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Universal fatigue curves for ceramics using indentation flaws
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In a recent series of papers [1—6] a methodology
has been developed, using controlled indentation
flaws, for evaluating crack velocity parameters
from fatiguet strength data. The initial work
[1, 2], on glass, established the fracture mechanics
basis of the approach from which these evaluations
could be made, with emphasis on the exceptional
degree of accuracy attainable. An attempt was sub-
sequently made to generalize the fracture mech-
anics formulation, taking into account the residual
contact stresses about the flaws, by numerical
integration of the fatigue differential equations
[3]. The validity of the ensuing solutions was then
tested on a glass ceramic in a case study [4].
Following this, a systematic investigation was
made of the role of flaw size in the failure mech-
anics, once more using glass as a model test
material [S]. It was thereby shown that data over
an extensive range of indentation loads could be
conveniently reduced onto a ‘“‘universal fatigue
curve” for each material. The scheme for the data
reduction was analogous to that originally pro-
posed by Mould and Southwick [7], except that
now the plotting parameters could be related
explicitly to intrinsic material properties. Finally,
a more complete theoretical analysis of the under-
lying fatigue equations, following the realization
that solutions could be derived in closed form, was
presented as a basis for placing the procedure on a
more rigorous footing [6].

In the present paper we indicate how the
universal fatigue curves may be used to make com-
parative evaluations of different ceramic materials.
Evaluations of this kind are often difficult to
make, owing to the variability in natural flaw
distributions. We illustrate the approach by con-
sidering results for two ceramics of technological

*On leave from the University of New South Wales.

‘importance, alumina® and silicon carbide®, in

relation to the glass ceramicY data reported earlier
[4].

Accordingly, controlled-flaw fatigue tests were
run as follows [4]. Specimens were prepared as
bars with polished surfaces for four-point flexure.
Each bar was indented at the centre of its prospec-
tive tensile face with a Vickers pyramid so as to
generate a “well-developed” radial crack pattern.
The indentation loads chosen were 20N for the
glass ceramic, 10N for the silicon carbide, and 20,
10 and 5N for the alumina; this use of more than
one load in the last case was simply to provide a
self-consistent check of the universal plotting
scheme. The fatigue tests were run in water at
specified stressing rates; inert strengths for baseline
reference were similarly run in dry nitrogen or
silicone oil. Simple beam theory was used to calcu-
late the maximum tensile stress in each specimen
from the breaking load **.

The measured strengths, og¢, are plotted as a
function of stressing rates, 6,, in Fig. 1, with in-
dentation load, P, incorporated into the coordi-
nates in accordance with the universal fatigue
relation for controlled flaws [5],

OfPl/S — ()\’Pda)l/(n +1)

)

Here n' and \p are load-independent parameters
for a given material/environment system, obtain-
able from the slope and intercept on the logarith-
mic plot. Each data point in this figure represents
the mean and standard deviation of 5 to 15 tests
at each specified value of 6, P. The solid lines are
least-squares fits to the data for each material, and
the shaded bands are appropriate inert strength
levels.

Fig. 1 has immediate value as a graphic indicator

TThe term “fatigue” here refers to the time dependence of strength as a function of applied stress or stressing rate.

iaDp 96, Coors Porcelain Co., nominal grain size 10 pm.
§NC 20 3, Norton Co., grain size 4 um.
1 Pyroceram C9606, Corning Glass Co., grain size 1 um.

**For the alumina bars, which were received in thin substrate form, it was necessary to include a specimen thickness
correction term in the strength evaluation. This correction never exceeded 6%.
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Figure 1 Universal fatigue curves
for three ceramics, tested in
water. Vickers indentation loads
P = 5N (circles), 10N (squares)
and 20 N (triangles).
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of relative material properties. Thus, for any given
combination of flaw severity (characterized here
by P) and time dependence in the applied stressing
(characterized by @,), it is clear that silicon car-
bide, followed by alumina, has the superior
strength properties. From a more quantitative
standpoint, it can be shown [6] that the slope and
intercept parameters in Equation 1 relate ex-
plicitly, via a set of “transformation equations”, to
the exponent and coefficient in a power-law crack
velocity function. Likewise, the height of the inert
strength plateau relates to the material toughness
[8]. Accordingly, the universal plotting scheme
contains all the information for complete charac-
terization of both the kinetic and the equilibrium
fracture responses for ceramic systems. A more
extensive treatment of this kind of characteriz-
ation will be presented elsewhere [9].

Another feature which is evident in Fig. 1 is
the relative degree of scatter in the data for the
three materials. This scatter trend appears to
correlate with grain size (see earlier footnote).
For alumina, the material with the greatest vari-
ability, microstructural influences were readily
apparent as disruptions to the ideal radial crack
geometry [10]. Such complications, while clearly
not conducive to optimal accuracy in fracture
parameter evaluations, may nevertheless take us
one step closer to the configurations of naturally
occurring flaws, thereby giving us added confi-
dence in applying results from controlled inden-
tation tests to real materials.

684

Acknowledgements

The authors are grateful to A.C. Gonzalez and
S. W. Freiman for helpful discussions in connec-
tion with this work. Funding was provided by the
US Office of Naval Research, Metallurgy and
Ceramics Program.

References
1. B.R.LAWN and D.B.MARSHALL, J Amer.
Ceram. Soc. 63 (1980) 532.

2. P.CHANTIKUL, B.R.LAWN and D.B.MAR-
SHALL, ibid. 64 (1981) 322.

3. B.R.LAWN, D. B. MARSHALL, G. R. ANSTIS and
T.P. DABBS, J. Mater. Sci. 16 (1981) 2846.

4. R.F.COOK, B.R.LAWN and G. R. ANSTIS, ibid.
17 (1982) 1108.

5. T.P.DABBS, B. R.LAWN and P. L. KELLY, Phys.
Chem. Glasses 23 (1982) 58.

6. E.R.FULLER, B.R.LAWN and R.F.COOK, J.
Amer. Ceram. Soc. in press.

7. R.E.MOULD and R.D.SOUTHWICK, ibid. 42
(1959) 542, 582.

8. P.CHANTIKUL, G.R.,ANSTIS, B.R.LAWN and
D. B. MARSHALL, ibid. 64 (1981) 539.

9. R.F.COOK and B. R.LAWN, Proceedings of Sym-
posium on “Methods for Assessing the Structural
Reliability of Brittle Materials”, edited by S.W.
Freiman (ASTM Special Technical Publication) in
press.

10. A.C.GONZALEZ, H.MULTHOPP, R.F.COOK,
B. R. LAWN and S. W. FREIMAN, ibid. in press.
Received 8 April

and accepted 26 April 1983



