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ABSTRACT The behaviour of engineering or physically short fatigue cracks in two structural
steels has been examined, using both through-thickness and thumbnail short crack geometries.
The results indicate that much of the ‘anomalous behaviour’ of physically short cracks may be
due to differences in the amount of closure experienced by long and short cracks. The prediction
of fatigue life using a fracture mechanics approach is discussed and it is concluded that
conservative life predictions may be based on a closure-free value of the threshold stress intensity
range.

Introduction

The application of fracture mechanics to fatigue is based upon the assumption
that the fatigue crack growth rate, da/dN, is a function of stress intensity range,
AK = Ky ~ Kpin, and mean stress, often expressed as the load ratio,
R = Kin/Kumax- This approach provides a powerful method of calculating
fatigue lives by integration of the da/dN versus AK relationship. For the
integration to be performed, it is essential that the relationship holds for the
whole range of crack lengths spanned by the limits of integration, which are
usually taken as the initial defect size and the final crack length to cause failure.
In these terms, the most general definition of the ‘short crack problem’ in
fatigue is the situation when the functional relationships established between
da/dN, AK, and R for long cracks do not hold.

Particular interest has been shown in the low growth rate or near-threshold
region in which anomalies appear to be most in evidence. In this region the
linear relationship between log da/dN and log AK, which is observed at higher
growth rates, is no longer applicable, and the value of da/dN at successively
lower values of AK tends asymptotically to the threshold stress intensity range,
AK,, below which long crack growth does not occur. It is still possible to
calculate fatigue lives in the near-threshold region by integration if the da/dN
versus AK long crack curve is fitted by a number of straight lines and each line
is integrated separately (1). The behaviour of short cracks in the near-threshold
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Fig 1 The ‘Kitagawa plot’ of applied stress range to cause fni.lure against crack length, showing
data of Kitagawa and Takahashi (8)

region is of importance because it has been observed in a large number of
studies (see, for example, (1)-(7)) that fatigue crack growth can occur at
elastically calculated values of AK that are lower than the long crack threshold
AKth‘ . . .

The object of this paper is to explore the sxgmﬁcance of physu:ally shprt
cracks in steels, with respect to engineering applications and the c‘letermmatmn
of the fatigue lives of structures and components. The expeylrpentz}l work
presented has been carried out using two structural steels and it is of_mter.est
first of all to set the ‘short crack problem’ in the context .of t.he engineering
applications of these materials. Two general types of apppcatnon vylnch }llus-
trate the S-N approach and the LEFM approach to fatigue design will be
considered: machine components and engineering struqures. One ,of the m'ost
convenient representations of short crack data is the ‘Kitagawa Plot of apphgd
stress range to cause failure, Ao, against crack length, a, using logarlth-mlc
scales (8), as shown in Fig. 1. This shows clearly the regions of behaYlour
described by the S-N approach and the long crack LEFM approach to fatigue.

Machine components

In general, the moving components of machines are required to wit'hstand a
large number of fatigue cycles at relatively low applied stresses. For instance,
an automobile engine that has travelled 100 000 miles at an average speed of 60
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miles per hour and at 4000 revolutions per minute will have experienced 4 x 10°
cycles. The fatigue design procedure is conventionally based on the endurance
limit of the S-N curve, with appropriate correction factors for regions of stress
concentration. Account may also be taken of the effect of surface hardening
treatments on fatigue lifetimes.

The S-N curve is influenced by the size and distribution of defects in the
material. A cast or wrought component typically contains an evenly distributed
multiplicity of small defects of 1-100 wm in size. This is well below the limits of
non-destructive testing (NDT) techniques, but a measure of defect control
(‘process control’) can be achieved by controlling the size of defects produced
during processing routes such as casting or hot working. Material containing a
consistent population of small defects determined by process control fails when
Ao, exceeds the endurance limit (region T in Fig. 1).

In these applications fracture mechanics at present is conceptual and not
quantitative, and the fatigue life of the component is determined directly from
the S-N data. The ‘short crack problem’, in terms of design, is to determine
whether the S-N curve for ‘process-controlled’ material can be non-conserva-
tive. There is, of course, scientific interest in examining the extent to which
fracture mechanics can be extended to multiplicities of extremely small defects
and situations in which components are designed to operate at applied stress
ranges that exceed the endurance limit, when the number of cycles to failure
may be less than 10° cycles (9)(10). The behaviour of ‘microstructurally’ short
cracks originating at these small defects does not then follow the behaviour
illustrated in region I'in Fig. 1. The present paper, however, is concerned with
‘physically’ short cracks which are significantly larger than the microstructural

unit, as considered in the following section.

