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Abstract

Ceria-stabilized zirconia-based composites d aiming to obtain ceramic
materials with enhanced hardness, strengt istance to low temperature
degradation. These composites are based i stabilized zirconia (10 mol% CeO,-1
mol% CaO TZP) and a-alumina (O- ase. Raw materials in the form of
powders were dispersed through ball i sting and subsequently grounded
before being pressed and conyentiona 450°C. Compared to the strength and
hardness of 10Ce-TZP cera i and 6 GPa), an increase was observed for all
compositions, especiall 39 MPa and 10.2 GPa). Single Edge V-

Notched Beam fract from 5.1 to 6.6 MPa'\/m, indicating a loss of
transformability for a in 10Ce-1CaO-TZP co-doped ceramics, the aging
resistance of all alumi j ites was also excellent.

transformation tha be triggered under stresses [1]. Oxides stabilizers are employed to retain
the tetragonal in a metastable state at ambient temperature because it is not stable at room
temperature. Currently, yttria (Y»03) is the most common stabilizer used in zirconia, and
normally, 3 mol% additions are sufficient to stabilize it. This ceramic is known as 3Y-TZP for 3
mol% Yttria Tetragonal Zirconia Polycrystals, and it has been used in the development of hip
femoral heads in the past. Unfortunately, under humid conditions, 3Y-TZP ceramics may be prone
to low temperature degradation (LTD, also known as aging). LTD occurs at relatively low
temperatures and in humid environments by the action of water species that can penetrate the bulk
material. The water species can reduce the oxygen vacancies present in Y-TZP, destabilizing the
metastable tetragonal zirconia grains, and the volume increment associated to phase change
creates local stresses and micro-cracks close to the surface [2-5], which finally may cause the
material to fracture prematurely [6]. This phenomenon was responsible for a significant number
of femoral head failures in recently implanted patients and, consequently, for the suspension of
its use in orthopedics from 2001 [7, 8]. Nevertheless, zirconia is considered a good candidate for



the development of dental implants due to its excellent biocompatibility and aesthetic appearance
and has since been used in the dental field [7, 9].

In the last years, the use of ceria stabilized zirconia (Ce-TZP) has been proposed as an alternative
material to the Y-TZP and its aging drawback. Due to the tetravalent character of cerium, zirconia
can be stabilized without generating oxygen vacancies, leading to an increase in LTD resistance.
Moreover, the tetragonal phase of Ce-TZP with less than 12 mol% ceria is more easily
transformable so that high Kj. values can be reached. Nevertheless, compared to 3Y-TZP
ceramics, it has lower strength (around 500 MPa, compared to 1000 MPa for Y-TZP), which is
partly related to its larger grain size (~ 2 um compared to ~0.3 pm for Y-TZP) [7]. Unfortunately,
grain boundaries mobility is much higher in Ce-TZP, and fine-grained and fully dense materials
are not easily obtained by sintering [10]. In order to reduce the grain size of Ce-TZP ceramics,
several studies have shown the positive effect of adding a second phase, commonly a-alumina,
which acts as reinforcement by inhibiting the grain growth, hence, i he mechanical
ifferent types

implemented, allowi e in small volumes [15, 16], it has raised some
concerns, as def crack patterns produced by indentation may deviate
from the assumptio e m 18]. In the literature, several methods have been proposed
for determining the ,
ace Crack in Flexure (SCF), Single Edge Precracked Beam
(CNB) [19], Shot-Rod [20], and Double Cantilever Beam (DCB)
are not widely used due to the difficulty in their measuring or their
anks to the facility and/or low cost, one of the most popular methods
to evaluate K. is by means of Vickers indentations (VIF) [15]. It is based on measuring the length
of cracks gen at the four corners of the Vickers imprint, in a well-polished surface, at a
given applied load. There are many empirical equations to calculate K. values by using the VIF
method [22, 23]. Among them, equations proposed by Niihara et al. [24] (Palmqvist type cracks)
and Anstis et al. [25] (radial-median cracks) are widely used. In transformable ceramics, the
indentation cracks are usually of Palmqvist type, so that Niihara equation for Palmqvist cracks
seems more appropriate for tough ceramics. However, the equation can be applied only as far as
the ratio between crack length and indentation semi-diagonal are in a specific range. The crack
length should obey the requirement of 0.25 < (I/a) <2.5 (where [ is the average of the four cracks
length that are generated in the four corners of the Vickers indentation and a is half the length of
the average indentation diagonal), otherwise the computed K;. will be wrongly estimated [24].

