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Performance of 3Y-TZP Bioceramics Under Cyclic Fatigue Loading
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In this work, the static mechanical properties and cyclic fatigue life of 3 mol. (%) Y,O,-stabilized tetragonal
zirconia polycrystalline (3Y-TZP) ceramics were investigated. Pre-sintered samples were sintered in air at 1600 °C
for 120 minutes, and characterized by X ray diffraction and scanning electronic microscopy. Hardness and fracture
toughness were determined by Vicker’s indentation method, and Modulus of Rupture was determined by four-point
bending testing. Fully dense sintered samples, near to 100% of theoretical density, presented hardness, fracture
toughness and bending strength of 13.5 GPa, 8.2 MPa.m'? and 880 MPa, respectively. The cyclic fatigue tests were
also realized using four-point bending testing, within a frequency of 25 Hz and stress ratio R of 0.1. The increasing of
load stress lead to decreasing of the number of cycles and the run-out specimens number. The tetragonal-monoclinic
(t-m) ZrO,-transformation observed by X ray diffraction contributes to the increasing of the fatigue life. The 3Y-TZP
samples clearly presents a range of loading conditions where cyclic fatigue can be detected.
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1. Introduction

Fatigue behavior which occurs below the critical failure strength
is a common phenomenon in all materials including ceramics'. The
existence of cyclic fatigue effects was observed in ceramic materi-
als, and experimental evidence was reached for a limited range of
test conditions®.

The use of structural ceramics as biomaterials started in the
1970’ies and recently, an important increasing of the importance of
these materials are resulting of its use as dental materials, because
ceramics present attractive advantages such as aesthetic, biocompat-
ibility and chemical inertness**. Zirconium oxide, ZrO,, is a promising
bioceramic due to its excellent biocompatibility, high fracture strength,
fracture toughness, and low Young’s modulus®. It is knowledge that
ZrO, additions may increase the fracture toughness of compatible
ceramic materials. This effect is based on the tetragonal to monoclinic
phase transformation of ZrO,, associated to the increasing of the grains
around 3 and 5 vol. (%)°. This volumetric expansion generates stresses
in the ceramic matrix, which difficult the crack propagation. When this
ceramic is used for implants such as artificial joints or dental abutment,
it undergo loading for fairly long period™.

There is a strong demand for generation of design-relevant fatigue
data. On the other hand, knowledge of fatigue in ceramics is insufficient
so far''2, Furthermore, fatigue testing applied to brittle materials im-
poses a number of problems. One of them is wide scatter in data, which
sometimes obscures the fatigue tendency. This scatter is considered to
derive intrinsically from a defect distribution in the specimens'>.

In this paper, the physical and mechanical properties of the com-
mercial 3 mol.%Y,0,-tetragonal zirconia polycrystals (3Y-TZP) were
investigated. Furthermore, the performance of these ceramics under cy-
clic fatigue loading was determined using four-point bending testing.
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2. Experimental Procedure

High-purity pre-sintered ZrO,-3mol.%Y ,0, ceramic blocks
(ProtMat - Brazil) were sintered in air at 1600 °C for 2 hours, with
heating and cooling rate of 10 °C/minute.

Bulk density was measured by the Archimedes’ method in dis-
tilled water. The crystalline phases present in sintered surfaces, were
determined X ray diffractometry using Cu-ko radiation in the 26 range
of 20 to 80°, with a step width of 0.05° and 2 seconds of exposure
time per position. The monoclinic phase content of different surfaces
was calculated using the Garvie and Nicholson method'*:
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where, I and I represent the integrated intensity (area under the peaks)
of the tetragonal (101) and monoclinic (111) and (111)_ peaks.
The monoclinic volume fraction was then obtained using equation
proposed by Toraya et al.'>:
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A total of 20 specimens sized on 3 X 4 X 45 mm were machined
from the as-received plates and subsequently grinded and polished
to 1 um diamond surface finish.

