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Abstract

This work deals with the mechanical behavior of a zirconia ceramic doped with 1.5 mol% of
yttria, recently developed by Tosoh (Japan). The results show that this material offers an
attractive combination of strength (1 GPa) and toughness (8.5 MPaym), near the optimum
between a brittle and ductile behavior. This is attributed to the crack shielding effect of phase
transformation toughening mechanism, which is here more developed compared to
conventional 3Y-TZP. Moreover, a relatively high Weibull modulus of 16 and a significant
crack growth resistance were observed. It was also shown that the obtained slow crack growth
threshold (5.6 MPay/m) is roughly twice that of 3Y-TZP. A qualitative investigation showed
that phase transformation also occurred during impact testing, which is promising for the impact
resistance of this material. Although tough and strong, the material exhibits a high resistance to

aging compared to standard 3Y-TZP.

Keywords: 1.5Y-TZP, fracture toughness, flexural strength, crack growth resistance, phase

transformation.
1. Introduction

Yttria-Tetragonal Zirconia Polycrystals (Y-TZP) are widely used for structural engineering
including biomedical applications, due to their biocompatibility and interesting mechanical
properties. In these ceramic materials, tetragonal metastable state of zirconia is retained at room
temperature by the addition of yttria (Y20s3) typically in the range of 2.5 to 3.5 mol% [1, 2].
Under external applied stresses, they may present a stress-induced tetragonal-to-monoclinic (t-
m) transformation, accompanied by volume expansion inducing compressive stresses, which
hinder crack propagation and thus contribute to their toughening [1- 3].

It is commonly recognized that the strength and the toughness of Y-TZP materials depend on

the stabilizer content and the grain size of the material. However, the conditions that maximize
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the strength and the toughness are not usually coincident. Submicron 3 mol% yttria-stabilized
zirconia (3Y-TZP) exhibits the highest strength (which can be higher than 1 GPa) for single-
phase oxide ceramics, but only moderate fracture toughness (4 - 6 MPay/m) [4 - 6]. Increasing
the grain size increases the transformability and thus the fracture toughness [7 - 12]. Reduction
of the stabilizer amount can also be used to increase the t—m transformation ability of Y-TZP,
resulting in an increase of the toughness [10, 13, 14]. For example, Trunec et al [15] showed
that decreasing the yttria content to 1.5 mol% resulted in an increase of the toughness to 7.9
MPavm for a nanocrystalline zirconia with a grain size of 85 nm. However, only a few works
have been published on mechanical properties of Y-TZP with less than 3 mol% of the yttria-
stabilizer (Tab. 1). For most of them, strength values are lacking or determined on a very limited
number of samples. Moreover, the toughness was often determined by the indentation fracture
method, known to overestimate the toughness of transformable zirconia ceramics. As an

example, for 1.5Y-TZP, Trunec et al. [15] obtained a toughness value of 15.5 MPay/m by the

indentation fracture method while the same authors obtained only 7.9 MPaym when the
toughness was measured by the chevron notched beam method. Kern et al. [16] reported high
toughness values (10.5 — 12.5 MPaym) for Y-TZP materials obtained from stabilizer-coated
powders with stabilizer contents between 2.6 and 2.85 % mol, sintered at 1350°C. The authors
outlined that the toughness in these materials is not only related to stabilizer content and grain
size, but to a complex process involving the partitioning of yttria, grain growth and residual
stresses.
Strength and toughness are linked in ceramic materials. In general, it is obviously considered
that the higher the toughness, the higher the strength, following the well-known equation:

Vra

where the strength, g, increases with the fracture toughness, Kjc, and where a is the defect size

(1)

(related to process quality).

However, Eq. 1 is not fully valid in zirconia-based ceramics, especially when transformation
toughening becomes extensive. Swain et al [7, 17] indeed distinguished two regimes for
zirconia ceramics: Low toughness values correspond to the flaw limited strength regime, well-
described by Eq. 1. Above a certain toughness (about 8 MPavm), an inverse relation is
observed, corresponding to the transformation-limited strength regime, generally accompanied
by an R-curve behavior (increase of the crack growth resistance with crack extension), where

the strength is here limited by the critical stress of t-m phase transformation that occurs before



