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Hydrothermal Aging of Zirconia Ceramics Consolidated by Oscillatory Pressure Sintering
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Abstract: The use of zirconia ceramics in humid environments is limited by the phase transformation from the tetragonal phase to the
monoclinic phase. In this study, an oscillatory pressure sintering (OPS) technique was developed for the preparation of zirconia
ceramics that were characterized by high density, fine grain size and excellent mechanical properties. The hydrothermal aging
behaviors of the oscillatory pressure sintered and hot-pressed zirconia were investigated. The Raman analysis showed strong peaks at
178 and 189 cm ' in both the oscillatory pressure sintered and the hot-pressed specimens, but the peak intensities of the oscillatory
pressure sintered specimen were much weaker than those of the hot-pressed specimen. When the specimens were aged for 18 h, the
flexural strength of the oscillatory pressure sintered zirconia reached approximately 1 216 MPa, which is much higher than that of the
hot-pressed zirconia. Therefore, the OPS technique is promising for the preparation of zirconia ceramics that are used in the
biomedical field.
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can be used for various applications that range from
engine components, sensors and cutting tools to
thermal barrier coatings. However, when zirconia

1 Introduction

Yttria-stabilized tetragonal zirconia polycrystalline
(Y-TZP) ceramics exhibit exceptional physical and
mechanical properties due to the stress-induced
transformation from the tetragonal phase to the
monoclinic phase at room temperature' ). Thus, they
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ceramics are exposed in a humid environment at low
temperatures from 100 to 300 C, this phase
transformation also occurs due to the presence of water
and/or water vapor. This phenomenon is known as

hydrothermal aging or low-temperature degradation'® ",
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It is well known that hydrothermal aging results in
microcracks on the surface of the materials and
strength loss of the modules. Thus, a comprehensive
understanding  and  characterization  of  the
hydrothermal aging behaviors of zirconia has become
a critical issue for the applications that are in contact
with water and/or water vapor.

Hydrothermal aging of zirconia was first proposed
by Kobayashi thirty years ago[g]; since then, many
attempts have been made to obtain a reasonable
explanation for the degradation mechanisms, thereby
enalblin%9 Elzle prevention of hydrothermal aging of
zirconia” 2 Generally, hydrothermal aging of
zirconia initiates at the surface that is in contact with
water and/or water vapor and then progresses
gradually towards the bulk of the material. The phase
transformation of grains from t—m is accompanied by
a volume expansion, so the volume expansion of
transformation zone gives rise to severe defects, such
as microcracks, grain pullout and surface roughening,
which finally leads to a loss in the fracture strength of
the ceramic. To date, although the hydrothermal aging
mechanisms are still under debate, researchers believe
that many factors, such as different grain sizes,
residual or applied stresses, density, content of Y,O3 in
the tetragonal phase, proportion of cubic phase, and
doping with more than one oxide can influence the
aging process!” "%, Thus, the usual approaches to
alleviate aging in zirconia ceramics are as follows: (i)
reduce the grain size, (ii) increase the amount of the
phase stabilizer, (iii) formulate the composites
appropriately, (iv) modify the surface and (v) enhance
the densitym*w]. For a given zirconia ceramic, the
relative density, the average grain size and the
homogeneit; of the phase distribution are of primary
importance[ 0-21]

To prepare Y-TZP ceramics with high relative
density as well as wuniform and fine grains,
pressure-assisted sintering techniques are considered a
practical and efficient approach, during which the
external applied load can provide an additional force
to accelerate densification while inhibiting grain
growth.  Currently,  pressure-assisted  sintering
techniques generally consist of hot pressing (HP),
spark [}z')lasma sintering (SPS) and hot isostatic pressing
(HIP) 221 However, only a constant pressure is
applied for these techniques, and that cannot
accomplish what the pressure is capable of during the
sintering stage. It is believed that ceramic powders
under an oscillatory pressure can be different from
those under a constant pressure in terms of the
densification route and grain growth since oscillatory
pressure can enhance particle rearrangement at low
temperatures and plastic deformation of grains at high
temperatures.

