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ABSTRACT

The aim of this work has been to study the closure of cracks created by compressive loading,
and to correlate this with the kinetics of crack growth under compressive cyclic loading. A
model will be presented to account for the kinetics of growth, expressed in terms of the loads
required partially to close the crack. It is based on the principle that crack growth in the
presence of residual stress is controlled by the change in the effective (or tensile) stress intensity
at the crack tip. The threshold value obtained for this parameter appears to be significantly
smaller than values obtained for ferritic steels by load-shedding experiments.

KEYWORDS

Fatigue; crack growth; residual stress; compression; crack closure; growth kinetics.

INTRODUCTION

Load-bearing artefacts invariably contain stress-concentrating features such as holes, keyways,
threads or other changes in section. When they are loaded, plastic deformation occurs
preferentially at these features, producing a non-uniform strain distribution, which, on
unloading, induces a state of residual stress. When the loading is cyclic, these features are
preferred sites for the nucleation of fatigue cracks so it follows that crack nucleation generally
occurs in a region of residual stress. Any model of crack nucleation and growth should take
residual stress into account. In some circumstances the effect of the residual stress can be quite
striking: for example, if the residual stress is tensile, subsequent cyclic loading in compression
may cause fatigue cracks to nucleate and grow at sites of stress concentration, in spite of a
widespread belief among engineers that compressive loading does not cause fatigue. Crack
growth under cyclic compression was first reported (Gerber and Fuchs, 1968), followed in the
1970's by several other authors (Hubbard, 1969, Saal, 1972, Reid et al., 1979). In the 1980's
there has been renewed interest in the effect, as shown by a number of recent publications (Wu-
Yang Chu, 1984, Hermann and Reid, 1984, Fleck et al, 1985, Suresh, 1985). All the authors
agree that the effect is consistent with the principle that some cyclic tensile loading is required
for fatigue and that this is achieved by superposition of the residual and the applied stresses.

MATERIALS AND METHODS
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RESULTS AND ANALYSIS

Crack Growth.
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sigue crack was formed (albeit a short one). In this case the first cycle of compressive load
of - 15 kN. It can also be seen in Figure 3 that the final crack length lies in

1 as a "pre-load”
¢n the plane strain and the plane stress estimites of the radius of the plastic zone at the

tip.

 final crack length (for a given value of preload)
« maximum (i.e. least negative) cyclic load used. A sample preloaded to - 50 kN was
hiected to a sequence of load cycles having the sane minimum value (-40 kN) but increasing
waximum values (Table 2). When loaded cyclically at a given range, the crack extended at a

e final crack

was found to depend also on the value of

_jecreasing rate until eventually it stopped at the value of % given in Table 2. Th
npth increased with the value of the maximum cyclic load, Fmax-

#ie shape of the final crack front was unusual: it curved towards the notch with the result that
e final crack length was 15-25% longer at the surfice of the testpiece than it was in the interior
scc Figure 4). This effect suggests that the tensile esidual stress set up by preloading extended
# greater distance from the notch at the surface than it did in the interior. This is consistent

with the accepted view that the plastic zone is larger near the surface, due to the reduced degree

of constraint on yielding which prevails at the surface compared to that in the interior. This

explanation was advanced in an earlier paper (Reid et al, 1979) to account for a much larger
_variation in crack length through the thickness of testpieces. Subsequent unpublished work
<howed that this enhanced variation was due to the existence of a tensile residual stress in the
surfaces of the testpieces induced by the rolling of the bar from which the testpieces had been

machined. A stress-relieving heat treatment had noi been used in this earlier work.

Crack Closure.