failure. In other words, above a certain toughness, the maximum sustainable stress is the critical
stress for transformation, ¢, which decreases with toughness (higher transformability).
Over the last two decades, studies focused on strategies to obtain a better balance between
strength and toughness in zirconia based ceramics. Attractive combination of strength and
toughness was obtained for TZP materials co-stabilized with yttria and neodymia [18]. Casellas
et al. [19] produced materials with a mixed phase assemblage of TZP and PSZ (partially
stabilized zirconia consisting of tetragonal precipitates embedded in a cubic matrix), that
allowed increasing the transformability with limited decrease in strength compared to the 2.5Y-
TZP used as a base. Another approach consists of developing Ce-TZP-based composites [20 -
22] with ductile behavior due to high amount of transformation. Therefore, more than
increasing strength or toughness ‘only’, it is important to obtain a balance between these two
properties, best being at the peak of the of-Kjc curve, where the brittle strength given by Eq. 1
is equal to the critical stress for transformation. Moreover, besides a high toughness
corresponding to fast loading conditions, a good resistance to SCG is also required for structural
and biomedical applications. In particular, the stress intensity threshold Ky, below which there
is no crack propagation even at low rate, is a crucial parameter which characterizes the safety
range for the material intended for long-term clinical use.

Recently, Tosoh Company (Japan) developed a new Y-TZP zirconia, Zgaia 1.5Y-HT, entirely
retained as the tetragonal phase with low concentration of stabilizer, i.e. 1.5 mol% Y203, and
addition of 0.25 mass% Al>Os3 [23]. In this work, a systematic investigation of the mechanical
behavior of this material was performed, including determination of the intrinsic toughness, the
flexural strength under uniaxial and biaxial loading, the crack growth resistance curve (R-curve)
and SCG resistance. Low-temperature degradation (LTD), or aging, considered to be a key
issue for the safe application of Y-TZP ceramics [24] and the impact resistance, which is rarely

explored for ceramic materials, were also investigated.

2. Material and Methods

2.1. Material and preliminary characterization

The material used in this study was a 1.5 mol% Yttria stabilized zirconia (1.5Y-TZP), provided
by Tosoh in the form of sintered samples. Sintering was performed at relatively low
temperature, at 1350°C for 2 hours, thanks in part to the addition of 0.25 mass% Al,Os. Three
types of samples were provided: rectangular bars with polished edges (4 mm x 3 mmx 42 mm)

for four points bending (4PB) tests, plates (20 mm x 2 mmx 42 mm) for Double Torsion (DT)



tests and disks (diameter of 18 mm and thickness of 1 mm) for biaxial strength measurements

and impact tests.

A preliminary characterization of the material was performed including the measurements of
the Vickers hardness, the density by the Archimedes’ method and the Young modulus by the
resonance vibration method (Grindo-Sonic tester). The microstructure was investigated by
Scanning Electron Microscopy (SEM; Zeiss SUPRA VP55, Switzerland) observations of
polished and thermally etched samples (1250°C, 20 min) to reveal the grain boundaries, and
the grain size was evaluated by the linear-intercept method applying a multiplying factor of

1.56 to account for the 2D to 3D correction [33].

2.2. Phase composition and transformability

To determine the phase composition and to investigate the transformability of the material, X-
Ray Diffraction (XRD) analysis was performed (D8 Advance Bruker AXS diffractometer
(Billerica, USA, CuKal) in the angular domain 26 between 27 and 32°. The mass fraction of

the monoclinic phase (X,») was calculated according to the following expression [34]:

v 11D +1,(111)
™ (TID+1,(111)+1,(101)

(2)

where 1., (hkl) denotes the area of the peak generated by the hkl plane in the monoclinic (m)
or the tetragonal phase (t).

The volume fraction was then calculated according to [35]:

1.311X,,

Y = T20311X. )

The phase transformation zones induced during the different mechanical tests were
characterized by optical (ZEISS Axiophot and Hirox RH-2000) and 3D confocal Microscopy
using a S-Neox (Sensofar, Terrassa, Spain) 3D non-contact optical profiler machine, which
combines confocal and interferometry techniques with lateral resolution of 0.26 um, the
acquired data were processed using Mountains Map Universal software ® (Digital Surf,

Besancon, France).



2.3. Flexural strength measurements

Strength measurements were conducted on 30 rectangular bars in 4PB tests, with outer and
inner spans respectively of 35 and 10 mm and the results were statically analyzed using Weibull
and Normal statistical distributions. Three balls on three balls (3B3B) biaxial bending tests were
also performed on 10 samples, using the protocol described in [36]. The sample was supported
by 3 balls positioned on a circle of 8 mm radius and the load was applied by three balls
positioned on a circle of 4 mm radius. For both tests, the experiments were performed on
polished (down to 1 um) samples using a universal testing machine (Instron 8500). The cross-

head speed was set at 1 mm/min until failure, to avoid SCG effects.