In previous studies , we proposed an oscillatory
pressure sintering (OPS) technique for the preparation
of zirconia ceramics with high performance. When

[26-29]

applying an oscillatory pressure during the sintering
stage, the zirconia ceramics exhibited a high density
and uniform and fine grains compared with those
prepared by hot pressing (HP) under the same
temperature and constant pressure conditions. Due to
these microstructure evolutions, the flexural strength
of the oscillatory pressure sintered specimen reached
approximately 1 556 MPa, whereas that for the
specimen prepared by hot pressing (HP) was 1224 MPa.
When applying an oscillatory pressure at high
temperatures, several new densification mechanisms,
such as particle rearrangement, grain plastic
deformation and grain boundary sliding occurred,
which provided a high driving force for the
densification of the particles. Based on these results,
the OPS technique is considered as an attracting
technique for preparing zirconia ceramics.

In this study, the hydrothermal aging behaviors of
zirconia ceramics using the OPS technique were
investigated. =~ The as-received ceramics were
hydrothermally treated in autoclaves at 134 C and
0.2 MPa for periods of 6 h, 12 and 18 h. It has been
shown that 1 h of autoclave treatment of zirconia at
134 C has the same effect as 34 a in vivo at
37 ‘CP%3 Thus, this is an adequate accelerated
program for life cycle studies of zirconia biomedical
implants. As a comparison, zirconia ceramics were
sintered by the hot-pressing method with the same
starting powders and then aged in the same
hydrothermal condition. The wvariation of the
microstructure, phase composition, and mechanical
properties of the oscillatory pressure sintered and
hot-pressed specimens as a function of the the aging
temperatures were investigated in detail.

2 Experimental procedures

2.1 Raw materials and sample preparation

Commercially available zirconia powder (Y-TZP
with 3% (mole fraction) Y,0O;3 and an average size of
80 nm) prepared by the coprecipitation method was
chosen as the starting powder. A brief description of
the processing and hydrothermal aging of the Y-TZP
ceramics is presented in Fig. 1. From the TEM image
in Fig. 1, the zirconia particles exhibited a uniformly
distributed size and regular morphology. Before
sintering, the as-received powders were first
granulated using the spray drying method.

The preparation of the oscillatory pressure sintered
specimens was carried out using a self-developed
oscillatory pressure sintering apparatus, as shown in
Fig. 1. This apparatus could apply an oscillatory
pressure with controllable amplitude and frequency to
the powders in the graphite die. For the preparation of
the oscillatory pressure sintered specimens, the raw
particles were first placed in a graphite die and then
heated gradually to 1 450 ‘C at a heating rate of
200 ‘C/h. When the temperature reached 1450 ‘C, an
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oscillatory pressure from 27.5-32.5 MPa was applied
for 90 min. The shape of the oscillatory pressure is
indicated by the brown curve in Fig. 1. After soaking
at the peak temperature for 90 min, the sample was
cooled to 900 ‘C with a cooling rate of 200 ‘C/h; at the
same time, the oscillatory pressure was gradually
unloaded.

To prepare zirconia ceramics by hot pressing, the
granulated particles were first placed in a cylindrical
graphite die with an inner diameter of 50 mm and then
sintered in a hot-pressing furnace (MULTI-5000,
Fujidempa, Japan). The sintering schedule was similar
to that of the oscillatory pressure sintered specimens,
except that a constant pressure of 30 MPa was applied
at 1 450 ‘C without any oscillatory pressure.

Both the hot-pressed and the oscillatory pressure
sintered ceramics were post-processed by incising,
grinding and polishing, and then, they were
hydrothermally aged at 134 C and 0.2 MPa in an
autoclave. The hydrothermal aging periods in this
study were limited to 6h, 12h and 18 h. According to
the 6 h, 12 h and 18 h aging periods, the HP specimens
were labeled as HP-6, HP-12 and HP-18, respectively;
similarly, the oscillatory pressure sintered specimens
were labeled as OPS-6, OPS-12 and OPS-18,
respectively.
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A brief description of the preparation and hydrothermal
aging of the zirconia ceramics

2.2 Characterization methods

The morphology and size of the raw powders were
characterized by field-emission transmission election
microscopy (TEM; JEOL-2 011, Japan).
Microstructure changes of the specimens before and
after aging were characterized using field-emission
scanning election microscopy (SEM; LEO-1 503,
Oberkochen, Germany). Before observation, the
polished surface of the specimens was thermally
etched at 1400 °C for 30 min. Composition changes of
the specimen Dbefore and after aging were
characterized by XRD and Raman spectroscopy.
Flexural strength of the specimens was measured
using a three-point bending method using testing bars
with dimensions of 3 mmx4 mmx36 mm, which were
polished with diamond slurry to a 1.0 um finish. The
hardness (H) and Young’s modulus (F) of the

specimens were analyzed by a continuous stiffness
measurement using a nanoindenter (XP, MTS Systems
Corp., United States) before and after hydrothermal
aging. Indentation was performed on the polished
surface of the specimens.

