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INTRODUCTION 

Recently, all ceramic restorations are widely used not only
for anterior and posterior single crowns, but also for anterior
three or four-unit fixed partial dentures. Among several den-
tal ceramics, Yittrium-stabilized tetragonal zirconia poly-
crystal (Y-TZP) was accepted by dentists and patients due to
its superior flexural strength and fracture toughness com-
pared to other dental ceramic systems.1

Zirconia has three different crystal phases at different tem-
peratures: monoclinic, tetragonal and cubic. At room temperature
zirconia exists in monoclinic phase.2 Above 1070℃, the mon-
oclinic phase transforms into a tetragonal phase, which is
stable between 1170℃ and 2370℃.2 The cubic phase is stable
only at very high temperature. Zirconia can maintain the
tetragonal phase at room temperature by adding the stabilizers
such as yttria, magnesia and ceria etc. The martensitic tetrag-
onal-to-monoclinic phase transformation may be initiated

by stress (such as wear, machining, etc) and/or water. The phase
transformation from tetragonal to monoclinic exhibits a vol-
ume expansion of 3 - 4%.3 The crack propagation is inhibited
by the volume expansion at the crack tip. This phase trans-
formation toughening phenomenon results in high strength and
fracture toughness of the zirconia. 

Although zirconia has outstanding mechanical properties,
the phenomenon that decreases the life-time of zirconia has been
reported for more than twenty years. Kobayashi et al. were the
first to observe the degradation concerning the aging phe-
nomenon at 150 - 400℃.4 Since then, numerous studies have
focused on the low temperature aging phenomenon associated
with the mechanical properties.5-9 

The objectives of this study were i) to investigate the degra-
dation of flexural strength of Y-TZP ceramics after various low
temperatures aging treatment and ii) to evaluate the phase sta-
bility and micro-structural change after aging by using a
scanning electron microscope and X-ray diffraction analysis.
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MATERIAL AND METHODS

Preparation of specimens
Y-TZP blocks of Vita In-Ceram YZ (Vita Zahnfabrik, Bad Säckin-

gen, Germany) were fully sintered according to manufactur-
er’s recommendations. The fully sintered blocks were cut
into the size of 41 (length) × 5 (width) × 4 mm (height)
approximately. Then the blocks were divided into 8 groups,
10 specimens for each. All specimens were polished with 6 μ
m diamond paste, followed by 1 μm for 10 minutes at 3 kg load,
then annealed in a porcelain furnace at a temperature of
1200℃. The purposes of the polishing were to remove all
surface residual stresses, to round chipped corners of the
specimens, and to eliminate any cracks from inherent mater-
ial defects. The annealing process can remove any mono-
clinic phase on the surface of specimens during specimen
preparation procedures. Final size of the specimens was 40 ±
0.2 (length) × 4 ± 0.1 (width) × 3 ± 0.1 mm (height).

Low temperature aging
For a constant boiling of the specimens, the Autoclave reac-

tor (ECO solution, Seoul, Korea) was used. Specimens were arti-
ficially aged in distilled water by heat-treatment at a temperature
of 75, 100, 125, 150, 175, 200, and 225℃ for 10 hours in order
to induce the phase transformation at the surface. 

Flexural strength
To measure the mechanical property, the specimens were sub-

jected to a four-point bending test using a universal testing
machine (Instron model 3365, Instron, Canton, Mass, USA) at
a crosshead speed of 0.5 mm/min. The load to failure of the spec-
imens was recorded in Newton (N), and the flexural strength
was calculated in mega Pascal (MPa). To estimate the reliability
and variability of strength, the Weibull modulus (m) was
calculated. It was obtained from the slope of the curve generated
by plotting ln[ln 1/(1-Pf)] against lnσ.

The following equation was used to calculate the flexural
strength.10

Where P is the load at failure, L1 and L2 are the outer and inner
span length respectively. b is the specimen’s breadth, and d
is the specimen’s height. In this study, L1: 30 mm, L2: 10 mm,
b: 4 mm, and d: 3 mm.

