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Abstract

The micro-fracture processes during four-point bending tests of bio-ceramics were evaluated
by acoustic emission technique.  Alumina ceramic specimens were used as typical bio-inert
ceramic materials.  The tests were conducted in simulated body fluid (SBF), air and deionized
water.  In order to characterize the micro-fracture process, AE signals during tests were detected.
In the AE generation pattern, both cumulative AE event and energy started to increase rapidly
before the final unstable fracture.  It is known that the stress at this critical point, σC, corresponds
to critical stress for the maincrack formation due to the coalescence of micro-cracks and/or
pores.  The values of σC had similar tendency to the fracture strength, i.e. it decreased in the
simulated body environment.  However, it is important from the viewpoint of fatigue strength
that the decrease in σC was significantly larger than the bending strength especially in SBF.
Consequently, the critical stress, σC, could be used as a new evaluation parameter, which is
essential for the long-term reliability of bio-ceramic materials.
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1. Introduction

Ceramics has recently been used as substitute biomaterials because of its high
biocompatibility and biosafety; for example, femoral balls in total hip prosthesis, immediate
replacement of tooth roots after extractions, of diseased parts of person [1-3].  Since these
applications require surgical procedures with severe physical and mental damage to patients,
successful application requires a detailed understanding of the time-dependent behavior so that
accurate failure prediction and reliability assessment of lifetime can be made under body
environment.  Therefore, it is necessary to investigate mechanical properties, especially the long-
term reliability such as fatigue strength.

We have investigated the micro-fracture processes during bending tests of alumina ceramics
using AE technique [4,5].  It was found in the previous study that the main crack was formed due
to the propagation and/or coalescence of micro-cracks and became the origin of the final unstable
fracture.  The critical stress for main crack formation, σC, was determined and its properties were
also investigated.

The objective of the present study is to establish the method to assess the long-term
reliability of ceramics under body environment based on the critical stress concept.  Four-point
bending tests were carried out in air, deionized water and the simulated body fluid (SBF) in order
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to investigate the dependence of micro-fracture process on environments.  The micro-fracture
process during bending tests was evaluated by AE technique.  Especially, the critical stress for
maincrack formation was determined and the influence of the environments was investigated.

Fig. 1 Schematic representation of the AE behavior during bending tests of ceramics.

2. Critical Stress for Maincrack Formation

The authors carried out four-point bending tests of alumina ceramics and detected AE signals
in the previous study [4,5].  Typical AE behavior is schematically shown in Fig. 1.  It is
important to note that the rapid increase in AE energy was observed before final fracture.  Linear
location of AE sources showed that the micro-crack sites were distributed widely over the inner
span before the point of AE increase and they were concentrated after the point to the location
corresponding to final failure.  Furthermore, the observation of fracture process using the
fluorescent-dye penetrant technique demonstrated that these AE behaviors corresponded to the
maincrack formation. Thus, the micro-fracture processes during bending test consist of micro-
damage accumulation, maincrack formation and its growth to final fracture.  This strongly
suggested that the critical stress for the maincrack formation, σC, has an essential role for the
long-term reliability of bioceramics rather than the bending strength, σB.

The values of σC were measured under various loading rates. σC decreased with decreasing
loading rates, which might be the influence of the stress corrosion cracking by water.  It was also
observed that the water content of specimen decreases the value of σC.  However, these results
were obtained by the bending tests in air.  Therefore, the present investigations were carried out
under the simulated body environment.

3. Experimental Procedure

Specimens
Two types of alumina ceramics, ADS-11 and SAPPHAL (Toshiba Ceramics Co., Ltd.,

Japan), were used to examine the influence of purity on fracture behavior.  The properties of
these materials are presented in Table 1 and the microstructures are shown in Fig. 2.  It can be
seen in the figure that ADS-11 (purity of 99.5%) has more intergranular glassy phases than
SAPPHAL (purity of 99.97%).
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Fig. 2 Microstructure of test materials. (a) ADS-11; (b) SAPPHAL.

The size of a specimen was 3 x 4 x 40 mm.  The specimens were cut from sintered blocks by
diamond wheel and polished with diamond paste.  To minimize the effect of water content on
fracture process, specimens were dried in vacuum drying oven at 150˚C for 2h.