3 Results and discussion

To investigate the grain morphology and size of the
two specimens, the as-sintered zirconia ceramics were
first thermally etched at 1250 °C for 30 min in a
muffle furnace. The microstructures of the hot-pressed
and oscillatory pressure sintered zirconia ceramics
before aging are presented in Fig. 2. From the polished
surfaces in Figs. 2(a)-2(b), it can be seen that the
grains of the hot-pressed specimen were distributed
over the size range from 200 to 400 nm, while those of
the oscillatory pressure sintered specimen were
distributed over the narrow range from 230 to 320 nm.
In addition, pores and particle shedding occurred on
the polished surface of the hot-pressed specimen,
which is harmful to the mechanical properties of
zirconia ceramics. The statistical analysis indicated
that the average grain sizes of the hot-pressed and
oscillatory pressure sintered specimens corresponded
to 307 and 283 nm, respectively. In addition, the grain
boundaries of the oscillatory pressure sintered
specimen were cleaner and straighter than those of the
hot-pressed specimen. The TEM images in Figs. 2(c)
—2(d) further confirmed the grain refinement in the
oscillatory pressure sintered specimen, which
improved the resistance of the zirconia to
hydrothermal aging. As a result of the microstructure
evolution, the mechanical properties of the oscillatory
pressure sintered specimen were significantly
improved, which has been reported in the previous
literature reports”***. In particular, the flexural
strength of zirconia increased from 1224 to 1556 MPa
when the oscillatory pressure was applied at high
temperatures.

Fig. 3 shows the Raman spectra and XRD patterns
of the hot-pressed and oscillatory pressure sintered
specimens before and after hydrothermal aging at
134 C and 0.2 MPa. The Raman spectra were
collected from a very thin layer on the surface, so even
a very small amount of monoclinic phase can be
detected. Moreover, X-rays could penetrate further
into the bulk of ceramics to analyze the propagation of
the phase transformation. A combination of XRD and
Raman analyses was performed to investigate the
initiation and propagation of the phase transformation.

The Raman spectra in Figs. 3(a) and 3(b) present
the initiation and propagation of the r—m
transformation on the ceramic surface with increasing
aging time. With the extension of the aging time,
strong peaks at 178, 189 and 373 cm ' were observed
that correspond to monoclinic zirconia in both the
HP-18 and OPS-18 specimens. However, compared
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(a) SEM, HP

(c) TEM, HP

(b) SEM, OPS

(d) TEM, OPS

Fig.2 Microstructures of the as-sintered zirconia ceramics
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Fig. 3 Phase compositions of the zirconia ceramics before and after aging
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with that of the hot-pressed specimen in Fig. 3(a), the
oscillatory pressure sintered specimen in Fig. 3(b)
went through a lower rate of phase transformation,
indicating a high resistance to hydrothermal aging. As
shown from the XRD patterns in Figs. 3(c)-3(d), an
obvious peak appeared at 26=27.8°, which confirmed
the transformation from the tetragonal phase to the
monoclinic phase. Because the fractions of monoclinic
zirconia were low in both specimens, only one peak
belonging to the monoclinic phase was detected in the
XRD patterns.

As described above, hydrothermal aging leads to
phase transformation and causes microcracks and high
roughness on the material surface. From the failure
theory by Griffith®?], the mechanical performances of
ceramics are sensitive to surface defects. The flexural
strength of the hot-pressed and oscillatory pressure
sintered ceramics as a function of aging time is
illustrated in Fig. 4. With increasing aging time, the
flexural strength of the hot-pressed specimen declined
from 1 224 to 878 MPa. Although the oscillatory
pressure sintered specimen was nearly fully dense and
had uniform and fine grains, it underwent an obvious
degradation in flexural strength from 1 556 MPa for
the unaged specimen to 1216 MPa for the OPS-18
specimen, as described in Fig. 4(a). In spite of this
decrease, the decrease in the strength of the
oscillatory pressure sintered specimen was slower
than that of the hot-pressed specimen at extended
aging times, as described in Fig. 4(b). Therefore, the
flexural strength of the oscillatory pressure sintered
specimen was always higher than that of the
hot-pressed specimen, indicating that the OPS
technique is applicable for the preparation of
high-performance zirconia ceramics.