Engineering structures

Many steel structures are fabricated by welding processes or by the use of
rivets, and it is frequently found that defects of 0.1-2 mm in size are located in
the region of these joints. Since static design stresses are typically of the order
of two thirds of the yield stress, it should be possible to calculate the fatigue life
by integration using a fracture mechanics approach. The loading spectrum in
service will include a spread of applied stress ranges. If AK,, is appropriate, the
integration can be carried out only for those stress ranges that produce AK
values exceeding AK,,.

It can be seen from Fig. 1 that material initially containing a long crack would
fail when AK exceeds the threshold AKy, (region III). The ‘anomalous’
behaviour of cracks which are physically short but several times larger than the
microstructural unit is represented by region IL. The significance of the position
of the experimental data in this region is that both the S-N prediction and the
LEFM prediction of Ao, are non-conservative.
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For long cracks, AK,, can be measured experimentally and related to the
applied stress range at threshold. For short through-thickness cracks the value
of AK is given by

AK = Y Ao (ma)? ey

where Y is a constant for a given testpiece geometry,e.g. Y = 1.12foran edge
crack in a semi-infinite body. For short thumbnail cracks the value of AK is

given by
AK = Q Ao(ma)?? (@)

where Q refers to the ellipticity of the thumbnail crack. Therefore‘, by taking
logarithms an expression of the following general form can be obtained

log Ao, = log AKy, — 4 log a + constant 3)

In a number of critical applications, fatigue design and integrity in service are
dependent on the sensitivity and reliability of the NDT technique thz}t is
employed, and on the ability of periodic NDT inspections to revea! fa.tlgue
crack growth. A general estimate of the limit of NDT for the majority of
engineering structures is detection of a defect of 1-2 mm in size. Defects larger
than the NDT limit can be eliminated by ‘NDT control’, but it must be assumed
that defects up to that size exist in the structure, such as pre-existing weld
defects which are physically small but large with respect to the microstructure
generally.

It should be noted that the positions of the lines in Fig. 1 are altered by Fhe
magnitude of the mean tensile stress superimposed on the stress range agpl‘lefi
during the fatigue cycle. It has long been recognized that the er}durance limit is
reduced by increasing the mean stress. Similarly, a reduction in the mea‘sured
value of AK,, for long cracks is observed as the mean stress (i.e., load ratio, R)
is increased. At high R values (R > approximately 0.6) there is minimal effe:ct
of closure on the near-threshold crack growth rate. An ‘intrinsic material
threshold’, AK,, may be defined as the measured AK,;, at high load ratio, wh.ich
is equal to the effective stress intensity range at threshold for all load ratios.
From equation (3) it can be seen that a reduction in AK};, would lower the lqng
crack LEFM line in Fig. 1 by reducing the log AK, term on the right hand side
of the equation. This discussion will be developed later.

Types of short crack

Short cracks in steel structures and components are not uniform in their
morphology, origin or stress state, and these factors may inﬁugnce subsequent
growth in fatigue. The common features from which short fatigue cracks may
grow in steels can be broadly divided as follows.

(a) Casting and weld defects. Cast components frequently contain shrinkage
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cavities that are formed on solidification and which may be associated with
second phase particles. Weld defects such as lack-of-fusion defects are also
formed on solidification of the weld metal. The residual stress fields associated
with such defects may range from virtually zero (for a large, slowly-cooled
casting in which sufficient diffusion can occur during cooling to relieve stresses
induced by thermal contraction or phase changes) to yield point magnitude (for
a rapidly-cooled weld in which negligible stress relief occurs during cooling).
Studies of fatigue crack growth from natural casting defects in
nickel-aluminium bronze (1) revealed no effect on propagation rate which
could be attributed to residual stresses.

(b) Hydrogen cracks. Hydrogen cracks may form as a result of hydrogen
embrittlement of steels and they may be associated with welds where ‘hard
spots’ develop (11). The arrest of such cracks is associated with relieving plastic
flow at the crack tips. The residual plasticity associated with short hydrogen
cracks in iron - 3 per cent silicon single crystals has been revealed by etching
(12) and found to be concentrated at the ends of the crack. However, the
residual stresses are likely to be removed completely by a stress-relief heat
treatment, e.g., a few hours at temperatures above 600°C.