By contrast, the SEVNB method is well established from a fracture mechanics point of view as
far as a very sharp notch can be machined at the center of a prismatic bar perpendicularly to its



length. High notch sharpness needs to be achieved for a reliable measurement of K. in submicron
grain size ceramics [19, 26].

Therefore, in transformable zirconia-based materials, it is necessary to assess K. by using robust
techniques. In this context, the aim of the present work is to process, by means pressing and
conventional sintering methods, 10Ce-TZP co-stabilized with 1mol% of calcia (CaO)/ alumina
composites (2.5-15 wt%) in the form of bending bars to characterize the effect of microstructural
features and composition on the mechanical behavior, (especially the hardness, strength and Kj).
Additionally, as these types of zirconia-based ceramics can be good candidates for structural
biomedical applications, their LTD behavior is also studied by accelerated aging tests in an
autoclave. In a recent work [27], we have shown that these composites can be processed by
pressing and conventional sintering, using commercially available powders. The maximum
mechanical strength (around 1000 MPa, measured by the ball-on-three ba

transformable ceramics, able of being plastically defor
testing method is significant [28]. Finally, in order to b

have been kept identical.

Table 1. Strength and fracture toughn composites.

Fracture
Reference Method* Toughness  Method
(MPa-Vm)
Sato et al.[29] 3P 14-17 VIF
Tsai et al.[20 273-648 4P 6.5-8.5 Short Rod
Double
Cutler et.al.[21] 726 4P 15.1 Cantilever
N 950 3p 18.3 VIF
Tanaka et al.[3 Al,03+0.05 mol% 941 3p 20.05 VIF
TiO;
10.5Ce-TZP+8 vol%
Reveron et al.[32] Al,O3+ 8 vol% 1197 P3B 10.2 SEVNB
SI'A112019
11Ce-TZP+8 vol%
Touaiher et al.[28] AlLOs+ 8 vol% 738 4P 10.6 SEVNB
SI'A112019

* 3P: three-point bending test; 4P: four-point bending test; P3B: Piston-on-three-balls biaxial test



2. Materials and Methods

2.1 Processing of powders

Commercially available 10Ce-TZP powder (ZrO; 10 mol% CeQ,, Daiichi CEZ-10), 1 mol% CaO
powder (Calcium Oxide Sigma-Aldrich) and a-alumina powder (Tamicron TM-DAR, Taimei
Chemicals Co.) were used as starting powders. The physical properties of the starting powders
for 10Ce-TZP and a-alumina have been described elsewhere [33]; the mean particle sizes after
stirring in water for five days were 250 and 270 nm, respectively. The mean particle size of the
CaO powders was in the range of 10-35 um as observed by scanning electron microscopy (SEM)
[34].

vhich the amount of
ect to zirconia,

Five aqueous suspensions containing 20 vol% solid load were prepared in
10 mol% ceria-stabilized zirconia (10-Ce-TZP) and calcia (1 mol9

prepared are hereinafter referred to as 10Ce-1CaO and 10Ce
the percentage (wt%) of a-alumina. Suspensions were mi
3Y-TPZ grinding beads. To promote the deagglome

Plates of 50 x 50 x 4 mm?® wer. i 0 MPa and then cold isostatic pressed (CIP)
at 300 MPa. As-pressed sa ureless sintered. During sintering, the thermal
treatment started wit until 600°C for 1 hour) followed by a heating

decreasing the te ; ne rate. After sintering, four prismatic bars of 4 x 3 x 40 mm?
were machi ith the aim of performing mechanical tests. In case of the

Relative densi s calculated by the relationship between experimental and theoretical density,
calculated by Archimedes’ method and the rule of mixtures, respectively. Microstructural
features were characterized by SEM (SEM-Zeiss SUPRA VP55) performed on surfaces polished
down to 1 uym with diamond suspension followed by a finishing step with 0.03 um silica
nanoparticles. In this way, it was possible to reveal the grains at low voltage without applying a
metallic coating. The average grain size of zirconia and alumina were computed from these
micrographs using the linear intercept method [36] without any correction factor.

