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Abstract

Bioceramics such as apatite ceramics often fracture in vivo under conditions of multiax-
ial stress states rather than in simple uniaxial tension. It is, therefore, of considerable
practical as well as basic interest to study fracture behaviour of bioceramics under
these more complex conditions in order to provide a model for predicting fracture. It is
also known that apatite ceramics show fatigue fracture due to subcritical crack growth
under wet environments. However, the mechanism and fracture criterion of fatigue frac-
ture under multiaxial stress states have not been clarified. In this study, mixed-mode fa-
tigue crack growth behaviour of apatite ceramics was observed using flattened diam-
etral compression disk specimens with three inclined Knoop surface flaws relative to
compressive loading. In this test, mixed-mode (mode I + mode II) fracture from Knoop
surface flaws can be examined for stress state ranging from pure mode I (tensile stress
only) to pure mode II (shear stress only) by proper orientation of Knoop surface flaws
relative to compressive loading direction. A commercial available apatite powder is used
as a starting material. The powder is put in a metal mold and uniaxial pressed, and
sintered at several temperature. Observations of fatigue crack growth under mixed-
mode stress states show that in the early stage of subcritical crack growth, fatigue
cracks grow in the direction of the maximum shear stress, and then the tip of the
cracks align normal to the maximum tensile stress. The findings show that contribution
of shear stress can not be disregarded in the early stage of fatigue crack growth of

apatite ceramics under multiaxial stress state.
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Table 1 Statistical fracture model of ceramics under uniaxial and multiax-
ial stress state.

Statistical fracture model Stress state Schematic
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Principle of independent action
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Table 2 Fracture mechanics model of ceramics under uniaxial and multi-
axial stress state.
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Fig.1 Geometry of flattened diametaral compression test specimen
(A) with three Knoop surface flaws inclined at 6 relative to the
minimum principal stress (B). The three surface flaws were sub-
jected to compressive and tensile stress simultaneously.
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Fig.2 A Knoop surface flaw inclined at @ relative to the minimum princi-
pal stress (A) and normal and shear stress as a function of inclined
angle 6 calculated by Hondors’s equation (B). These stresses were
calculated when the compressive load of 6,000 N loaded on the flat-
tened disk specimen with a diameter of 13 mm and a height of 3
mm. Mixed-mode (mode-I + mode-II) fatigue crack growth from the
Knoop surface flaws can be examined for stress state ranging from
pure mode-I (§=0°) to pure mode-II (¢ =30°) by proper orientation
of Knoop surface flaw relative to the minimum principal stress.
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Fig.3 Bulk density of apatite ceramics sintered from 1200C to 1450°C for

2 hours or 32 hours. Relative density of the apatite ceramics sintered
at 1350C for 2 hours has reached to 97.8% of theoretical density.
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Fig.4 Behaviour of subcritical crack propagation for the apatite ceramics
sintered at 1250°C for 2 hours. The pre-crack developed at the corner
of Knoop impression cinclined at 10 degrees relative to the minimum
principal compression stress. The thick black arrows represent the di-

rection of principal stress.
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Fig.5 Behaviour of subcritical crack propagation for the apatite ceramics
sintered at 1250°C for 2 hours. The pre-crack developed at the corner
of Knoop impression cinclined at 10 degrees relative to the minimum
principal compression stress.
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Fig.6 Schematic representations of subcritical crack growth for apatite
ceramics under mixeded-mode stress state
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Fig.7 Behaviour of subcritical crack propagation for the apatite ceramics
sintered at 1350°C for 2 hours. The pre-crack developed at the corner
of Knoop impression cinclined at 30 degrees relative to the minimum
principal compression stress.

Fig.7121350°C C 2 B fBERL L7278 % 4 Rt T 3 v 7 A0 HRAEOEREH 2 /RT, =
DFXFFCIE Knoop IR & EMEMED 2 TAREIF30°TH Y, ik E— FIIMESLRIETH %,
P BEUIE AW IR AR 5, R/ ERINF L TB L2450 ~NEEL Tn5 Z
ENbDD, FIOKMTIE, REZIem D EICETHRELTBY, EHBEOEEIRKR
AL TdH - 72, Fig.8& Fig. 91, Fig. 7& [ U&Mt0#EHZDWT, £— FII#WE
ST CTOEFEAEDEREH TH L, WTNORBIRIIBNTH, TAKILIPRKICR S,
e/ NEIINIH L T4 O FANBEDPHER L T b 2 2% o 72,

Tip of pre-crack

nu |i Ei “&fadl

Crack growth 10y

Fig.8 Behaviour of subcritical crack propagation for the apatite ceramics
sintered at 1350°C for 2 hours under pure mode-II stress state. The
pre-crack developed at the corner of Knoop impression cinclined at 30
degrees relative to the minimum principal compression stress.
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Fig.9 Behaviour of subcritical crack propagation for the apatite ceramics
sintered at 1350°C for 2 hours. The pre-crack developed at the corner
of Knoop impression cinclined at 30 degrees relative to the minimum
principal compression stress.
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