(¢) Inclusions. Second phase particles, including sulphides, oxides, inter-
metallic compounds and slag particles, frequently act as sites for fatigue crack
initiation. During steel production the differing coefficients of thermal expan-
sion in the inclusion and matrix give rise to differential strains at the interface
between them. On cooling, these strains will result in residual tesselated
stresses around the inclusions, which may be tensile or compressive (9)(13).

(d) Quench cracks and surface damage. A variety of surface hardening treat-
ments may be applied to steel structures and components to extend their fatigue
lives. Thermal, chemico-thermal, or mechanical treatments may be employed
to provide both surface hardening and favourable compressive residual
stresses. However, although the processes are designed to improve fatigue
properties, they may be accompanied by the production of defects such as
quench cracks or roughened surface profiles. Fatigue cracks originating from
these sites will experience the effect of the residual stress fields resulting from
the hardening treatment employed (14). Surface damage in the form of
machining marks may also be produced by processes such as turning or
grinding, where the depth of cut controls not only the size of a defect, but also
the local stress field associated with it.

It is clear that the characteristics of the site at which a fatigue crack initiates can
influence its early growth. Before any attempt is made to apply experimentally
determined short crack data to engineering situations the types of short cracks
involved must be taken into account. The methods of production of short
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cracks for experimental work are generally concerned with two main geom-
etries: through-thickness cracks and thumbnail (semi-elliptical) cracks.

Short through-thickness cracks may be prepared by growing a long crack and
machining away the top surface to leave a crack that is short in the depth
dimension (15)—(19): short thumbnail cracks may be initiated at small surface
notches (8) or produced by growing a crack from a ridge that is subsequently
removed by machining (20)(21). However, the most common method of
obtaining short surface cracks that are approximately semi-elliptical in shape is
by initiation at inclusions using smooth bar or hour-glass testpieces (D)—(6)(22).
These testpieces may be subjected to stresses that exceed the yield stress at the
surface, and so the short pre-crack grows under conditions of bulk plasticity.
Even when the macroscopic applied stress is below the yield stress, the
individual grains within which fatigue cracks initiate are locally yielded, and
their early growth takes place within the local plastic field (4).

After preparation of short pre-cracks by these methods a stress-relief heat
treatment may be applied to anneal out the plastically deformed material
around the cracks. The aim is to leave a short pre-crack that is simply a
geometric discontinuity. However, the effectiveness of common stress-relief
treatments in achieving this is not certain, and a residual stress field may still
exist around the short crack, particularly if the applied stresses have been high.

To summarize, if a fracture mechanics approach is to be used to describe the
behaviour of physically short cracks in fatigue, it is essential to consider both
the geometry of the cracks and the residual stress fields around them, whether
produced during fabrication, surface-hardening, or testpiece preparation. The
aim of the present paper is to attempt to do this using two well-characterized
structural steels to examine the extent of the short crack problem in engineering
structures. The work on the low stength steel is presented first.

Experimental work on a low strength steel

The material was a low carbon steel with a yield strength of 280 MNm~?and an

ultimate tensile strength of 420 MNm ™2, similar to the weldable structural steels
used for the construction of railway bridges and railway vehicle bogies. The
composition is shown in Table 1. The cast ingot was rolled and forged to 20 X
40 mm cross-section bars from which the testpieces were machined. The
material had a ferrite-pearlite microstructure, as shown in Fig. 2(a).

Experimental procedure

Long and short crack data were obtained using a 60 kN servo-hydraulic testing
machine operating at a frequency of 40 Hz, and the load ratio, R, was 0.5 in all
tests. The crack length was measured using the direct current potential drop
technique (23). Closure measurements were carried out using a back face strain
gauge system incorporating an offset elastic displacement circuit (24).

Long crack data were obtained using single edge notched bend specimens
with a width of 25 mm, thickness of 15 mm, and notch depth of 5 mm, tested in
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Table1l Composition of materials

Steel type C Mn Si Ni Cr Mo
Low strength steel 0.15 0.57 0.15 0.03 <0.02 <0.02
High strength steel <0.2 — — 2.5 1.5 0.5

four point bend loading. The loads were reduced in 5 per cent decrements and
the crack was allowed to grow a distance of at least four times the size of the
reversed plastic zone at each load range. The load-shedding procedure was
continued until no further crack growth could be detected in 10° cycles and then
the loads were incremented in 5 per cent steps.

