FATIGUE BEHAVIOUR OF SHORT CRACKS

C. M. BRANCO *

A review is presented of the engineering
approach to the fatigue pehaviour of short
cracks . The main methods of the fatigue
1ife prediction are referred and an analysis
of the most relevant parameters of short
crack propagation are also presented . These
parameters include local plasticity at the
crack tip ,crack closure ,and microstructure.
The different regimes of short crack
propagation are described . pata for some
engineering alloys are quoted to illustrate
the applicability of prediction techniques

INTRODUCTION

This review deals with the problem of crack
initiation and propagation of physically short cracks,
, i.e. cracks with size below 500 pm . IND terms of
fatigue 1ife of most engineering components it is
known that a great percentage of fatigue 1ife 1is
spent in the propagation of these tiny cracks . Hence
it is very important to understand the pasic
mechanisms of fatigue crack growth of physically
short cracks - This was made possible through
extensive developments in elastic—plastic fracture
mechanics and also in the experimental techniques for
crack detection and measurement

In this paper a brief review 18 presented of the

micromechanisms of subcritical crack growth of
fatigue microcracks - Comparisons are presented of
the behaviour of short and long cracks - Cracks are

assumed small in three different situations
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i) when their growth is small compared with
relevant microstructural dimensions (grain
size , distance between second phase
particles , etc.)

ii) when their length is small compared with
the local plastic zones (microcracks
embedded in plastic zones of notches or
with a size close to its own crack tip
plastic zone , tipically less than 10 um in
high strength materials and between 0.1-1mm
in low strength materials). In this case is
a limitation of the LEFM methods,

iii) when their size is physically short , i.e.
a < 0.5-1mm .

Microcracks referred in(i) are called microstructural
short cracks where as those defined in (iii) are
called mechanically short cracks . The plot nominal
stress against crack length in Fig.1 shows the
different regimes of short crack behaviour as
reviewed by Miller (1)

7///_/w<?;«;=y
SIS el

Fatigue limit

Stress range, A —»

i

i |

i |
Non - propagating cracks

' |

i Mechanically short
I cracks

Microcracks .

|
I <
4 di dy Jeo

Crack length, a —

i
I
|
i
i
[

Fig.1l - The three regimes of microcrack behaviour
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in Fig.1l v & , Ga and ds are the dimensions of

microstructural parriers where the nominal stress

required to cross these parriers is progressively

higher in dy d,and d; . Thus d; is the size of the

dominant parrier and should be related with the

fatigue limit of the material - & defines the
boundary between the microcracks and the mechanically

short cracks

Many authors like Daceubler (2) assume that the phase
where @ ¢ d; 1is crack growth within & single grain
(stage 1 crack propagation) and when 2@ > dy the crack
changes for stage 11, where its growth is not
influenced by microstructure . However other authors
1ike TayloT (3) assume that d; covers several grains.

The upper 1imit @e (Fig.1) for the physically short
cracks is nmaterial dependent - 1ts maximum value 1is
given py the equation

where AKy, 18 the fatigue threshold of the stress

‘e 18 the cyclic yield stress.
The shaded aread in Fig.l includes the cracks referr®
in (i1) above which LEFM should not be applied . In
this group are included all the microcracks subjected
to very high stress levels ©OT cracks growing from
notches where the local stress AC 1s usually very
high AOC ? 2 O'ys )

3

The main parameters of microcrack propagation will be
presented such s the similarity approach
microstructure P local plasticity P growth mechanisms
and crack closure -

SIMILARIT‘I APPROACH

For long cracks it js known that K or J describes the
stress and strain fields at crack tip Also the
similarity approach is valid which implies that two

cracks of different sizes, but subjected to the samé

AK rin a given material ' environment and
microstructure . should have the same plastic zone
sizes at their tip and similar stress and strain
distributions at the crack tip Therefore equal
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crack growth increments should be obtained . However
this concept can not be applied if
i) the crack size is close to the local
microstructural dimensions
ii) the crack size is close to the local plastic

deformation

iii) there is a considerable amount of crack
closure

iv) the environment changes the crack growth
rate .