The tetragonal grain size, sintering temperature,
and yttria stabilizer are considered to be the pertinent
factors for the aging behavior of zirconia ceramics.
The decline in the flexural strength in both the
hot-pressed and oscillatory pressure sintered
specimens was ascribed to the degree of the phase
transformation on the material surface that induced
microcracks and grain coarsening as the hydrothermal
aging occurred. Fig. 5 presents the microstructure
variation of the oscillatory pressure sintered specimen
with increasing aging time. The phase transformation
from —m in the zirconia was accompanied by a
volume expansion of approximately 7% (volume
fraction); thus, the oscillatory pressure sintered
zirconia experienced grain coarsening in average grain
size with increasing aging time, as shown in Fig. 5.
From Hall-Petch relationship™, the fracture strength
of ceramics is inversely proportional to the average
grain size. Specifically, as indicated by the red circles
in Fig. 5, an increasing amount of coarse grains
formed with increasing aging time, which is harmful
to the mechanical properties of zirconia ceramics.
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Fig. 4 Variation of mechanical properties of the zirconia
ceramics with the extension of hydrothermal aging
time

As discussed in Fig. 2, the average size of the
hot-pressed specimen was higher than that of the
oscillatory pressure sintered specimen; thus, a higher
amount of phase transformation occurred in the
hot-pressed specimen and led to a rapid decrease in the
flexural strength of the hot-pressed specimen. Despite
the decline in flexural strength for the oscillatory
pressure sintered specimen, it was always higher than
that of the hot-pressed specimen. Therefore, the
oscillatory pressure sintered zirconia specimen can be
used in extreme conditions.

Typical load-displacement curves of the hot-
pressed and oscillatory pressure sintered ceramics by
nanoindentation are shown in Fig. 6. The changes in
the load-displacement curves is an indication of the
specific surface condition of each specimen, so the
load-displacement curve is considered as a practical
method to analyze the influence of hydrothermal aging
on zirconia ceramics. For the same penetration depth,
the indentation load needed for the oscillatory pressure
sintered zirconia is much higher than that of the
hot-pressed zirconia, which is ascribed to the high
relative density and fine grain size of the oscillatory
pressure sintered zirconia. With extended aging times,
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(a) Un-aged OPS

(c) OPS-12

(d) OPS-18

Fig. 5 Surface microstructures of oscillatory pressure sintered zirconia before and after hydrothermal aging
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Fig. 6 Typical load-displacement curves of the zirconia

ceramics by nanoindentation

the phase transformation led to a decrease in the
indentation load for a given penetration depth. It is
speculated that hydrothermal aging decreased the
bonding strength between zirconia grains and even
created microcracks in the grain boundaries. Therefore,
the variation of the indentation load at the same
surface penetration depth clearly indicated the corrosion
degree of zirconia induced by hydrothermal aging.
Hydrothermal aging is an initiation-propagation
process from the ceramic surface to the ceramic bulk
and from the grain boundary to the grain center. To
investigate the variation of corrosion depths with
extended aging times, the modulus variation of the
oscillatory pressure sintered specimens from the surface
to the penetration depth of approximately 200 nm was
investigated. In Fig. 7(a), the moduli increase rapidly
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Fig. 7 Young’s modulus as a function of indentation depth for
OPS zirconia ceramics
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and then maintain a constant value, indicating that
only a thin layer was corroded during hydrothermal
aging. From the SEM image in Fig. 7(b), a
coarsening layer can be observed on the material
surface, which corresponds to the monoclinic phase
induced by the phase transformation. Moreover, from
Fig. 7(a), the modulus at the same displacement
declined with increasing aging time, which can be
explained by the variation in the phase composition,
grain size and micro-crack-induced hydrothermal
aging. With the extension of aging time, the
formation of the monoclinic phase, the volume
expansion of zirconia grains and the formation of
microcracks were responsible for the decrease in the
modulus.

4  Conclusions

A novel OPS technique was developed for the
preparation of zirconia ceramics with a high density
and uniform and fine grains. To expand the application
of zirconia ceramics in the biomedical field, the aging
behaviors of oscillatory pressure sintered ceramics
were studied in an autoclave at 134 C and 0.2 MPa.

