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Summary 

The fatigue phenomenon in aluminium alloys is analysed on the basis of empirical evidence derived from the literature 
andFeZilts of sorXr6ciint NLR test3SFies3fain  emphasis is ~on~the~aluminium~copper  alloys (2024-type):-It   has been 
attempted to develop a dislocation model which could explain crack nucleation and propagation. The fallo\ving questions 
were studied: (1) does crack propagation occur along crystal planes, (2) does it occur in all load cycles, (3) is high-level 
fatigue fundamentally different from lowlevel fatigue, (4) how does cyclic strain-hardening occur and (5) \rhat are 
the variables controlling the crack propagation? The discussion includes simple dislocation concepts, interactions of slip 
and precipitated zones and calculations on shear stress distributions around cracks. The model developed for the fa- 
tigue phenomenon is still qualitative. First steps to make it quantitative and difficulties invohed are pointed out. Xew 
results from microscopic studies on the crystallographic orientation of cracks and the rate of propagation of micro-cracks 
are presented, 
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1 Introduction 

The high degree of utilization of to-day's air- 
craft and the iise of high strength aluminium alloys 
have made the fatigue problem one of major con- 
cern in aircraft design. Unfortunately accurate 
methods for calculating fatigue properties of an 
aircraft structure or structural components are not 
yet available. Difficulties involved are the in- 
sufficient knowledge of the fatigue process on one 
hand and the large number of factors which can 
affect the fatigue phenomenon on the other hand. 
The influence of many factors, although known 
from numerous empirical studies reported in the 
literature, cannot be quantitatively accounted for. 
However, qualitatively several trends observed can 
be understood and this understandi,ng, which is 
steadily improving, can be very helpful for practi- 
cal problems. Continued research efforts on the 
fatigue phenomenoq, recognizing the fact that 
physically exact laws or accurate engineering rules 
will be extremely difficult to obtain, are therefore 
warranted. 

Our present knowledge of the fatigue process is 
mainly based on microscopic studies. The problem 
received a revived interest by the impact from the 
rapid development of the dislocation theory in the 
last decades. In this study an attempt is made to 
analyse phenomenological evidence of fatigue 
based on simple dislocation concepts. The study is 
made for aluminium alloys of the duralumin type, 
the main aim being an improvement of the under- 
standing of the fatigue process in these alloys. The 
study was initiated by the results obtained in some 
recent microscopic investigations, carried out a t  
the NLR (National Aeronautical and Astronautical 
Research Institute), Amsterdam. 

2 Scope of the present study 

Microscopic studies on the fatigue of metals 
complemented by other experimental investiga- 
tions have revealed two important features: 



1 .  Fatigue requires cyclic plastic deformations. 
2. Microcracks are nucleated early in the fatigue 

This information, limited though it is, has been 
helpful already in explaining the influence of 
several factors on the fatigue behaviour under en- 
gineering conditions. On the other hand the two 
features are prompting several additional ques- 
tions, of which the following are thought to be 
pertinent. 
(a) How does crack nucleation occur? 
(b) Is there a fundamental difference between 

crack nucleation and crack propagation? Which 
part of the fatigue life is covered by crack 
propagation? 

(c) Does crack propagation occur along crystal 
planes? 

(d) Does crack extension occur in every load cycle 
and what are the orders of magnitude of’the 
crack length and the crack rate to be consid- 
ered? 

(e) What is the effect of the stress amplitude on 
the propagation mechanism? Is there a funda- 
mental difference between low-amplitude and 
high-amplitude fatigue, as is sometimes postu- 
lated in the literature? 

( f )  How is the stress-strain behaviour of alumi- 
nium alloys under cyclic loading? The interac- 
tion of dislocation movements and the precipi- 
tation is a major aspect of this question. 

An analysis of these questions forms the main 
part of this thesis. The first question is dealt with 
in chapter 5 ,  in which existjng theories are dis- 
cussed and a simple dislocation model is conceived. 
In  chapter 6, question (b) is considered together 
with the problem of how this model should be 
extended or modified to account for crack propaga- 
tion. In chapters 7 to 10 questions (c) to (f) are 
discussed, including a presentation and analysis of 
experimental data relevant to the dislocation model 
developed in the two preceding chapters. l n  chapter 
I 1  the first steps for a quantitative evaluation of 
the dislocation model are considered. Comments on 
future prospects are presented in chapter 12. 

The fatigue mechanism is  not necessarily the 
same for’~different metals. Even a generalization 
for alloys of the same metal may be incorrect. The 
present study is confined to aluminium-copper 
alloys. The selection of this type of material is 
explained in chapter 3. The major part of the in- 
formation .referred to in the discussion was drawn 
from tests on axially loaded sheet specimens and 
strictly speaking the discussion applies to these 
conditions. 

Recent microscopic studies carried out a t  the 
NLR have some bearing on the present problem. 

life. 

One investigation on the crack rate in unnotched 
and notched aluminium alloy specimens is not yet 
fully completed and will be published in due course 
as a separate NLR report. A summary of the 
results is given in section 4. I .  A second investiga- 
tion of an exploratory nature, which will not be 
published separately is presented in sections 4.3, 
4.4 and 4.5. Fatigue cracks were studied in pure 
aluminium sheet specimens, in the aluminium 
cladding of aluminium alloy sheet material and in 
unclad aluminium alloy sheet specimens. Section 
4.2 gives some fractographical observations. 

The aim of this report, being the evaluation of 
a model for crack nucleation and propagation in 
aluminium alloys, is certainly ambitions. Any 
theory on fatigue at the present time has to include 
certain elements of speculation. Proposals being 
made are therefore tentative. I t  was felt, however, 
that new experimental evidence and certain simple 
dislocation concepts did justify renewed efforts to 
reduce the degree of speculation and to arrive at 
a dislocation model, which should allow a better 
understanding of the hitherto rather obscure con- 
ception of “fatigue damage”. 

3 The aluminium alloy selected for the present study 

A large variety of studies on deformation and 
fracture of metallic materials have shown that the 
behaviour of all materials is not uniform. In several 
cases differences can be correlated with certain 
specific properties of the structure of the metal or 
the alloy concerned. Diverging properties for differ- 
ent materials may then be illuminating. They also 
imply that a theory applying to one material is not 
necessarily true for another material. Aluminium 
alloys have some special features which are men- 
tioned hereafter. These imply that one should be 
very careful in interpreting results of other ma- 
terials .for the fatigue behaviour of aluminium 
alloys. 

The choice of aluminium alloys for fatigue in- 
vestigations is an obvious one at an aeronautical 
laboratory, since these alloys are the main structur- 
al materials used for current aircraft construction. 
AI Cu Mg alloys and AI Zn lllg Cu alloys are em- 
ployed, typical compositions and mechanical prop- 
erties of which are given in the table below. 

Usually the first alloy is naturally aged whereas 
the second one is artificially aged. In this study the 
allays will be indicated by the designation of the 
American Society for Mctals, 2024 and 7075 
respectively. 

The following special features apply to the above 
mentioned AI alloys: 
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American Chemical Typical properties 

a Alloy designation composition ($6)  
SO,% S" 

cu Zn ~ Mg ( k g / m l Y  ( % I  

A1 % n  M g  c u  7075 1.5 5.5 1.5 45 55 I 1  

~~ 

AI cu hlg 2024 4.5 - 1.5 32 45 18 

- 

( I )  From an elastic point of view the A1 alloys are, 
contrary to most other metallic materials, al- 
most isotropic. For aluminium the maximum 
and the minimum value of the elastic modulus 
have a ratio E,lll,/E,loo, = 1.20 (rcf. I ) .  
Since the elastic modulus is a structure-insensi- 
tive property the low elastic anisotropy will also 
apply to aluminium-rich alloys. 

(2) The A1 alloys have a face-centered cubic struc- 
ture. Although this seems not to be a very 
peculiar feature it is still important to note that 
cleavage fracture is observed in metals with a 
body-centered cubic or a closepackcd hexagonal 
structure, but not in metals with a face-centered 
cuhic structure (ref. 2).  

(3) A third peculiarity is the easy occurrence of 
cross-slip in aluminium, due to the high stack- 
ing-fault energy. Very little seems to be known 
about the stacking-fault energy in aluminium 
alloys. In a study on cold worked aluminium 
and aluminium alloys by an X-ray diffraction 
method Seemann and Stavenow (ref. 3) were 
unable to detect stacking faults in aluminium 
and in an A1 Cu alloy. Stacking faults were 
indicated in AI Mg, AI Zn and A1 Mg Zn alloys. 
I t  could thus be assumed that cross slip would 
be easy in the 2024-alloy, but not necessarily so 
in the 7075-alloy. This indicates that a general- 
ization even amongst alumiuiuni alloys is not a 
priori allowed. 

(4) The AI alloys are precipitation hardened. The 
heat treatment gives the alloys a high hardness. 
The precipitated particles are still largely co- 
herent with the matrix. In the 2024-alloy the 
hardening seems to be mainly due to coher- 
encystrain, whereasin the 7075-alloy the hard- 
ening effect is more a real dispersion hard- 
ening (see chapter I O ) .  So here is another dif- 
ference between the two alloys. The precipitation 
is undoubtedly a tremendously complicating 
factor. 

Other differences between the two alloys may be 
added. The 7075-alloy is more fatigue notch-sensi- 
tive than the 2024-alloy and it is also more seusi- 
tive to stress corrosion and intergranular corrosion. 
The 2024-alloy is most widely used in aircraft 
structures if fatigue is a design consideration. In  
the present study the main interest is focused on 
this material. There are other practical reasons for 

doing so. Fatigue studies reported in the literature 
are more abundant for the 2024-alloy. Secondly 
many physical invcstigations were performed on 
the binary Al-4q/,-Cu alloy and thcre are some 
reasons to believe that its behaviour is similar to 
that of the 2024-aIloy (see chaptcr 10) 

4 Recent NLR studies on crack nucleation and 
propagation 

The purpose of the tests described in this chaptcr 
is twofold: 
( I )  A determination of the orders of magnitude of 

the rate of crack growth in aluminium alloy 
specimens. 