The short through-thickness cracks were initiated at central slots in testpieces
with a width of 25 mm and thickness of 15 mm. The pre-crack was grown using
a load-shedding sequence with 10 per cent decrements to achieve near-
threshold growth at a pre-crack length of approximately 5 mm. Then 2.5 mm
was removed from the side faces of the testpiece by machining, and approxi-
mately 5 mm removed from the top, to leave a straight-fronted short through-
thickness pre-crack of between 0.1 and 1.0 mm in length in a testpiece with a
width of 20 mm and thickness of 10 mm. The specimens were stress-relieved at
650°C for one hour in a vacuum furnace prior to testing.

The short pre-cracks were subjected to fatigue loading in four point bend

e

Fig 2 Microstructures: (a) low strength steel, (b) high strength steel Q1N
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loading at initial AK values in the range 2-12 MNm ™2 If no crgck growth was
detected in 10° cycles the loads were increased by 5 per cent until crack growth
occurred.

Results

The long crack data are shown in Fig. 3. When the applied AK was greater than
approximately 7 MNm™?, the opening stress intensity, K, m;a:sured by the
back face strain gauge on reloading, was lower than the minimum stress
intensity during the fatigue cycle, Ky, so that there was no effect of CIOSBI;lzre on
the measured growth rate. When the applied AK was less than 7 MNm ™", K,
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Fig 3 Long crack results in the near-threshold region for low strength steel. R = 0.5
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Fig 4 Short crack results compared with long crack results for low strength steel. Dashed line
shows AK, data for long cracks. The initial lengths of short cracks are given in microns.

was greater than K, and the measured growth rate was reduced by the effect
of closure. The threshold at R = 0.5 was equal to approximately 4.5 MNm™32,
The effective stress intensity range at which crack growth could not be
detected, as determined by closure measurements, was approximately 3.0
MNm™2,

The short crack data are compared with the long crack data in Fig. 4.
Considering first the short cracks tested at lower initial AK values, it can be seen
that some cracks grew at applied AK values below the measured longcrack AK,,
of 4.5 MNm™?, sometimes at an initially decreasing growth rate. Other short
cracks simply followed the long crack curve after commencing growth at AK
values close to the long crack AK,,.
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In order to apply the required stress intensity range to the short cracks that
were tested at initial AK values greater than 7 MNm™?, it was necessary to
apply such high loads that the specimen was yielded over the whole width,
although the change in applied moment-arm as a result of specimen deforma-
tion was negligible. Nonetheless, the growth rates for the short cracks (0.1-1.0
mm long) coincided with the long crack data. That is, within the sensitivity of
the apparatus (which could detect 30 pm of crack growth), no short crack
growth was observed for cracks of these sizes when the value of the initial
applied AK was in the range in which long cracks were not affected by closure
at a load ratio of 0.5.

Experimental work on a high strength steel

The material studied in a second set of experiments was a weldable alloy steel,
QIN, with a yield strength of 653 MNm™?2 and an ultimate tensile strength of
743 MNm™2. The composition is shown in Table 1. The material was water
quenched and tempered at 640°C to give a tempered martensitic micro-
structure, as shown in Fig. 2(b).

Experimental procedure

Threshold AK,, values were measured for long cracks and for short cracks of
both through-thickness and thumbnail geometries. The experimental proce-
dures have been described previously (15)(24). Briefly, the long crack data
were obtained using single edge notched bend specimens tested in four point
bend loading and the short through-thickness crack data were obtained by
growing a long pre-crack and removing the top of the specimen by machining.
The short surface cracks were initiated at inclusions on unnotched testpieces,
under loading conditions in which the surface of the testpiece was yielded. A
stress-relief heat treatment was carried out before testing at load ratios between
0.2 and 0.7. Closure measurements were made during the long crack tests.