Bending Tests and AE Measurement
Bending tests were carried out in three environments; air, deionized water and the simulated

body fluid (SBF).  SBF is an aqueous solution with ion concentrations that were almost equal to
those of human blood plasma [6].

Fig. 3(a) Schematic diagram of bending testing system in water and SBF.

The testing system in water and SBF is shown in Fig. 3(a).  Four-point bending tests were
conducted with the inner span of 10 mm and the outer span of 30 mm at a loading rate of 0.1
mm/min according to JIS R 1601.  Constant temperature device was used to keep the fluid
temperature at 36±1˚C.  In SBF tests, pH tester was also used to monitor the pH balance in order
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to maintain the constant condition.  The fluid level was controlled so that the lower surface of the
specimen was soaked in the fluid during the test.  Prior to these tests, the specimens were soaked
in each environment and treated in an ultrasonic bath for 30 min. in order to remove the bubbling
noise during AE measurement.  The bending tests in air were conducted with the same condition
except for soaking before tests.

Fig. 3(b) Schematic diagram of AE measurement system.

The AE measuring system is shown in Fig. 3(b).  The piezoelectric elements with 3 mm
diameter and 3 mm height were used as AE sensors and attached on the top ends of the
specimen.  The AE signals detected by the two AE sensors were amplified by pre-amplifiers and
sent to an AE analyzer.  Total gain was 80 dB and threshold level was 18 µV at the input of the
pre-amplifiers.  The resonant frequency of sensors was 200 kHz and the bandpass filter was used
with a range of 100 to 500 kHz.

4. Results and Discussion

Bending Tests and AE Behavior
The microfracture processes during bending tests were characterized using AE technique.

Figure 4 shows the typical results of bending tests and AE behavior of during bending tests of
ADS-11 in air (Fig. 4(a)) and SBF (Fig. 4(b)), and SAPPHAL in air (Fig. 4(c)) and SBF (Fig.
4(d)).  It can be seen in Fig. 4(a) that the point of rapid rise in cumulative AE energy was
detected at 370s in air, while the critical point was detected at 330s in SBF (Fig. 4(b)) in spite of
nearly equivalent times to final fracture. Observed σC is lower in SBF than that in air. The AE
behaviors of SAPPHAL (Figs. 4(c) and (d)) have the same tendency, except for larger numbers
of AE events, which may be because more signals were emitted due to a larger grain size.  Here,
observed σC is much lower in SBF than that in air.

Figure 5 shows the AE source location as histogram of AE energy for ADS-11 tested in air.
It can be seen in the figure that there is a peak of AE sources after the critical point (Fig. 5(b)),
but such a peak is not obvious before the critical point (Fig. 5(a)).  It is found that the location of
the peak of AE sources corresponds to the final fracture.  These results demonstrate the main
crack formation due to micro-damage (micro-crack) accumulation at the critical point and its
growth to final fracture.  Hence the critical stress of main crack formation can be determined as
the stress at the critical point, or σC.

Average values of bending strength, σB, and the critical stresses for main crack formation,
σC, obtained for each environment, are tabulated in Table 2.  It was understood that both of σB

and σC decreased in the deionized water and SBF test environments.  σC is more sensitive than   
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(a)

(b)

           (c)

Fig. 4 Bending stress and AE behavior during bending tests. (a) ADS-11 tested in air. (b) ADS-11

tested in SBF. (c) SAPPHAL tested in air.



154

 (d)

Fig. 4 Bending stress and AE behavior during bending tests. (d) SAPPHAL tested in SBF.

Fig. 5 Results of AE source location during bending test of ADS-11 in air. (a) Before and (b) after

the point of rapid increase in AE.

B in these environments.  Comparing the values in water and SBF, B and C in SBF are

smaller than those in water for ADS-11, but B and C are almost unchanged in water and SBF

for SAPPHAL.  It is worth noting that, for ADS-11, although the decrease in bending strength is

small, C becomes much smaller in deionized water and SBF than in air.