(2) An exploration of the crystallographic nature of 
fatigue cracks in aluminium and an aluminium 
alloy. 

Recently the NLlZ completed some test series on 
unnotched and notched sheet specimens of an 
AI Cu Mg-alloy. The prime purpose of these tests 
was to study the notch effect and the size effect. 
The crack growth was observed during the fatigue 
tests since it was thought that such information 
might be useful for the evaluation ofxoth effects. 
Data on the rate of crack growth are presented in 
section 4.1. 

The crystallographic nature of crack growth was 
studied inaluminium, in the aluminium cladding of 
AI Cu Mg sheet material and the core of the same 
material*. The results obtained are discussed in 
sections 4.3 to 4.5 respectively. Section 4.2 gives 
some fractographical observations. 

4.1 The rate of crack growth in unnotched and 
notched sheet specimens of a n  A1 C u  Mg-alloy 

The main purpose of the test programme was to 
study the notch effect and the size effect. A full 
account will he given in ref. 4. In this section the 
data on the rate of crack'growth are summarized. 

Fatigue tests were carried out on unnotched and 
simply notched specimens shown in the left top 
corner of figs 1 and 2 respectively. The specimens 
were axially loaded with zero minimum stress and 

* AI Cu hlg sheet material for aircraft structures is 
usually provided with thin integral surface layers (clad- 
ding) of pure aluminium far protection against corrosion. 
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various values for the maximum stress. The fatigue 
machine was an Amsler High Frequency Pulsator, 
the test frequency being 70 cycles per second. 
Crack propagation was observed during the fatigue 
tests by means of two binocular microscopes with a 
low magnification, viz. 30 x , employing strobo- 
scopic light. In general cracks started from the 
edges of the cross section (unnotched specimens) or 
the edges of the hole (notched specimens), see for 
instance fig. 6, discussed in section 4.2. The 
smallest cracks observed had a length of about 0.1 
mm. After detection of the crack a full record of 
its propagation was made. From the crack propa- 
gation curves the crack rate per cycle, dlldn, was 
deduced as a function of the crack length 1. h 
survey of the results is shown in figs 1 and 2. Figs 
3 and 4 show the percentages of the fatigue life 
involved in certain amounts of cracking as a 
finction of the applied stress. 

For 1 < I mm the results indicated a linear 
relationship between d1/dn and 1, when plotted 011 

a double-logarithmic scale (see figs I and 2) or 
dl 
- = Cl" 
dn 

If this relation is extrapolated to low values of 1 and 
dl/dn their values at the beginning of the tests can 
be calculated by integration of eq. (4. I ) .  The result 

1 m o  

1, 

3 3  

01, 

(0  
-I<"> 

01 

_EXTRnRILAT#ON 1 TEST R E I Y L T I  - 
Fig. 2 Crack rate data of fatigue tests (K = 0) on notched 
specimens for various values of the  applied stress (data 
from ref. 4) .  1 is measured from the edge of the hole along 
the sheet surface. 

is shown in figs 1 and 2 by the lines 0% N .  Of course 
the linear extrapolation may be incorrect, but 
apart from this it is not accepted that crack nuclei 
of a finite length are present in a virgin specimen, 
this length moreover being dependent on the 
applied stress. Disregarding cracks emanating from 
inclusions it is thought that cracks start with a 
zero length as described in chapter 5. Relevant 
results were recently obtained by de Lange (ref. 5) 
in fatigue tests to explore the possibilities of a new 
replica method. He performed some tests on un- 
notched specimens of the 2024-alloy and found 
cracks of a length as small as 2.5 p, His results 
show that micro-cracks were present after a few 
per cent of the fatigue life had elapsed. An evalua- 
tion of his crack growth data (see also ref. 4) gave 
the impression that crack growth started with an 
approximately constant crack rate ovcr a certain 
period, after which it accelerated. 

I 

,035 

." - t ("1 
EXTRAPOLATION 

Fig. I Crack rate data of fatigue tests (R = 0) on un- 
notched specimens for various values of the applied stress 
(data from ref. 4) .  1 is measured from the edge of the 
specimen along the sheet surface. 

~~ ~~ 

I I %A 20 40 BO a0 800 

p,.> 
Fig. 3 Percentage fatigue life covered by crack propa- 
gation in unnotched specimens of 2024.T3 material. 

(Data from ref. 4) .  
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Fig. 4 Percentage fatigue life covered by crack propaga- 
tion in notched specimens ai 2024-T3 material. (Data 

from ref. 4) 

The acceleration was in accordance with eq. (4.1). 
I t  is not so strange that the crack growth is not 
accelerating right from the beginning of the test. If 
a micro-crack is nucleated and growing, the stress 
concentration will increase with increasing crack 
length. However, the crack penetrating into the 
material away from the free surface, will meet with 
an increasing flow restraint at the tip of the crack, 
since the effect of the free surface is vanishing. In  
other words, tliere is a gradual transition from a bi- 
axial to a triaxial state of stress. This is opposing 
the increasing stress concentration and the con- 
stant rate would suggest a certain balancing of the 
two effects. Based on the assumption that a con- 
stant crack rate in the beginning of the test also 
applies to the NLR-tests, this constant crack rate 
(which is also the minimum crack rate) can be 
calculated by integration. The results of these 
calculations are also shown in figs 1 and 2 by the 
line indicated as I t .  For I < Zt the crack rate is 
assumed to be constant, for 1 > I t  thc crack rate is 
assumed to increase in accordance with the curves 
of the figures. The minimum crack rates obtained 
in this way are certainly not free from speculation. 
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Nevertheless, it is thought that they are acceptable 
for an indication of the orders of magnitude of the 
minimum crack rates to be considered by a fatigue 
theory. The orders of magnitCdC-aE~ EmFilEd-in 
table I ,  which also gives maximum values of th’e 
crack rate. These maximum values are associated 
with the crack rates at approximately 95% of the 
fatigue life. Table 1 gives values for “low” and 
“high” stress amplitudes. No exact definition of 
what is low and what is high will be given here. 
Qualitatively low and high stress amplitudes may 
be associated with. fatigue lives below and beyond 
100 000 cycles respectively. Since the sole purpose 
of table 1 is to arrive a t  orders of magnitude this 
vagueness of definitions is not an objection. 

The results of table 1 have been obtained from 
tests performed at a zero stress ratio (Smin = 
0 + R = 0) or 5, = Sa. For other values of the 
mean stress, but the same fatigue lives, other 
values of S, would apply. I t  may well be assumed 
that this will not have a great effect on the shape 
of the crack propagation curves if positive mean 
stresses are considered. Consequently table I will 
still be applicable. A small effect of the mean stress 
on the shape of crack propagation curves was found 
for macro-cracks in a recent NLR-investigation 
(ref. 6). 

In spite of its qualitative character table I clearly 
illustrates the large variation in crack rates for low 
and high stress amplitudes and for the beginning 
and the end of a fatigue test. 

4.2 Some fractogra$hicaZ observatiom 

~ _ _ ~  - ~ ~~~ ~~~ 

One of the most characteristic features of low- 
level fatigue fractures in aluminium alloys (and in 
fact in most materials) is a macroscopic flatness of 
the fracture in a plane perpendicular to thc maxi- 
mum principal stress. 

The NLR recently performed several test scries 
to study the propagation of macro-cracks in sheet 
specimens with small artificial crack starters (refs 
7,  8 and 6). The crack propagation initially pro- 

TABLE: I 
Orders of magnitude of the crack rate in unnotched and in notched specimens of.2024-T3 material in the beginning of 

fatigue tests and towards the end of fatigue tests (appr. 95% N),-based on results of Schijve and Jacobs (ref. 4) .  

Stress Order of magnitude uf dljdn 

Nin. Max. blin. A h X .  hlin. &lax. 
(bit)') 

Type of specimen amplitude 
(Pic) (6i4 

Unnotched Low s. 3.10-5 10-2 0.3 100 0. I 30 
High S ,  3 .  10-3 I 30 10.000 I O  3000 

. Notched Low S” 1 0 - 4  10-1 I 1,000 0.3  300 
High S,  3 . 1 0 - 3  3 30 . 30,000 10 10.000 

1) b = size of Burgers vector = 2.86 ,& for the slip systems {I  1 I }  r l 1 0 ,  in aluminium. 
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ceeded in a plane perpendicular to  the loading 
direction, i.e. in the characteristic fatigue mode. 
This type of fracture will be referred to as the 90"- 
mode. In a constant-load-amplitude test the crack 
rate increased and after some time a transition 
occurred as shown in fig. 5. The crack then con- 
tinued propagating in a plane at an angle of 45" to 
the.loading'direction (and also a t  an angle of 45" 
to  the sheet surface). This type of fracture will be 
indicated as the 45"-mode. Fig. 5 illustrates that 
the transition developed gradually, starting with 
small shear lips at the two surfaces of the sheet. I n  
an investigation on the effect of mean stress and 
stress amplitude on macro-crack propagation (ref. 
6) the impression was obtained that the transition 
to the 45"-mode %,as completed in all tests at 
approximately the same value of the crack rate. 
This value was in the order of 0.25 p/c for the 2024- 
T3 alloy and 1.5 pjc for the 7075.T6 alloy, or 1000 
and 5000 b/c respectively. 

. .  . .  

Fig. 5 The surface of a fatigue fracture in sheet material 
during the transition from the SO"-mode to the 45"-mode. 

The transition was also observed in the tests on 
the small nnnotched and notched specimens, dis- 
cussed in the previous section. Examples are shown 
in fig. 6. The characteristic fatigue part of the 
fracture (i.e:the 9W-mode) is easily recognized, as 
well as the transition to the 45"-mode. It is some- 
times suggested that the former part is the real 
part of the fracture and that the 4Y-part is formed 
in the last cycle of the test, thus being a quasi- 
static failure. This is not correct since a consider- 
able amount of fatigue crack growth remains after 
the transition has occurred. The orders of magni- 
tude of the crack rate corresponding to the crack 
length a t  which the transition is completed are 

In fig. 5 both shear lips are deviating from the XZ-plane 
in the same direction. In some cases this occurs in oppo- 
site directions. At the end of the transition region one of 
the shear lips then rotates to the plane of the other shear 
lip, again forming a single shear fracture with the other 
shear lip. Sometimes this rotation does not occur and a 
double shear fracture is the result. 