For microstructural characterization, the polished surfaces with
subsequent thermal etching (1350 °C-15 minutes) of the sintered
samples and fractured surfaces of the mechanically tested specimens
were examined by scanning electron microscopy (SEM), using
LEO-1450VP microscope.
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Hardness and fracture toughness, K ., were determined using a
Vickers Indentation method. In each sample, 10 indentations were
measured, under a load of 2000 gf for 30 seconds. The fracture
toughness has been calculated by measurement of the relation be-
tween cracks length (c) and indentation length (a), using the relation
proposed by Niihara et al.'®, valid for Palmqvist crack types, which
present c/a relation <3.5.

The modulus of rupture (MOR) was determined by four-point
bending testing, using a four-point bending device with outer and
inner spans of 40 and 20 mm, respectively. The crosshead displace-
ment speed was 0.5 mm/minute at room temperature, using a testing
machine MTS 810 (250 kN).

Cyclic fatigue tests were realized by four-point bending load-
ing in air at room temperature and studied under a sinusoidal stress
wave form with a frequency of 25 Hz and a constant stress ratio (R)
of 0.1. A total of 61 specimens with size of 3 X 4 X 45 mm were
machined from the as-received plate and polished to 1um diamond
surface finish. The number of specimens used in fatigue tests varied
between 13 and 23 samples under stresses of 570, 610 and 650 MPa.
At 550 MPa, at least 6 specimens were tested. In the lower stress
levels, 500 and 530, at least 3 specimens were tested. The tests were
interrupted when the surviving samples reached a number of stress
cycles between 2 and 5 x 10° cycles'.

To avoid the effect of the surface finishing on the mechanical
properties, the roughness of the polished surfaces were measured
for all samples, using a Mitutoyo SJ-201 Surface Roughness Tester,
in the both longitudinal and transverse directions.

3. Results and Discussion

3.1. Characterization

Figure 1 presents X ray diffractogram patterns of the polished
surface after sintering and fracture surface after bending testing.

After sintering, the processing conditions used in this work al-
lowed a total stabilization of tetragonal ZrO, phase. The X ray diffrac-
tion patterns of the fractured surfaces of the bending tested samples
show a significant monoclinic phase content (near to 10 vol. (%)),
result of the stress-induced t-m transformation, due to crack propaga-
tion. It is known that the application of stresses to tetragonal ZrO,
grains may start the t-m transformation®.

Figure 2 presents micrographs of polished/etched ZrO, surface
and fracture surface of a sample tested in fatigue testing.

In Figure 2a, the presence of refined microstructure with equiaxial
grains of mean size smaller than 0.5 pm was observed. Furthermore,
no abnormal grain growth of ZrO, was detected in this sintered
material. In Figure 2b a typical brittle fracture surface which clearly
shows that the initial crack nucleation and propagation region are
located in the upper side of the picture, corresponding to the region
of maximum tensile stress in the fatigue test.

The roughness results, relative density and mechanical properties
of the sintered samples are listed in Table 1.

The high densification (>99.5% of T.D.) of the sintered samples
indicates that the sintering conditions used in this work contributed
to eliminate porosity maintaining a microstructure with fine grains,
Figure 2a. This typical microstructure and the XRD patterns, showed

Table 1. Properties of the 3Y-TZP sintered samples.
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in Figure 1a, indicate the predominance of tetragonal phase, justifying
the high K, . and MOR values presented in Table 1. Majority, t-m phase
transformation is the main toughening mechanism, which, associated
with crack deflection were the responsible by the improvement of
the mechanical properties of this material. The high bending strength
presented for sintered samples, near to 900 MPa, are related to the high
tetragonal content, associated with fine ZrO, grains and low porosity.
Furthermore, the hardness and fracture toughness values were about
13.5 GPa and 8.2 MPam'?, respectively. These results are consistent
with previously related literature data®!'"'> for 3Y-TZP ceramics.
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Figure 1. X ray diffractogram patterns: a) polished surface after sintering
at 1600°C and b) fracture surface after bending testing. (T - tetragonal;
M - monoclinic).
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Figure 2. SEM micrograph of the 3Y-TZP ceramics: a) polished surface, and
b) fractured surface.

