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Abstract

Three different alumina sources (boehmite, aluminium nitrate and a-alumina particles) and 12Ce-
TZP powder containing 1 wt% lanthanum oxide were used to prepare 12Ce-TZP-based alumina-
toughened-zirconia (ATZ) composites. The obtained ATZs had similar density and phase
composition, whereas the microstructures were significantly different. Alumina-particle addition
gave rise to a typical ATZ microstructure consisting of equiaxial sub-micrometer zirconia and
alumina phases, while the lanthanum hexa-aluminate phase was formed in large and non-
homogenously distributed precipitates (~3.5 um in length). The boehmite and aluminium nitrate-
based composites contained not only sub-micrometer equiaxial alumina and zirconia grains but
also small-sized lanthanum hexa-aluminate precipitates (~1.2 pm in length) that were inter- and
transgranularly positioned in the zirconia matrix and effectively promoted crack deflection and
toughening. In combination with a higher t-ZrO> transformability, the boehmite-based composites
had a higher indentation fracture resistance, strength and reliability compared to the aluminium-

nitrate and alumina-particle based equivalents.
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1. Introduction

In pursuit of tougher, stronger and more reliable ceramics, zirconia remains one of the most
promising ceramics [1]. In order to benefit from transformation toughening, tetragonal zirconia
needs to be maintained at room temperature by alloying pure zirconia with stabilizing oxides such
as Y203, CeOz, CaO or MgO [2]. Among the different zirconia ceramics, yttria-stabilized
tetragonal zirconia polycrystalline (Y-TZP) ceramics, usually containing 3 mol% yttria, have a
wide application range, such as bearings, fuel cell supports, wear parts, knives, and most recently
dental restorations and biomedical implants due to their fine microstructure and high strength [3—
5]. However, due to a limited transformation toughening zone width, 3Y-TZP ceramics in general
have a moderate fracture toughness, ranging from 3 to 5 MPa m*? [6]. Some Y-TZP ceramics also
suffer from low temperature degradation (LTD) or hydrothermal aging when used in the presence
of water. This could be critical for dental applications because of the exposure to various factors
in the oral cavity such as aqueous saliva, pH and temperature changes, and cyclic loading during
chewing that could increase the risk of LTD [7,8]. Alternatively, zirconia-based ceramics such as
ceria-stabilized tetragonal zirconia (Ce-TZP) and alumina-toughened Ce-TZP zirconia composites
(ATZ) are of high interest since Ce-TZP has a superior fracture toughness (6-16 MPa m*/?) [9] in
addition to a high resistance to hydrothermal aging [11,12]. The coarser microstructure of Ce-TZP
however limits the mechanical properties, especially the flexural strength as compared to Y-TZP
[2,12,13]. Alumina addition as secondary phase, like in ATZ, can effectively suppress the grain

coarsening kinetics of the Ce-TZP matrix during sintering by grain boundary pinning [14,15].



Besides, alumina bonds are less prone to chemisorption of polar water molecules and are less
sensitive to water assisted stress corrosion or slow crack growth [16-18]. Therefore, alumina-
toughened-zirconia with a Ce-TZP matrix is promising to manufacture long-term reliable and

stable biomaterials especially for dental applications such as implants and abutments.

A decreased zirconia-grain size by secondary alumina-particle addition contributes to a better
flexural strength and aging resistance but at the expense of fracture toughness [19,20]. The grain
size control of t-ZrO, becomes meaningful in balancing fracture toughness and strength and has
been reported to be modifiable by sintering temperature or alumina content [21-24]. On the other
hand, introducing proper elongated precipitates is an effective method to increase the fracture
toughness in ATZ composites [12,14,25]. The elongated precipitate acts as an effective toughening
agent by inducing large-angle crack-deflection/bridging mechanisms. These elongated precipitates
also contribute to a fine t-ZrO2 microstructure and higher fracture strength [19,26]. In order to
introduce elongated precipitates, direct addition of synthesized elongated precipitates and in-situ
generation are commonly used methods. Many reports on elongated precipitates in zirconia
ceramics concern strontium hexa-aluminates, such as in-situ formed strontium hexa-aluminate
(SrAl12019 = SAe) platelets in a 12Ce-TZP matrix [27], the Biolox Delta ATZ material from
CeramTec, HTZ500 (2Y-TZP with 5 vol% dispersed SrAli2019 particles) [28] and the Longlife
ATZ grade developed by INSA Lyon and Politecnico di Torino (11Ce-TZP with 8 vol% Al,O3
and 8 vol% SrAl12019 composite produced by the surface modification method) [14]. However,
only very few reported studies were available on lanthanum hexa-aluminate containing zirconia
based ceramics [29-33]. Furthermore, different forms of elongated precipitates can be generated
by different processing methodologies even with the same overall composition [14,25,34]. In-situ

