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ON CRACK CLOSURE IN FATIGUE CRACK GROWTHI

5
A. J. McEvily“
INTRODUCTION

Crack closure is a term used to indicate that the opposing faces of a fatigue
crack make contact before the minimum load in a cycle is reached, a pheno-
menon first noted by Elber [1],[2], some ten years ago. Since that time

the subject has attracted considerable interest as a means of rationalizing
the effects of mean stresses and overloads on the rate of fatigue crack
growth. The closure effect itself is relatively easy to detect with
appropriately placed strain or COD gauges, and is manifested by a continuous
increase in specimen compliance on loading until the crack surfaces are
fully separated. Thereafter with further loading in the linear elastic
range the specimen compliance vemains constant at a maximum value. Upon
unloading from the maximum load in the cycle the reverse process takes place
usually with some hysteresis. Although the overall phenomenon is easily
detected, the precise determination of the opening load itself does require
some sophistication in measurement technique, especially after an overload.
For R = 0 loading (R being the ratio of the minimum to maximum stress in a
loading cycle), Elber has observed that the opening load is one-half of the
maximum load with the ratio decreasing as the R value is increased. In
Elber's approach to crack growth analysis, only the portion of the loading
cycle above the opening load is considered to be effective in propagating
the crack, and the effective stress intensity factor, Keff, which is defined
as the difference between Kyzx and Kopen 1s used as a correlating parameter.
However, there has been some uncertainty as to the nature of the closure
process itself and also as to whether or not it explains the observed effect
of mean stress on the rate of crack growth.

»

The controversy usually centres on whether the closure phenomenon is a plane
stress effect which involves primarily only the near-surface region of the
specimen or whether it is an effect present throughout a thick specimen,
that is in both the plane strain as well as the plane stress regions. In
addition, although it is clear that closure can occur at macroscopic dis-
tances behind the crack tip, especially in plane stress, closure of the tip
itself is more difficult to ascertain, however, Bowles [3}, using a plastic
impregnation technique to replicate the crack tip region, has found that

the tip remains blunt on unloading, but with some evidence of point-to-point
contact present behind the crack tip. With respect to closure in the plane
strain region, Lindley and Richards [4] tested a variety of steels and found
that the effect vanished as the thickness increased. They concluded that

it was a near surface effect associated with the greater stretch of material
in the plane stress region. In more recent tests of 25 mm thick compact
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tension specimens of a high strength alum%niuw alloy, Pa?is Qnd Hermann [5]
found that closure occurred in plane strain with the ratio of the openlég
load to maximum load being about 0.5. However? this level of closur% vas
found only in the near-threshold region. At ﬁlgher values<of t?e s;xesié
intensity factor the ratio dropped to 0.23f 1he.tendency for tledcb?su
level to decrease with increase in stress }nten51ty was alsoynoge ’>1 .
Bachmann and Munz in the case of the titanium alloy Ti-6A1-4V [el, an} th
Kikukawa et «l for a variety of alloys [71. In ordgr to learn mor?lo e
influence of the surface region as well as Fhat of Kmax and overloads on
closure the following experiments were carried out.

CLOSURE EXPERIMENTS (8]

A fatigue crack was grown at R = 0 in a high strength a]uminiumNal¥oy Qnder
decreasing stress intensity conditions, and ?he ngar—threshold ;eg?on.mazk
approached. Strain gauges were then placed 1mm§d1ately ghead of tmi cra

as well as across the crack to study crack opening behaviour. In tbese
studies the ratio of opening load to maximum load was found to ?e~a ogts
0.5. The specimen thickness was then rgduced by carefylly macblnlng‘d. mm
from each face of the initially 6 mm thick specimen. The o?enlng {oa d
characteristics were then rechecked with strain gauges.ané it wg%htgug‘. cea
that the Kop/Kpax ratio was still high, about 9.4, a finding wh}p lnt};: e
that a significant closure effect was present in the ?lane strafnhgor~i .
of the specimen when tested in the near—thrgshold reglon; At tg %r % Ecm
intensity levels, however, the Kop/Kmax ratio decreased in these tests to
less than 0.1. .