X-ray diffraction analysis 
To measure the crystalline phase fraction, X-ray diffrac-

tion (DMAX 2500; Rigaku, Tokyo, Japan) was carried out. The
specimens were placed in the holder of a diffractometer and
scanned by using Cu-Kαradiation (λ= 1.54056Å) at a diffraction
angle change from 25�to 40�. Step size of 0.02�and scan

speed of 1 degree per minute were used to determine the peak
position and composition. Peaks from the XRD output were
compared with library data and the monoclinic/tetragonal phase
ratio Xm was calculated using the following equation, as
described by Garvie and Nicholson.11

Where Ij{h k l} is the area of the {h k l} peak of the phase j mea-
sured by XRD. The X-ray penetration depth is around 5 μm.12

Scanning electron microscopy
The image of surface grains of each subgroup was ana-

lyzed by a scanning electron microscope (Hitachi s4700,
JEOL, Tokyo, Japan). Photographs were taken at magnifications
of × 15.0 k, × 30.0 k. The specimens were coated with a 15 nm
gold layer prior to observation in order to make their surface
conductive.

Statistics
The statistical analysis was done using SAS 9.1.3 (SAS insti-

tute, Cary, USA). The flexural strength data of the experimental
groups were analyzed by one-way analysis of variance to
detect statistically significant differences (α= .05). 

RESULTS

Flexural strength 
Mean 4-point flexural strength value, standard deviation, and

Weibull modulus (m) of Vita In-Ceram YZ are listed in Table
I. The mean flexural strength of sintered Vita In-Ceram YZ with-
out autoclaving was 798 MPa. The specimens autoclaved at
125℃ for 10 hours had the highest flexural strength of 1161 MPa. 

Weibull statistics indicated that the Weibull modulus (m) was
ranged from 6 to 33 (Table I).

Fig. 1. showed the porous microstructure and grain size
of Vita In-Ceram YZ. The average grain size of 0.5 μm was mea-
sured using the linear intercept method. The gap among the
grains became definite in the groups autoclaved at 150 and
225℃ for 10 hours, compared to the specimen without auto-
claving.

X-ray diffraction analysis
The peaks from the X-ray diffraction analysis were compared

with the library data, which is the X-ray diffraction stan-
dards file (17-0923) on zirconium oxide. The results from X-ray
diffraction analysis of the specimens without autoclaving
revealed only the tetragonal phase. However, the X-ray dif-
fraction analysis for the other groups indicated that they had
various ratio of tetragonal and monoclinic phase related to the
temperature applied. The major peaks of the tetragonal phase
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of Vita In-Ceram YZ in the range from 25 degree to 40 degree
2θwere 30.18, 34.62, and 35.18 degree. Also, those of the
monoclinic phase were detected at 28.16 and 31.4 degree.
The dominant peak was the tetragonal phase at 30.18 degree.
The relative intensities of the tetragonal and monoclinic phase
changed with various materials and autoclaving tempera-
ture. The monoclinic phase concentration (by % weight) was
calculated from the relative intensity of the tetragonal and mon-
oclinic peaks using the equation proposed by Garvie and
Nicholson.

Fig. 2. shows the relationship between the ratio of mono-
clinic/tetragonal + monoclinic phase and various temperatures.
And, Fig. 3. reveals the relationship between the flexural
strength and monoclinic phase concentration of Vita In-
Ceram YZ. The monoclinic phase started to appear after
aging treatment above 100℃. The fraction of monoclinic
phase increased as the aging temperature became higher.
The ratio of monoclinic/tetragonal + monoclinic phase reached
a plateau value, circa 75% above 175℃.

DISCUSSION 

The data of flexural strength, monoclinic/tetragonal + mon-
oclinic ratio, and microstructure of fractured surface indi-
cated that the mechanical property of Y-TZP ceramic varied
after low temperature aging.