Cracks that had stopped growing under constant cyclic loading (- 8 + 7 kN) were subjected to
an increasing compressive load, while monitoring the attendant changes in back face strain. The
compliance was observed to decrease during compressive loading as the "gaping" crack
progressively closed up, starting at its tip, and during unloading an almost identical load-strain
curve was obtained (see Figure 5). By fittinga polynomial for strain to this curve and
differentiating it with respect to load, the change in compliance with load was obtained. Using
Equation 1, changes in compliance were converted to changes in Vav"

to give a relation between

the load F and the crack length, —% (Figure 6). This relation is changed by subjecting the

cracked testpiece to compressive loads greater than those used during cyclic loading
(- 8 + 7 kN); the graph in Figure 6 is shifted tolarger values of F¢ by loading the crack to

- 50 kN. The relation obtained also depended on the value of the initial compressive load used
and graphs are presented in Figure 7 for prelouds of -35, -43 and -50 kN. The lines are
approximately straight and parallel, and are displaced upwards by increasing the preload. These
graphs indicate the load F required partially to clese up the crack to any given length, \?'_V' They
also indicate that the final crack length corresponds to a small value of the closure load

(- 1.5 kN at = 0.571 for the lower line in Figure 6).
W

Analysis

It is proposed that when the growing crack hasz given length \—i,-, the tip of the crack is open

en the applied load exceeds F, the closure load corresponding to the value of —&—,. This

only wh
(remembering that both loads are negative). The load range

will be so provided that Frax > Fe

1299



S——

over which the crack tip is open is the smaller of (Frnax - Fmin) and (Fypax - Fe) and this can be

:ﬁfa;::]d alsst aAFeff,fthe load range that s effective in causing the growth of a fatigue crack. In
effcctivgbm i(sas[h(; c(;;iikgrg;(‘);;nlt; wh;nthin > F¢, the whole of the applied load cycl-c is
yond the point at which Fyyy;r, = F.., th i
. > , the effective 1
b:zgg;s I(Fmax - I_’C), only a fraction of the applied loadnxl'gll'lge. cAs the crack g(;?)civl;anl%e
ess negative and (Fax - Fc) decreases. The corresponding change in the st;’es(;

intensity, AK, is given by the standard expression:

- YAF ¢¢
BYW @
where the coefficient Y is a function of Wa— (see BS 5447).

.It is sugge.sted tlfat the crack stopped growing when its tip reached a location where the chan €
;’1 strefs_ Intensity became equal to the threshold value, AKTH. In these experim tg
max.— 1 kN, so the closure load from the lower line in Figure 6 (-1.5 kN) indicatP;s thaet:r:hsej
effecm.le load range is 0.5 kN, giving a threshold stress intensity AKTy = 1.1 MPaVm. Fo
other similar testpieces gave AKTH values in the range 1.5 + 0.5 MPaVm. Tl.lis value is. mu:l:

smaller than the published values (6-1 iti
R (Lindlty s NeCerine, 18 I)F 3 MPavVm) for ferritic steels at small values of stress ratio

The graph of inst o> i
. graph o Fc. against 7 can be used to predict the length of crack that would grow under any
given compressive load cycle. Growth is expected to occur only if F; < Frpjax (i.e. if the crack

opens during the load cycle), and it is ex
) »and pected to cease when AK = AKTy: since this i
the final crack length is approximately the crack length for which F:In:l, mae l[isllsnsgmtillls’
X-

approach, the final crack lengths for the tests referred to in Table 2 have been predicted and the

values compared with those obs ;1 i
e o A thes o [t;]r:cd, itcan be seen that there is reasonable agreement between

Table 2. The effect of vari
preloaded o Y‘;%O&}Oad cycles on the final crack length of a testpiece

As argued above, the effective part of the load range AFefy is the smaller of (Fmax - Frmin) and
- F¢), and this must be positive (i.c. the change in load must alter the crack opening).

Fmax
¢+ the load required to close the crack tip, varies as the crack grows, so Fc =F¢ (Jvav) . At

. given values of %’ Fmax and Fin, AFeff can be evaluated and used to obtain AKeff from
fiquation 2.