6000 b k  and 2500 h/c for the unnotched and the 
notched specimens respectively, which are the same 
orders of magnitude mentioned for macro-cracking. 

Fig. 6 reveals some other interesting features. It 
clearly shows that the characteristic fatigue part is 
becoming smaller for higher stress levels. This part 
has practically vanished for specimens 3A35 and 
IA12. This suggests a gradual transition from a 
typical fatigue fracture to a static shear fracture 
when the maximum stress in the fatigue test is 
increased. The cracks start at a corner of  the cross 
section and the shear lips develop at both the long 
edge and the short edge of the cross section, Very 
small shear lips at the short edge are visible in fig. 
6, specimens 3B36 and IA35. It is estimated that 
small shear lips were present at crack rates as low 
as 0.02 /L/C or 70 b/c. The presence of the shear lips 
is typically associated with the free surface and not 
with large crack rates. 

The.transition from the 90"-mode to the 45"- 
mode is further considered in chapters 7 and 9. 

4.3 Crack pro+agation in pure aluminium sheet 
sfiecimens 

Six sheet specimens of technically pure alumi- 
nium were axially loaded in alternating tension to 
study whether crack propagation at very low stress 
amplitudes occurred along crystal. planes. There 
were some indications for aluminium- alloys, dis- 
cussed in chapter 7, that the propagation occurs 
along such planes if the rate of propagation is very 
low. Since the complication of a precipitation is 
absent in pure aluminium some systematic tests on 
this material were considered worthwhile. 

The specimens had a low thickness and were 
recrystallized to obtain a grain size considerably 
larger than the thickness. This allows the crack 
front to move forward in one crystal a t  a time. 
Restraint of neighbouring grains on the activation 
of slip systems and the path of crack propagation 
is practically absent then. 

Specimens were cut to a width of 70 mm from 
aluminium foil with thicknesses of 0.2, 0.4 and 0.6 
mm. The following recrystallization procedure was 
applied. ( I )  Annealing a t  350°C for 3 hours. (2) 
Stretching in tension to 6% plastic strain. (3) 
Heating for recrystallization at 550°C for 24 hours. 
Impurities most probably necessitated the high 
recrystallization temperature. The tensile strength 
after the above treatment was 6.3 kg/mmz. The 
specimens were provided with sharp notches to 
initiate cracks. Two types of notches were em- 
ployed, viz. two edge cuts a t  both side edges of the 
specimen, and a central slit. The depth of the cuts 
was 2 mm and the width of the slit was 6 mm. The 
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Fig. G Upper and lower fracture surfaces of four unnotched specimens, 
tested a t  different stress levels (ref. 4). 

specimens were etched with hydrofluoric acid and 
aqua regia before fatigue testing to rcveal the 
grains. In  view of the surface roughening by the 
latter agent it was not used in all cases. Hydro- 
fluoric acid also reveals the grain boundaries, 
although less distinctly. 

The tests were ‘carried out on a 2 tons Amsler 
fatigue machine Vibraphore, which is an electro- 
dynamic high-frequency pulsator. The machine 
was equipped with a 500 kg dynamometer. The test 
frequency was approximately I00 cycles per 
second. In view of buckling the specimens were 
‘loaded in tension only. Macrocreep occurred in all 
specimens, mainly in the beginning of the test. I t  
was not easy to maintain the load at a constant 
value, the more since the loads were extrcmcly low 
for the machine. 

A survey of test data is given in table 2 including 
the grain size of the specimens. During thc tests the 
crack propagation was observed, but no precise 
mcasuremcnts of the crack length as a funstion of 
time were made. At the,end of the test, when the 
total crack length was about half the, specimen 
width, an average crack rate was calculated. In 
some tests the load was decreased during the test 
to avoid acceleration of crack growth. Values of the 
crack rate and the stress amplitudes have been 
collected in table 3. These data indicate the order 
of magnitude, but they do not.have a high quanti- 
tative accuracy. This is not an objection in view of 
the qualitative character of the tests. 

Macrographs and micrographs of the fatigue 
cracks are shown in figures 7 to 12. Examination 
of the specimens revealed that a tendency towards 
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TABLE 2 

Data on the tests on the aluminium foil specimens I 

Specimen Width Thickness Notches Etching Grain Laad (kg) 
No. (") ("1 size') (mm) Min. -Max.  

4 70 0.2 3 3-42 
5 70 0.2 HF + aqua 2 2-37,6-32,10-28,14-24 

regia 
6 70 0.2 Two edge 3 4-26, 2-1 6 

cuts 
7 70 0.2 HF and a 2.5 6-28, 6-20, 6-16 

shnrt time 
in aqua 
regia 

A 70 0.6 Central HF 
B 70 0.4 slit 

1.5 4-70 
20 4-48 

I )  Estimated mean value 

TABLE 3 

Results of the tests on the aluminium foil specimens 

Specimen Sa') Crack propagation rate dl/dnl) 

ikgimm2) P I C  A/cycle bkyclez) 
No. 

4 1.4 0.03 300 I00 
5 0.7 0.02 200' 70 
6 0.5 0.01 100 35 
I 0.4 0.005 50 20 
A 0.7 0.003 30 10 
B 0.7 0.005 50 20 

1 )  Values in table are not very accurate and should b e  regarded as indicating the order of magnitude 
%) h = size of Burgers vector = 2.86 f ,  for the slip systems {I I I )  r l10 ,  in aluminium. 

crack growth along straight lines was more pro- 
nounced a t  lower crack rates than a t  higher crack 
rates (compare figs I 1  and 12). This also applies to 
changes in the direction of growth after crossing a 
grain boundary. A striking example of this latter 
was shown,by specimen B (see fig. 7). This specimen 
consisted of a few grains only. Changes of the 
direction of growth within one grain are not neces- 
sarily rare at low crack rates, which is also illus- 
trated by specimen B (see fig. 8). Fig. 9 shows an 
enlarged detail of fig. 8. The left-hand flanks of the 
teeth are parallel to  visible slip lines. The associa- 
tion with slip lines is also illustrated by fig. 10. 
However, it was not exceptional that a gn '  . in  ex- 
hibiting crack growth along a straight line showed 
slip lines, which were not parallel to the crack but 
under a certain angle, see for instance the right- 
hand flank of the tooth in fig. 9. 

Examination of the fracture surface showed this 
surface to be relatively flat if the crack was straight. 
It was more rumpled if the crack followed a fairly 
irregular path. Exceptions were also .found, for 
instance the fracture surface of the crack in the 

large grain a t  the left-hand side of specimen B, see 
fig. 7, was not relatively,Ilat. 

Originally it was thought that a fracture surface, 
which was relatively flat might have an orientation 
parallel to a crystal plane., viz. a { I  I I }  plane. This 
was checked by making Laue transmission photo- 
graphs of five suitable grains. The Laue photo- 
graphs were made and analysed at the Laboratory 
for Metallurgy of the Technological University at 
Delft. The geometrical orientations of the fracture 
surfaces were determined with the aid of a micro- 
scope. Four of the five grains did not show a 
correlation between the orientation of the fracture 
surface and orientations of crystallographic planes. 
In these four grains, slip lines, if observed, were not 
parallel to the fracture surface. The fifth grain 
showed the sawtooth character, see fig. 8 and 9. 
Each sawtooth was a three-sided pyramid on the 
fracture surface, one side being the sheet surface. 
Of the two other sides, one was parallel to slip lines, 
see fig. 7. Within the accuracy of the measurements 
this side was parallel to  a {l I 1) plane, which did 
not apply to the other side. 
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Material: pure aluminium 

Fig. I Macrograph (1.5 x )  of specimen B, full width of specimen being 
shown. Cracks started a t  both edges of the central slit. 

t direction of crack growth 

Fig. 8 hlacrograph (14 x )  of the central grain of specimen R (reverse side 
of fig. 7) showing a saw-tooth crack. 
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Fig. 9 Micrograph (220 x ,  dark-field illuminzrtion) of one of the teeth of fig. 8 

Material: pure aluminium , 

Fig. 10 Micrograph (50 x ,  dark-field illuminatidn) of specimen A .  



c direction of crack growth 

nkterial: pure aluminium 

Fig. 1 1  Macrograph (5 x )  of spccimen I .  crack rate appr. 50 i / c  

i direction of crack growth 

Material: pure aluminium 

Fig. 12 Xacrograph (4 x )  of specimen 4, crack rate appr. 300 i / c .  

In summary it may be said that the tests have 
shown that crack growth along straight lines was 
promoted by low stress amplitudes involving low 
rates of crack growth. The X-ray diffraction results 
give no conclusive evidence that crack extension 
occurs along crystallographic planes. A discussion 
of these results and a comparison with other in- 
vestigations is given in chapter 7. 

4.4 Crack izucleatioic in the cladding of alurteiizium 
alloy sheet sfiecimem 

The sheet material with the designation 2024-T3 
Alclad consists of a strong core (90% of the 
thickness) of a precipitation hardened AI Cu Mg 
alloy and two surface layers (5% of the thickness 
each) of pure aluminium, referred to as the clad- 
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ding. Such a sandwich material allows an'interest- 
ing approach to the study of crack nucleation. The 
yield stresses for the core and the cladding differ 
greatly, viz. in the order of 32 and 5 kg/mmZ 
respectively. If an unnotched specimen is cyclically 
loaded between, say S,i, = 1 kg/mni2 and 
S,,, = 20 kg/mmZ the straining of the core will be 
almost perfectly elastic. However, the thin cladding 
will he subjected to  cyclic plastic strain with an ap- 
proximately constant amplitude, .4s a consequence 
of the plastic strain, plastic shake-down of the 
stress in the cladding will occur and the mean 
stress will tcnd to zero, A difference with constant- 
strain amplitude tests on specimens of a single 
material, reported in.  the literature arises when a 
crack has been nucleated. The conventional con- 
stant-strain amplitude test is in fact a test with a 
constant amplitude for the total deformation of the 
specimen. If then a crack is nucleated it will in- 
troduce a severe concentration of plastic strain. 
This does not apply to the cladding, at least not to 
the same extent, in view of the presence of the 
elastic core. In ,other words, for a crack in the 
cladding there will be much more restraint on 
opening of the crack than for a crack which is not 
hacked np by an elastic surrounding with a much 
higher yield stress. 

