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ABSTRACT

This paper relates the threshold for the propagation of large cracks toge-—
ther with consideration of the closure process to the propagation of small
cracks from notches. In addition the effect of closure on the initial
stages of crack growth in smooth specimens as a function of the R ratio is
also considered. The need for accurate determination of the closure char-
acteristics of small cracks is stressed.

INTRODUCTION

The purpose of the present paper is to review certain aspects of fatigue
crack growth behavior in the near threshold region in order to elucidate
the important role of crack closure and the significance of the threshold.
It will be shown that topics such as the non-propagation of cracks, notch
sensitivity, the notch size-effect in fatigue, and material selection for
fatigue resistance can each be related to the threshold, and that the
threshold level and accompanying closure characteristics are both important
aspects of the fatigue process.

LARGE CRACK BEHAVIOR

The importance of crack closure on threshold behavior can be seen in Figs.
1-3. (McEvily and Minakawa, 1984) The materials involved are two high
strength aluminum powder metallurgy alloys designated IN9021 and 7090. An
important distinction between them is their average grain size, that of
9021 being 0.2 microns and that of 7090 being 3 microns. In the case of
9021 no crack closure was detected and no dependency of the threshold
level, which was quite low, on the R ratio was observed. On the other hand
closure was found to be present in the case of the 7090 alloy. This clo-
sure was found to depend on the R ratio, and there was a corresponding
dependency of the threshold on R. However these threshold values are not
correlatable in terms of AKeffective’ which may be a further indication
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reaches its
maximum value,
corresponding
to that of a
large crack, in
a distance of
0.5 mm, although 5
in fact there
may be addi-
tional closure
as the crack
advances, but
as mentioned
above, this
additional
closure appears
to be of little
influence in
the near-thres- 1
hold region.
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subjected to A Ko

two opposing

influences Fig. 5. Variation of AK/Aoc as a function of crack
which affect length, &, for three cases: (A) based on short crack, L,
its growth from a hole of radius c equal to 0.2 mm; (B) based on a

rate. One is crack of length, £ + c; and (C) based on crack of length
the increase in £ + ¢, as influenced by the development of closure.
crack length

which tends to

accelerate the growth rate. The other is the increase in closure which
serves to reduce the effective stress intemsity factor and reduce the
growth rate. If the latter factor dominates anomalous short-crack growth
behavior or the non-propagation of the newly formed crack may occur.
(McEvily and Minakawa, 1984)

Figure 5 depicts three possible interpretations of the variation of the
stress intensity factor for a crack of length 2 emanating from a circular
hole of radius c. (A) is the linear elastic solution for a crack growing
from a hole. (Tada, Paris and Irwin, 1973) (B) is the the linear elastic
solution for a crack of length c + &. (C) represents the variation of K £f
as closure develops as in Fig. 4. Further, to account for the non—liuegr
elastic behavior of short cracks (Smith and Miller, 1977) the stress inten-—
sity factor of the crack is initially raised to that of a crack of length
c. This assumption is not critical for the important feature i1s that a
minimum in AK effective occurs. A minimum will also be present in curve A
if closure were considered.

Figure 6 shows how the stress required to propagate a crack varies with the
initial value of c. Curve B represents the condition for propagation in

the absence of closure for the medium-strength steel under consideration.

Curve A represents the condition for propagation with closure fully deve-

loped and corresponds to the large crack threshold. The left hand terminus
of curve A is the endurance limit of the steel. Curves C, D, and E indi-

cate how the required stress for propagation varies as closure develops
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A number of other long-standing aspects of fatigue lore are also under-
standable in the light of the influence of crack closure on fatigue crack
growth. For example it 1is noted that the stress for propagation of a crack
corresponding to the maxima of curves C, D, and E decreases with increase
in hole size. This circumstance provides a ready explanation of the notch
size effect. Fatigue notch sensitivity can also be understood, for as the
strength of a steel increases there is less closure and the distance be-
tween curves A and B will decrease, resulting in an increase in notch sen—
sitivity. It is also noted that in the presence of a flaw, a material of
low strength may be more resistant to crack growth than a material of high
strength. Finally it should be borne in mind that many of the beneficial
effects of crack closure are found at low R ratios. At high R ratios clo-
sure may be completely absent and much lower stress amplitudes will be
required for propagation, a point emphasized by Richie (1983).

THE GROWTH OF SHORT CRACKS IN SMOOTH SPECIMENS

The rate at which closure develops behind the tip of a newly formed crack
is particularly important in initial stages of growth of cracks in smooth
specimens. The rate of development of closure shown in Fig. & was chosen
so that curve A of Fig. 6 would be tangent to the stress level correspond-—
ing to the endurance limit for a smooth specimen. TFor the chosen rate of
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closure development the
increase in the stress
intensity factor is —~
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[0 =0
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the development of clo-
sure with the result
that curve A is initi- 3F
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for example by Forrest Fig. 7. Closure development as a function of R
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fine-grained brass, but dashed) (AK._ = K - K ) : b
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the threshold level does
not depend on R. It
would be of interest to Fig. 8. Propagation conditions as a functio £
know if the S/N curves R and t ne
Sl il iiia] he closure development showing Fig. 7.
dependent but unfortun-—

ately the experimental data are not yet available. In cases where closure
does develop it is of interest to determine the influence of a more rapid
development of closure than depicted in Fig. 4 on the crack propagation
characteristics of short cracks in smooth specimens. An illustration of
the development of closure at a more rapid rate than in Fig. 4 for several
positive R ratios is given in Fig. 7. A comparison with the rate of Fig. 4
is included for comparison. The influence of these selected closure charac-
teristics on the early stages of crack growth in smooth specimens is shown
in Fig. 8. In preparing this figure the fatigue strengths as a function of
R were estimated using the modified Goodman procedure, and the curves in
Fig. 7 were drawn to give a similar rate of approach to the maximum level

C+l (mm)
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for each value of R. It is noted that the maxima of the propagation curves
correspond to the minimum stress required for propagation to failure to

occur and that these maxima occur well before the closure process reaches

its maximum. Hence the early stages of the closure process are critical in
this case. Furthermore, Fig. 8 suggests that the R dependency of the S/N
curves is related to the closure process since it is assumed that the slip-
band initiation process is dependent only on the range of stress. If the
closure process develops rapidly as depicted, non-propagating cracks can be
expected in smooth specimens. In order to check on these predictions some
critical experimental work is clearly needed. In particular efforts should
be directed to the precise determination of the development of closure of

newly formed cracks as a function of R.

CONCLUSIONS

The threshold level together with closure considerations are both signifi-
cant features of the fatigue process. They relate to topics such as the

non-propagation of cracks, notch sensitivity, size effects, and material

selection. In addition the link between large crack behavior and the S/N
curves, including R dependency, may be afforded through improved under-

standing of the development of the closure process.
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