2.4. Toughness and R-curve measurements

The fracture toughness, Kjc, and the crack growth resistance curve (R-curve) were determined
by the single-edge V-notched beam (SEVNB) method [37] on rectangular bars with one side
polished down to 1 um finish in order to facilitate crack growth observations. The tests were
conducted on a universal testing machine (Instron 8500). For K;c measurements, a first notch
was cut using a thin diamond saw and then tapered by ultrashort pulsed laser ablation notching
to obtain a relative total notch depth of 0.25 and a notch root radius of about 1.5 um. The
samples were loaded on a 4PB device (10-35 mm spans) at a cross-head speed of 1 mm/min.
For the R-curve determination, the saw-cut notches were further sharpened with a fine razor
blade sprinkled with a diamond paste of 1 um and the final relative notch depth was of 0.4. The
samples were annealed at 1200°C for 20 min (with heating and cooling rates of 10°C/min) to
eliminate the machining residual stresses, then loaded in three points bending (3PB) with a span
of 35 mm and a cross-head speed of 0.005 mm/min to allow stable crack growth. The R-curve
was determined from the recorded load-displacement curve, in terms of the stress intensity
factor, Kg, plotted versus the crack extension, 4a, determined by a compliance formula [38]
corrected by an empirical factor, adjusted so that the final calculated crack length corresponded
to the measured value at the end of the test. Kr was calculated from the recorded load and the

corresponding crack length using the geometrical factor reported in [39].
2.5. Double torsion tests

The DT method was used to investigate the SCG behavior and to determine the overall crack
propagation rate versus stress intensity factor (V-Kj) curve. The tests were conducted as
described in [40]. A notch of length ag~ 10 mm and width 0.3 mm was machined with a

diamond blade and two Vickers indentations were then introduced ahead of the notch tip in



order to initiate a small crack. Subsequent pre-cracking was performed by slowly loading the
specimens at a cross-head speed of 0.01 mm/min to introduce an initial sharp crack with a

length, a;, of 12—15 mm, so that the crack tip was far enough from the indentations.

The V-K; curve was determined using relaxation and constant loading tests as detailed in [40,
41]. Relaxation tests allow determination of V-K;curves for velocities ranging between 107 to
10”2 m/s, while constant loading tests enable measurement of crack velocities down to 10" m/s
and estimate the threshold stress intensity factor below which no crack propagation occurs [42].
The value of this threshold, K, is actually of major importance when considering avoiding any
delayed failure in service. In the relaxation tests, the pre-cracked specimens were loaded at a
constant rate of 0.4 mm/min to a certain load, and then the crosshead was stopped at a constant
displacement. The relaxation curve (load versus time) and the crack length, a, determined from
a compliance calibration curve, were used to calculate the applied stress intensity factor, Kj,

using the following expression [40]:

1

I 6
W, (3(1+v)\2 fa\32
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where P is the applied load, W,, the span length, 7 and W the sample thickness and width, v the

Poisson ratio (taken equal to 0.25), y a calibration factor [43]. a and ao represent the crack and

notch length respectively. The crack growth rate, V, was calculated as follows [44]:

where Py is the final load, ar the final crack length, D and B are constants obtained from the

compliance calibration curve, and dP/dt the relaxation slope at a given time.

For the constant-loading tests, the DT specimens were subjected to different constant loads for
a prescribed duration, 4t, and the crack increment, 4a, was measured via reflected-light optical
microscopy, with a resolution of 2 um. The ratio of 4a to At gives directly the crack growth

rate, V, related to the applied stress intensity factor.

To evaluate the fracture toughness by DT, some samples were loaded to fracture at a high
displacement rate of 5 mm/min and Kjc was calculated by Eq. 4 using the maximum load and

the measured crack length before testing.



2.6. Impact resistance

Evaluation of the impact resistance was performed through drop weight tests performed on
disk-shaped samples using a device developed in the laboratory. During the test, the sample
was supported by three balls located in a circle of 8 mm radius, as in the 3B3B biaxial tests. A
tungsten carbide ball of 26.5 g weight and 15 mm diameter was dropped on the center of the
disk from a height that was increased in small increments from an initial height set at 30 cm,
until fracture occurred. The impact energy, Einp, was calculated considering only the potential

energy, i.e. and ignoring the loss due to air resistance, as follows:
where m is the mass of the tungsten carbide drop ball (26.5 g) and H is the drop height.