Relative density ~ Vickers hardness  Fracture toughness Modulus of rupture Roughness
(%) (GPa) (MPam'?) (MPa) R, (um) R (um)
99.7+0.2 13.5+0.2 8.15+0.25 880£35 0.04 +0.01 (Longitudinal) 0.42 £0.15 (Longitudinal)

0.15 £ 0.04 (Transverse)  0.45 = 0.05 (Transverse)
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The bending strength 6, of the ceramic is directly proportional
to the toughness K . as predicted by linear elastic fracture mechan-

ics '8
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where Y is the geometric factor corresponding to 2Am =1.128,
and C can be considered alternatively to be the flaw size initiating
fracture. Then, the flaw sizes initiating fracture of the ZrO, ceramics
sintered at 1600 °C are estimated to be between 58.5 and 77.6 um,
considering the standard deviation of the results presented in Ta-
ble 1. These critical flaw sizes indicate that the ZrO, ceramic is
durable against machining flaws between 55 and 80 wm, which are
expected to occur during the preparation of the restorations using a
high-speed handpiece, in an usual range of 20 to 50 um', indicat-
ing that the machining flaw size in this material must be lower than
20 um. Furthermore, an uniform preparation of the tensile surfaces,
submitted to the bending testing and cyclic fatigue loading testing,
attested by the roughness results (R <0.15 umand R __=0.45 pum),
indicates that the effect of the surface finishing is negligible in the
bending strength and fatigue results. The results of the cyclic fatigue
tests represented as function of the stress X number of cycles (¢ X N),
are shown in Figure 3.

The cyclic fatigue tests were interrupted at N = 5 X 10° cycles, for
samples whitout failre. These samples are marked an arrow symbol.
Five maximum stress levels (o) were selected in relation to the
initial strength obtained under static tests. It was found that fatigue
strength limit is around 550 MPa, which corresponds to 62.5% of
the MOR.

At the lowest stress levels (o, = 500 MPa and 530 MPa),
neither spontaneous nor fatigue fracture were observed. As 6,
increased, some specimens reached N, = 2 x 10° cycles without
failure, but some specimens, failed spontaneously, i. e., below 103
loading cycles. On the other hand, the number of specimens fail-
ing at 10° < N, < 2 x 10° was relatively large. For 13 specimens
tested at 0= 650 MPa, 4 specimens failed below a hundred
cycles, 9 failed during cycling and none achieved 10° cycles. The
23 specimens tested at 6, = 610 MPa revealed the following:
1 specimen failed below a hundred cycles, 19 failed during cycling,
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Figure 3. Cyclic fatigue tests results of the 3Y-TZP samples: 6 X N
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curve.
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3 specimens survived 2 x 10° cycles. The 13 specimens tested at
G .. = 570 MPa revealed that 1 specimen failed below hundred
cycles, 9 failed during cycling, 3 specimens survived 2 x 10 cycles.
At stress levels above of 550 MPa, the most of specimens failed
in the range of 10° < N, <2 x 10° cycles. Samples with low cycle
failure (N < 10° cycles), have a trend to be more representative
of bigger stresses, while the reduction of maximum stress applied
lead to a significant increasing of the number of samples without
failure (N, > 2 x 10° cycles)".

The specimens rupture in fatigue starts in the polished tensile
surface of the sample and occur in a brittle mode, being a function
of the critical flaw size. This flaw must overcome the compression
stresses generated by martensitic transformation in order to propagate.
The t-m transformation, as also was observed by Grathwohl and
Liu'!, increases the critical flaw size and results improved strength
and fatigue resistance.

4. Conclusions

In this work, dense 3Y-TZP ceramics were obtained after sintering
at 1600 °C. Based on the high densification, refined microstructure
composed of ZrO, - grains with average size around 0.5 um and high
tetragonal phase content, this ceramic presented hardness, fracture
toughness and bending strength of 13.5 GPa, 8.15 MPa.m'? and
880 MPa, respectively.

The low roughness (near to 0.45 pm) of the polished tensile
surface submitted to the bending testing minimized the effect of this
behavior in the bending strength and cyclic fatigue results. Further-
more, this low-roughness typical surface can to minimize the bacterial
colonization dental biofilm formation on the ceramics.

The primary cyclic fatigue evaluation indicates a strong pro-
pensity for fatigue behavior, presenting a considerable range of
loading conditions, where cyclic fatigue can be detected. It was
found that the fatigue strength limit is lower than 550 MPa (62.5%
of the MOR).
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