With the extension of the aging time, strong peaks
at 178, 189 and 373 cm ' occurred in the Raman
spectra, which corresponded to the monoclinic
zirconia derived from the phase transformation.
However, the peak intensities for the oscillatory
pressure sintered specimen were lower than those for
the hot-pressed specimen. Due to the microcracks and
high roughness induced by the phase transformation
on the material surface, the flexural strength of the
oscillatory pressure sintered specimen declined from
1556 MPa for the unaged specimen to 1 216 MPa for
the specimen aged for 18 h. Even so, the flexural
strength of oscillatory pressure sintered zirconia was
always greater than that of the hot-pressed specimen.
From the load-displacement curves, the indentation
load needed for the oscillatory pressure sintered
specimen was much higher than that of the hot-pressed
specimen for a given penetration depth, which was
ascribed to the high density and fine grains in the
oscillatory pressure sintered zirconia. As a result, the
zirconia ceramics consolidated by the OPS technique
can operate in more extreme conditions than those
consolidated by the HP technique.

Acknowledgements

This work was financially supported by the
National Natural Science Foundation of China (Grant
No. 51502120, 51802176 and 51872174), the Project
of Shandong Province Higher Educational Science and
Technology Program (Grant No. J17KA020) and
SDUT & Zibo City Integration Development Project
(2018ZBX(C439).

References:

(1]

[2]

(3]

(4]

(6]

(71

(8]

]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

MONACO C, TUCCI A, ESPOSITO L, et al. Microstructural changes
produced by abrading Y-TZP in presintered and sintered conditions[J].
J Dent, 2013, 41(2): 121-26.

FANG Y, SU Y F, ZHANG Y S, et al. Design, preparation and
performances optimization of zirconia-based functionally graded
material[J]. J Chin Ceram Soc, 2016, 44(12): 1729-1735.

ZHANG F, INOKOSHI M, VANMEENSEL K, et al. Lifetime
estimation of zirconia ceramics by linear ageing kinetics[J]. Acta
Mater, 2015, 92: 290-298.

RAMESH S, LEE K Y, TAN C Y. A review on the hydrothermal
ageing behaviour of Y-TZP ceramics[J]. Ceram Inter, 2018, 44(17):
20620-20634.

GUO F, LIU Y, WANG G, et al. Hydrothermal ageing of tetragonal
zirconia porous membranes: Effect of thermal residual stresses on the
phase stability[J]. Corros Sci, 2018, 142(1): 66-78.

GUAZZATO M, ALBAKRY M, RINGER S P, et al. Strength, fracture
toughness and microstructure of a selection of all-ceramic materials.
Part II. Zirconia-based dental ceramics[J]. Dent Mater, 2004, 20(5):
449-456.

MANICONE P F, IOMMETTI P R, RAFFAELLI L. An overview of
zirconia ceramics: Basic properties and clinical applications[J]. J Dent,
2007, 35(11): 819-826.

KOBAYASHI K, KUWAJIMA H, MASAKI T. Phase change and
mechanical properties of ZrO,-Y,0; solid electrolyte after ageing[J].
Solid State Ionics, 1981, 3—4: 489-493.

WULFMAN C, DJAKER N, SADOUN M, et al. 3Y-TZP in-depth
phase transformation by Raman spectroscopy: A comparison of three
methods[J]. J Am Ceram Soc, 2014, 97(7): 2233-2240.
GREMILLARD L, MARTIN L, ZYCH L, et al. Combining ageing and
wear to assess the durability of zirconia-based ceramic heads for total
hip arthroplasty[J]. Acta Biomater, 2013, 9(7): 7545-7555.
SCHMAUDER S, SCHUBERT H. Significance of internal stresses for
the martensitic transformation in yttria-stabilized tetragonal zirconia
polycrystals during degradation[J]. J Am Ceram Soc, 1986, 69(7):
534-540.

LAWSON S. Environmental degradation of zirconia ceramics[J]. J Eur
Ceram Soc, 1995, 15(6): 485-502.

FLAMANT Q, ANGLADA M. Hydrofluoric acid etching of dental
zirconia. Part 2: Effect on flexural strength and ageing behavior[J]. J
Eur Ceram Soc, 2016, 36(1): 135-145.

WEI C, GREMILLARD L. The influence of stresses on ageing
kinetics of 3Y- and 4Y- stabilized zirconia[J]. J Eur Ceram Soc, 2018,
38(2): 753-760.

