked with arrows. The fracture origins of Y-TZP

samples failed at 829 MPa (B) and 1226 MPa (D). The dimensions of fracture origins in both cases are also shown.
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G,=1089 MPa

Figure 5. SEM micrographs of fracture surfaces of ATZ ceramic composite. The overall fracture surfaces of ATZ samples
failed at 1089 MPa (A) and 1897 MPa (C), where locations of fracture origins are marked with arrows. The fracture origins
of ATZ samples failed at 1089 MPa (B) and 1897 MPa (D). The dimensions of fracture origins in both cases are also shown.

The SEM micrographs of the fracture surfaces of ATZ ceramics that failed at 1089 and
1897 Mpa are shown in Figure 5. Similar to Y-TZP, the fracture surfaces of ATZ samples failed
at the lowest (1089 Mpa), and highest (1897 MPa) stress values were selected, as these values
represent the lowest and the highest strength of ATZ measured from all 20 samples tested in
four-point bending. The sample with the lowest strength of 1089 MPa was machined with
proprietary procedure #2 and had a surface roughness of 0.56 um after machining. The
sample with the highest strength of 1897 MPa was machined with proprietary procedure #1
and had a surface roughness of 0.08 um after machining. The whole fracture surfaces of
these ATZ two samples are shown in Figure 5A,C. The magnified micrographs of larger
defects, which served as fracture origins in the ATZ ceramic composite with the lowest and
highest strength values, are shown in Figure 5B,D. The large defect that caused a failure
of the ATZ sample at 1089 MPa appeared to be a large agglomerate with 20 x 22 um?
dimensions, which differentially shrinks during the sintering of ATZ, leaving a quite big
crack/void on one side. The defect which caused the failure of ATZ at 1897 MPa had rather
small 7 x 9 um? dimensions leading to the ability of this sample to survive the loading to a
relatively high stress of almost 1.9 GPa. In any case, the critical defect sizes of ATZ ceramic
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composite were significantly smaller when compared to Y-TZP ceramics, which explains
the much higher strength of ATZ.

It is known that the Weibull distribution of strength data is directly related to the size
distribution of critical defects that could serve as fracture origins in ceramics at failure.
In two-parameter Weibull statistics, the average size of the critical defect determines a
scale parameter, and a standard deviation of critical defect size distribution determines the
Weibull modulus, where the large average size of critical defects will lead to a decrease
in a scale parameter and the large standard deviation of critical defects’ size distribution
will lead to a decrease in the Weibull modulus. The machining of ceramics will affect the
size distribution of critical defects; therefore, it will affect the Weibull distribution of the
strength data of Y-TZP and ATZ ceramics. In the case of Y-TZP ceramics, the critical defects
have a larger average size but a lower standard deviation of size distribution, leading to
a lower scale parameter and larger Weibull modulus when compared to ATZ ceramics.
Such dependencies are determined by the fact that defects present in Y-TZP have larger
dimensions in comparison to those defects present in the ATZ ceramic composite. This
difference in the size of critical defects present in Y-TZP and ATZ ceramics has to be taken
into account when looking for the explanation as to why different machining resulting in
different surface roughness leads to different Weibull distributions in these two materials.
The machining #1 with a final 0.1 um surface roughness in Y-TZP most likely removes
the coarsest defects resulting in a smaller average size and smaller standard deviation of
critical defect size distribution when compared to the machining #2, which produces a
surface roughness of 0.58 um. Such removal of the largest defects during machining leads
to an increase in both the scale parameter of 1145 MPa and Weibull modulus of 26.7 for
samples after machining #1, when compared with the scale parameter of 1132 MPa and
Weibull modulus of 11.4 for the machining #2 where surface roughness is much coarser
and larger defects are present, leading to a premature failure of this ceramic.