An important question which then arises is why QOes thg Kop/ifmz}X rgtlihqe—
crease in plane strain specimens as the level of Kyax increases. A'n 12
point the studies of several steels by Otsuka et al [91,[101, app;ar go e
ﬁarticularly helpful, for they have obseryed that the crack gr?wtxhwo ﬁ L
changes as the stress intensity level is increased. ?n t?e nedr—t}1e3:ov
region crack growth occurs in a shear mode on planes 1nc11neq tg tg?‘ iree-
tion of crack growth. This mode of grow?h is also.known as kor§yt s
Stage I or as Mode IT of fracture mechanics. At higher stress 1n§§?%;t1es
where a power law can be used to represent the dependepgy of the crac )
growth rate on the stress-intensity factor range, a shift to a% zpey;n&
mode of growth occurs which is accompanied by the appearance of fatigue
striations on the fracture surface. In re}a?ed work, Yoder et al [111,
have observed that for Ti-6A1-4V the transition to power law depgndency‘
occurs when the plastic zone is equal to the'average size of a W{dmanngtten
packet in this o-B alloy. Above the transition the f?acFure surface 1;
featureless except for a regular array of fatlgue‘strlatlons. Below:t e
transition striations are not observed, and the mmcrostruc?urgl dgtall ?t
the alloy is clearly revealed on the fractu?e surface, an 1Hdlcat102)thdt
in this region the crack advanced by following easy~paths throuﬁﬁ E'chom—
plex microstructure and, based on Otsuka's observations, probably by a
shear mode of propagation.

Since the threshold is generally above the opening 1o§d3 crack gr?wﬁh Ln’
the near-threshold may occur by a combination gf a sliding modg asfwell}ds
an opening mode, with the presence of tﬁe §11d1ng mode acc?untlng or the
observed high value of the Ko,/Kpax ratio in the near~thr§5ho}d reglo?.

The higher the ratio the more important W111_b§ the contrlbgtlon'o mzxeﬂ
sliding mode, and, in fact, for certaip aluminium alloys, Klkuka?% € 'aﬁ
have found the ratio to be equal to unity. In the wake gf a shear urac:

a zig-zagged fracture surface may develop upon the material. Hoﬁeveﬁ, in
order for a crack to extend in this manner it may be necessary that fatigue
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crack growth alternate with tensile rupture to keep the average crack plane
normal to the direction of principal tensile stress, and some evidence of
mixed fatigue and tensile mode growth in the near-threshold region has been
obtained by Pickard et a? [12]. At higher stress intensities the opening
mode becomes dominant and there is a corresponding decrease in the K, /
Knax level, at least for specimens of sufficient thickness to ensure Bhat
plane strain conditions prevail. In thin specimens it is possible that
closure levels are much higher, a matter which should be checked in

further experiments.

CLOSURE AND OVERLOADS [8]

Next, let us consider opening load behaviour above the threshold region

as influenced by an overload. Paris and Hermann have made careful determi-
nations of opening load behaviour after overloads of the order of 100% and
found that two opening loads were observable. The first of these opening
loads is less than that measured prior to the overload, whereas the second
is higher and exhibits at first an increase in closure level followed by

a gradual decrease as the crack advances through the overload plastic zone.
The lower opening load is ascribed to a loss of contact behind the crack
tip, and the second to a loss of contact at the crack tip itself. The
application of the overload results in a considerable retardation in the
subsequent rate of fatigue crack growth, and Paris and Hermann attribute
this retardation to the low value of AK,.. which is present above the
higher of the two opening loads. In this view the closure effect is not
thickness dependent, but is considered to arise from a general residual
stretch of the material behind the crack tip. However, the relative

contribution of near surface regions and interior regions was not estab-
lished.

To learn more of the contribution of the surface region to closure and
retardation phenomenon after an overload we have carried out the following
experiments. A fatigue crack was grown in a compact tension specimen of
the aluminium alloy 6061-T6 and a 100% overload was applied. Constant
amplitude cycling was resumed and the usual delayed retardation phenomenon
was observed. When the crack had grown beyond the region of influence of
the overload, a second 100% overload was applied, and 1.5 mm was machined
from each face of the 6 mm thick specimen. Cyclic loading was then re-
sumed at one-half of the previous load amplitude to compensate for the
reduction of thickness. In this case, virtually no retardation was
observed. A similar test was carried out with a second specimen which
was machined after the first overload but not the second. Again after
machining the retardation effect was virtually absent, whereas it was

most pronounced after the second overload of the thinned-down specimen.
These results demonstrate that in the linear-elastic range retardation is
strongly related to the stretch of material and resultant closure in the
near-surface region. These results also suggest that the first opening
load observed by Paris and Hermann may be due to crack opening in the
interior of the specimen, and the second may be due to opening at the
surface. Since the experiments indicate that retardation is primarily due
to a surface effect, it is to be expected that the magnitude of the re-
tardation effect will decrease with increase in specimen thickness. It
also seems likely that delayed retardation is related to the shape of the
crack front and interactions between surface and interior regions since
the crack progresses ahead more rapidly in the interior of the specimen
rather than at the surface following an overload.
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