165 B5 Y AR . 2 Vol.16 No.5
2002 &£ 10 A CHINESE JOURNAL OF MATERIALS RESEARCH October 200 2

LM EYMEEM RO R

k F OKTH KXAE Bk g
(LIEEA) (AFEHRENRRELRE)

W E  RABRAEPONHEEZER HRTHEEME. SR SAENE. SAEBES
B RFERS. KIFEFH8 AEMER R TR REY REE, WO TKFRMER RN RO
Rt (Ki-V $4E) 0. BB AP R K R T MRS RE IR, (B3 A R L0
BHMERAE. EHAH TXILRMN RS RES BABIRMKT Y HHEE (N-0), BMME
(N-11), z8M%, FILEBEMEILENE, M F2LEM S LEE RN ERT AR THRLY BE

FE# B0 BAR.
XKiiE MmN RNEYRE O NHEE KR BERH
#%5 TB321 XHRS  1005-3093(2002)05-0479-06

BEHAVIOR OF CRACK PROPAGATION IN
SOME BIO-CERAMICS

ZHU Ping** LIN Zhonggin CHEN Guanlong
(School of Mechanical Engineering, Shanghai Jiao Tong University, Shanghai 200030)

Ikeda Kiyohiko
(Department of Mechanical Systems Engineering, Miyazaki University, Japan)
Manuscript received Apr 3, 2002; in revised form Jun 5, 2002.
** To whom correspondence should be addressed, Tel:(021)62932660-118,
E-mail:pzhu@sjtu.edu.cn

ABSTRACT Most of bio—ceramics are oxide ceramics, and they undergo fatigue by stress corrosion
cracking. In this paper, the effects of water environment and cyclic loading on the K1-V characteristics
were studied by the crack growth tests using double torsion (Dt) method under static and cyclic
loading in both environments of air and water for the bio—ceramics of glass ceramics, mica glass
ceramics, alumina and zirconia. The increase in the crack velocity of all materials in water environment
is observed, but the degree is more remarkable for glass ceramics and zirconia. The order of the crack
propagation resistance under static loading is shown hereunder: Neoceram N-0 < Neoceram N-11 <
Mica Glass < Zirconia < Alumina. The increase in the crack velocity under the condition of cyclic
loading is clearly observed in alumina and zirconia.
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The applications of ceramics as biomaterial have been expected. Glass ceramics, alumina
and zirconia are most useful materials as bio—ceramics. Most of bio—ceramics are oxide ceramics,
when they are used for implant materials such as artificial joints, they undergo cyclic loading for
a fairly long period in corrosive environment. The relation between the stress intensity factor Ki
and the crack velocity V' can be used to characterize the subcritical crack growth in ceramics, and

the K1V characteristics can be used for their lifetime predictions based on fracture mechanics.
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Thus, for practical use and investigation of the fracture mechanism, it is important to know what

crack propagation behavior is observed under static and cyclic loading in both environments of
air and water, in particular’ the effects of both cyclic lpad and water environment on the K-V
characteristics. Although many studies of fracture behavior for bio—ceramics have been carried
out!~7), the effects of both cyclic loading and water environment on the K-V characteristics
almost have not been elucidated in particular zirconial®l.

The crack growth tests were carried out under static and cyclic loading in both environments
of air and water in order to examine the effects of both cyclic loading and water environment on
the relationship between the stress intensity factor K1 and the crack velocity V for glass ceramics,

mica glass ceramics, alumina and partially stabilized zirconia in the present study.
1. Experimental Procedure

The materials chosen in this investigation are two kinds of commercial glass ceramics with
different grain sizes of 0.1 ym and 1 pum and different crystallization of 76% and 95%, respectively,
mica glass ceramics, alumina and partially stabilized zirconia, and the chemical compositions of

those ceramics are listed in Table 1.

Table 1 Chemical composition (mass fraction, %)

Material Si0;  AlxO3 ZrOo TiO2 MgO NaoO FexO3 Others
Glass
N-0, N-11 67.0 23.0 3.0 2.0 5.0
Mica glass 46.0 16.0 17.0 21.0
Alumina 0.062 99.7 0.003 0.087 0.032 0.012 0.042
Zirconia 0.021 0.25 94.3 0.018 0.003 5.40

The double torsion (DT) method utilizing the constant displacement and the constant load
techniques was employed in the determination of K1-V characteristics. The data of crack velocity
were obtained from precracked double torsion specimens that contained a side groove (1 mm wide
and 1.5 mm deep) to control the direction of the crack propagation as shown in Fig.l.