Tests were carried out on unnotched sheet speci- 
mens, width 20 mm and sheet thickness 2 mm. The 
nominal thickness of the cladding was 0. I mm = 
100 p. Before fatigue testing the surface was 
electrolytically polished and subsequently etched 
to  reveal the grain boundaries. The specimens were 

tested in a vertical Schenck pulsator a t  a frequency 
of approximately 40 cycles per second. After a 
certain number of load cycles had been applied, the 
specimens were removed from the fatigue machine 
for a microscopic examination. The tests' were 
carried out with S,i, = 1 kg/mm2 and .with 
S,,, = 18, 20, 24, 28 and 35 kg/mm2 respectively, 
the number of cycles applied varying from 5000 to 
20,000. All stresses quoted are nominal values. In  
view of the low yield stress of the cladding the 
stresses in the core were slightly higher and the 
stresses in the cladding much lower. Due to plastic 
shake-down the mean stress in the cladding was 
zero. The strain ranges in the cladding were 
approximately (S,,, - &,)/E where E is the 
elastic modulus, i.e. they ranged from 0.24% to 
0.480h. 

The microscopic results were qualitatively the 
same for all specimens. Straight and well developed 
slip lines were observed in almost all grains. An 
example is shown in fig. 13. In  general all slip lines 
in one grain had the same orientation. In some 
grains of the specimens with the higher fatigue 
loads, slip on two different slip planes was observed. 

The slip lines were supposed to be crack nuclei, 
which was supported by the following evidence. ( I )  
Debris was extruded by several slip lines. (2) The 
cracks were indicated in cross sections of the 
specimens, see fig. 15. (3) Application of a deep 
etch made the slip lines broader and deeper as 
might be expected for micro-cracks. This is 
illustrated by fig. 14 which shows the same area as 
fig. 13. Slip lines caused by a static tensile loading 

t + direction of fatigue load 

Nagnification 410 x,  oblique illumi- 
nation. Electrapolished and etched 
before fatigue testing. Fatigue load 
5000 cycles with S,,, = 20 kg/mmz 
and S,,, = 1 kg/mmZ (nominal stress 
in specimen). 

Fig. 13 Fatigue slip lines on the surface of the cladding of 2024-T3 Alclad 
sheet specimens, not etched after loading 
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The micrograph shuws practically the 
sG<e~Gt%TCiig .  -1 3; ~t h7 SiiFlaCe noyv 
heing etched for 8 mimites in Fuss 
etchant, \vhich removed approximate- 
ly 4,' of the material. 

. .  

Fig. 14 Fatigue slip lines on the surface of the cladding of 2024-T3 Alclad 
sheet specimens, after deep etching 

are shown in fig. 16. The oblique illumination 
reveals thc static slip lines as (light or dark) 
surface steps. Such slip lines were almost fully 
eliminated by the same deep etching, \vIiich 
transformed the fatigue slip lines into grooves. (4) 
Application of a tensile load after the fatigue test, 
leading to plastic elongation of the core, opened 
many slip lines, see fig. 17. Most unopened slip 
lines in this figure originated from the static load. 

Thc slip lines on the cladding (fig. 13) and the 
cracks shown in the cross section of the specinien 
(fig. 15) clearly indicate that the nucleation of the 

t + direction of fatigue load 

micro-cracks occurred along crystal planes. For a 
determination of the orientation of the planes the 
method used by Girard (ref. 9) was adopted. \Vith 
a micro-hardness machine (Vickcrs) small irn- 
pressions were made in several grains. The im- 
pressions yielded visible slip lines in three or four 
directions iii each grain. One of the directions was 
the same as for the fatigue slip lines. Since static 
deformation in aluminium predomin,antly occurs 
on { I 1  I }  planes, this apparently applies to fatigue 
crack nucleation in the cladding as well. 

For the longest cracks the rate of crack penetra- 

I I- 
Magnification 250 x . Fatigue load 20,000 cycles with S,,,*= = 20 kg/mmz 

and S,,,,. = 1 kg/mm2 (nominal stresses in specimen) 

Fig. 15 Micro-cracks in the cladding of 2024-T3 Alclad sheet material 

;ladding 

A1 Cu Mi core 
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.ZIagnification 410 x ,  oblique illum- 
mtion. Electropolished and etched 
before static loading until S = 38 
kg/mmz (nominal stress in specimen) 
No fatigue loads applied. 

c+ directiun uf static loading 

Fig. 16 Slip lines UII the surface of the cladding of 2024-T3 Alclad sheet 
specimen after i i  single tensile luxling (not etched after loading) 

e+ direction of fatigue load and subsequent static load 

lhgnification 440 x . Fatigue laad 
5000 cycles with S,,, = 35 kg/mms 
and &,in = 1 k g / n "  (nominal 
stresses in specimen). A subsequent 
static loading induced a 7,6?(, plastic 
elongation. Xote the static slip lines 
ending in the right-hand fatigue crack. 

Fig. I 7  Fatigue micro-cracks in the cladding of 2024.1'3 Alclad sheet material, 
opened hy i i  plastic elongation of the specimen. 

tion into the cladding, as measured on micrographs 
such as shown in fig. 15, \<as in the order of 0.001 
to 0.0025 p/cycle or I O  to 25 .&/cycle. 

4.5 Crack ibrojagatioiz in altiminiuiiz alloy sheet 

tion) was also used for studying crack propagation 
initiated by a small central slit, 

The purpose of the tests was to study whether 
the cracks would show a tendency to grow along 
crystal planes. Microscopic observations were made 
at the surface of the specimen and on microscctions, 
parallel to the surface. Tests were also carried out 
on specimens which had the cladding removed 
before fatigue testing, i.e. in the bare condition. 

sjecinzens with a central slit 

The sheet material 2024-T3 Alclad used to study 
crack nucleation in the cladding (see previous sec- 
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The dimensions of the specimen arc shown in fig. 
18. The central slits with the sharp saw cuts 
initiated cracks after a small number of cycles. The 
tests were performed in a vertical Schenck pulsator 
at a frequency of approximately 40 cycles per 
second. The crack length was recorded as a func- 
tion of n, the number of cycles. When the longest 
crack had a length I = 10 mm the test was stopped. 
The crack length'l is defined in fig. 18. From the 
results the crack rate dl/dn was calculated. Seven 
specimcns were tested, four specimens with the 
cladding removed by emery-paper. The stresses 
applied are indicated in fig. 19, which also shows 
the crack rates obtained as a function of the crack 
length. 

Cracks started at thc central slit were growing 
through the full thickness of the sheet specimen, 
the crack front being virtually perpendicular to the 
sheet. If a cladding was present the cracks were 
simultaneously growing in the core and the clad- 
ding. 

~~ ~~~ 

Fig. rga 

2024-T3 Alclad 

Spec. S,," smax 
A I 9  
B 1 7  
C 1 6  

Fig. tgb 

20"4-T3 bare 

Spec. S,,,, Smax 

G 2 15 
F I 9  
I 1  1 6  
E") 1 5 

Stresses in kg/mms on gross area of specimen. 

*) Specimen E was first tested at Smax = 6 kg/mm2 
until 1 x 3.5 rnm. n indicates the crack length until which the crack in the 
cladding (specimens A, I 3  and C) was clearly growing 
along crystal planes. 

Fig. 19 The crack rates obtained in the 2024-T3 specimens 
shown in fig. 18. .,e 

Sheet thickness 2 mm. The central slits consist of a hole 
(diameter 1 mm) and two saw cuts (depth 1 mm and 

width 0.25 mm). 

Fig. 18 Sheet specimen of 2024-T3 Alclad with three 
central slits, used for crack propagation.' 

The growth of the crack in the cladding pre, 
dominantly occurred along slip planes if the crack 
rate was not too high. An example is shown in fig: 
20. For higher crack rates the slip line density in- 
creased and the obvious correlation between the 
path of the crack and the orientation of the slip 
planes was gradually lost, Le. beyond the possibili- 
tics of observations. In fig. I9 it has been indicated 

7 

Xcragr;iph of tlie suriace (300 x),  
electropolished and etched before fa- 
tigue test. Specimen shoivn in fig. 18. 
Load and crack rate data given in fig. 
19. 1 = 2.3 mm, dljdii = 0.004 pic = 
40 .&IC. 

growing direction I 
Fig. 20 Crack propagation along slip lines in the cladding of specimen C. 
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Micro-section (300 x )  just helow 
claddinp. 

. .  

PLANE OF F I G . 2 0 7  

PLANE OF  THIS^ 
FIGURE 

Fig. 21 The same area as shown in fig. 20 after removal oi the cladding. 

until which crack rate the crack was clearly 
growing along slip planes. 

Fig. 21 shows the same area as fig. 20 after the 
cladding and a little bit of the core had been 
removed. The picture has changed drastically. A 
correlation with crystallographic planes cannot be 
observed. 