formed large-sized strontium or lanthanum hexa-aluminate elongated precipitates were reported



to have a negative effect on both fracture toughness and strength of 12Ce-TZP based composites,
as compared to alumina particle additions [25]. The dimensional control of elongated precipitates
seems to be critical because large-sized elongated precipitates can also act as critical defects [25],
while the particle size and chemical reactivity of alumina are reported to be the main factors
governing the dimensions of elongated aluminate precipitates [35]. Usually, alumina is added in
the form of Al>Os particles or alumina precursors at a content allowing to tailor the zirconia-grain
size, hereby modifying the mechanical properties and improving the low-temperature aging

resistance.

However, very limited information is available on alumina precursors to control the formation of
the secondary phase alumina in ATZ and a clarification of the different formation mechanisms of
lanthanum hexa-aluminate precipitates is also missing. Therefore, in this work, the influence of
using different alumina precursors on the microstructure, mechanical properties and hydrothermal
aging behavior of 12Ce-TZP based ATZ ceramics was investigated and compared with o-Al.O3

powder-based ATZ.
2. Materials and methods
2.1. Materials

To generate homogeneously dispersed elongated lanthanum hexa-aluminate precipitates,
commercially available 12Ce-TZP (CEZ12-1, Lot No. A0923, Daiichi Kigenso Kagaku Kogio,
Japan) containing 1 wt% La»>Os was used as zirconia-starting powder. Boehmite (y-AIOOH,
Dispersal P2, Sasol, Germany) and aluminium nitrate (AI(NO3)3-9H.O, >98%, ChemPur,
Germany) were used as alumina precursors for comparison with a-alumina particles (a-Al2Os3, Lot

No. 9235, BET specific surface area 14.5 m?/g and a primary particle size of 0.1 um, TM-DAR,



Taimicron, Taimi Chemical, Japan). The nominally 20 wt% Al>O3 containing sintered composites
processed from boehmite, a-alumina particles and aluminium nitrate were referred to as 12-20B,
12-20P and 12-20N, respectively. The starting powders for 12-20B and 12-20P were mixed
(Turbula type T2C, Basel, Switzerland) for 24 hours with 5 mm Y-TZP (grade TZ-3Y, Tosoh,
Japan) milling balls in ethanol. The powders for 12-20N were mixed in the same way but in water.
To avoid the influence of the thermal decomposition of aluminium nitrate on the ceramic density,
ammonium hydroxide (extra pure, 25% solution in water, Lot No. A0378959, Acros Organics,
USA) was added to the suspension at room temperature to adjust the pH to 10 under continuous
magnetic stirring. The ammonium nitrate and excess ammonium hydroxide in suspension were
removed by washing with demineralized water and centrifugation at 8000 rpm for 2 min until the
pH of the suspension was 7. All suspensions were dried in a rotary evaporator at 60°C, followed
by drying in an oven at 90°C for 12 hours. The dried powders were sieved through a 315-pm mesh
sieve. All powders were shaped by uniaxial pressing of 20-mm diameter discs at 225 MPa for 40
seconds (Nannetti Mignon SSN/EA, Nannetti, Italy), followed by cold isostatic pressing (CIP,
EPSI, Temse, Belgium) at 300 MPa for 1 min. Pressureless sintering was performed in air in a
conventional furnace (Nabertherm, Germany) for 2 hours at 1500°C with a heating and cooling

rate of 5°C/min.