Vickers hardness (HV30) was measured on polished surfaces (Vickers Testwell FV-700). The
average value for each composition was obtained from five indentations and converted to SI units
(GPa). To estimate the quantity of z-m stress-induced phase transformation, the size of the
transformed area observed around each Vickers imprint was calculated and the average computed.
The size of the transformed area was approximated to the circle traced from the center of the



imprint, and encompassing, the uplifted area observed by optical microscopy (Nomarski
interference contrast mode).

Elastic modulus of samples with a rectangular cross-section (4 x 3x 40 mm?®) was evaluated by
the resonance frequency method using a Grindo-Sonic tester. After supporting the prismatic bar
at its nodes of resonance and generating a small impact at the center with a steel ball harm, the
fundamental resonant frequency of vibration was recorded by a microphone located beneath the
specimen. The elastic modulus is determined using equation (1) that relates the resonant
frequency and the geometry of the sample [37].

3
E=0946424-10‘1°-m-<£) f2-f, €Y)
’ w \b ¢

where E is the elastic modulus (GPa), m is the mass of the sample (g); b-is
w the bar width (mm) and L the length of the bar (mm), f is the fi

he thickness (mm);
z) and f_ is the

the average value.

The fracture toughness (K;.) was calculated through the

ing rate of 5°C/min). A four-point
mm and I=10 mm, was employed
, USA). The load was applied until the
sample failure using a speed | in. Four bars 4 x 3 x 40 mm? of each composition
were tested and the average

Equation (2) was used he SENVB method in four-point bending:
3Wa
X Y 2
2(1 —a)ts @

a=—
w
v = 19887 (3.49 — 0.68a + 1.35a%)a(1 — a)
- ¢ (1+ a)?
where,

o is the fracture strength, a is the average notch depth, P is the fracture load, b is the bar thickness,
w is the bar width, S;, S, are the support spans (S; > S5), a is the relative V-notch depth, and Y
is the stress intensity shape factor. Four bars of each composition were broken to obtain the
average K. value.

To further assess the transformability of these composites, the K; was also evaluated using the
VIF method [17] from the dimensions of cracks generated at the corners of the indents after
Vickers indentations performed at 490 N load. The indentation cracks being very probably of
Palmgqvist type, Niihara et al. [24] equation (3) was employed to calculate VIF Kj.; Anstis et al.



[25] equation (4) was also used, although it applies to radial-median cracks, in order to show the
difference between them when calculating the fracture toughness. Five indentations of each
composite were considered to obtain the average value.

E\N?/° F

F\1/2

calculated as the

where F is the applied load, E is the elastic modulus, H is the Meyers h

(perpendicular to the applied thickness (side parallel to the applied load).
The geometry of the Wot mination of K;. and flexural strength is presented
in Fig. 1.

Chamfers

w=4mm

b=3mm

Fig. 1. Samples geometries for determination of a) K- by the SEVNB method and b) flexural
strength by three-point bending.

The monoclinic content in the samples was estimated by X-Ray diffraction (Cu K, 10-70° range
in 20, step size 0.05°, time for step 5s, Philips PW 1710 diffractometer) performed on surfaces



polished down to 1 pm. The volume fraction of the monoclinic phase (V,,) was estimated from
equation (6) proposed by Garvie et al. [39] and modified by Toraya et al. [40].

1.311X,, [ (—111)) + I,,(111))]

m =15 0311x, Xm = 2110 + 1, A11)] + 1,(101) (6)

where I, and I; are the intensity of the monoclinic and tetragonal peaks, respectively.

Finally, accelerated aging tests were carried out in an autoclave at 134°C and 2 bars of pressure
for 24 and 60 hours, and the quantity of monoclinic phase on aged surfaces was estimated as
described above. This test in an autoclave allows to extrapolate the sample behavior in vivo since
it has been shown that 1 hour under these conditions would have the same effect as around 3 to 4
years at 37 °C (the body temperature) [41].

3. Results and Discussion

3.1 Microstructural features of composites

The relative densities of as-sintered ceramics are posites reached
ompared to our previous work
in which ceramics were obtained using a si i i.e., uniaxial pressing at 50
MPa, CIP at 288 MPa, and pressureless sinteri ], but by different powder
processing, the degree of densificatio i intered ceramics. The new processing

method employed here allowed the

Table 2. Final densi 3 -1Ca0 and 10Ce-1Ca0-Al>O3 composites after
sintering at 1450° L ypical grain size of 10Ce-TZP is also reported from [34].