2.7. Low temperature degradation

To investigate the susceptibility to LTD, accelerated hydrothermal aging tests were carried out
by exposing the material to a saturated water vapor atmosphere in a stainless-steel autoclave at
134°C and under a pressure of 2 bar, according to ISO 13356 standard. In the case of zirconia,
it has been shown that 1 h of this treatment corresponds roughly to 4 years at the body
temperature [45]. It is therefore a good indication of the resistance to aging of a given yttria-
doped zirconia, which would be used for biomedical applications. The LTD was quantified by
following the amount of tetragonal to monoclinic phase transformation on polished surfaces as
function of aging time. The volume fraction of the monoclinic content was determined by XRD

as described in section 2.2.
3. Results
3.1. Microstructure and preliminary characterization

Figure 1 shows SEM micrographs of polished and thermal etched surfaces, from which an
average grain size of 440 +70 nm was obtained. The measured density is 6.08 + 0.01 g/cm?, the
Young’s modulus and the Vickers hardness are respectively 218 + 0.4 GPa and 11.8 £ 0.2 GPa,
in the typical range for Y-TZP ceramics. The volume fraction of the monoclinic phase measured

by XRD on the polished surface was about 5 + 2%.
3.2. Flexural strength

Figure 2 shows examples of the loading curves during uniaxial 4PB and biaxial 3B3B tests. For
both configurations, no evident deviation from linearity was observed until fracture, and the

average strength was respectively 995 + 77 MPa and 1320 = 160 MPa for 4PB and 3B3B
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samples. Figure 3 shows the tensile side of both types of samples, observed by optical
microscopy in Nomarski contrast. In the biaxial configuration, transformed bands located at the
center of the sample (where the stress is maximum) appeared at an applied stress of 800 MPa,
then multiplied and propagated in the form of a star-shaped zone. In the 4PB configuration,
narrow parallel transformation bands were generated on the tensile side, just before failure (at
around 950-1000 MPa). The 4PB strength data were analyzed according to a Weibull
distribution [46]. Unbiased values of the Weibull modulus, m, and the characteristic strength,
0p (the stress corresponding to 63% fracture probability), with their 90% confidence intervals,
were calculated following [47]. The obtained values are respectively 15 [11-20] and 1062
[1037-1087] MPa. The Weibull modulus is similar to that reported for 3Y-TZP materials with
equivalent grain size [48] for which however, lower strength values of 914 MPa and 627 MPa
were obtained respectively from piston on three balls [48] and 3PB [14] tests. The failure
distribution was also analyzed according to a simple Normal function and the obtained

probability fit was equivalent to that of the Weibull analysis (Figure 4).

3.3. Toughness and R-curve behavior

The fracture toughness obtained from SEVNB tests is 8.5 + 0.2 MPay/m and no difference was
observed between the as-received and annealed samples. As shown in Figure 5, the crack-
growth resistance, K, starts from an initial value, Kro, of 7 MPaym and increased over a crack
extension Aa* about 100 pm, to a steady state value (plateau value) of 8 MPay/m. It is to note
that as the tests were performed at a very low speed (0.005 mm/min) the R-curve effect may be
limited by SCG as reported in [9, 49], where Kz was reduced by 30 to 40 % in air compared to

an inert environment.

3.4. V-K; curves

The V-K; curve is shown in Figure 6, where the results of a 3Y-TZP [40] and a highly
transformable 10Ce-TZP/MgAl>O4 composite [50] tested following the same methodology are
also plotted for comparison. The indicated fracture toughness (Kic = 10.6 MPay/m) corresponds
to the value measured separately from fast loading tests. The determined V-K; curve shows the
three typical stages corresponding to stress induced corrosion by water molecules, known to
occur in oxide ceramics [42, 51 - 54] and a threshold, K, below which no detectable crack

propagation occurs.
Stage I, which correspond to the low-velocity regime, can be well fitted by a power-law [55]:

V=AK" (7)



where A and n are parameters depending on the material, temperature and environment.

The value of stress corrosion susceptibility coefficient n, is 30, which is equivalent to that

generally reported for zirconia ceramics [22]. The threshold, determined from the stress
intensity factor below which no detectable crack growth occurs is 5.1 MPaym. Compared to

3Y-TZP for which the threshold is about 3.5 MPavm [42], the V-K; curve is shifted to higher
K; values, with a higher threshold.