The results of the bare (unclad) specimens were 
somewhat surprising. Micro-sections had always 
shown the path of a fatigue crack in the A1 Cu Mg 
alloy to be fairly irregular and apparently un- 
correlated to the crystal structure, apart from the 
very beginning of the crack growth whcn the crack 
rate was still very low. However, it was iiow 

observed that at the surface of the specimen there 
was a pronounced correlation with slip planes. 
Examples are shown in figs 22 and 23. In fig. 22, 
showing two large grains, the correlation with slip 
planes is clear in the.left-hand grain, whereas in the 
right-hand grain the correlation is not evident. Fig. 
23 shows a striking example of a crack alternately 
growing on two diffcrcnt slip planes. Although the 
correlation of crack growth with slip planes was not 
always as pronounced as shown in figs 22 and 23 
it was observed in all specimens D, E, F and  G. In 
fact the impression was obtained, that the corre- 
lation was about the same at all values of the crack 
length and the crack rate covered by fig. 19b. 

t direction of growth 

Micrograph of the Surface (230 x), 
electropulislied and etched before fa- 
tigue test. Type of specimen shown in 
fig. 18. Load and crack rate data gi- 
veninfig. Ig(F) .L =4 ,5mm,dl /dn  = 
0.06 = 600 Ajc. 

Fig. 22 Crack propagation along slip planes a t  the surface of specimen F (hare); 



17 

--f direction of growth 

~~ ~. ~~~~ 

Micrograph ai the surface (420 x), 
electropolishcd and etched beiare fa- 
tigue test. Type of specimen shown in 
Iig. 18. I ~ a d  and crack rate data given 
in fig. I9 (C). 1 = 2.6 mm, dl jdn  = 
O.IF , ' /C  = 1600 A j C .  

Fig. 23 Crack propagation along slip planes at the surface of specimen G 
(bare). 

At the higher crack rates slip lines were more 
frequently observed. A t  the highest crack rates, 
specimen G for dl/dw = 0.6 pic (= 6000 &C), the 
correlation was somcwhnt less clzar, since the slip 
lines became more wavy. 

The removal of 0.1 mm of the surfacz of the bare 
specimens again changed the pictiiris considerably; 
compare fig. 24 with fig. 22. Fig. 25 shows a detail 
of fig. 24. Micro-sections of the central plane of the 
sheet (Le. after removing half the thickness) 
showed almost the same picture, see for example 

fig. 26 At a depth of 0.1 mni thc crack path was 
perhaps somcwhat more reminiscent of a corrc- 
lation with crystal planes than at  the central plane 
of the shcet. Further it could be thought that the 
same applied to low crack rates as compared with 
high crack rates. 

However, again the impression was obtained 
that the microscopi; picture did not depend to a 
great extent on the crack rate. One feature 
observed was that persistent branching occurred at  
low crack rates (see fig. 26), whereas the branches 

t direction of growth 

Micro-section (200 x )  p;irallel t u  and 
0. I mm below the surface of the bare 
specimen F. Type of specimen shown 
in fig. 18. I.oad and crack rate data 
given in fig. 19. 1 = 6.8 mm, d l jdn  = 
0.15 = 1500 Ajc. 

Fig. 24 Micro-section of crack in specimen F (bare), 0.1 mm below the 
surface. 
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5 The nucleation of fatigue cracks 

---This chapter~starts\z,ith~asur\.ey.of.informatio~ 
from microscopic studies and their interpretations. 
One interpretation outlines crack nucleation as a 
consequence of the escape of dislocations at the 
free surface. Evidence confirming this view is dis- 
cussed. Alternative theories are briefly reviewed. 

The majority of microscopic investigations on 
fatigue cracks has been concerned with the 
nucleation rather than the propagation. Classical 
studies were conducted by Gough et al. (refs 10 and 
I I ) .  Their results will be summarized first. 

For aluminium Gough and co-workers came to  
the following conclusions: 
I .  In  a fatigue test slip occurs on the {l 1 I }  planes 

in the < I l O >  directions (12 slip systems). Slip 
occurs on that slip system for which the resolved 
shear stress on the slip plane in the slipping 
direction is a maximum (“maximum resolved 
shear stress” criterion, see also Appendix A). 

2. The above conclusion applied to single crystals 
as well as polycrystalline specimens. This is in 
agreement with the elastic isotropy of alumi- 
ninm. 

3. Micro-cracks initially have a crystallographic 
orientation. The slip zones, however, have a 
fairly wavy character and this also applies to 
the microcracks. Probably the waviness will be 
related to the easy occurrence of cross slip in 
alumninium for circumventing obstacles. 

4. When micro-cracks are growing the direction of 
the propagation can change over to another slip 
plane. Sometimes the crack follows a very 
irregular path, apparently in no relation to the 
crystal structure. 

Observations as made by Gough have been 
confirmed by later investigations, partly on alumi- 
nium alloys, viz. by Forsyth (ref. 12), Weinbcrg 
and Bennett (ref. 13), Hempel and Schrader (ref. 
14), Girard (ref. 9) and Alden and Backofen (ref. 
15). The investigations of Forsyth with an electron 
microscope showed the slip zones to consist of a 
large number of short, sometimes wavy, slip lines. 
Between thc slip zones fine slip was observed. 
Forsyth defines the slip zones as striations and slip 
in these zones is indicated as “coarse slip”invo1ving 
large avalanches of dislocations. In the slip zone 
the surface is roughened and ridges* and valleys 
are formed. 

Similar observations were made by Wood (ref. 
16) on copper and brass. Wood has attributed this 
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* Not to be confused with slip-band extrusions also 
described by Forsytb. 

to slip on parallel planes. The possibility of forming 
a crack nucleus, according to Wood, is demon- 
strated in fig. 27. The dislocations involved have 

prcssion part of the load cycles. In a similar way 
,a ridge may be built up. Dislocations of one sign 
have to escape a t  the free surface above the center 
line of the groove (or ridge) and dislocations of the 
opposite sign have ta escape below that line. This 
systematic feature is a requirement of the mecha- 
nism. Consequently the mechanism cannot operate 
if dislocation movements are fully reversible, be- 
cause surface steps formed during a positive stress 
increment would he eliminated by the subsequent 
negative stress increment. May (ref. 17) pointed 

different signs in the tension partXnd-the-com - 

Fig. 27 Schematic view of the madel of Wood for crack 
nucleation (ref. l a )  

, .  . :  out that a random selection of the slip planes for 
the to-and-fro slipping movements in a slip zone 
implies a certain probability of arriving a t  a groove. 
If a large number of dislocation sources is involved 

be ruled out. A very clegant model to explain the 
phenomenon of extrusions and intrusions as de-  

Cottrell and Hull (ref. 18). The interaction of two 
dislocation sources active on different slip sys- 
tems gives the required non-reversibility. The se- 
qnence of slip movements is shown in figure 28 and 
needs no further explanation. Objections against 
the model have been made by Backofen (ref. 19) 
based on the evidence that extrusions and intru- 
sions do not occur on different slip systems as the 
model requires. Still it is felt that some interaction 
of different slip systems may indeed prevent the 
dislocation emission of one source from having a 
fully reversable effect on the geometry of the free 
surface. Matt (ref. 20) has suggested that a screw 
dislocation anchored a t  a cavity at one side and 
ending a t  the free surface a t  the other side will 
move along a closed circliit during cyclic loading 
knd thus will extrude the material in the circuit. 
The crevice left behind the extrusion may become 
a crack nucleus. This model is considered to be 
somewhat more artificial. It is also difficult t o  see 

the statistical aspect as indicated by May cannot 

scribed by Forsyth (ref. 12) was published by .. 

. ,  
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POIli lYE STREQI WBIECXENT N E 4 T I K  I” 
FREE 

SURFACE 1 UTllUIlON ];;><?p b -> ).i( ACTIVE p+ 
t t I””*“ 1 i 

A and B are two dislocation sources. A being more easily 
activated than 13. In fig. d and e one may also assume 
that the dislocation loops emitted in  fig. h and c are 
returning to their sources in the same sequence, which 

trill lead to the same surface topography. 

Fig. 28 The formation of extrusions and intrusions by two 
dislocation S O I I ~ C C S  on intersecting slip planes according 

to Cottrell and Hull (ref. 18) 

how it could explain crack propagation. In another 
publicatjon Mott (ref. 21) has suggested that a part 
of  the sources will emit dislocations only during the 
positive stress increments, and another part will do 
so during the negative stress increments. Fleischer 
(ref. 22) has indicated that dislocation sources near 
the free surface will emit dislocations’ more easily 
in one direction than in the opposite direction due 
to the presence of the free surface. So sources will 
preferably operate “one way”. This leads to the 
idea expressed by Mott. I t  can explain the oc- 
currences of intrusions and extrusions, provided 
again that the dislocation loops do not return on 
reversal of the load and eliminatc the surface steps. 
I’leischer suggests that a return need not occur if 
the loops arc either trapped in some way or annihi- 
lated by dislocations of opposite sign. 

Other geometrical reasons for the non-reversibi- 
lity of the dislocation emission of one source may 
be added here. Fig. 29 shows a Frank-Read sonrce 
emitting dislocation loops in the tension and in the 
compression part of the cycle. If the dislocations in 
fig. 29a meet the obstacle A it may be hy-passed 
by cross-slip towards a higher or lower slip plane. 
After reversal of the stress the dislocations will 
meet again with the same obstacle. I t  is unlikely 
that cross-slip will occur now in exactly the same 
way, also because the dislocation does not approach 
the obstacle in thc same direction if the latter is not 
too far removed from the source, see fig. 29b. 
Cross-slip as a requirement for fatigue has been 
cmphasized by several authors, notably by Alden 
(ref. 23). Secondly if the dislocations have to cut 
through a screw dislocation a t  B in fig. 2% they 
will contain a jog. Let it be assumed that the jog 
on moving creates vacancies. The vacancies are 
mobile and will diffuse to other more favour- 
able locations. In fig. 29b the dislocations should 
create interstitials. I t  is thought that .  this also 
will not lead to a reversible phenomenon. Both 

examples of fig. 29 are simplified. In vicw of the 
high dislocation density in the slip zones the actual 
process will be more complicated. But the com- 
plexity will rather promote the non-reversibility 
than allowing the emission to bc reversible. Since 
the matrix of heat-treated aluminium alloys is 
dispersed with small coherent precipitates a re- 
versibility of dislocation movements is considered 
to be still more unlikely than for pure metals. 
Finally it may be argued that a full reversal of all 
dislocation movements would not he compatible 
with a cyclic strain-hardening. 

ii Tension par t  of cycle b Compression part o f  cycle 

Slip plane = plane of figure 
FI< = Frank-Read SOL KC^ 

A = obstacle. 
B = screw dislocation Cutting through the slip plane 

Arrows indicate dislocation movement. 