Results

The measured AK,, values are shown in Fig. 5 (15), plotted against the crack
length on a logarithmic scale. It was found that the short through-thickness
cracks of length 0.27-1.0 mm had AK,, values lower than the measured long
crack AK,, of 4.8 MNm™>?, but higher than the value of the effective stress
intensity range at threshold (AK,) of approximately 3.0 MNm™?. Therefore,
the short through-thickness crack data fell in the region of AK in which long
cracks were affected by closure.

However, for the short surface cracks of 0.1-0.4 mm in length, AK,, values
close to the measured long crack AKy, of 4.8 MNm™"? were obtained. This
indicates that there is a variation in the AKj, values measured for short cracks
of different geometries prepared by different techniques.

SHORT FATIGUE CRACKS IN STEELS 251
T T 1[1!1!{ T T I!llll‘ T T |III1|‘

P .
s M
z's R=0-2
< Z -
[+ 6 L ® .
ol °
Lo [}
Z 5 | o 4 o
= — 20 — — — —p—
z Q ® °
w lg, L °
g °
= Surface Through
o I ———AK, cracks cracks -
:_rx::, o e load
& increasing
o 2F © LOﬂd I
= shedding

Lol et 1l oot 4l
0-01 01 10 10-0
CRACK LENGTH mm

Fig 5 Threshold values of surface thumbnail and through-thickness cracks for high strength
steel. Dashed line shows measured long crack threshold

Discussion

Discussion of results

Plasticity-induced closure arising from forces within the plastic wake is one of
the most significant factors affecting the growth of fatigue cracks at low AK
values. The concept has been used to explain the effect of load ratio on long
crack AK,, values determined by conventional load-shedding threshold tests
(25). If K,y is greater than K, during the fatigue cycle, the effective stress
intensity, AK,;, will be lower than the applied AK, producing an elevation in
the measured value of AK,;. It has been suggested that during a long crack
threshold test the increase in closure as AKy, is approached is primarily a
load-shedding effect (15). At high load ratios, however, and at higher applied
AK values, there is minimal effect of plasticity-induced closure.

Experiments have been carried out in which part of the plastic wake behind
the tip of a long crack is removed by electro-discharge machining (EDM)
(15)(26). This process is shown in Fig. 6 for a long crack growing in the
near-threshold region. The crack growth rate was approximately 6 x 1078
mm/cycle for a crack that was 2.43 mm in length after a load-shedding
sequence. Part of the wake was removed by EDM to leave 0.5 mm of wake
behind the crack tip. The subsequent growth rate, at almost the same applied
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Fig 6 Growth rate and closure data showing the effect of wake removal (15)

AK, was found to have increased to approximately 4 X 1077 mm/cycle,
associated with a reduction in Kop/ K oy from 0.45 to 0.29. This demonstrates
that, in these experiments, significant effects of plasticity-induced closur.e were
produced by parts of the plastic wake located more than 0.5 mm b;hmd the
crack tip. It has been calculated that the distance over which there is contact
between the opposing fatigue faces may be up to 1~2 mm during a long crack
threshold test (15).

The short through-thickness cracks were prepared by growing long cracks
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under a load-shedding sequence into the threshold region and then machining
away the material behind the crack tip. As for the EDM experiments described
above, this method of preparation removed a large part of the plastic wake and
it is deduced that the difference in behaviour between long and short cracks,
shown in Fig. 4, arises simply from the fact that less plasticity-induced closure
is associated with the short crack growth. At higher stress intensities, plasticity-
induced closure becomes less significant and the results for long and short
cracks lie on a single curve.

The experimental values of AK,, for short surface cracks in QIN steel,
however, were found to fall within the scatter-band of long crack values. The
surface cracks were initiated at inclusions and grown to lengths in the range
0.1-0.4 mm under conditions of gross surface yielding (R > 0.2). Unloading
then induces a compressive residual stress and if the stress-relief treatment of
one hour at 650°C does not completely remove this stress, clamping forces
could produce a closure effect during the subsequent determination of AK,,,
such that the measured values were similar to those for long cracks, where
plasticity-induced closure was operative. Support for this is given by crack
closure measurements made on small thumbnail cracks grown in a region of
surface plasticity. These gave Kop/ K values identical to those determined for
long cracks growing under elastic conditions at a low load ratio (22)(27).

The difference in behaviour observed for the two kinds of short cracks
examined in the present work is therefore rationalized in terms of the effects of
different residual stress fields on threshold behaviour.