3.5. Impact resistance under drop weight test

Optical observations of the tensile side of unbroken samples revealed that t-m phase
transformation occurred during the impact testing as shown in Figure 7. The impact-induced
transformation zone has a star-shape geometry, with a circular central region and radial bands
running towards the edge of the disk. The size of the transformation zone was evaluated
considering the transformed area within a circle corresponding to the effective surface,
considered equivalent to that of biaxial piston-on-three balls test [56]. The transformation zone
size increases with the impact energy. 3D confocal microscopy allowed quantitative analysis of
the topography of impacted samples. The volume increase associated to the transformation was
evidenced by circular dome shaped zones (Figure 8) and it is noted that the effect of the impact
extended to the entire sample, as evidenced by the absence of flat area on the images. From
radial roughness profiles (Figure 8) it can be seen that the maximum height of the
transformation zone increased from 0.5 um to 1.5 um as the drop height (h) was increased from
30 cm to 45 cm. The fracture occurred at a drop height of h=50 cm and it was initiated along
transformation bands as also observed for biaxial tests.

3.6. Low temperature degradation

Figure 9 shows the evolution of the monoclinic content AV, (= Viu(f) — V(t=0)) with aging time
for the studied 1.5Y-TZP and for a standard 3Y-TZP [40], also tested for comparison. Overall,
the aging kinetics of the present material, although presenting less nominal yttria content, is
slower than for the benchmark 3Y-TZP. After 50 hours in autoclave, AV,, reached 70% for 3Y-
TZP while it was only of 45% for 1.5Y-TZP.

4. Discussion

4.1. Effect of the transformability on mechanical behavior

Although no evidence of macroscopic plasticity on the loading curves, the occurrence of phase
transformation during flexural tests (Figure 3)is an indicator of the very beginning of

transformation-induced microscopic plasticity. Moreover, the difference of transformability
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features between biaxial and uniaxial tests is analogous to that already reported for ceria-doped
zirconia (Ce-TZP) composites with transformation-induced plasticity [6, 56- 58], but with less
consequence on the measured strengths. For ductile Ce-TZP composites [56], the biaxial
strength reached up to 2.5 times the uniaxial one and it was concluded that calculated stresses
for biaxial tests based on elastic assumptions were not correct as the applied stress is shielded
by the transformation. For the present 1.5Y-TZP, the difference between the biaxial and the
uniaxial strengths is 30%, which is similar to that reported for a 3Y-TZP material [6] with a
brittle behavior, well described by (Eq. 1) between toughness and strength, and for which no
transformation occurred before failure.

The measured SEVNB toughness value (8.5 MPayvm) is very high for Y-TZP ceramics. For

comparison, lower toughness values of 5.9 and 4.7 MPay/m were reported respectively for 2Y-
TZP [29] and 3Y-TZP [48] with grain sizes similar to that of the studied material and 7.9
MPa+v/m was obtained for a nanocrystalline zirconia stabilized with 1.5 mol.% Y203 [15]. For
zirconia stabilized with less than 3 mol.% Y203, higher values in the range of 13 to 17 MPavm
were obtained only by the indentation fracture method [13, 15, 25], known to overestimate the
fracture toughness of transformable zirconia materials. It is to note that for the present 1.5Y-
TZP, the DT method resulted in a higher toughness (10.6 + 0.2 MPavm) compared to the
SEVNB method. This can be attributed to the observed rising R-curve behavior. Taking into
account the R-curve effect and the influence of SCG, the fracture toughness value obtained by
the SEVNB tests is more realistic as in this configuration, the fracture corresponds to small
cracks, whereas the DT value obtained for long cracks corresponds to the plateau value.

The high toughness and the crack growth resistance observed in the studied material can be
attributed to the extrinsic phase transformation toughening that shields the crack tip from the
applied stress intensity [1, 59]. This effect is described by a stress intensity change, K (Eq. 8),
between the applied stress intensity factor, Kg, and the stress intensity factor at the crack tip,
Kro, which is assumed to be equal to the intrinsic toughness of the material.

KR = KRO + Ksh (ACZ) (8)

To induce crack growth, the applied stress intensity factor has to be increased to overcome the
shielding contribution that increases with crack extension, da. Thus, the crack growth resistance
increases until a steady-state transformation zone is developed at a crack extension, da*,
corresponding to the plateau value (Figure 5). The shielding contribution can be estimated

according to McMeeking and Evans model [59] as follows:

10



_ 0.22EV,,e'Nh
sh — ]—V

€))

where e is the dilatation strain associated to the transformation, V., the volume fraction of
transformed phase within the transformation zone, v the Poisson ratio, and /4 the width of the
transformation zone from the crack surface (i.e. the half-height of the zone).