However, the critical defects with such large sizes present in Y-TZP do not exist in
the ATZ ceramic composite, where the average defect size should be smaller, allowing
ATZ to achieve a very high flexural strength value of almost 1.9 GPa. Therefore, both
machining #1 and machining #2 most likely remove defects more homogeneously in ATZ,
simply because larger defects are not present in this ceramic. Machining #1 with a surface
roughness of 0.08 pm results in a slight decrease in the average defect size in comparison
with machining #2 with a surface roughness of 0.56 pm while the standard deviation of
critical defect size distribution remains practically the same for both types of machining.
Such an absence of large critical defects leads to the situation of a much lower sensitivity of
Weibull parameters to the critical defect size distribution of ATZ ceramic composites, as
the scale parameter increases slightly to 1599 MPa and Weibull modulus of 7.1 remains the
same after machining #1 in comparison with the scale parameter of 1474 MPa and Weibull
modulus of 7.1 after machining #2.

4.5. Fracture Toughness

The fracture toughness (Kj.) of both Y-TZP and ATZ ceramics measured by the
SEVNB method was equal to 5.38 + 0.09 and 5.02 + 0.41 MPa-m'/2, respectively (Table 2).
A photograph of the V-notch placed in the Y-TZP is shown in Figure 6A, where the V-notch
served as an artificial defect in the material, ensuring that the crack responsible for the
catastrophic failure would necessarily originate from the notch tip upon loading. The
measured K. values of Y-TZP correspond very well with data published in [11]; however,
there are Kj. values of Y-TZP reported in the literature as high as 10 MPa-m'/2 [15]. The
Kj. of ATZ ceramic composite measured in this work also corresponds very well with the
data published in [13,14].
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"

Semieliptical surface crack

Figure 6. Critical defects in ceramics that are used for the calculation of fracture toughness. (A) A photo
of a V-notch cut placed in the ceramic sample on the surface under applied tensile stress for SEVNB tests,
(B) a schematic presentation of a semielliptical surface crack used in Kj, calculation proposed in [32].

Other than the SEVNB method of measuring K;. of Y-TZP and ATZ ceramics, there is
another highly applicable technique that also allows an estimate of the fracture toughness
of brittle materials [32]. In this technique, the origin of brittle failure is considered to be a
critical defect originally present in the material, unlike an artificial defect introduced by
notching of ceramics in the SEVNB technique. This critical defect is modeled as a semiel-
liptical surface crack located at the tensile surface of the sample upon loading in bending
(Figure 6B). When both dimensions of semielliptical surface crack and critical fracture
stress are known, the fracture toughness of ceramic can be calculated using Equation (1).
The estimations of the sizes of semielliptical surface cracks were performed based on
the micrographs of the fracture origins of Y-TZP and ATZ ceramics with minimum and
maximum strength values (Figures 4 and 5). The sizes of the semielliptical surface cracks
were estimated as a = 38, 2c = 94 um and a = 23, 2¢ = 46 um for minimum and maximum
strength Y-TZP samples, and as a = 20, 2c = 40 pm and a4 = 7, 2c = 14 pm for minimum
and maximum ATZ samples. Using these estimations, the calculated fracture toughness of
Y-TZP samples with a strength of 829 and 1226 MPa was equal to 6.6 and 7.6 MPa-m'/?,
respectively, while the calculated fracture toughness of ATZ samples with a strength of
1089 and 1897 MPa was equal to 6.3 and 6.5 MPa-m!/?, respectively. The difference in frac-
ture toughness of Y-TZP and ATZ ceramics obtained using these two independent methods
can be explained by the fact that when the notch is placed in the material for SEVNB testing,
such a defect could be considered as a macrocrack. However, when a second technique is
used for the calculation of fracture toughness, critical defects responsible for initiation of
failure are relatively small and can be treated as microcracks. Furthermore, in this second
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technique, an approximation of the complex shape of the critical defects is performed
using the semielliptical surface crack approach, which gives the ability to perform such
calculations, however leading to the overestimates of Kj, values when compared to the
SEVNB technique.