Table 2 Average values of B and C in each environment

Air
Deionized

Water
SBF

Ave. B [MPa]

(ratio)

375

(1.00)

361

(0.963)

344

(0.917
ADS-11

Ave. C [MPa]

(ratio)

244

(1.00)

186

(0.762)

168

(0.689)

Ave. B [MPa]

(ratio)

280

(1.00)

232

(0.829)

237

(0.846)
SAPPHAL

Ave. C [MPa]

(ratio)

163

(1.00)

113

(0.693)

116

(0.712)
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Surface Observation

The surfaces of several specimens were observed by scanning electron microscopy (SEM)

before and after the tests.  Figure 6 shows the micrographs of the surfaces of ADS-11.  Figure

6(a) shows the surface before loading while those soaked in water and SBF without loading are

shown in Figs. 6(b) and (c), respectively.  Without loading, the surface morphology changed little

with test environment. The micrographs of the surfaces of fractured specimens tested in air,

deionized water and SBF are shown in Figs. 6(d), (e) and (f), respectively.  In comparison with

the surfaces before loading, significant increases in corrosion pores were observed on the surface

after the water and SBF tests.  Therefore, loading (i.e. tensile stress) is an important factor for

corrosion behavior of ceramic materials.

Fig. 6 Micrographs of the surface of specimens (ADS-11).

In the case of SAPPHAL also observed using SEM, however, no remarkable morphological

changes of surfaces were observed in any environment.  Reduced amounts of intergranular

glassy phases in SAPPHAL contributed to this high corrosion resistance, confirming that the

difference of purity affects the degree of corrosion of these materials.

Micro-fracture Process during Bending Tests in Environment

The micro-fracture process during bending test in liquids as well as in air consists of micro-

damage accumulation, main crack formation and its growth to final fracture.  A large number of

pores from corrosion were observed on the surface of ADS-11 after loading in water and SBF.  It

implies that these pores hastened the main crack formation, and decreased the critical stress, C.

However, the pores also caused the crack deflection, and the decrease in bending strength, B,

was not large.
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On the other hand, few pores were observed on the surface of SAPPHAL after fracture.

Nevertheless, the decrease in C due to environment was larger than B.  Therefore, it appears

that the test environment affects the main crack formation rather than final failure. This is

consistent with the previous study [4,5].

Since it was reported that the fatigue behavior of ceramics can be characterized by crack

growth behavior [7], it is suggested that the main crack formation and growth are dominant in

the fatigue fracture.  Therefore, main crack formation might be more significant than final

fracture for the long-term application.  Moreover, the body environments affected C more

strongly than B for the materials under mechanical loading, especially for materials with a large

mount of intergranular glassy phases.  Consequently, it is concluded that the evaluation of the

critical stress for maincrack formation C is important for the long-term reliability of

bioceramics.

5. Conclusions

Bending tests were carried out in air, deionized water and SBF, and the micro-fracture

process during the tests was evaluated by AE technique.  Bending strength, B, and critical

stress for main crack formation, C, were obtained from the results of these tests. C exhibited

significant decrease as compared with B in corrosive environments.

 Difference of purity, i.e. the amount of intergranular glassy phase, affected the degree of

corrosion in environment as mechanical loading induced a significant increase in corrosion

pores in ADS-11, but not in SAPPHAL. Both purity and loading are essential factors for

corrosion characteristics of these materials.

 The critical stress of main crack formation C is essential factor to evaluate time dependent

failure characteristics of ceramics structure used in the human body.  Although low strain rate

and static fatigue tests of other ceramic materials used as bio-materials will be required, it can be

concluded that the evaluation of the main crack formation is one of the most important subject

for the long-term reliability.

Acknowledgement

The authors would like to thank Toshiba Ceramics Co., Ltd. for offering materials.

References

[1] L. L. Hench, J. Am. Ceramic Soc., 81 (7) (1998), 1705-1727

[2] L. L. Hench and J. Wilson, An Introduction to Bioceramics, Advanced Series in Ceramics-

Vol. 1, World Scientific, (1993), 1.

[3] H. Aoki, and S, Tanba, Bioceramics-Dependent and Clinical Applications, (in Japanese),

Quintessence, (1987), 26.

[4] S. Wakayama, T. Koji and H. Nishimura, Progress in Acoustic Emission V, (1990), 460.

[5] S. Wakayama, T. Koji and H. Nishimura, Trans. Japan Soc. Mech. Eng., 57, A (1991), 504.

[6] T. Kokubo, H. Kushitani, S. Sakka, T. Kitsugi and T. Yamamuro, J. Biomed. Mater. Res., 24

(1990), 721.

[7] A. G. Evans and S. M. Wiederhorn, Int. J. Fracture, 10 (1974), 379.