Fig. 2C! Frank-l<eead source emitting dislocation loops 
under alternating stressing 

A chemical reason for the non-reversibility was 
indicated by Thompson, Wadworth and Louat 
(ref. 24). Dislocations escaping from the material at 
the free surface are forming steps in the surface. 
This involves that small rims of material are 
freshlyexposed to the environment. For aluminium 
there will be a very rapid oxidation and this may 
well prevent dislocations of opposite sign, emitted , 
by the same soiirces during reversion of the load, 
from emerging at the surface’on exactly the same 
planes. 

From the foregoing it is concluded that the 
escape of dislocations a t  the free surface will not be 
a completely reversible phenomenon and the for- 
mation of ridges and valleys will occur as a geo- 
metrical consequence of dislocation movements. 
The deepest valleys are envisaged as fatigue crack 
nuclii. 

.4n investigation performed by Alden and Back- 
ofen (ref. 15) has given conclusive evidence with 
respcct to the role of the free surface. A thick 
anodic coating (1000 A) on an annealed aluminium 
specimen prevented an escape of dislocations at the 
surface. Fatigue failures could not be obtained at 



a strain amplitude which would have given a 
fatigue life of about IO5 cycles if an anodic coating 
had not been present. Still there was considerable 
cyclic-plplasti~t?Zii~t-thFiiitFfiCFCf F h T f Z r  
terial. After removal of the coating and subsequent 
fatigue loading the normal fatigue life was again 
obtained. This investigation shows that the slip 
movements at the free surface are essential for the 
formation of the fatigue nucleus, and a t  the same 
time, that cyclic strain-hardening does not neces- 
sarily imply fatigue damage. 

Additional widence in favour of a nucleation 
model based on dislocation movements a t  the free 
surface as sketched in fig. 29 stems from investi- 
gations on copper. Both Thompson (ref. 25) and 
Backofen (ref. 19) found in fatigue studies that the 
slip movements should have a component perpen- 
dicular to the free surface in order to nucleate 
cracks. Other fatigue theories do not require such 
a slip component. 

I t  is realized that the simple model for crack 
nucleation by the formation of surface grooves re- 
quires material transport. I'acancies and cross-slip 
could account for this, see also chapter 6. 

Obviously it is difficult to define when crack 
nucleation has been completed and crack propa- 
gation is starting. It should be expected that both 
have several aspects in common which will he dis- 
cnssed in chapter 6. 

Some alternative theories for the formation of 
fatigue nuclei are discussed in the literature and 
will be briefly reviewed. Gough (ref. I O )  has post- 
ti-lated that the initiation of the fatigue crack is a 
consequence of the limit of local strain hardening 
being exceeded. This idea was picked up by Orowan 
(ref. 26) who argued that the local exhaustion of 
ductility will involve a local increase of stress which 
ultimately leads to cracking. Stroh (ref. 27) has 
analysed the stress field around a piled-up group of 
dislocations. The stress can become very high and 
high enough for local cleavage. I t  is thought that 
in aluminium near the free surface high stresses can 
not be set up. Relaxation of such stresses due to  
cross-slip or activation of other dislocation sources 
should occur with relative ease. 

Another school of thought does not consider a 
local increase of stress but the deterioration of 
strength due to cyclic slip. Holden (ref. 28) perform- 
ing an X-ray diffraction investigation concluded 
that subgrains are formed as a consequence of the 
cyclic plastic deformation. Boundary angles are 
fairly large and therefore micro-cracks are assumed 
to form in these subgrain boundaries. Cracking oc- 
curs through linking up these micro-cracks. The 
same idea was.adopted by Valluri'(ref. 29). Al- 
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though no detailed mechanism is given of the 
linking-up procedure this is probably assumed to 
be related to static failure, in this case a localized 
static failure. There are two essential differences 
with the model of Wood. First, a free surface is not 
required for fatigue crack nucleation. Secondly the 
model implies that a certain amount of material 
(plastic enclave) lias to he prepared by cyclic slip 
movements in order to become weakened and to 
allow crack nucleation (or extension). In other 
words the crack nucleation will have a discon- 
tinuous character rather than being more or less 
continuous as for the model of !t7o0d. A somewhat 
related theory was proposed by Mott (ref. 30). He 
argued that cyclic strains will give such a dis- 
ordered structure that local recrystallisation will 
occur. The accompanying volume contraction will 
induce tensile stresses sufficiently large to create 
cracks. Also for the model of Mott the free surface 
is not essential and it also involves a preparation 
of the material to become critical for fatigue crack 
nucleation. 

The question whether the free surface is essential 
or not does not offer a strong argument in favonr 
or against fatigue theories. All theories do involve 
cyclic slip, and since the restraint a t  the free sur- 
face is less than for the interior of the material, 
cyclic slip will always be concentrated at the free 
surface, also for a homogeneous stress distribution. 
So it has to be expected that cracks will anyhow 
originate at or rather near the free snrface. 
Microscopic evidence in general points to a nuclea- 
tion a t  the free surface apart from crack nucleation 
at inclusions. 

Theories involving a local deterioration of 
strength are not considered to he realistic in view 
of the results of Alden and Backofen and Thomp- 
son as discussed hefore. The deterioration requires 
cyclic slip movements, hut it is not required that 
dislocations escape at the free surface and that the 
Burgers vector of these dislocations has a com- 
ponent perpendicular to the free surface. 

A model based on vacancy condensation is dis- 
cussed by Oding (ref. 31). Obviously vacancies will 
be produced in regions with severe cyclic slip. How- 
ever, many of them will be trapped by dislocations, 
grain boundaries, foreign atoms, precipitates and 
the surface of the material. I t  is difficult to specify 
their contribution to the fatigue process in any de- 
tail, especially in the presence of a high dislocation 
density and stress gradients. I t  is considered doubt- 
ful that coagnlation of vacancies to a cavity or a 
microcrack near or at the surface will prevail over 
the geometric process mentioned before. 

In summary it can be said that there are four 
types of theories on the nucleation of fatigue cracks. 
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I .  Xucleation is a geometric consequence of dislo- 
cation movements at the free surface, involving 
the formation of intrusions, see fig. 27. 

2 .  Nucleation occurs as a localized failure due to 
an increase of stress in a cyclically strain- 
hardened region. 

3. Nucleation occurs as a localized failure due to 
a deterioration of strength as a consequence of 
cyclic plastic strain. 

4. Nucleation is due to a coalescence of vacancies. 
Cyclic slip is required for all theories and this 

makes a discrimination between the theories a deli- 
cate problem. The most conclusive evidence in fa- 
vour of the first type of the theories was already 
mentioned: Alden and Backofen found that a thick 
anodic coating prevented crack nucleation in alu- 
minium, although considerable cyclic slip did oc- 
cur. Both Thompson and Rackofen found for cop- 
per that crack nucleation is stimulated by a slip 
vector with a component perpendicular to the free 
surface. If these results have to be extrapolated to 
aluminium alloys it should be said that the evi- 
dence is not too abundant. On the other hand ex- 
perimental evidence in favour of the other theories 
and in conflict with the first group of theories is 
also absent. One aspect not yet mentioned is the 
crack nucleation under cyclic loads for which both 
the maximum and the minimum load are com- 
pressive. Under such conditions cracks are nucle- 
ated also in the A1 Cu Mg alloys (ref. 32). It is 
somewhat difficult to see that nucleation under 
compressive stress is a consequence of a localized 
static failure. 

For the time heing it is thought that the most 
logical explanation for the nucleation is that it oc- 
curs as a geometrical consequence of dislocation 
movements, although the process is likely to be 
more complex than indicated in fig. 27. An in- 
herent feature of this fatigue model is that cyclic 
strain hardening per se cannot be regarded as fa- 
tigue damage. In  the following chapter on crack 
growth several aspects are further analysed. The 
complications doe to the presence of precipitates 
are discussed in chapter 10. It is thought that it 
need not essentially change the nucleation mecha- 
nism. 

6 A dislocation model for crack growth 

In  the previous chapter the initiation of a crack 
nucleus was, according to \Vood's model, visualized 
as a geometric Consequence of dislocation move- 
ments a t  the free surface of a material. Dislocations 
of opposite sign, escaping from the material in the 
rising part and the falling part of a load cycle, may 
form intrusions and extrusions, an intrusion be- 
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coming a crack nucleus. I t  is now suggested that 
the contour of the tip of a crack may be regarded 
as a free surface capable of trapping dislocations. 
This could account for crack growth. Several as- 
pects of the suggestion are considered in this chap- 
ter, while alternative mechanisms are discussed 
hereafter. 

The probability of a dislocation running into a 
crack appears to be low in view of the "low thick- 
ness" of the crack. However, it is considerably in- 
creased by the stress concentration introduced by 
the crack. Fig. 30 shows in a rather schematic way 
how an intrusion is formed in the crack tip region 
during one load cycle. The intrusion implies a cer- 
tain amount of crack growth; Some implications of 
fig. 30 will be further analysed. 
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Fig. 30 Four subsequent stages of a simple niode of crack 
extension during one cycle. 

In fig. 30 the slip planes A and B both cut 
through the tip of the crack. If either slip plane A 
had been below the crack or slip plane B above the 
crack the same amount of crack extension would 
occur, provided that the dislocations were in some 
way locked near the crack, preventing them from 
running backwards on reversal of the load. How- 
ever, if the two slip planes A and B change places, 
an extrusion instead of an intrusion is formed and 
no crack extension occurs. So similar to crack 
nucleation, crack growth requires a systematic 
difference between the dislocation movements in 
the rising and the falling part of the load cycles. 