. . Average alumina Average alumina
Average zirconia . .. ..
. fine grain size coarse grain size
gra(‘mnf)‘ze distribution distribution
. (um) (um)
- 1.99 + 0.75[34] - -
10Ce-1CaO 1.2+0.1 - -
10Ce-1Ca0O-2 99.8 0.8+0.1 03+0.1 31+1.2
10Ce-1CaO- 99.9 1.0+0.1 04+02 6.8+19
10Ce-1Ca0-10A1,03 99.8 09+0.1 05+03 6.9+0.8
10Ce-1Ca0-15A1,03 99.9 0.8+0.1 03+0.1 10.1 £1.5

In terms of grain size, the zirconia average grain size decreases with the presence of calcia from
~2 um in pure 10Ce-TZP to 1.2 um in 10Ce-1CaO (See Table 2). This reduction in grain size is
not as large as reported in previous works by Turon-Viiias et al. [34] (i.e., ~0.5 um) and Tovar-
Vargas et al. [27] (i.e., ~0.6 um). In these two works, the powders were processed by milling and
dried trough rotary evaporator following by steaming, instead of applying a slip-casting drying
step. In agreement with computed final densities, SEM images of Fig. 2 do not reveal the presence
of porosity and show a duplex microstructure [42], fine (< 0.5 pm) and coarse (> 3 pm) alumina
grains were observed in all composite ceramics (see Table 2).



Fig. 2. SEM images of ceria-calcia stabilized zirconia and its alumina-containing composites
(2.5 to 15 wt%). Two different populations of alumina grains were identified having average
sizes of < ~0.3-0.5 pm and > ~3-10 pm.

As seen in Fig. 2, fine and coarse alumina grains appear embedded in the zirconia matrix. While
the size of the finest alumina grains seems to be independent of the composite composition, the
higher the alumina content, the larger is the size of the bigger grains (see Table 2). The
agglomeration of alumina particles resulting in grains of several microns reduces the available



amount of alumina fine particles in the composites and, consequently, the pinning effect
preventing zirconia grain growth. As a result, the expected increasing pinning effect with the
alumina content (5, 10, and 15 wt% alumina) was not observed. The smallest grain size was
obtained in composites 2.5 and 15 AL,Os (i.e., zirconia grains size of 0.8 pm). With the processing
method here employed, the microstructure obtained consists of a duplex microstructure [42], a
matrix of 10Ce-1CaO zirconia in which alumina grains are located mainly at the grain boundaries,
and a few fine zirconia and alumina grains are occupying intragranular positions (inter-
intragranular composites) as schematized in Fig. 3. However, studying the effect of these clusters
of alumina nanoparticles given raise a large grains was not the scope of this work. In future work,
it would be interesting to verify this effect on the mechanical properties of the material. For
example, in improving the fracture toughness by the crack deflection mechanism.

Ce-1Ca0O-Al,O3 composites. It is a mixture of these two
posite in which small black rounded and squared particles

a are embedded in ceria-calcia stabilized zirconia matrix. The
the left side of the figure were adapted from [43].

3.2 Mechanical properties

Table 3 summarizes the values obtained for the mechanical properties such as hardness, fracture
toughness, flexural strength, and elastic modulus. As a comparison, the values of the mechanical
properties measured for 10Ce-TZP are also reported in Table 3.



Table 3. Mechanical properties of ceria-calcia stabilized zirconia composites with alumina

additions.
Ayerage Flexural Elastic
Sample zirconia Hardness Fracture Toughness Strenotht Modulus
P GPa) (MPa-Vm) &
grain size ( (MPa) (GPa)
(um)
SEVNB' VIF*
Anstis Niihara
10Ce-TZP 1.6" 6.2" 14* - - 504" 190"

10Ce-1CaO 1.2+0.1 9.9+0.2 6.5+0.3 129+0.6 152+12 742 + 131 195 + 16
10Ce-1Ca0-2.5A10; 0.8 +0.1 106 0.1 5.1+0.3 11.4£0.6 12.7+0.9 571 £90 193 £7
10Ce-1Ca0-5A1,03 1.0+0.1 102+£0.1 62+0.7 94+02 10.2+0.2 739 +£30 1896
10Ce-1Ca0-10A1,0; 09+0.1 102+£02 6.6+04 11.0+£0.9 120+ 1.1 685 £ 125 200 £ 20
10Ce-1Ca0-15A1,0; 0.8+0.1 10.3£0.1 - 105+ 1.1 119+ 556 + 188 167+ 14