Hence for short cracks , crack growth is controlled
by the local values of fracture mechanics and not by
the nominal (global) values of these parameters .

Microstructural effects

- A great amount of experimental data obtained by
researchers like Ritchie (4) , Kitagawa (5) , Blom
(6) and Remy (7) has shown that crack growth rate in
microcracks (0.006 < a < 0.5mm) is higher for the
equivalent long crack and for the same value of AK .
A typical plot illustrating this behaviour is shown
in Fig.2, taking results obtained by Pearson (8) in
precipitation hardened aluminimum alloys .
Microcracks tend to nucleate preferably in persistent
slip bands , grain boundaries and second phase
particles .
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Additional data plotted in Fig.3 and obtained by
Lankford (9) shows that fatigue crack growth rates in
microcracks can be up to two orders of magnitude
above the crack growth rate for long cracks . Also ,
crack propagation in microcracks occurs for values of
the stress intensity factor well below the threshold
stress intensity factor for long cracks , AKy -
Attempts to explain the crack propagation behaviour
of microcracks (Figs.2 and 3) put the emphasis on
crack closure phenomena and local nicrostructural
interactions , such as grain boundaries -

From these results it is clear that AKy, values for
long crack and for short cracks can be significantly
different . However using LEFM concepts , AKy should
pe independent of crack length . (AKy = Const.) .
Work done by Kitagawa (10) has revealed that below a
certain critical value of crack length AK,, for

short crack decreases when the crack length increases
and the nominal stress range , Aoy, becomes closer to
the plain fatigue 1imit of the material ; Fig.4
This become known as the Kitigawa diagram - |
The zone (a) in Fig.4 defines the conditions for
crack propagation until fracture , while in zone (Db)
no crack propagation occurs .

001 o1 [l

Fig.4 - Kitigawa diagram . &ioy, and AKe against
_crack length (10) .
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Results for g point , where there is a transition
between zones (a) and (b) in Fig.4 , range between 1-

10um for high strength materials (o, = 2000 MPa) ,

up to 0.1-1mm for low strength alloys .

Effects of local plasticity

The strain intensity factor approach developed by
Haigh (11) gives a better correlation with the
fatigue crack growth rate for microcracks embedded in
plastic strain fields in comparison with the stress
intensity factor .

Another approach due to El Haddad et al (12) is an
empirical one, based on the intrinsic crack length

value , & . The equation for the stress intensity
factor was rewritten in terms of the physical crack
length value plus a, . Hence

AK=YAoyT (axa,)

where Y is the geometrical and loading factor ; a, is
assumed to be equivalent to the crack length above

which AK,, becomes constant and equal to the

threshold stress intensity factor for long cracks ,

AKy2 , Fig.4 .

Although this approach can eliminate the differences

between fatigue crack growth rates for long and short

cracks , it is a totally empirical approach since there

is no relation between a, and any microstructural
dimension

Fracture mechanics methods have been applied to study
fatigue crack growth from notches . Smith and Miller
(13) have assumed that a crack of depth a propagating
in a plain specimen 1is equivalent to a crack of
length 1 propagating from a notch , when both cracks
have the same crack growth rate .

The traditional Neuber approach (14) associated with
the E1 Haddad method was also used to describe crack
growth from notches .

Effect of crack closure

For long cracks detailed studies have shown that for
AK values close toAK, crack closure mechanisms
explain most of the effects on erack growth rate of
stress ratio , Yyield stress , grain size .
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environment and random loading - However the crack
closure mechanisms are particularly relevant for the
crack closure pehaviour of long cracks simply because
its effect is predominant in the plastic wave left by
the crack . In short cracks the plastic wave is very
1imited and therefore it is expected that the crack
closure effect should be different for nmicrocracks
and long cracks and hence nmicrocracks have small
closure effect -