The ‘Kitagawa plot’

The ‘anomalous behaviour’ of physically short cracks is illustrated by region IT
of Fig. 1, in the graph of log Ao, against log a. Here, experimental values of
Ao, are lower than would be predicted by either the LEFM calculations based
on AK,, (which works well for region III) or the endurance limit, for 107 or 10°
cycles as appropriate (region I).

One reason for the anomalous behaviour is that the plasticity associated with
crack growth increases rapidly with applied stress level, so that the LEFM
analysis becomes increasingly inaccurate. Miller (28) has shown that deviation
from region III behaviour first occurs at a crack length such that the applied
stress level exceeds one third of the cyclic yield stress. For monotonic loading,
the maximum extent of the plastic zone in plane strain, R;y, is given by (29)

Ryy = 0.16(K/a,)* = 0.16(0%y,/03)ma 4)

where oy, is the applied stress. For oy, = o,/3, the ratio of plastic zone size
to crack length. Ryy/a = 0.056. The size of the reversed plastic zone is often
obtained by substituting 2o for o, in equation (4), so that the ratio of reversed
plastic zone to crack length is approximately 0.014. The size of plastic zone
increases initially with o2, but then more rapidly as T4pp approaches oy.
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The results given in Figs 3 and 4 show that for values of AK > 7 MNm ™ the
calculated values of da/dN for initially quite short cracks in structural steel of
modest yield strength are identical to those measured on specimens containing
long cracks, even though the short crack testpieces have undergone substantial
general plastic yielding. It is remarkable that the results agree so well, for a
value of AK calculated as if the loading were elastic. Itis possible that, after the
first few cycles, the general plasticity in the specimen as a whole ‘shakes down’
through cyclic hardening processes, eventually approaching saturation, so that
the overall specimen response progressively becomes quasi-elastic, with the
elastically calculated AK characterizing behaviour in the crack tip region.

If cyclic hardening can rapidly lead to a quasi-clastic response in specimens
which have undergone gross yielding, it seems unlikely that the main cause of
anomalous short crack behaviour is the increase of plastic zone size with
applied stress level. An alternative possibility is that the different amounts of
closure associated with short cracks produce relationships between the applied
and effective stress intensity ranges which are different from those for long
cracks. As described earlier in the paper, different types of residual stress
distribution are associated with different sources of short cracks, so that details
of behaviour must be assessed on an individual basis. Presumably, however, a
lower bound is given by the complete absence of closure, €.g., for solidification
cracks, or cracks for which stress-relief annealing has been completely
effective.

The essential point is whether or not the line based on AK,, in Fig. 1
represents the ‘no-closure’ situation, because it is clear that the distribution of
plasticity in the plastic wake can strongly affect the value of AK, in a
load-shedding test, unless the stress ratio, R, is high. The results of Kitagawa
and Takahashi (Fig. 1) give a AK,, value of 15.5 Kgmm™? (4.8 MNm™*?) for
R = 0.04. This is compatible with their results, recognizing that the cracks of
interest were semi-circular and much smaller than testpiece dimensions. The
appropriate value of Q in equation (2) is 0.66 so that the relationship between
AK and Ao, becomes

AK = 0.66 Aoy (ma)? (5)

The value of AKy, = 4.8 MNm™*? for R = 0.04 is comparable with (although
perhaps a little lower than might be expected from) a value of AKy, = 4.8
MNm™*2 for R = 0.2 obtained by James and Knott for a quenched and
tempered steel of similar yield strength (15). In the latter case, measurements
of closure indicated that plastic wake closure was highly significant in the
R = 0.2 results and that the ‘closure-free’ value of AK,,, i.e., AK,, was
approximately 3.0 MNm™2, A similar value applies to the lower strength
structural steel, for which the experimental data are given in Fig. 3.
Recalculation of the long crack data in Fig. 1 using AKX, = 3.0 MNm
reduces all the values of Ao, by a factor ui (3/4.8), i.e., the position of the line
in the log:log plot is lowered by a constant amount (see equations (1) and (2)
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and Fig. 7). The effect of this shift is such as to provide an effective lower bound
to all the data points. The inference is then that most of the ‘anomalous’ short
crack behaviour observed here is attributed to an artefact of the long crack
threshold test, i.e., the effect of closure at low stress ratio.