4.6. Stress-Strain Deformation Behavior in Bending

The stress-strain deformation behavior of Y-TZP and ATZ ceramics measured at room
temperature and at 400 °C is shown in Figure 7. Both materials were subjected to a room
temperature cyclic loading. Eight loading/unloading cycles were performed with an
incremental loading, subjected to a 100 MPa incremental stress increase between cycles
(Figure 7A,B). The high-temperature cyclic loading of Y-TZP ceramics was performed at
600 °C first, where a sample failed at 447 MPa during the cycle upon loading. Therefore,
in order to avoid failure, the cyclic testing at 400 °C of both Y-TZP and ATZ ceramics was
done to a maximum stress of 400 MPa (Figure 7C,D). Each cycle of these tests is separately
presented in the inserts shown in Figure 7. From the slopes of stress-strain diagrams, it
was determined that the RT Young’s modulus of ATZ ceramic composite is indeed higher
(254 GPa) when compared to Y-TZP ceramics (211 GPa), which is in good correspondence
with the Young’s modulus measurements obtained by the impulse excitation technique.
The Young’s moduli of both Y-TZP and ATZ ceramics decreased to 177 and 226 GPa,
respectively, when the temperature of the cyclic flexure experiments was increased to
400 °C, which corresponds very well to similar results reported in [11,12].
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Figure 7. Cyclic stress-strain deformation plots of Y-TZP (A,C) and ATZ (B,D) ceramics measured at RT (A,B) and 400 °C (C,D).
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The linear stress-strain deformation behavior of both Y-TZP and ATZ ceramics shown
in Figure 7 is in contradiction with the appearance domain switching under tensile stress at
room temperature, reported to occur at 300-400 MPa in 3 mol% Y-TZP upon bending [40].
Absolutely no deviation from linear elastic deformation in Y-TZP and ATZ was found
in the current experiment at 300-400 MPa, both at RT and at 400 °C testings. While
domain mobility was detected by in situ XRD in 3 mol% Y-TZP at stress ~400 MPa as
reported in [40], no experimentally measured stress-strain deformation plot was provided
for that experiment. Therefore it is not possible to make a direct comparison of stress-strain
deformation behavior reported in the current paper and in [40].

Only linear elastic deformation was detected in Y-TZP and ATZ ceramics upon bend-
ing. However, the loading was performed to a maximum stress of 800 MPa at RT in order to
avoid the failure of the ceramics during cycling. It would be important to determine what
the deformation would be at the higher stress level during the four-point bending of Y-TZP
and ATZ ceramics. We tested both of these materials, which failed at 1226 and 1897 MPa
for Y-TZP and ATZ ceramics, respectively. However, during these tests, the deflection of
the ceramic bar was not directly measured upon loading. Therefore, in such case, no direct
strain calculation could be made. However, we used a technique proposed in [30], where
the deflection of the sample can be extracted from the displacement of the crosshead of
the universal testing machine measured during loading. As the Young’s moduli of Y-TZP
and ATZ are known, it was possible to calculate the strain on the tensile surface of samples,
which appeared during loading of the ceramics in four-point bending [30]. The stress-strain
deformation curves of Y-TZP and ATZ ceramics, where the strain was estimated by the
technique proposed in [30], are shown in Figure 8. The Y-TZP ceramic sample failed at
1226 MPa, and only linear elastic behavior was detected upon loading all the way until
failure. However, the ATZ ceramic sample failed at 1897 MPa and, for this material, a slight
deviation from linearity was detected, which began at ~1500 MPa.