Fracture surface roughness ijs a very jmportant
parameter for crack closure - Detailed studies of
surface roughness Wwere carried out by Mc carver and
Ritchie (15) - They found that for R=0.1 and for
microcracks AK, was below the value for ljong cracks
while for a nigh stress ratio of 0.7 no difference in
threshold values was obtained - Also Tanaka and Nakail
(16) using the compliance technique for nicrocrack
growth from notches have reported a great reduction
in closure for very small cracks - when the da/dN
data is plotted against.AK“‘ i.e. taking into account
the experimental values of BK for crack opening

a single curve is usually obtained for short and long
cracks -

Ao second closure effect is plasticity induced
closure. The effect is however small in microcracks
with a size pelow the plastic zone dimension at its
crack tip - According to the same authors (16)
plasticity induced closure ijs one of the reasons why
short cracks can propagate from notches at AK values
below MKy - Essentially these cracks can initiate
and propagate for AK values pbelow AKg since there is
no crack closure - However as crack length increases
the plastic strains at the crack surfaces increase
and the crack closure reduces the effective AK value
at the crack tip - Hence crack growth rate decreases
and eventually the crack will become arrested - It is
seen that these explanations are in agreement with
the phenomenology of nmicrocrack growth from notches
referred above -

A summary of all the main interrelating parameters
can be described as follows as reported by Tokaji (17)
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Physically short Cracks
Microstructural Mechanically Long
small cracks short cracks cracks
Fracture of microstructural small cracks

Stage I crack propagation
Very fast crack propagation
Great influence of microstructure

Fracture of mechanically short cracks
Stage II crack propagation
Very fast crack propagation
Low level of crack closure
Small influence of microstructure

Assumed long cracks
. Stage II crack propagation
Crack closure level similar to the long cracks
. Little influence of microstructure

RESULTS

In this section results obtained by the authora in a
research programme concerning short crack growth
behaviour will be presented .
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Fig.5 shows the da/dN ; &K results obtained by the
author (18 , 19) in the Al-Mg 5083 and for crack
propagation from a microcorner notch of 45 pm depth
and length loaded in bending for R=-1 . This short
crack data is separated in two regimes . i.e. for
values of a, ¢ ¢ 300 pm and for a . c , > 300 pm .
For the short cracks (a , ¢r ¢ 300 pm) crack growth
rate data is considerably above the long crack growth
rate data obtained in CT specimens of the sameé
material , thickness . frequency and environment but
for R=0.05 . In the long crack regime ( a,¢ > 300um)
the da/dN data is converging for the long crack
curve of the CT specimen providing the same
correlation of results . The short crack data gives a
good agreement with the long crack data obtained in
fhe CT specimens for R=0.8 .

Hence when crack closure is very unlikely to occur as
it should happen in the CT specimens for R=0.8
da/dN gives similar results for short and long
cracks. Crack closure 1is therefore one of the key
controlling parameters of the fatigue crack
propagation pehaviour of short cracks .
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Fig.6 - da/dN and dc/dN against crack length a and c.
Corner notch . AlMg alloy 5083
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The variation of ¢rack growth ratesg da/dN and dc/dy’
with the crack size a and ¢ is depicted in Fig.6 also
for‘the Same corner crack of the results in Fiq.s5 |,
It is seen that the crack growth rate jig decreasing
as  the crack ig moving away for the tiny notch and
after dpProximately 1. 0mm in depth and length behaves
like a iong c€rack . There ig N0 stress ratio effect
at 1nit1atlon (a , ¢ < 0.2mm) that is when closure ig
not significant

CONCLUSIONS

The growth of microcracks by fatigue is one of the
most challenging research topics in the area of
mechanical behaviour of materials . This jisg an area
where an interface occurs between Fracture Mechanics
methodologies and the classic mechanical engineering
approach dealing with the assessment of total fatigue
life .

Differences between microcrack and long crack
behaviour are due to several distinct phenomena :

pPlasticity at the crack tip;
ii) influence of notch stress and strain fields
for cracks emanating from notches :

iili) interaction of microstructural short cracks
with the microstructure including : grain
boundaries ¢ inclusions and second phase
particles with a size similar of the crack
length

iv) differences in propagation mechanisms ,
V) crack closure effect varying with the crack
size .
vi) environmental differences at the crack tip .
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