The specimens were placed on the test fixture

—— W

so that the side groove was on the tensile sur-

face of the specimen. The torsional loading is
used to propagate the crack. The load is ap-
plied by four—point bending at the cracked end

of the specimen as shown in Fig.1. In the cyclic

loading, the specimens were subjected to a sinu-
soidal cyclic stress with a stress ratio (minimum

stress/maximum stress) of 0.1 and a frequency Fig.1 Configuration and dimension of speci-
of 3 Hz. The crack growth tests were performed men
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in both atmospheres of air with relative humidity from 40% to 60% and ion exchanged water. The

crack growth law in Eq.(1) is determined by the crack growth test(10],
da KI
=8¢ _ - 1
v dt AKI Ve (KIC ) ( )

where V—crack velocity,

Ki-stress intensity factor,

A, n—crack propagation parameters,

V.—crack velocity at the critical stress intensity factor Kic.

The relationship between the stress intensity factor K1 and the applied load P is(tt]
31+ l/)} 1/2
Wd3d,

where v-Poisson’s ratio and the other symbols are given in Fig.1. When the magnitude of the load

K{ = PW,, [ (2)

is constant, the velocity is calculated as follows from the time t5 necessary for the crack to move a

measured length a.

m:§x¢ (3)

where ¢—Crack—profile correction factor proposed by Evansl19l.
The measured average crack velocity V.(=¢a/t.) for the cyclic loading should be converted

into equivalent crack velocity Veq.

Veg =97 (m R) x - X § (4)
[n/2]T n! 1—R 2r /1 4+ R\™
9(n R) = Z_:O e 2r)'(r')2{2(1+R)} (=) 5)

where g(n, R)-the Evans’s converting factor(12],
R-stress ratio (Gmin/Omax),
[n/2]T-truncated value of n/2.
When the stress ratio R=0.1, g(n, R) can be expressed as following equation

g(n, R) = exp[—0.588 — 0.48In(n)] (6)

2. Results and Discussions

Fig.2 shows the logV-logK] relations of two kinds of glass ceramics (Neoceram N-0 and
Neoceram N-11) and mica glass ceramics (Macor) resulting from a constant displacement method
(a relaxation method). In any glass ceramics, the velocity in water is somewhat higher than that in
air. Further, the curves in air exhibit two distinct regions, region I, where the rate of the chemical
reaction near the crack tip controls crack growth , and region II, where diffusion of the corrosive

species to the crack tip is rate controlling. On the other hand, in water only the straight lines



482 I I A 16%

corresponding to region I were obtained. So, it is

K . e .
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Fig.3 Effect of environment on Ki-V curves of alumina and zirconia (a) static loading, (b)

cyclic loading

zirconia is clearly lower than that of alumina, and the crack velocity of zirconia is higher than
that of alumina in both environments of air and water. The increase in the crack velocity in
water environment is observed in both materials, but the degree is more remarkable for zirconia.
Figs.4 show the effect of cyclic loading on the logKi—logV relationship in the case of respective
environments of air and water. In any environments cyclic loading enhanced the crack propagation
rate, that is to say, the decrease in the crack propagation parameter n, and the increase in the crack
velocity due to cyclic loading are clearly observed in both materials in air and water environments.
Fig.5a presents much more intergranular cracking in alumina and a mixture of intergranular and

transgranular cracking are presented in Fig.5b in zirconia. From these photographs, it is considered
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Fig.4 Effect of cyclic loading on K1-V curves of alumina and zirconia (a) in air, (b) in water

Fig.5 Fracture surfaces of alumina and zirconia observed by SEM (a) alumina, (b) zirconia

that the fracture in alumina occurred mainly at grain boundaries where SiO5 bonds exist, while the
fracture in zirconia occurred at both grain boundaries and the interior of the grain due to stress
corrosion cracking with principal components of ZrO; and SiOj;. So, the crack in alumina will
propagate in zigzags by intergranular cracking and the crack propagates more straight in zirconia
than in alumina. It is known that intermittent crack growth due to grain bridging more often
occurs at the tip of main crack in intergranular cracking. This means that propagation resistance

in alumina becomes larger than in zirconia.
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3. Conclusion

The increase of the crack velocity in water environment is observed in all materials, but the
degree is more remarkable for glass ceramics and zirconia. The decrease of the crack propagation
parameter n and the increase of the crack velocity under the condition of cyclic loading are clearly

observed in alumina and zirconia in air and water environments.
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