It was determined in [24] that upon compression of 3 mol% Y-TZP, the domains
become mobile, and texture starts to appear at rather high stresses above 1650 MPa. Their
experiments confirmed that the domain switching occurred in the bulk of the material,
as they performed in situ neutron-diffraction experiments on Y-TZP upon loading in
compression. Therefore, the domains become mobile in ZrO; at a relatively high-stress
level, while at stresses below 1200 MPa, Y-TZP is linearly elastic and does not show any
signs of ferroelastic hysteretic deformation. One of the possible explanations as to why it is
so hard to move the domain walls in Y-TZP might be the fact that the Young’s modulus
of ZrO, is relatively high (210 GPa), while most ferroelastic ceramics have a much lower
stiffness [41-45]. As the Young’s modulus is a characteristic of the bond strength in the
material, a higher Young’s modulus is indicative that higher stresses are required to break
bonds to allow domains to move upon loading. Therefore, while less stiff ceramics might
have coercive stress of ~70 or ~125 MPa, the reported values, where a deviation from
linearity occur in ZrO,, are much higher, as ZrO; requires 1.5-1.6 GPa in order to exhibit
either deviation from linearity or appearance of a plateau on the stress-strain deformation
curves [24]. Such higher stresses required for ZrO, to exhibit non-linearity could be
caused by strong bonding and high Young’s modulus, as compared to other classical
ferroelastic materials.
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Figure 8. Stress-strain diagrams of Y-TZP (A) and ATZ (B), where a strain was reconstructed from a
crosshead displacement and compliance of a universal testing machine using known Young’s moduli
of the ceramics under loading.

5. Conclusions

The mechanical properties of 3 mol% Y,0Oj3 stabilized ZrO, (Y-TZP) ceramics, and
21 wt.% Al O3-Y-TZP (ATZ) particulate ceramic composite was studied with a particular
emphasis on the stress-strain deformation behavior of these materials under flexure. Such
mechanical properties as hardness, Young’s modulus, fracture toughness, and four-point
bending strength were all measured to obtain a better understanding of the instantaneous
mechanical behavior of Y-TZP and ATZ ceramics. Both the measured hardness and Young’s
modulus values of these materials correspond very well with the results published in the
literature. The fracture toughness measured by SEVNB on both materials is reported to be
in the lower range of the published data. The K. evaluated using fracture origin as a critical
defect where failure initiated showed slightly higher values compared to the Kj. values
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measured by the SEVNB technique. The flexural strength of both Y-TZP and ATZ ceramics
was measured as very high, which is indicative that very large defects were removed and
were not present significantly in the materials after processing. This is especially true
for ATZ ceramic composite showing significantly smaller critical defects present in the
material leading to the outstanding four-point bending strength. The probability of failure
and reliability of these two materials were analyzed using two-parameter Weibull statistics.
The cyclic loading was also performed during four-point bending experiments on Y-TZP
and ATZ ceramics in an attempt to detect any sign of non-linearity and hysteresis. It was
established that both Y-TZP and ATZ deform exclusively in a linear elastic way in cycling
with no sign of hysteresis or any deviation from linearity both at room temperature and
at 400 °C. The linear elastic deformation of Y-TZP and ATZ persists to rather high-stress
values, and it is only at 1500 MPa and above that deviation from linear elastic behavior
was detected in ATZ at room temperature. Y-TZP ceramics have shown a lower strength of
~1200 MPa at RT; therefore its deformation cannot be measured at 1500 MPa and above
and, thus, no conclusion can be made about whether it would exhibit deviation from linear
elastic deformation at a higher stress level on a tensile side upon bending experiments.
Therefore, one can conclude that at the lower than 1500 MPa bending stress, there is no
indication of domain switching occurring in Y-TZP and ATZ during bend loading. The
deviation from linear deformation detected in the ATZ ceramic composite above 1500 MPa
might be attributed to domain switching, and such high stress might require the cause
of domain switching because of the very small grain size of this ceramic. The results
correspond very well with published data, where domain switching in 3 mol% Y-TZP was
detected by in situ neutron diffraction during uniaxial compression at the compressive
stress above 1650 MPa.
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