* Values reported by El Attaoui [37], ** Value reported by Turon-Vinas et al. [34], ¥ Four-point bending test, hree-point bending test

3.2.1 Vickers Hardness and Elastic Modulus

The evolution of Vickers hardness with alumina co i i ig. 4. The values of
hardness for 3Y-TZP, 10Ce-TZP, and 10Ce-CaO b i the literature are

1.2 pm) is 9.9 GPa. This represents a strong_i ed to a hardness of 6.2 GPa
measured in pure 10Ce-TZP material pre i
~2.0 um. The hardness enhancement
from the addition of calcia. However,
with a grain size of ~0.2 ym and a
composites are less hard. For.similar ce
size of ~0.5 um [34] or 10.
refinement here obtained

reduction of the grain size resulting
ia ceramics, for example 3Y-TZP

a0, hardness increases due to the composite effect (alumina
d the refinement of the microstructure (zirconia grain size). The

of 0.8 um was estimated. However, this value remains lower than that
obtained by Tovar-Vargas et al.[27] of 12.3 GPa for a zirconia grain size of ~0.4 um. In the
ceramic comp prepared within this study, hardness remains almost constant for 5, 10, and
15 wt% of Al,Os additions (10.2-10.3 GPa) since alumina particles were partially agglomerated
in bigger grains and all these composites present similar zirconia grain sizes and relative density.

The values of the elastic modulus with the addition of alumina are shown in Table 3. The elastic
modulus remains almost constant and in the range of 189-200 GPa. Elastic modulus estimated in
10Ce-1CaO and 2.5 to 10 wt% of Al,Os composites are in agreement with those measured in
10Ce-TZP based material (190 GPa [37]) and Ce-TZP alumina composites (200 GPa [30]),
corroborating the excellent densification and microstructural characteristics here achieved.
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3Y-ZP, 10Ce-TZP, and 10Ce-1CaO base materi [37], and [34],
respectively.

3.2.2 Transformed area

V30), an uplifted surface was observed in
d -m phase transformation took place (see Fig.
ion features of 10Ce-TZP are also depicted in
ZP material (large branched transformation
int), 10Ce-1Ca0O and all the composites studied
the indentation imprints.

dly affected by the alumina content in the studied range
in t-m phase transformation in 10Ce-1CaO with respect to
the stabilization of tetragonal zirconia by calcia and the grain
further appreciable reduction in the size of the transformation zone
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The relationship betwe ; ethod) and the grain size of 10Ce-1CaO based
material and its alu ini are shown in Fig. 6. The values of Kj. for 3Y-
TZP, 10Ce-TZP, ial taken from the literature are also presented in this
figure for compari S the sizes of the transformed areas discussed before, K. of
pure 10Ce is hi -1Ca0O and its composites (i.e.,14 MPa-\m in 10Ce-TZP

Kiefor 10Ce-1Ca0 and its alumina composites are rather similar,
which it is about 20% lower and related to its smaller grain size
ain sizes for 5 and 10 wt% alumina compositions increased slightly

2.5A1,03. The SEVNB fracture toughness of 10Ce-1Ca0-15A1,03 was not measured within this
work due to ficulty of obtaining long and flawless bending samples. In general, the
processing of composites without processing defects becomes critical as the amounts of secondary
phases increase. We noted a poorer pressability for this last composition.

The fracture toughness values here measured are comparable to the K. observed in 3Y-TZP for
similar grain sizes (i.e., in the range of 5 to 6 MPa-\/m) [7, 44]. In addition, the fact that the
incorporation of only 1 mol% of CaO to 10Ce-TZP drops K. to roughly half (6.5 MPa-Vm) can
be attributed to the strong refinement of grain size by relatively low addition of calcia and the
corresponding reduction in transformability.
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too short to satisfy the requirements fo i for Palmgqvist cracks (0.25 < l/a
< 2.5, where a is half the length of the i ion diagonal [24]). So that, the load was
increased to 50 kg (490 N) t engths to fulfill this condition. As expected,
estimated values of K. by.Vickers:i igher in comparison to K. by the SEVNB
i s in transformable ceramics could lead to the