‘The amount of crack growth per cycle is given by the growth law for ferritic steels (Pook,
083): ’

9_;. = 24x 109 (AKgp)3-3 3

al

where a is measured in mm and AK in MPaVm. This increment of growth can be calculated for
each of a series of closely-spaced values of a and the number of cycles required for each
increment obtained. By summing the increments of a and N, a graph of a versus N can be
obtained, such as that in Figure 8 which was obtained using a growth increment of 0.1 mm, an
initial crack length of 0.2 mm, and closure loads (in kN) which, for a preload of -50 kN, were

found to obey the equation:

Fo = 0015 + 1310 - 2175 (vav_)z @)

The initial crack length was chosen to be 0.25 mm. The calculated a versus N graph in Figure 8
shows excellent agreement with the observed growth curve for the same specimen from which
the crack closure loads were obtained. This agreement supports the proposition that the
cffective load range is the smaller of (Fmax - Fmin) and (Fmax - Fo)-

DISCUSSION

The main proposition of this paper is that the load F required to close the tip of a crack of given

length %can be evaluated by employing compliance measurements from a compressed testpiece
containing an arrested crack. Values of F¢ can then be used to calculate the effective stress

intensity range AKegf and thence from the Paris equation, the rate of crack growth. The close
agreement between the predictions of this proposition and the observations (Table 2 and Figure
8) adds weight to the proposition. This is the same approach as that taken by other workers
(Fleck et al., 1985, Christman and Suresh, 1986), but the method used here to measure F¢

differs from that used by these authors.

Application of this approach to the arrest of a crack under cyclic compressive loading indicates

load

oad cycle/kN final crack length/i
observed predicted W

F Fmi

max min (% for which F; = Fryay)

%(5) -28 0.455 0.470

e o 0.460 0.487

B v 0.495 0.508

¥ 0 0.526 0.531

3 il 0.554 0.555
- 0.579 0.577

Prediction of Growth Kinetics.
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values of AKTH (1.5 + 0.5 MPa ‘/m) below those found in ferritic steel from tensile load

shedding experiments (Lindley and McCartney, 1981). In such experiments, the stress
intensity range is reduce in finite steps whereas in this work, it is reduced continuously, by the

residual tensile stress field. Low values of AKTy obtained under cyclic compression have been
reported (Suresh, 1985).

It was found (Figure 6) that the relation between F¢ and % was affected by increasing the
ding. It is suggested that this loading causes some flattening of asperities on the

compressive loa
fracture surfaces, and thereafter an increased load is required in order to cause crack closure. It
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is therefore important that the compressive loads within the cyclic range should not be exceeded
when determining the compliances and hence the values of Fe.

The growth of fatigue cracks under compressive cyclic loading is probably not uncommon in
engineering products. For example, there have been unpublished reports of cracking at stress
raisers on the top surfaces of aircraft wings; in some cases these fatigue cracks have developed
sufficiently to cause failure of the wing during proof tests. The possibility of such accidents
occurring deserves to be appreciated more widely by engineers.

CONCLUSIONS
1. Fatigue cracks can be grown from the tip of a notch by cyclic loading in compression in
the presence of a tensile residual stress induced by pre-loading in compression.
2 Superposition of a static, tensile residual stress and a cyclic compressive applied stress

gives a tensile cyclic stress which may cause fatigue cracks to grow. The rate of growth
depends on the range of the stress intensity for which the crack is open, AKeff.

3. Compliance, measurements have been used on compressed specimens containing
arrested cracks to determine AKeff at various stages of crack growth.
4. Growth of cracks ceases when AKff becomes equal to the threshold value; crack arrest

in mild steel under compressive cyclic loading occurs at unusually small values of
AKTH (1.5 + 0.5 MPaVm).

5. Accurate predictions of the growth kinetics have been obtained by utilising measured

crack closure loads to indicate the range of applied loads over which a crack of given
length is open.
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Fig. 3. The final crack
length(points) and
calculated plastic zone
sizes (lines) as a function
of compressive preload.
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Fig. 2. A plot of the crack length
against the number of
compressive cycles.

Fig. 4. The arrested fatigue crack
with its front uppermost.
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Fig. 5. A plot of load against
back face strain for a
testpiece preloaded to

-50kN, containing an
arrested crack.
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Fig. 7. The closure Load F¢
plotted against a/W for
three values of preload.
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Fig. 6. The closure load Fc
plotted against a/W for a
testpiece preloaded to
-50kN.
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Fig. 8. Comparison of the
observed crack growth
kinetics with those
predicted from closure
loads obtained on the
same testpiece.
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