Flexural strength increased from room temperature to 125℃,
and at a temperature of 125℃, the flexural strength was the high-
est. After that, it started to decrease. This result was different
from that of the previous studies. In the previous studies, low
temperature aging did not reduce the flexural strength of
zirconia or the degradation of strength was dependent on the
aging temperature and time.5-9,13,14 The temperature applied to
low temperature aging varied with the studies. Cales et al.13

Fig. 1. The images taken by scanning electron microscope.
(A) Vita In-Ceram YZ without autoclave aging, original magnification × 30.0 k  (B) Vita In-Ceram YZ with autoclave aging at 150℃ for 10 hours, orig-
inal magnification × 30.0 k  (C) Vita In-Ceram YZ with autoclave aging at 225℃ for 10 hours, original magnification × 30.0 k

A B C

Fig. 2. X-ray diffraction pattern of Vita In-Ceram YZ after aging process
at different temperatures.

Fig. 3. Graph of the flexural strength and monoclinic phase concentra-
tion of Vita In-Ceram YZ.

Table I. Flexural strength and Weibull modulus (m) of Vita In-Ceram YZ
Mean 4-point  Weibull  

Group flexural strength modulus
in MPa (SD) (m)

A Vita In-Ceram YZ 
798 (96) 9

(room temperature, 20℃)
B Vita In-Ceram YZ (75℃ 10 h) 1025 (134) 8
C Vita In-Ceram YZ (100℃ 10 h) 1047 (110) 10
D Vita In-Ceram YZ (125℃ 10 h) 1161 (196) 6
E Vita In-Ceram YZ (150℃ 10 h) 932 (93) 11
F Vita In-Ceram YZ (175℃ 10 h) 880 (22) 33
G Vita In-Ceram YZ (200℃ 10 h) 824 (60) 14
H Vita In-Ceram YZ (225℃ 10 h) 722 (38) 21
Scanning electron microscopy (SEM) analysis
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applied 37℃, and Shimizu et al.14 used above 100℃ for aging
temperature. In the study that low temperature aging treatment
did not reduce the flexural strength, the temperature applied
to the aging treatment was relatively low. In fact, 37℃ is a low-
er temperature than that applied in the other studies and
can not cause degradation of Y-TZP in a short time.15

Chevalier et al.16 investigated the time-dependent aging
changes on Y-TZP. The authors reported that the higher the tem-
perature and dwell duration, the higher the transformation rate
and it could be related to the overall grain size. As the size of
tetragonal grain increased, the stability began to diminish. In
this study, the specimens were aged at various temperatures
for 10 hours. Aging at 134℃ for 1 hour is theoretically similar
to 3 - 4 years in vivo.5,17,18 So, the experimental condition may
approximately correspond to a long period of time. Chevalier
et al.5 found that aging at 130℃ after 7 hours, for a monoclinic
content higher than 30%, the nucleation rate reached a saturation
level. In the present study, the flexural strength was higher in
the group autoclaved at 125℃ for 10 hours than the group with-
out aging. These results revealed that monoclinic concentra-
tion to some extent provides the increase of flexural strength.
At first, the tetragonal-to-monoclinic phase transformation is
initiated at the surface of Y-TZP. And, when the amount of mon-
oclinic phase was small, the change of grain size and physical
property was insignificant.15 On the contrary, the residual
stress diminishes and the volume expansion by the phase
transformation inhibits the crack propagation.2 This phe-
nomenon may be related to the increase of flexural strength.
However, when the saturation in monoclinic phase is reached
at the surface, the phase transformation then proceeds into the
bulk of the Y-TZP ceramic.9 Under this condition, internal flaws
can be critical, and the degradation of the flexural strength occurs.
Nevertheless, further reduction of the flexural strength was not
observed below 700 MPa. The strengths were still higher
than those of other dental ceramic systems, and those were above
the value of occlusal force reported by the previous stud-
ies.19 Therefore, the strengths of Vita In-Ceram may be suffi-
cient for allowing reliable use for crown and fixed partial
denture in the posterior region. 