The level of crack tip shielding is thus related to the volume fraction of transformable phase
and the transformation zone size that increases with the phase transformability [60]. Evidence
of tetragonal to monoclinic phase transformation as the active toughening mechanism in the
studied material is provided from XRD analysis of polished (V,,=5% 2%) and fractured surfaces
(Vii=80+ 5%) as shown in Figure 10. Moreover, an uplift around the crack, due to the volume
increase induced by the transformation was clearly detected by 3D confocal observation in a
fully propagated crack during SEVNB test (Figure 11), and the measured value of the
transformation zone size, h, was of 20 um. This is in very good agreement with the observed
crack extension before the plateau of the R-curve (da* ~ 100 um), which is in the order of five
times the size of the transformation zone [59]. The obtained values of V,, and & are very high
for Y-TZP ceramics. V,, measured by XRD on fracture surfaces are generally less than 10% for
3Y-TZP (e.g. [61]) known to have a very small transformation zone size (< 5 um) [9, 62, 63],
which induces a steep but very limited R-curve behavior (K, ~ 0.5 MPay/m) reported only for

small cracks or small samples [32, 62]. In a 2.5Y-TZP with a grain size of 300 nm, Fargas et
al. [31] also observed a small R-curve effect (K, = 0.4 MPayvm), from which it can be deduced

that the process zone size was less than 10 um. Eichler et al. [9] observed that no rising R-curve
occurred in air for submicrometer 2Y-TZP materials with grain sizes in the range of 150 to 500
nm, for which a process zone size of 3 to 8 um was predicted. Although a direct comparison
of the plateau values cannot be made as the R-curves depend on the testing conditions, which
are different from one author to another, these results clearly highlight a strong influence of
yttria content: decreasing yttria content increases the transformability of the material, thus the
transformation zone size and in turns the toughness and the crack growth resistance.

The higher transformation-toughening ability of the present material can also explain its higher
threshold stress intensity factor compared to conventional 3Y-TZP. The real stress intensity
factor at the crack tip, K, is lower than the applied one (K:i, = K; - Ky) and the difference
corresponding to the transformation-induced shielding contribution, Ky, is proportional to K; as
shown in [64]:

Ksn = Can Ki (10)
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In other words, Eq.10 means that the larger the applied stress intensity factor (i.e. the stresses
at the crack tip), the larger is the size of the transformation size and thus the larger the
transformation-induced toughening.

If the intrinsic SCG law of the material is described by the following expression:

V=A4,K,;," (11)

tip
where Ao is an intrinsic parameter and K, the net stress intensity factor at the crack tip.

Then, using Eq. 10 and 11, the resulting V—K; law can be expressed as:
V=A401-Cy)"K" (12)

The parameter Cy; increases with the material transformability, so increasing the transformation
toughening capacity increases the crack shielding and thus K;. As a consequence, the V-K;curve
is shifted towards higher stress intensity factors. The shift is more pronounced for the 10Ce-
TZP/MgAl>O4 composite (Figure 6) characterized by a higher transformability. Depending on
the crack length, the rising part of R-curve could result in a higher slope of the V-K; curve [65].
In the present work the transformation toughening mechanism is limited and operates over a
crack length about 100 um. The DT measurements hence correspond to steady state conditions
of the R-curve and do not influence the value of the n exponent obtained for 3Y-TZP

characterized by a flat R-curve behavior.

The influence of the transformation toughening is confirmed by the normalized V-Kv/Kic
diagram (Figure 12), where the SCG curves are normalized to the fracture toughness. A master
curve is obtained, which means that the crack growth mechanism is basically the same for the
three materials and that the propagation occurred through the same zirconia bonds (Zr-O-Zr)
[52]. Moreover, it is commonly admitted that the higher the slope in the normalized diagram
(i.e. the more the Kio/Kjc ratio is close to 1), the less sensitive the ceramic will be to the SCG.
This ratio is about 0.5, which means that the crack propagation occurs when K; reaches half of
Kic, and it is likely the general rule for all zirconia ceramics, as already discussed in a previous

paper [64].
4.2. Strength-toughness relationship

For the present 1.5Y-TZP, the measured strengths are close to those of 3Y-TZP for both
uniaxial and biaxial loading and the 4PB value is significantly higher than that of ductile Ce-
TZP composites with higher transformability (~ 600 MPa). The toughness (8.5 MPay/m) is just
at (or slightly above) the transition between the two strength regimes described by Rose and

Swain [66], i.e. the flaw limited strength regime (described by Eq. 1) were the strength increases