VERESHCHAGINA T A, KUTIKHINA E A, SOLOVYOV L A.
Synthesis and structure of analcime and analcime-zirconia composite
derived from coal fly ash cenospheres[J]. Micropor Mesopor Mat,
2018, 258(3): 228-235.

SUTHARSINI U, THANIHAICHELVAN M, TING C H, et al. Effect
of two-step sintering on the hydrothermal ageing resistance of
tetragonal zirconia polycrystals[J]. Ceram Inter, 2017, 43(10):
7594-7599.

FEFER A, ALCALA J, LLANES L, et al. Microstructure, mechanical
properties and stability of nitrided Y-TZ[J]. J Eur Ceram Soc, 2003,
23(15): 2955-2962.

LEE T H, LEE S H, HER S B, et al. Effects of surface treatments on

the susceptibilities of low temperature degradation by autoclaving in



398 CRERR Eh2230)

J Chin Ceram Soc, 2020, 48(3): 391-398

2020 4F

[19]

[20]

[21]

[22]

[23]

[24]

[25]

zirconia[J]. J Biomed Mater Res B, 2012, 100B(5): 1334-1343.

LIN J D, DUH J G, LO C L. Mechanical properties and resistance to
hydrothermal aging of ceria- and yttria-doped tetragonal zirconia
ceramics[J]. Mater Chem Phys, 2003, 77(3): 808-818.

CHEVALIER J, GREMILLARD L, DEVILLE S. Low-temperature
degradation of zirconia and implications for biomedical implants[J].
Annu Rev Mater Res, 2007, 37(1): 1-32.

CAOY, RAN R, WU X, et al. Ageing resistance of rhodium supported
on Ce0,-ZrO, and ZrO,:
Rh-support interaction under diverse ageing atmosphere[J]. Catal
Today, 2017, 281: 490-499.

TURON-VINAS M, ANGLADA M. Strength and fracture toughness
of zirconia dental ceramics[J]. Dent Mater, 2018, 34(3): 365-375.
DAHL P, KAUS I, ZHAO Z, et al. Densification and properties of
zirconia prepared by three different sintering techniques[J]. Ceram
Inter, 2007, 33(8): 1603-1610.

CONRAD H, YANG D. Dependence of the sintering rate and related
grain size of yttria-stabilized polycrystalline zirconia (3Y-TZP) on the
strength of an applied DC electric field[J]. Mat Sci Eng A, 2011,
528(29-30): 8523-8529.

MANICONE P F, ROSSI P, RAFFAELLI L. An overview of zirconia
ceramics: Basic properties and clinical applications[J]. J Dent, 2007,
35(11): 819-826.

Rhodium nanoparticle structure and

[26]

[27]

(28]

[29]

[30]

(1]

[32]

[33]

XIE Z P, LI S, AN L N. A novel oscillatory pressure-assisted hot
pressing for preparation of high-performance ceramics[J]. ] Am Ceram
Soc, 2014, 97(4): 1012-1015.

HAN Y, LI S, ZHU T B, et al. An oscillatory pressure sintering of
zirconia powder: Rapid densification with limited grain growth[J]. J
Am Ceram Soc, 2017, 100(7): 2774-2780.

HAN Y, LI S, ZHU T B, et al. Enhanced properties of pure alumina
ceramics by oscillatory pressure sintering[J]. Ceram Inter, 2018, 44(11):
5238-5241.

HAN Y, LI S, ZHU T B, et al. An oscillatory pressure sintering of
zirconia powder: Densification trajectories and mechanical
properties[J]. J Am Ceram Soc, 2018, 101(5): 1824-1829.
CHEVALIER J, CALES B, DROUIN J M, et al. Low-temperature
aging of Y-TZP ceramics[J]. J Am Ceram Soc, 1999, 82(8):
2150-2154.

DEVILLE S, GREMILLARD L, CHEVALIER J, et al. A critical
comparison of methods for the determination of the aging sensitivity in
biomedical grade yttria-stabilized zirconia[J]. J Biomed Mater Res B,
2005, 72B(2): 239-245.

RAHAMAN M N. Ceramic Processing and Sintering, 1st. New York:
Marcel Dekker, 2003.

MEYERS M A, MISHRA A, BENSON D J. Mechanical properties of

nanocrystalline materials[J]. Prog Mater Sci, 2006, 51(4): 427-556.