2.2. Material characterization

All processed ceramics were characterized with respect to phase composition, density,
microstructure, Vickers hardness, indentation fracture resistance, biaxial bending strength and

hydrothermal stability.



Phase identification was done by X-ray diffraction (XRD, 3003-T/T, Seifert, Ahrensburg,
Germany) on polished specimens using Cu-K, radiation (40 kV and 40 mA) from 20 to 90° 20
with a step size of 0.02° for 2 s. The amount of monoclinic ZrO,-phase was calculated according

to the equation proposed by Garvie et al [36] and modified by Toraya et al [37].

y 1.311[1,(111) + I,,(111)]
™= 1311[l,,(111) + I,,(111)] + 1,(101)

(1)

The peak intensity for the monoclinic (-111 and 111) and tetragonal (101) phases are represented
by the subscripts m and t. The lattice parameters and cubic phase content were quantified by

Rietveld refinement using Topas academic software (Bruker AXS, Karlsruhe, Germany), with the

tetragonality of the t-ZrO, phase having been defined as c¢/(v2a). The phase structures were
refined as: tetragonal zirconia (t) unit cell with space group P42/nmc, monoclinic zirconia (m)
unit cell with space group P21 /c, and cubic zirconia (c) with space group Fm3m. To calculate the
t-ZrO> phase transformability, the t-to-m phase transformation on polished and fracture surfaces

were assessed using XRD in the 27 to 33° 20 range.

The density was measured in ethanol according to the Archimedes principle and referred to the
theoretical density (TD) that was calculated by the rule of mixtures. The density of ¢, t and m-ZrO-
was calculated by the ratio of molecular weight to the volume of unit cell, whereas the densities of
alumina and lanthanum hexa-aluminate were taken as 3.99 g-cm™ and 4.17 g-cm™ [38]. Scanning
electron microscopy (SEM; FEI-Nova Nanosem 450, FEI, Eindhoven, The Netherlands) was used
to characterize the microstructure on mirror-polished, thermally etched (1300°C for 25 min in air)
and Pt-coated cross-sections. The grain size of the zirconia, alumina and lanthanum hexa-
aluminate phases was quantified according to the linear intercept method using IMAGE-PRO

software (Media Cybernetics, Silver Spring, USA). The mean size and standard deviation are
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reported without any correction. Samples for transmission electron microscopy (TEM) were
prepared by FIB (Nova NanoLab 600 DualBeam, FEI), using a Pt coating as protective layer, 30
kV Gaions for milling and 2 kV Ga ions for cleaning. During TEM examinations (Jeol ARM200F,
operated at 200 kV), selected area electron diffraction (SAED) patterns were collected for phase
identification, in combination with energy dispersive X-ray spectroscopy (EDS) elemental
mapping in the scanning transmission electron microscopy (STEM) mode. STEM imaging was

done using a high-angle annular dark field (HAADF) detector.

The Vickers hardness (GPa) and indentation fracture (IF) resistance (MPa-m*2) were measured on
an indentation tester (Model FV-700, Future-Tech, Tokyo, Japan) with a load of 98.1 N for 10 s.
Ten measurements were performed on each sample. The fracture toughness was calculated from
the radial crack pattern of Vickers indentations according to the Niihara et al. equation for
Palmqvist cracks [39]. The E-modulus of the three ceramics was calculated by the rule of mixtures,

as given in equation (2) [40,41].

E = (E1zce-1zp X Viace-1zp) + (Ea—a1203 X Va-a1203) (2)

Wlth ElZCe—TZP (194 GPa) [42], EA1203 (395 GPa) [43], VlZCe—TZP and VA1203 belng the Young’s

modulus and volume fraction for the 12Ce-TZP and a-Al203 phases, respectively. The indentation-

induced cracks were investigated by SEM to analyze the crack propagation modes.