12



with the toughness, and the transformation-limited strength one, were the strength is limited by
the critical stress of phase transformation that occurs before failure, o."™. Indeed, phase
transformation was observed just before fracture during 4PB tests. Also, only a limited
shielding increment during crack propagation was observed from the R-curve (4K ~1

MPavm), with a dimension of the transformation zone of about 20 um. This explains the
combination of the high strength (around 1 GPa) and the relatively high toughness (more than
8 MPay/m) observed for the present material, compared to other zirconia ceramics.
Considering the concept of a process (plastic) zone as defined in [67], a chart of fracture
toughness, Kjc, vs strength (Figure 13) can be used to discuss material's behavior in relation to
the risk of brittle failure. The diagonal lines correspond to the process zone diameter, d, given
by:

K 2
d=—< (13)

2
7Z'O'y

where o, is the yield stress.

Using the measured value of the intrinsic toughness and assuming that gy is equal to the critical
transformation stress in 4PB tests, here equivalent to the fracture strength, (i.e. ¢, =" ~ 1
GPa), we obtain a process zone diameter of 23 um which is in good agreement with the
transformation zone size (h ~ 20 pm) observed experimentally. For comparison, d is only of
one to few microns for 3Y-TZP zirconia and about 100 pm in ductile Ce-TZP-Alumina-
Aluminates [22], in line with the transformation zone sizes in these materials. From these
results, it can be concluded that the studied 1.5Y-TZP is at the transition between brittle and
ductile fracture for conventional process defect sizes of tens of microns.

4.3. Aging resistance

LTD resistance of Y-TZP materials can be improved by increasing the content of yttria or
decreasing the grain size [24, 68, 69], but the toughness is then compromised. In this work, the
preliminary aging assessment showed that the studied 1.5Y-TZP exhibited a relatively high
resistance to LTD while maintaining high values of strength and toughness. This could be
explained by alumina doping that plays a crucial role for retarding the LTD, due to segregation
of AI** cations at the grain boundaries [30, 70]. The relatively low sintering temperature of this
material (1350°C) could also contribute to its resistance to LTD by avoiding phase partitioning
and yttria depletion towards cubic grains [24]. This phenomenon occurs for materials sintered
at high temperatures and consists of the formation of yttrium-rich cubic and yttrium-poor

tetragonal phases. Depleted tetragonal grains are less stable to transformation and act as

13



preferential nucleation sites for LTD. To understand LTD mechanisms and kinetics in the
studied material, a deeper investigation is necessary, especially the effect of temperature and
time, as well as transmission electron microscopy to investigate yttria distribution in the grains.

This will be the subject of a future paper.

5. Conclusion

The investigated 1.5Y-TZP material offers a very attractive combination of high strength and
high toughness near the optimum between brittle and ductile behavior. This is due to its high
transformability that also induces flaw tolerance (due to R-curve behavior) and increases the
resistance to SCG, compared to conventional 3Y-TZP. Phase transformation was also observed
during impact tests with an increase of the transformation zone size with the kinetic energy and
further work is being undertaken to precisely characterize its effect on the impact resistance.
Moreover, the material exhibited an unexpected high resistance to aging during accelerated
autoclave tests at 134°C when compared to standard 3Y-TZP. This novel zirconia grade thus
appears promising when a high toughness and crack resistance are necessary in demanding

structural (e.g., biomedical) applications.
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Tables captions:

Table 1: Properties of some Y-TZP ceramics with % mole Y203 < 3 compared to standard 3Y-
TZP.

Figures captions:

Figure 1: SEM micrographs of polished and thermally treated surface.

Figure 2: Examples of stress-displacement curves obtained during 4PB and 3B3B tests.
Figure 3: Optical micrographs (Nomarski contrast) of transformation zones observed at the
tensile side of 3B3B and 4PB samples for applied loads respectively of 1560 MPa and 890
MPa. In 4PB, the position of parallel transformation bands are indicated by arrows; randomly
distributed scratches are here observed are related to the initial surface state of the samples.
Figure 4: Strength distribution obtained with the 4BP test on 30 specimens and best fit to a
Weibull distribution (Weibull modulus of 16 and characteristic strength of 1029 MPa) or a
Normal distribution. (mean strength gr= 995 MPa and standard deviation of 77 MPa).

Figure 5: Crack growth resistance curve.

Figure 6: V-K; diagram of the investigated material (blue symbols) compared to 3Y-TZP [40]
and a 10Ce-TZP/MgAl204 composite [50]. For 1.5Y-TZP solid symbols correspond to
relaxation test and circles to constant loading tests. The indicated fracture toughness (K;c = 10.6
MPa+v/m) corresponds to the value measured separately from DT fast loading tests.