In fig. 30 the contour of the crack tip is sketched 
as being rectangular. I t  is more likely that it will 
be rounded or tapered. Local plastic strains at the 
tip of the crack will blunt the crack when the 
loading increases and sharpen the crack when the 
stress decreases. For high stress amplitudes this 
was clearly shown for aluminium specimens by 
Laird and Smith (ref. 33). Another complication is 
the oxidation which on aluminium and its alloys 
occurs very rapidly. I t  may be expected that the 
edges of the crack will be covered by a thin oxide 
film. During an increase of the stress the crack will 
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blunt and the brittle oxide film at the tip of the 
crack will be partly disrupted. An emerging' of 
dislocations into the crack will then be relatively 
easy. During a decrease of the stress the situation 
is less favourable in view of the crack sharpening 
and the oxide layer being in a state of compression. 
One might think that the number of dislocations 
entering into the crack during the rising part of the 
cycle will be larger than during the falling part. 
Although this is likely to be true i t  must be said 
that the amount of slip in the crack tip region will 
be equal for both half cycles. If the latter were not 
true one should observe a shifting of one edge of 
the crack relative to the opposite edge. However, 
microscopic observations, for instance at grain 
boundaries, do not indicate such shifts. 

Considering dislocations moving towards the 
crack tip it may be expected that some dislocation 
climb induced by vacancies and also some cross 
slip will occur. The cyclic slip in the crack tip 
region will produce vacancies and interstitials, but 
the number of vacancies will prevail since they are 
more easily generated (see ref. 34). Since in the 
rising and falling part of a load cycle dislocations 
of different signs will move towards the crack the 
vacancy induced dislocation climb in both half 
cycles will occur in opposite directions. This  is 
schematically illustrated in fig. 3 1 which also shows 
the effect of crack blunting and sharpening of 
the oxide film. The dislocation climb provides the 
systematic dcviation of reversible dislocation flow 
required for the mcchanism shown in fig. 30. It 
would even be possible that.the dislocations acting 
in both half cycles were emitted by the same 
source. 

The above mechanism can also be described in 
other terms. Dislocation climb can be envisaged as 
a precipitation of vacancies on the dislocation. If 
the dislocations then enter the crack as indicated 
in fig. 30 the crack extension is in tact due to 
vacancies being transported to the crack by the 
dislocations. 

Fig. 30 is based on the movement of edge dislo- 
cations. For screw dislocations cross slip in alu- 
minium and its alloys easily occurs. If cross slip oc- 
curs in the two half cycles in different dircctions a 
similar picture as fig. 31 could hc obtained for 
screw dislocations. Also in this case it might be 
associated with dislocations of the same source. 
From an energy point of view it is thought that the 
formation of intrusions (crack growth) will prevail 
since it involvcs a strain cncrgy relkase whereas the 
formation of extrusions does not. Hence the strain 
energy release can provide the driving force for 
systematic cross slip required for crack growth. I t  
should then be expected that thc "tensile stress 

into crack 

a. Rising part of the load cycle. 

Oxide film at tip under con-  
pression, which hinders flow 

I of dislocation into crack 

b. Falling part uf the load cycle. Similar pictures apply 
to  screw dislocations. Dislocation climb is then replaced 
by cross slip. promoted by strain energy release invalved 

i n  crack extension. 

Fig. 31 Further evaluation of the crack growth mecha- 
nism presented in fig, 30. 

over the crack' will be a controlling factor for the 
crack growth. This aspect is further discussed in 
chapter 11 .  

Until now dislocation flow into the tip of the 
crack was considered One might wonder whether 
a crack tip can act as a dislocation source itself and 
what the consequences would be under a cyclic 
load. 

If the crack frcnt is wavy as indicated in fig. 32, 
the shear strcss concentration at A will be signifi- 
cantly larger than the average concentration along 
the crack front. Since the augmentation of the 
stress at A is a very localized phenomenon, a 
leveling-off is not likely. I t  is now assumed that a 
dislocation will be generated at A which can start 
as a dislocation of a very short length. Its length 
will increase when the dislocation moves away from 
the crack. At  the very beginning of the generation, 
only a small number of atomic bonds have to be 
disrupted. This will be facilitated by thermal vibra- 
tions of 'the atoms. The required shear stress will 
be much lower than the theoretical value for the 
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perfect lattice. The emission of a dislocation at A 
will not affect the shape of thc crack front at A and 
it then should be expected that an avalanche of 
dislocations will be generated. 

r h 1 
"NCRAICIED MATERIAL 

CRACK FRONT 

CRACK ( I N  PLANE OF F l O U R E l  A 
. .  

A dislocation generated in region A is shown in successive 
positions a, b, c and d. The generatiun leaves the shapc 
of the crack irant unaltered and avalanches ai  dislocations 

will be emitted. 

Fig. 32 Crack extension by dislocation generation at a 
xvavv crack front 

One might ask whether an irregularly shaped 
crack front, such as sketched in fig. 32 could occur. 
Mc Evily and Boettner (ref. 35) studying alloys 
with various stacking fault energies y, found a 
straight crack front for a low and a curved crack 
front for a high value of y .  Also Crussard et al. 
(ref. 36) observed that the crack front is non- 
crystallographic. However, it may be asked 
whether fractographical studies give information 
on a relevant scale, i.e. whether the dimension A in 
fig. 32 can be observed under the microscope. Since 
1, is a dimension of a hypothetical model this 
question remains unanswered here. Considering the 
multitude of slip systems and the many ways to 
affect dislocation movements it is intuitively stated 
that a wavy crack front will be the rule rather than 
an exception. At  the same time it is realized that 
dislocation generation at the crack tip may be much 
more complicated than indicated in fig. 32. 

Another aspect of the model in fig. 32 is the 
reversibility. Dislocations emitted by the crack 
front may return to the crack front on reversal of 
the load. However, if a part of them has been 
locked or annihilated, the mechanism is non- 
reversible. Moreover, those dislocations which do 
return will not enter the crack on exactly the same 
slip plane as explained before. So the returning of 
dislocations may still imply some crack extension. 
Secondly the irreversibility may be due to  an 
emission of dislocations of the opposite sign a t  A 
on reversal of the load, which then could annihilate 
fully or partly the dislocations emitted in the first 
half cycle. This could still imply crack extension. 

The emission requires a disruptioii of the oxide 

a Increasc of stress b Ilecrease of stress. 

+ azide film under tension 
- <)side film under compression 

Fig. 33 Dislocation emission by the tip of the crack on 
different slip planes during the rising and falling part of a 

load cvcle. 

film. This will occur at a location at which the film 
is under tension. A qualitative indication of the 
tension in the film is given in fig. 33*. Assuming 
that the dislocation emission occurs on the plane(s) 
associated with the disruption of the oxide film, the 
emission will occyr on different slip planes in the 
two half cycles, see fig. 33. Consequently crack 
extension will occur in a way similar to that shown 
in fig. 30. 

Dislocation emission by the crack has some 
resemblance to a static shear failure. This is further 
discussed in chapter 9. 

The foregoing considerations were concerned 
with a single slip system being active. I t  will be 
pointed out in the following chapter that slip on 
two different families of crystal planes is likely to 
to occur. This still alloivs.crack growth in a sin& 
lar way as indicated in fig. 30, which is illustrated 
in fig. 34. The example in this figure implies the 
formation of two intrusions by two different slip 
systems. The sum of both intrusions is the crack 
extension. Here also there is a possihilityof form- 
ing extrusions into the crack instead of intrlis- 
ions into the material. For persistent crack growth 
it is again required that the occurrence of intru- 
sions dominates the occurrence of extrusions. 

There are some essential differences with crack 
extension by one slip system. An important feature 
of fig. 34 is, that it shows that crack extension by 
two different slip systems allows without any 
difficulty, crack growth in an arbitrary non- 

* The indications of tension and compression in the 
oxide film in fig. 33 could be made intuitively. They find 
some substantiation in eqs iB33) and (B34) af Appendix 
I3 (0, for 8 = + ;T and q for 8 = 0) .  
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7 Crack nucleation and propagation along crystal 
planes 

As aconsequence of the ~ o d e 1 f o ; i h e ~ n ~ l e a t i o n  
and the growth of fatigue cracks discussed in the 
two previous chapters, crack propagation will occur 
along a single crystal plane if dislocation move- 
ments are largely confined to that family of parallel 
planes. If slip occurs on two or more crystal planes 
the orientation of the crack does not necessarily 
have to be a crystallographic orientation. In this 
chapter microscopic evidence on this topic is 
analyscd. For this purpose calculations were made 
on the ratio of resolved shear stresses on different 
slip planes and on the stress distribution around 
cracks. Thc calculations are described in Ap- 
pendices A and B. 

~ 

For the probability of slip on one, or more than 
one slip plane, the following aspects are important: 
( I )  The shear stress distribution. 
(2) The resolved shear stress on the various slip 

systems. 
(3) The restraint on slip for the various slip 

systems and the strain hardening. 
In aluminium and aluminium alloy specimens 

without cracks, the shear stress distribution may 
be assumed to be homogeneous. Slip predominantly 
occurs on the {I I I )  planes in the < I  IO> directions. 
In each of the four slip planes there are three slip 
directions involving 12' slip systems. The problem 
to be considered is not whether slip occurs on one 
or more than one slip system, hut whether slip 
occurs on oue or  more than oue crystal plane. For 
a given orientation [hhl] of a uni-axial load with 
respect to the crystal structure, the resolved shear 
stress for all slip systems can he calculated. If the 
highest resolved shear stress on one of the four slip 
planes is tmax, l  and the highest resolved shear 
stress on one of the other slip planes is ~ ~ ~ ~ . e  the 
ratio 

2. b. 

Fig. 34 Crack extension in one load cycle by  dislocation 
movements on two difierent sets of crystallographic 

planes. 

crystallographic direction*. Another phenomenon 
which can easily he cxplainedis branching of fatigue 
cracks, such as shown in figs 25 and 26. The 
simultaneous occurrence of two differently ori- 
entated intrusions emanating from the tip region is 
possible due to the activity of two slip systems. If 
both intrusions grow separately by trapping dislo- 
cations, branching has occurred. If both cracks 
trap comparable numbers of dislocations they may 
he competing for some time before one of them 
becomes dominating. 