oncentrations of alumina followed by an increase for higher
owest value of indentation K. is reached for 5 wt% alumina, while
ue is for 2.5 wt% alumina. This shows that the indentation methods
can als ends in the evolution of the toughness, an additional reason justifying
the need to develop larger size specimens (e.g. notched bars) for the characterization of the
fracture tough transformable zirconia-based ceramics.
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In agreement wi fracture toughness values reached in all the materials prepared in the present
study (i.e., between 5.1 and 6.6 MPa'\/m), these ceramics behave as brittle materials [SO]. In other
words, the mechanism controlling the fracture changes from transformation controlled in pure
10Ce-TZP [34] to defect controlled in 10Ce-1CaO and 10Ce-1CaO composites. The behavior of
the composites can thus be rationalized by considering the relationship between defect size, K,
and the strength (Griffith theory). The greater grain size refinement observed in 10Ce-1CaO-
2.5A1,03 with respect to the other composites induces a decrease in the transformability, hence
the reduction of Ky, and, therefore, of the strength since fracture initiation is here controlled by
defect size and not by the #-m phase transformation.
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ssed before, for this composition,
om the value VIF K. one would expect

in the values for the strength of 10Ce-1
K- was not measured by the S
a similar K. value as for 10 w
might be associated with induced by the agglomeration of alumina

r, the lower elastic modulus value of 167 GPa

203 i1s due above all to the increase in the size of
fith’s theory.

the critical flaw size (a.) in these ceramics, a simple calculation was made

based on the Gri equation:

K. =Yoo ma, 7

where K| is the fracture toughness, Y a geometrical factor approximated to be 1.1215 for a surface
crack of length a, and o the flexural strength (see Table 4).



Table 4. Critical flaw size (a.) on ceria-calcia stabilized zirconia composites with alumina
additions estimated using Griffith equation.

Sample Fracture Toughness 3-Point Flexural Length of critical surface
(MPa-Vm) Strength (MPa) defect a, (um)™*
10Ce-1Ca0O 6.5 742 19
10Ce-1Ca0-2.5A1,03 5.1 571 20
10Ce-1Ca0-5A1,03 6.2 739 18
10Ce-1Ca0-10A1,03 6.6 685 23
10Ce-1Ca0-15A1,0; 6.2-6.6* 556 31-36

*The fracture toughness value for 15 wt% was assumed to be similar to that measured for 5 and 10 wt% of alumina (between 6.2 and 6.6 MPa-Vm)

**Estimated from the Griffith equation

Critical defect sizes around 20 pm were estimated in 10Ce-1CaO and i

nposites containing

ina-containing composites. For 10Ce-
after polishing or after 60 hours of testing.

linic phase (< 3.6 vol%) was observed after 60
the excellent aging resistance of these ceramics.

nough aging resistant to meet the stability characteristics required
s a reminder, to allow the implantation of a zirconia-based material
, the ISO standard 13356 recommends applying only 5 hours of accelerated
aging in an autoclave (134°C, 2 bars) and obtaining less than 25% of transformed monoclinic
phase. Finally, ould be emphasized here that 10Ce-TZP pure ceramics subjected to 70 hours
of accelerated aging do not aged [51], corroborating that the addition of calcia as a co-stabilizer
and the resulting oxygen vacancies have only a little impact on the aging resistance of 10Ce-1CaO
based materials (less than 3.6 vol% of transformation after 60 hours of test).

into the human bo
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Fig. 9. Monoclinic volume fraction as a function of accele
aging test was done in an autoclave at

aging time. The accelerated
nd

3.2.5 Final considerations and perspectives

In order to prepare a new type of highly agi sed ceramics for structural
biomedical applications, Ce-TZP can be th, usually reaching 500-600 MPa, is
improved. For doing that, the #-m pha ili d be adapted by modifying both the
amount of stabilizer (CeO;) and the i i eover, the size of the processing

defects must also be decreased. One wa i microstructure of Ce-TZP ceramics is to
ses such as alumina and/or aluminates
as published in 1998 by Nawa et al. [30].
posite (10 mol% CeO», zirconia grain size of ~
d characterized by impressive values of strength
d 9.8 MPa-\Vm by SEVNB, respectively). Later, this
nder the trademark NanoZr® (Panasonic Electric Works,

[32]. The most significant wor
These authors developed a 10Ce-

and Kj. (950 MP
material was opti

triphasic-based composites (see Table 1). In comparison with
posites exhibit a slightly larger zirconia grain size (0.9 um), lower
by three-points bending), relatively higher K;. (10.2 MPa-Vm by

ilize it with calcia (CaO). It has been shown that the addition of only 1 mol%
of calcia reduc ctively the zirconia grain size (thus increasing the strength and hardness) but
also makes the tetragonal phase more stable, thus decreasing the quantity of #-m phase
transformation under stress [34]. In the present work, we have combined both approaches in order
to develop ceria-calcia zirconia-based composites containing alumina particles.