The hydrothermal stability was assessed by autoclaving mirror-polished specimens in steam at
134°C and 0.2 MPa for 150 hours, upon which the surface-phase transformation was assessed by
XRD. The biaxial flexure strength was measured on discs (18 specimens per group) with a piston-
on-three-balls testing fixture with a 1.6-mm diameter of the piston using a servo-hydraulic testing

machine (Instron 4467, Norwood, MA, USA). Plane-parallel discs were loaded to failure at a



crosshead speed of 0.5 mm/min. Samples were prepared according to ISO 6872 [44] but the tensile
surface was mirror-polished, whereas the opposite side was polished with a 15-um diamond

suspension. The biaxial fracture strength was calculated as [44]:

0.2387P(X —Y)
— 3

o=

where o is the maximum center tensile stress (MPa) and P the total load (N) causing fracture;

X = (1+v)In(ry/r3)? +[(1 = v)/2](ry/13)* (4)

Y=(14+0v) [1 +1n (:—;)Zl +(1-v) (:—1>2 (5)

3

with v being the Poisson ratio (0.3), r1 the radius of the support circle (6 mm), r> the diameter of
the loaded area (0.8 mm), r3 the specimen radius (in the range of 7.75 + 0.2 mm) and b the specimen
thickness at the fracture origin (1.2 £ 0.1 mm). The bending strength results were analyzed by
Weibull statistics to assess the reliability of the sintered ceramics. The Weibull characteristic

strength (oo) is the strength value at a probability of failure of 63.2%.
3. Results and discussion
3.1. Phase composition

The XRD patterns of the polished surfaces are presented in Fig. 1. t-ZrO, and a-Al203 phase peaks
could be identified in the diffraction patterns, whereas the peaks of c-ZrO> (distinguishing peaks
in between the doublet peaks of tetragonal phases) and m-ZrO> could not be clearly observed;
Rietveld refinement confirmed the low content of cubic zirconia (~1.5 vol%). The peak for the

elongated precipitate phase (see below), however, was too weak to quantify its content. The

quantified phase composition and t-ZrO tetragonality (c/(v/2a) of the three ceramic composites



by Rietveld refinement are presented in Table 1. The boehmite (12-20B) and aluminium nitrate
(12-20N) based ceramics had a similar phase composition as compared to the a-alumina (12-20P)
based composite. Due to the very limited amount of m-ZrO, and c-ZrO,, the zirconia matrix in
these composites can be considered as fully tetragonal zirconia. This is different than for the widely
used 3Y-TZP ceramics, which normally contain about 20 vol% of cubic zirconia, despite the fact
they are referred to as 3 mol% Yttria-doped Tetragonal Zirconia Polycrystal [45,46]. The Al2O3
content in all three sintered composites was about 28 vol%. The alumina-precursor type had no
effect on the t-ZrO; lattice parameters, since the ZrO, matrixes showed the same level of lattice

distortion (tetragonality).
3.2. Microstructure

All three alumina precursors resulted in near fully dense composites with a relatively density above
99.3%. Representative SEM micrographs of the three ceramics are comparatively shown in Fig. 2,
revealing considerably different microstructures, in particular regarding the morphology of the
elongated precipitates and the grain size of the zirconia and alumina phases. Besides the Al2O3
particles with dark atomic number contrast, high aspect ratio grains with a slightly brighter dark
contrast, which were proven to be plate-like crystals, were observed in all studied composites [33].
Interestingly, these elongated precipitates in 12-20B and 12-20N were very fine grains (~1.2 um
in length with an aspect ratio of 5.6), occupying both inter- and intragranular positions in the
zirconia matrix, whereas large-sized elongated precipitates (3.5 pm in length with an aspect ratio
of 4.4) were formed in the alumina particle-based ATZ (12-20P). The large-sized platelets

incorporated some zirconia grains, leading to incoherent grain boundaries in 12-20P.