Figure 7: Evolution of the impact-induced transformation zone size with the kinetic energy of
the drop ball.

Figure 8: 3D confocal images of the transformation zones developed under impact testing with
drop heights of 30 and 45 cm (corresponding respectively to kinetic energies of 7.7x107% and
11.7x10J) and their radial topography profile curves as a function of the radial distance, r.
Figure 9: Aging kinetics of the present 1.5Y-TZP at 134°C, 2 bars, compared to a standard 3Y-
TZP [40].

Figure 10: XRD patterns of fractured and polished surfaces.

Figure 11: 3D confocal image around a crack after a SEVNB test with an illustration of a
roughness profile.

Figure 12: Normalized V-K;/K;c diagram for 1.5Y-TZP, 3Y-TZP [40] and 10Ce-TZP/MgAl>O4
composite [50].

Figure 13: Ashby plot of fracture toughness vs strength. The diagonal lines correspond to the
process-zone size, d, in mm. The studied 1.5Y-TZP material is between standard 3Y-TZP [40]
and Ce-TZP-Alumina-Aluminates composites presenting transformation-induced plasticity
[22].
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Table 1: Properties of some Y-TZP ceramics with % mole Y203 < 3 compared to standard

3Y-TZP.

%;3(3)1 Grzir;size 'f;/;ll)g;l\l/lg)s Strength (MPa) References
1 90 16-17 ¥ - 25
110 16-17 25
y 85 7159?1? : 15
320 6™ 1980 3FB 26
200-600 6 300 3PB 27
- 12.6-14.8F - 13
- 119-139F - 13
250 5.7%F - 28
150 -900 3.1-4.3% - 9
500 5158 - 7
2 429 59F - 29
597 6.4 SEVNB 994 3FB 14
555 5.3 SEVNB 81738 14
200-600 16™ 1500 3FB 27
290 8.6PT - 30
230 5.1°T - 30
200-600 6 1600 3B 27
= 300 43T 1076 37" 31
300 4.2 % - 32
2.6-2.85 160-190 | 10.5-12.5%B | 900 — 1050 *® 16
3 <1 4 - 6SEVNB 900 - 1200 **® 4-6
ISB: Indentation Strength in Bending * Plateau of the R-curve
4PB: Four Points Bending IF: Indentation Fracture
3PB: Three Points Bending SEVNB: Single-edge V-notched Beam

CNB: Chevron Notched Beam DT: Double Torsion



Figure 1: SEM micrographs of polished and thermally treated surface.
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Figure 2: Examples of stress-displacement curves obtained during 4PB and 3B3B tests.
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Figure 3: Optical micrographs (Nomarski contrast) of transformation zones observed at the

tensile side of 3B3B and 4PB samples for applied loads respectively of 1560 MPa and 890

MPa. In 4PB, the position of parallel transformation bands are indicated by arrows; randomly

distributed scratches are here observed are related to the initial surface state of the samples.
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Figure 4: Strength distribution obtained with the 4BP test on 30 specimens and best fit to a
Weibull distribution (Weibull modulus of 16 and characteristic strength of 1029 MPa) or a

Normal distribution. (mean strength gr= 995 MPa and standard deviation of 77 MPa).
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Figure 6: V-K; diagram of the investigated material (blue symbols) compared to 3Y-TZP [40]
and a 10Ce-TZP/MgAl>O4 composite [50]. For 1.5Y-TZP solid symbols correspond to

relaxation test and circles to constant loading tests. The indicated fracture toughness (K;c = 10.6

MPa+v/m) corresponds to the value measured separately from DT fast loading tests.
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Figure 8: 3D confocal images of the transformation zones developed under impact testing with

drop heights of 30 and 45 cm (corresponding respectively to kinetic energies of 7.7x1072 and
11.7x1072J) and their radial topography profile curves as a function of the radial distance, .
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Figure 9: Aging kinetics of the present 1.5Y-TZP at 134°C, 2 bars, compared to a standard 3Y-
TZP [40].
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Figure 11: 3D confocal image around a crack after a SEVNB test with an illustration of a
roughness profile.
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Figure 13: Ashby plot of fracture toughness vs strength. The diagonal lines correspond to the
process-zone size, d, in mm. The studied 1.5Y-TZP material is between standard 3Y-TZP [40]
and Ce-TZP-Alumina-Aluminates composites presenting transformation-induced plasticity
[22].
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