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Abstract

This paper investigates the fatigue crack growth
behaviours of 3 mol% Y,03 partially stabilized
zirconia (Y-PSZ). Stable fatigue crack growth rate
under tension-tension loading was measured from the
indentation flaw under three-point bending. The
influence of stress ratio on the fatigue crack growth
rate was also studied. The results show that the
relation between fatigue crack growth rate and
effective stress intensity factor for Y-PSZ can be
expressed as: dc/dN=C(K 4)". Under a given K 4
level, the fatigue crack growth rate decreases with
increasing stress ratio for Y-PSZ ceramics. © 1997
Elsevier Science Limited.

1 Introduction

Linear elastic fracture mechanics (LEFM) is widely
used in the analysis of the mechanical behaviours
of ceramics. Fracture toughness, K., and fatigue
crack growth rate, d¢/dN, are the two most
important material properties in LEFM. However,
no ASTM standard test method has been estab-
lished for evaluating such properties. Various types
of specimens and precracking methods have been
adopted. Among these, the indentation-microfrac-
ture method! is the most convenient one to evalu-
ate the fracture toughness of ceramics. As a
consequence of different analyses, numerous equa-
tions have been proposed and applied to both the
Palmgqvist and the radial median crack systems.’>6
However, there is little literature on the fatigue
crack growth as compared to the fracture tough-
ness. Sglavo and Green’ used an interrupted static
fatigue test to evaluate the threshold stress inten-
sity factor in ceramic materials. Zhang and
Edwards® studied the small, short and long fatigue
crack growth behaviours in silicon nitride. They
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found that the anomalous growth of small cracks
may be attributed to reduced grain bridging which
occurs along the wake. Raghuraman and Stubbins®
investigated the effects of grain size and stress ratio
on the subcritical crack growth of two monolithic
ceramics. In this study, fatigue crack growth rate
from the indentation flaw was investigated for
Y-PSZ. The indentation crack was analyzed using
fracture mechanics to take into account of the
residual stress component. Also, an effective stress
intensity factor for crack growth was evaluated.

2 Experimental procedure

The bulk density of the sintered specimens used in
this study was 6-097 g cm—3 (99% of theoretical),
and the bending strength was 895MPa. The
dimensions of specimen were 3mm x 4mm X
18 mm. Pre-cracked specimens were prepared by
using Vickers diamond pyramid indenter. The
indentation was made at the center of the polished
face of each specimen so that one of the pyramid
diagonals was aligned with the longitudinal axis of
the specimen. The indentation load was 196 N and
the holding time at the peak load was 15s. The
tensile faces of all specimens were polished with
1 um diamond paste to remove the residual com-
pressive stress due to initial grinding and also to
facilitate the measurement of crack length.

Fatigue tests were conducted under three-point
bending with span 16 mm. A sinusoidal wave of
40 Hz and stress ratios, R, of 0-1, 0-3 and 0-5 were
used. The crack length was measured intermittently
at the end of every hundred or thousand cycles
with an optical microscopy at a magnification of
200x. In the calculation of the stress intensity fac-
tor, the shape of the crack was approximated as a
semi-elliptical type based on the fractographic
observation (see Fig. 1). The fractographs were
examined with scanning electron microscopy. The
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Fig. 1. Fatigue fractograph.

average grain size is 0-5 um which is determined by
the linear intercept method.

3 Results and discussion

The crack growth rates, dc/dN, versus Kmax of
Y-PSZ at various stress ratios are plotted in
Figs 2-4. They show that the growth rate reduces
with increasing stress intensity factor in the lower
Ko region and reaches the minimum value K; in
every test condition. However, the stress intensity
factor exceeds the value of K,; the growth rate
increases with increasing stress intensity factor. For
the test with R=0-5 and Pyax = 176 N, no reflection
point is observed. It means that the crack propa-
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Fig. 2. Plots of dc/dN versus K, for R = 0-1.
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Fig. 3. Plots of dc/dN versus Kyax for R = 0-3.

gation stops if stress intensity factor reaches the
threshold value. These crack growth characteristics
shown in Figs 2-4 do not agree with Dauskardt
et al.’s results.!0 It is due to the residual stress effect
around the indentation-induced crack on the max-
imum stress intensity factor.

The maximum stress intensity factor for a semi-
elliptical crack occurs at the intersection of the
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Fig. 4. Plots of dc/dN versus Kpyax for R =0-5.
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Fig. 5. Plots of dc/dN versus K¢ for R = 0-1.

minor axis and the crack front. The stress intensity
factor Kmax can be calculated as follows:!!

Kmax = MyopVrd/d (3)
where d is the crack depth, ¢ the complete elliptic

integral of the second kind, and M} is a correction
factor. The plastic deformation formed by a Vickers
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Fig. 6. Plots of dc/dN versus K for R = 0-3.
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Fig. 7. Plots of de¢/dN versus K for R = 0-5.

indentation produces a residual stress field around
an induced crack. The stress intensity factor asso-
ciated with the residual stress, K, is given as:!?

K, = X,P;/c"? (4)

where P; is indentation peak load, ¢ is half crack
length and X, is a material constant depending on
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Fig. 8. Plots of dc/dN versus K for various stress ratios.
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Table 1. C and »n value of fatigue crack growth rate
de/dN = C(Kypp)"

Stress Ratio C n

0-1 1-27E-15 17-5
03 1-55E-13 13-2
05 4-83E-13 11-5

the ratio of Young’s modulus to hardness. In all,
the peak value of an effective stress intensity factor
for crack growth is represented by

Keff = Kmax + Kr (5)

The crack growth curves reploted as dc¢/dN versus
K. are shown in Figs 5-8. It is observed that the
data can be correlated approximately by a linear
relationship with some scatter. This phenomenon
agrees with the results of Hoshide.!® The lines in
Figs 5-7 are expressed by the following form

de/dN = C(Kur)" (6)

where the coefficient C and the power n are deter-
mined by the least square method and the values
are shown in Table 1. Comparisons of the experi-
mental results obtained for various stress ratios
show that the crack growth rate increases as stress
ratio decreases (see Fig. 8).

Fig. 9. Fracture surfaces of fatigue specimens: (a) fatigue
region, (b) unstable fracture region.

The fatigue fracture surfaces of Y-PSZ material
tested under various stress ratios show no signifi-
cant difference. In the fatigue growth region shown
in Fig. 9(a), transgranular fracture is predominant.
However, intergranular fracture shown in Fig. 9(b)
is responsible for unstable fast fracture.

4 Conclusions

1. The relation between fatigue crack growth
rate and effective stress intensity factor for Y-
PSZ can be expressed in the following form:
de/dN = C(Kt)".

2. Under a given K level, the fatigue crack
growth rate decreases with increasing stress
ratio for Y-PSZ ceramics.
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