The zirconia and alumina grain-size distributions and the length of the elongated lanthanum hexa-

aluminate are presented in Fig. 3, with their average grain sizes being summarized in Table 2. The
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a-alumina particle-based ATZ had the smallest alumina grain size (335 nm), followed by the
aluminium-nitrate (453 nm) based ceramic. The boehmite-based ATZ had a substantially larger
alumina grain size (759 nm). The larger secondary phase grain size implies a reduced Zener
pinning effect on the movement of the zirconia-grain boundaries during sintering [47]. As a result
of that, coarser zirconia grains were formed in 12-20B (1018 nm). Even though the alumina phase
in 12-20P is smaller than that in 12-20N, which should have resulted in a finer zirconia matrix in
12-20P, the formation of smaller-sized elongated precipitates in 12-20N finally resulted in a

smaller zirconia-grain size as compared to 12-20P.

TEM/STEM-EDS examinations (Fig. 4) were performed to assess the distribution of all involved
elements and in particular to identify the observed elongated precipitates that were not detected by
XRD due to their low content. Clearly, zirconium and cerium ions were only present in the zirconia
grains (brighter grains). Aluminum ion was present in the darker equiaxial and elongated grains,
which were proven by EDS to be alumina and lanthanum hexa-aluminate, respectively. The SAED
patterns collected from these elongated grains were indexed as the lanthanum hexa-aluminate
phase (P63mc) along the zone axes (Z.A.) of [2110] and [0110] [48]. Regarding the stoichiometry
of the lanthanum hexa-aluminate phase, quantified areas from the STEM-EDS elemental maps
showed that the indexed elongated phase contained 2.7 at% La, 35.2 at% Al, 60.1 at% O (1.2 at%
Ce and 0.8 at% Zr). Although lanthanum hexa-aluminate phase is widely noted as LaAl1101sg
[33,35,49,50], an ideal stoichiometric LaAl1101s phase generally cannot be formed while non-
stoichiometric compositions with an Al/La ratio in the range of 11-14 have been reported for hexa-
aluminate structures [51-53]. Our result agrees with this expected ratio. Regarding the different
sizes of the lanthanum hexa-aluminate phase in the different composites, as summarized in Table

2, using boehmite and aluminium nitrate as alumina precursors resulted in homogeneously
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dispersed small-sized lanthanum hexa-aluminates (Lao.gAl117020.0), whereas the alumina particles
resulted in large-sized precipitates. This is because the alumina precursors during the phase
transition effectively promoted the reaction between alumina and lanthanum oxide. In 12-20B, the
y-Boehmite transforms to a-Al2O3 via a sequence of alumina transitions (y-Al20z — 6-Al.03 —
0-Al>0z3) during the sintering process [54,55]. In 12-20N, aluminium nitrate was transformed into
aluminium hydroxide, i.e. bayerite (a-Al(OH)3), in suspension at pH=10 [56], because aluminium
nitrate as a direct alumina precursor would have resulted in a porous microstructure due to the
decomposition of aluminium nitrate during sintering [57]. The bayerite loses physically adsorbed
and crystalline water and transforms into y-Al>O3 at around 300°C, and similarly as in 12-20B,
this y-Al203 transforms into a-Al203 via alumina mesophases at higher temperature [55,56]. In
this case, the intermediate transformation stage from y-AlbOz to a-Al203 at 1200°C
thermodynamically favors the formation of the hexagonal crystal structure, which enhanced the
incorporation of La®*" ions to create a higher number of nuclei of lanthanum hexa-aluminate
crystals leading to the formation of the small-sized lanthanum hexa-aluminate [33,58]. The
reaction process for producing lanthanum hexa-aluminate by y-Al>O3 is the same as for a-Al,O3
particles, but the reaction temperature was lowered about 100°C by using y-Al2Os particles
forming a high density of lanthanum hexa-aluminate nuclei [33]. Therefore, the size of the
lanthanum hexa-aluminate phase in boehmite and aluminium nitrate (aluminium hydroxide) based

composites was effectively decreased and was homogeneously dispersed.