Ceramics have a wide variability of strength due to the
flaws and micro cracks inside. The Weibull modulus (m) is relat-
ed to the flaw-size distribution.20 In order to get the reliabili-
ty of experimental data, it is important to investigate the
mean flexural strength and to estimate the Weibull modulus
(m). Thus, in the study concerning ceramics, the Weibull
modulus was calculated. While low m value corresponds to a
wide flaw-size distribution and large error range, high m
value corresponds to a narrow flaw-size distribution and
outstanding reliability.20,21 Most ceramics are reported to have
‘m’values in the range of 5 to 15.22 In the present study,

Vita In-Ceram has‘m’values in the range of 6 to 33. These facts
indicate that they have great structural reliability. 

Three-point bending test is the standard method for estimating
the flexural strength of dental ceramics. However, in this
study, 4-point bending test was performed to reflect the
flaws and defects in specimens thoroughly. The 4-point bend-
ing test develops lower level of shear force in the specimen com-
pared to the 3-point bending test.23

X-ray diffraction analysis indicated that the flexural strength
was increased until up to 12% of monoclinic concentration. The
flexural strength decreases remarkably above 125℃ aging
temperature, At the same time, monoclinic concentration
increases sharply from 12% to 75%. Further study is needed to
determine the critical amount of monoclinic phase at which the
flexural strength begins to fall. 

It was reported that the tetragonal-to-monoclinic transformation
proceeds from the external to the internal of Y-TZP ceramic.9

Therefore, it can be assumed that tetragonal-to-monoclinic phase
transformation begins to proceed from the external to the
internal when the amount of monoclinic increases sharply.
Images taken by SEM showed that the transformation from
tetragonal to monoclinic phase during low temperature aging
procedure begins to make rapid progress between at 125℃ and
at 150℃. Low temperature aging caused the fractured surface
of Vita In-Ceram YZ to reveal an “orange peel”like texture.24

This means that each grain was pushed out of the surface and
the roughness of surface increased due to low temperature aging.
This change of surface may lead to the degradation of mechan-
ical property of Y-TZP ceramics. Previous low temperature aging
studies have also attributed decreased strength to phase
transformation in Y-TZP ceramics.5,6,8 Due to the difficulty
of performing the X-ray diffraction analysis on depth deeper
than the first 5 μm, another method such as AFM is necessary
for more precise analysis.5

In clinical situations, fractures of veneer and/or interface
between veneer and core happen more frequently than those
of including core generally.25 Therefore, flexural strength
exceeds 700 MPa even after low temperature aging may not
guarantee that this result would be effective in the clinical sit-
uation. In order to make the condition similar to clinical situation,
it is strongly recommended to design an improved experimental
model loaded repeatedly vertical and lateral with the force
applied to the veneer/core specimens after low temperature
aging.

CONCLUSION

1. Low temperature aging produced the positive and negative
effects on the mechanical properties of Y-TZP ceramics
depending on the temperature applied.

2. When applied aging temperature at below 125℃ for 10
hours, the flexural strength of Y-TZP ceramics increased.
However, at above 150℃, the flexural strength started to
decrease. 
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3. Low temperature aging caused the tetragonal-to-monoclinic
phase transformation related to temperature. The mono-
clinic phase started to appear after aging treatment above
100℃. The fraction of monoclinic phase increased with the
higher aging temperature. The ratio of monoclinic/tetrag-
onal + monoclinic phase reached a plateau value, circa 75%
above 175℃.

4. The point of monoclinic concentration at which the flex-
ural strength begins to decrease is between 12% and 54%.

5. After aging process of various temperatures, minimum flex-
ural strength of 700 MPa and minimum Weibull modulus
of 6 was maintained. 
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