In terms of engineering design, it would seem that a rather good lower bound
is obtained from the endurance limit and the value of stress calculated from the
‘effective’ threshold, AK, = 3.0 MNm™2. If a modest safety factor is applied
to these bounds, integrity should be assured for the stressing situations
envisaged, provided that gross variations from the accepted material properties
(defect populations) do not occur. This can be achieved either by attention to
quality control in fabrication and NDT or by consistency of materials
processing.

The above discussion refers to cracks grown in air. It has been found that AK,
for cracks in vacuum is higher than that in air (31) and the position of the lower
bound line in Fig. 7 would be altered accordingly. Tests in vacuum simulate the
growth of cracks from buried defects.

An example of the use of AK_ in ‘lifing’

The detailed assessment of the fatigue life of a welded component which is part
of a vehicle demands a knowledge of the loading spectrum to which it is
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subjected during service. In general, this is likely to comprise a large number of
low amplitude cycles, each produced by a revolution of the vehicle’s wheels on
smooth roads or rail-tracks, together with a smaller number of higher
amplitudes, associated with rough surfaces, such as pot-holes in roads or joints
and welds on rail-tracks. Additionally, a few very high amplitudes may be
experienced, due to loading by passengers or freight, or to the occasional onset
of resonance. The lifing procedures involved may be appreciated by an
illustrative example, using simplified figures taken from a paper by McLester,
which shows the loading spectra for locomotive and freight bogies (30).

In approximately 200 miles of travel, the number of wheel revolutions is of
the order of 10°. McLester’s figures show that the spectra contain many cycles
at stress levels below 50 MNm ™2 and rather few at higher levels. For simplicity,
we take 20 cycles at 100 MNm™2 and 10° cycles at 65 mNm ™2, The assumptions
made are that NDT is capable of detecting an edge crack of 1 mm in size and
that a proposal has been made that a safe inspection period is every 108 cycles
(approximately 2 X 10° miles or 1-2 years). A traditional LEFM analysis would
wish to ignore all cycles at stresses such that the values of AK were below the
threshold AK,,, but this philosophy would be open to question in the light of
‘anomalous’ short crack growth behaviour, which tends to indicate that cracks
of less than 1 mm in length (the NDT limit) could grow at AK values less than
AK”! .

If, however, the short crack behaviour is ‘anomalous’ only because closure
effects operate in long crack threshold tests, it would appear that a threshold
philosophy could be maintained, provided that the ‘closure-free’ value of AKy,,
AK,, were employed. Our results suggest that AK, is approximately 3.0
MNm™~¥2 for structural steel, which, for a 1 mm edge crack, corresponds to an
applied stress of approximately 50 MNm 2. We conclude, therefore, that in 10°
total cycles for the simplified loading spectrum, the only cycles of importance
are the 20 at 100 MNm™? and the 10° at 65 MNm™2. During the proposed
inspection period of 108 cycles, the component is therefore subjected to 2 X 10*
cycles at 100 MNm™2 and 10° cycles at 65 MNm ™2, Using the expression

da/dN = 1071 AK3 (6)

where AK = 1.12 —Ao(wa)'” for an edge crack, it may be calculated using a
simple Miner’s Law summation, that a crack, initially just below 1 mmin length
(i.e., just undetectabe by NDT) grows to approximately 2.5 mm in 108 cycles
(ignoring the fact that AK, will be exceeded by stresses in the range 50-30
MNm ™2 as the crack length increases from 1 to 2.5 mm). Final crack lengths of
this order are unlikely to cause failure by plastic collapse or fast fracture in
tough, structural steels, and so the proposed inspection period is deemed to be
appropriate. Any crack found during inspection would be repaired.

The above calculation is illustrative, rather than precise, but does
demonstrate the lifing principles involved. Specifically, we suggest that, if the
‘closure-free’ value, AK,, is employed, a threshold philosophy may be main-
tained, uncomplicated by any ‘anomalous’ short crack behaviour.
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Conclusions

In considering the behaviour of physically short cracks it is essential to take into
account the residual stress fields surrounding the cracks. Inlong crack threshold
tests at low load ratios, plasticity-induced closure in the wake of the growing
crack influences crack growth rates. The results of this study indicate that
different amounts of closure in short crack specimens may account for much of
the ‘anomalous’ behaviour of physically short cracks. Predictions of fatigue life
using a closure-free value of the threshold may therefore be satisfactory in
applications in which reliance is placed on NDT control.
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