Finally, lanthanum ions, although originating from the merely 1 wt% La>Os in the starting powder,
were not only present in lanthanum hexa-aluminate but also in the zirconia grains. STEM/EDS
showed that (1) La®* was segregated at the grain boundaries of the zirconia grains in a space charge

layer of about 2 nm thick (Fig. 5a), and (2) La®*" was also segregated at the lanthanum hexa-
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aluminate-zirconia boundary (Fig. 5b), whereas lanthanum hexa-aluminate exhibited a higher and
homogeneously distributed La®>* concentration than the Ce-stabilised ZrO; grains. This is different
from the strontium hexa-aluminate SrAl12019 - Ce-TZP system, in which strontium is only present
inside the elongated SrAl12019 precipitates [14]. The dissolution of Sr?* with an ionic radius of 118
pm into the ZrO; host lattice is highly unfavorable due to a too large mismatch with Zr** (72 pm)
[59] as compared to La®* (103 pm). The presence of lanthanum ions in both zirconia and lanthanum
hexa-aluminate grains can complicate the control of their compositional features, but the
segregation of lanthanum ions in the space-charge layers at the zirconia-grain boundaries was
reported to increase the aging-stability of zirconia grains [60]. Importantly, it was shown that 3Y-
TZP ceramic with segreagted La®* at the 2 nm space-charge layer of zirconia grains was able to
maintain its crack resistance without overstabilitzing the zirconia grains [61], while in the present
stuided system, segregated La>* at the lanthanum hexa-aluminate-zirconia boundary may benefit

the crack-deflection ability as well (see below).
3.3. Mechanical properties

The E-modulus of studied composite obtained by equation (2) is 253 GPa and the measured

mechanical properties of 12-20P, 12-20B and 12-20N are summarized in Table 3.

Using a-alumina particles led to a slightly higher hardness (11.5 + 0.1 GPa) than with boehmite
(10.6 + 0.1 GPa) or aluminium nitrate (11.1 £ 0.1 GPa), which is due to the finer microstructure
of 12-20P. On the other hand, 12-20B had a higher indentation fracture resistance (9.7 + 0.5
MPa-m2) than 12-20P (6.7 + 0.3 MPa-m¥?) and 12-20N (8.0 + 0.5 MPa-m¥?). This is in line with
the higher t-ZrO> transformability in 12-20B thanks to the larger zirconia-grain size [62,63] as well
as the stronger crack-deflection effect from the fine needle-shaped lanthanum hexa-aluminate

phase.
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As illustrated in Fig. 6, the differences in microstructure influenced the crack-propagation path,
while the elongated Lao.oAl11.7020.0 grains and coarser microstructure in 12-20B played an active
role in promoting crack deflection. Cracks in 12-20B propagated along the interface between
alumina and zirconia grains. A tortuous crack path was clearly observed (Fig. 6b), which could be
attributed the segregation of lanthanum ions to grain-boundary. The grain-boundary segregation
of La** may have resulted in the formation of a nanometric Lao9Al11.70200 foil around the alumina
grains showing mechanically weak cleavage planes between the stacked spinel blocks [64,65].
This also explains the relatively weak grain boundary between the elongated LageAl11.7020.0 and
zirconia grains, which induced an intergranular crack-propagation mode and a near 90° crack
deflection, (Fig. 6¢). At the crack-propagation tip (Fig. 6a), the main fracture is related to micro-
cracking of the zirconia matrix, which is possibly caused by the zirconia transformation around
the crack tip, thereby suppressing the main propagating crack, which can toughen a ceramic with
R-curve behavior [66,67]. Some short crack branches were observed as well in 12-20B, as shown
in Fig. 6¢. In contrast, the fine alumina grains in 12-20P did not seem to significantly promote
crack deflection (Fig. 6e-g). The elongated precipitates in 12-20P were much larger than in 12-
20B and 12-20N, and are inferior in quantity. As a result, crack deflection by Al>Os-particle based
Lao.sAl11.70200 has not been reported. As shown in Fig. 6g, the interface between zirconia and
elongated Lao.gAl1170200 grains was of an irregular/serrated nature, which might have given rise
to more difficult intergranular cracking in 12-20P. A similar conclusion was drawn in other reports,
where cracks propagated through this secondary reinforcement because of the strong bonding
interface with zirconia [25]. In addition, even though the zirconia-grain size in 12-20N (662 + 387
nm) is smaller than in 12-20P (705 + 374 nm), which also resulted in a lower zirconia-phase

transformability (16 vol%) in comparison with 12-20P (17 vol%), 12-20N had a higher indentation
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fracture resistance. This can only be explained by the fine elongated Lag 9Al11.7020.0 precipitates in

12-20N that contribute to the crack deflection efficiency, as in 12-20B.