The K values for the ceramic matrix (10Ce-1CaO) and its composites were very close (in the
range 6.2-6.6 MPa-m) except for the 2.5 wt% alumina composition (5.1 MPa-Vm). Such K
values corroborate the brittle behavior characterizing these ceramics 10Ce-1CaO zirconia-based
materials in contrast to the ductile one characterizing 10Ce-TZP ceramics. This change from
ductile to brittle results from a greater stabilization of the tetragonal phase by the addition of
calcia. Even if the actual content of calcia entering in solid-solution needs to be better
characterized, it seems to have a very strong effect on the stabilization of the tetragonal phase



through the incorporation of oxygen vacancies (calcium being bivalent and replacing tetravalent
zirconium) and the microstructural refinement.

For comparison, the Kj. of pure ductile behaving 10Ce-TZP is about 15-20 MPa-Vm [52]. In the
case of our materials, the best combination of strength and K;. is observed in 10Ce-1CaO ( 742 +
131 MPa and 6.5 + 0.3 MPa-\m, respectively) and 10Ce-1Ca0O-5A1,03 composite (739 + 30 MPa
and 6.2 + 0.7 MPa-\m, respectively). Although these mechanical characteristics are very similar,
compared to the pure matrix, the addition of 5 wt% Al>Os also makes it possible to slightly
increase the hardness of the material and to reduce the variability of the strength (i.e., the standard
deviation).

It is worth noticing that if Kj. is measured by VIF methods, the values obtained (between 10 and
16 MPa-m) are overestimated. It is important to recall that the VIF method has many drawbacks

released as phase transformation occurs, and, consequently, the ed by crack
propagation is much lower than that predicted by the model, resulti i -values. While

From a microstructural point of view, the dup i i ere have indirectly
ical behavior of this type of
ceramics, thanks to the limitation of the pi

comparison with our previous works. i hown that the toughness of ceramics
can be improved in duplex ceramics al stress field is induced by the
introduction of bigger second phase gr r work, the contribution of large alumina
particles on toughening the c i rack deflection still needs to be studied
in-depth, . Finally, for better studying the strength-
toughness relationship ized zirconia-based ceramics and composites, it
will be necessary to » i ree” of the tetragonal phase to move towards the

ductile domain.

impact of the density, microstructural features, and mechanical
onia-based composites containing different alumina content (0 to 15
wt% A1203).

Compared to works where 10Ce-1CaO based composites were developed, our materials
exhibited a lower reduction in the zirconia grain size, related to the duplex microstructure
developed and good mechanical properties (K, strength and hardness). In addition, the
densification of ceramics prepared here has been improved compared to composites having the
same composition and characterized in our previous works.

Fracture toughness measurements using SEVNB method gave more accurate values and
tendencies than indentation ones; hence, it is recommended to characterize this type of
transformable zirconia-based ceramics by SEVNB. Likewise, the use of four- and three-point
bending tests should be preferred for strength characterization. Thanks to these measurements,
we have corroborated the brittle behavior of 10Ce-1CaO zirconia-based ceramics resulting from
a higher tetragonal phase stabilization.



The best combination of mechanical properties was obtained in highly dense (99.9 %) and micron-
sized 10Ce-1Ca0O-5A1,03; composites (zirconia grain size 1.0 um) that combined an excellent
strength (739 + 30 MPa), K. (6.2 MPa-Vm), and hardness (10.2 GPa).

As regards as low temperature degradation, 10Ce-1CaO based ceramics and its alumina-
containing composites presented high aging resistance. The relative increase in the monoclinic
phase was below ~4 vol% after a long-accelerated aging test of 60 hours (134°C, 2 bars). This
means that these ceramics meet the stability requirements for biomedical applications.

To further increase the strength and fracture toughness in 10Ce-1CaO based composites it is
necessary to move towards the ductile domain, in other words to increase the transformability of
the tetragonal phase. This could be accomplished by decreasing the ceria content (< 10 mol%)
while leaving the calcia composition constant (1 mol%) or by keeping the quantity of ceria
constant (10 mol%) and varying the concentration of calcia (between O %). A compromise
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