It is noteworthy that the indentation fracture method employed in this work can only be considered
to be semi-quantitative and was used to quickly compare the toughening effect between the same
class of materials. It is however not the most reliable way to determine the true fracture toughness
and it can be severely influenced by the R-curve and the slow crack growth phenomena [68]. In
particular, the short cracks generated during indentation toughness measurement may not fully
address the crack deflection toughening by the hex-aluminate platelets and in case of large
transformation zone, i.e. the cases where cracks does not extend well out the of plastic deformation
zone of the indent. Other methods such as single edge VV-notch beam and double torsion will further

be needed to determine a reliable fracture toughness.

The biaxial bending strength Weibull distribution is presented in Fig. 7. The composites had a
comparable characteristic strength co(12-20B) = 976 MPa, c0(12-20P) = 962 MPa and co(12-20N)
= 939 MPa, which was at least 400 MPa higher than reported for 12Ce-TZP (about 500 MPa)
[10,29]. However, the 12-20B composite with higher indentation fracture resistance (9.7 + 0.5
MPa-m*?) also had a high Weibull modulus (m) of 20.7. This is substantially higher than for 12-
20P (m=11.6) and 12-20N (m=14.1) and some reported ceria-TZP/alumina composite: 10Ce-
TZP/alumina composite (m=12.6) [17], 10Ce-TZP/MgAl>04 composite (m=10.1) [69] and 3Y-
ATZ (m=8.24) [70]. The Weibull strength distribution reflects the critical flaw size distribution in
the material [71], revealing the reliability of the material, and the Weibull modulus (i.e. scatter of
the strength values) depends on various aspects including the process conditions, surface
treatments [72] and methodologies of flexural tests with different effective stressed volume [73].

In the present work, under the identical aforementioned aspects, the fracture resistance or the crack
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propagation resistance of the material significantly influenced the reliability of the studied
composites, since it inevitably determines the critical flaw size and the defect tolerance window.
It has also been reported that when having a significant amount of phase transformation-induced
plasticity along with an effective transformation before failure, an excellent reliability (e.g. m=60)
can be obtained [12,73]. Even though transformation-induced plasticity was not clearly detected
for 12-20B during the biaxial bending test, the high transformability and effective crack deflection
resulted in a better damage tolerance for this composite. In addition, an interesting phenomenon
was that the Weibull plot of the three composites seemed to be composed of two regimes, i.e. a
lower strength regime with a substantially higher modulus and a higher strength regime with a
lower modulus (Fig. 8). In the strength regions < 879 MPa for 12-20B, < 857 MPa for 12-20P and
< 859 MPa for 12-20N, the composites showed steep Weibull strength distributions (m > 80),
whereas the apparent Weibull modulus for the high strength regions is substantially smaller. A
similar result was reported for an alumina and strontium hexa-aluminate platelet toughened 2.5
mol% yttria stabilized zirconia composite, where the strength distribution consisted of two
populations [74]. In these cases, the strength was restricted by two types of defects. The
reinforcements by platelets seem to be able to eliminate the effect of large flaws and ensure a

narrow strength distribution and a considerable minimum strength level.

At last, all three zirconia-alumina composites showed an excellent resistance to low temperature
degradation. The m-ZrO- phase content remained the same as for the polished sintered composites

after 150 hours of accelerated aging treatment.
4. Conclusions

Different alumina precursors had a considerable impact on the formation of fine grained elongated

lanthanum hexa-aluminate precipitates and the concomitant mechanical performance of 12Ce-
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TZP-based ATZ composites. Aluminium nitrate resulted in similar zirconia and alumina grain
sizes as with a-alumina particles, but with smaller crack deflecting elongated lanthanum hexa-
aluminate precipitates and a higher indentation fracture resistance. Boehmite as alumina precursor
also gave rise to the small elongated Lao.sAl11.70200 hexa-aluminate with a significant crack-
deflecting capacity. Along with a higher transformability of the Ce-TZP phase, boehmite alumina
precursor resulted in a ATZ composite combining the best indentation fracture resistance (9.7 MPa
m2), biaxial strength (co=976 MPa) and reliability (m=20.7), as compared to the ATZ composites

based on a-Al203 nanoparticles and aluminium nitrate.
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Figures

Fig. 1. XRD patterns of studied 12Ce-TZP based zirconia-alumina composites processed from a-
alumina particles (12-20P), boehmite (12-20B) and aluminium nitrate (12-20N).
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Fig. 2. SEM micrographs of (a, d) 12-20P; (b, €)12-20B; (c, f)12-20N.
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Fig. 3. Zirconia and alumina grain size and length of lanthanum hexa-aluminate (Lao.9Al11.7020.0)
distributions in (a, d and g) 12-20P, (b, e and h) 12-20B and (c, f and i) 12-20N.
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Fig. 4. (@) HAADF STEM Overview image of 12-20B; (b) HAADF STEM image of elongated
LagoAl1170200 grain and indexed SAED at (c) [2110] and at (d) [0110] zone axes. ()
STEM/EDS maps of the same area in (a) with the elongated Lao.oAl11.7020.0 grain in (b) marked.
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Fig. 5 STEM/EDS analysis: (a) Ce and La content variation across a ZrO,-ZrO; grain boundary
and (b) line scan across an elongated lanthanum hexa-aluminate (Lao.9Al11.7020.0)-ZrO2 grain
boundary.
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Fig. 6. Comparison of crack propagation paths in boehmite and alumina powder based composites
(red arrow indicates the crack propagation direction). (a) Crack tip, (b) and (c) alumina and
elongated grains enhanced crack deflection, (d) overall crack on 12-20B surface; (e), (f) and (g)
crack on 12-20B surface.
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Fig. 7. Weibull plot of the biaxial flexural strength of 12-20P, 12-20B and 12-20N.
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Fig. 8. Two regimes Weibull plot of the biaxial flexural strength of 12-20P, 12-20B and 12-20N,
distinguishing a lower strength regime with a substantially higher modulus and a higher strength
regime with a lower modulus.
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Tables

Table 1 Phase composition of the studied 12Ce-TZP based ATZ composites, as obtained by
Rietveld refinement analyses

Ceramic c-Zr0O,, vol% m-ZrO, vol% t-2r0, . Al,O3, vol%
Tetragonality

12-20B 1.60 2.16 1.01971 28.13

12-20P 1.31 2.34 1.01989 28.52

12-20N 1.79 2.43 1.01977 26.28

Table 2 Density of the investigated ATZ ceramics and the grain size of different phases.

samole Density Relative  Zirconia grain Alumina grain LaooAl11.7020.0

€ (gom’)  density (%)  size(nm)  size(nm) " length (um) _aspect ratio
12-20P 5.59 99.3 705 [374] 335[193] 3.5 4.4
12-20B 5.63 99.9 1018 [520] 759 [395] 1.1 5.6
12-20N 5.61 99.6 662[387]  453[232] 13 5.6

Table 3 Mechanical properties and t-ZrO; phase transformability of 12-20B, 12-20P, 12-20N ATZ
ceramics (co: Weibull characteristic strength, m: Weibull modulus of strength data)

t-ZrO;
sample Hardness  Toughness transformabilit 00 m
Pl€(GPa)  (MPa-m®?) ol%) Y (MPa)
1220P 115[0.1] 6.7 [0.3] 17 962 116
1220B 10.6[0.1] 9.7[0.5] 36 976  20.7
12-20N 11.1[0.1] 8.0[0.5] 16 939 14.1
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