The 'discussion in this chapter, although con- 
ccrned with crack growth, is partly applicable to 
crack nucleation. Additional aspects were the 
dislocation generation by the crack front itself and 
thc strain energy release, stimulating the formation 
of intrusions rather than extrusions. Accepting for 
the moment the concept that nucleation and 
growth are a geometric consequence of dislocation 
movements, it is clear that the discussion presented 
so far, which has yielded some more or less plausi- 
ble mechanism, can neither give an accurate nor a 
complete picture. Othcr mechanisms based on the 
same concept are possible. I n  the following chapter 
the above model for crack growth will be compared 
with experimental evidence. Alternative theories 
for crack extension will be discussed in subsequent 
chapters. 

* In rcf. 35 (fig. 17a) a crack growth model was 
suggested requiring slip on different slip systems in the 
two half cycles. The mechanism involved a relative edge 
displacement in each cycle equal to the crack extension. 
This is not compatible with micrukopic evidence, showing 
that no displacement occurs. 

might give an indication of the probability of the 
occurrence of slip on more than one slip plane. The 
probability will he high if r differs little from unity 
and will be low if Y is much smaller than unity. In 
Appendix A the..calculation. of r is explained. The 
results are presented in fig. A4 as curves of con- 
stant values of r in the standard trianglc. The 
projection method of orientations is not the usual 
stereographic projection, but a more simple projec- 
tion on the cube plane (IOO), see fig. A2. This 
method allows an easier calculation of fig. A4. 

From fig. A4 it follows that the ratio of the 
maximum resolved shear stresses on two different 
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slip planes varies from 0.5 to 1.0. High values will 
he encountered more frequently than low values. 
On the average the r-value mill he 0.83 (space- 
angle average). In other words the occurrence of 
slip on more than one slip plane seems to he a very 
realistic possibility. 

The third aspect listed above is a complicating 
factor. Crack nucleation occurs a t  the surface of 
the material. Slip in the direction of the surface 
will meet with less restraint and strain hardening 
than slip movements parallel to the surface. Al- 
though the ratio Y may have some meaning for the 
initiation of slip, continued slip may he largely 
controlled by the restraint. In this respect it is 
noteworthy that the aluminium claddiug of the 
unnotched specimens discussed in section 4.4, 
showing abundant crack nuclei, revealed slip main- 
ly in a single directjon in each grain, despite the 
relatively high strain amplitude and crack rate. 

The difference of the restraint on slip at the sur- 
face and at the interior of the material can also 
account for the difference of the modes of crack 
propagation, as discussed in section 4.5. Whereas 
the differeEce between fig. 20 (crack propagation in 
the cladding at the surface) and fig. 21 (crackpro- 
pagation in the core just beloiv tv? cladding) might 
still be attributed to the differencesof the material 
(pure aluminium vs. the aluminium alloy) similar 
differences were also found for the hare .m$terial, 
compare figs 22 and 23 with figs 24, 25 and 26. 
Again it is confirmed, that the much lower re- 
straint on slip at the free surface promotes crack 
propagation along crystal planes. That the propa- 
gation changes from one plane to  another several 
times in the same grain will be discussed hereafter. 
First it may be observed that a propagation which 
is apparently uncorrelated to crystal planes, does 
not exclude that such a correlation is present on a 
much finer scale, beyond the resolving power of the 
microscope. 

: After a crack has been nucleated and has become 
larger than a single grain, the front of the crack is 
moving through a number of grains at the same 
time, If the propagation in each of these grains had 
to  occur on a single slip plane, this would not be 
compatible with the coherence of the fracture sur- 
face at the grain boundaries. The crack growth oc- 
curring simultaneously in adjacent grains will 
therefore he subjected to a restraint on the path of 
the crack, mutually exerted by one grain on the 
other one. This mutual influence is obviously 
smaller at the surface of the specimen, but it is not 
absent. It is thought that it is responsible for the 
changes of orientation of the crack path a t  the 
surface such as shown in fig. 22. In  other words the 

path of the crack at the surface is to some extent 
dictated by the path of the crack in the grains just 
below the surface. 

The path of the crack could also be affected by 
inhomogeneities of the material such as inclusions, 
etc. They will promote an irregular course of the 
crack. Their influence is not further considered 
here. 

As an explanation for the fairly irregular path of 
the crack at the interior of the material two argu- 
ments were already mentioned, viz. ( 1 )  the re- 
straint on slip which might provoke slip on inore 
than one crystal plane and (2) the coherence of the 
fracture surface from grain to grain, by which the 
crack is pot free to follow a single crystal plane in 
each grain. In addition to these arguments at- 
tention will now be paid to the effect of the stress 
distribution. 

For a crack in an infinite sheet, a solution for the 
stress distribution is available from the theory of 
elasticity. There are some restrictions on the va- 
lidity of the solution. ( I )  At the tip of the crack, 
plastic deformation will occur (which removes the 
stress singularity). (2) The assumed elastic isotropy 
only applies approximately. (3) Cracks do not have 
&zero tip radius. (4) Specimens have a finite size, 
and notches are. an additional geometric compli- 
cation. In applying the results of the stress calcu- 
lations one should keep the restrictions in mind. 
They need not be serious objections since qualita- 
tive information is looked for. 

Dislocation movements are controlled by shear 
stress and therefore most calculations relate to this 
stress. A summary of the equations used, together 
with a brief discussion is presented in Appendix B. 
Calculations of the shear stresses r2, T ~ ,  T ' ~  and ~ ' 3 ,  

defined below, were made for the cases of plane 
stress and plane strain. The principal stresses in the 
plane of the sheet specimen are denoted by SI and 
Sz. The third principal stress S3, being perpendicu- 
lar to the sheet, is equal to zero for plane stress and 
equal to Y(SI + Sz) for plane strain, whcre Y is 
Poisson's ratio. The definitions of z2 and t 3  are: 

If SI and Sz have opposite signs the maximum 
shear stress is Q, which is acting on a plane perpen- 
dicular to the sheet. If SI and Sz have the same 
sign T~ is the maximum shear stress and t3 is acting 
on a plane which makes an oblique angle with the 
sheet. In  view of the model for crack extension dis- 



cussed in the previous chapter, it was thought de- 
sirable to calculate shear stresses on planes which 
pass through the tip(s) of the crack. If such planes 
are perpendicular to the sheet, the shear stress is 
indicated by t ' e .  For planes passing through the tip 
of the crack and making an oblique angle a with 
the sheet, the shear stress is indicated by tl, and 
d3 is the maximum value of tc if rr varies from 0 
to 90". 

Calcnlations were made for the stress in the tip 
region of the crack. Although they are valid for a 
crack in an infinite sheet they will qualitatively 
apply to cracks in specimens of finite dimensions, 
see Appendix B. The stress distributions are pre- 
sented as curves along which the shear stresses, 
defined above, are constant. The curves are pre- 
sented for a single value of the shear stress. Along 
radial lines emanating from the tip of the crack, the 
stress is inversely proportional to the square root 
of the distance to the tip. 

The shear stress distribution around the tip of a 
crack perpendicular to the tensile loading, is shown 
in fig. B5. For plane stress, t3 is highly dominating 
~ 2 .  whcrcas for plane strain the reverse is true. As 
long as the size of the plastic zone is sinall as com- 
pared to the sheet thickness, the state of stress 
around the tip of the crack will rapidly change 
from plane stress at the surface to (approximately) 
plane strain a t  the interior of the sheet. According 
to a suggestion of Liu (ref. 37) plane stress will 
approximately apply to the full thickness of the 
sheet, if the size of the plastic zone, p ,  has increased 
to half the sheet thickness, t .  Equations for the 
size of the plastic zone were derived in section B5 
of Appendix B, see cqs (B31) and (B32). Substi- 
tution of p = i t  in eq. (B32) gives: 

I s o  2 
- = 1.7(s) 
t 

where I = crack length, SO '= yield strength of the 
material andS should be interpreted as the nominal 
stress amplitude. Since So/S will be considerably 
larger than unity, I will be a multiple of t before 
plane stress applies through the full thickness of 
the specimen. For cracks of the order of the sheet 
thickness or smaller, the major part of the crack 
front will be, in a state of approximately plane 
strain. 

Fig. B8 shows the distribution of the shear 
stress on planes through the tip of the crack. A 
comparison with fig. B5 shows large differences. I t  
is also found here that t ' 3  dominates T ' ~  for planc 
stress and the reverse is true for plane strain. In the 
latter case the maximum shear stress (de) is found 
on planes perpendicular to the sheet, which are not 
in line with the crack, but a t  an angle 0 M 70" 

with the planc of the crack. This 8-value will proba- 
bly be affected by plastic deformation, but it is not 
expected that it goes down to zero. Hence it may 
be assumed, that the T ' ~  distribution will promote 
dislocation flow to the tip of the crack from a posi- 
tive and a negative 0-direction. As explained i6 
chapter 6, this would imply a growth of the crack 
which under the microscope would seem to occur 
in no relation to the crystal planes. Whereas the 
four available slip planes will set certain limitations, 
it may be expected that on the average (Le. on a 
macroscopic scale) a crack surface, perpendicular 
to the loading direction, will be the result. In'other 
words the SO"-mode of fracture mentioned in sec- 
tion 4.2 is associated with a state of plane strain. 

At the surface of the specimen (plank stress) d3 
(dominating t'e) shows a flat maximum around 
0 = 0" with a-values of 45" or slightly larger, Also 
in this case one should expect a propagation in the 
direction 0 = 0" hut now 'on a plane making an 
angle of approximately 45" with the loading di- 
rection. (Theoretically an alternation between 
a = + 45" and a = - 45" might still give a frac- 
ture surface macroscopically perpendicular to the 
loading direction. However, such an alternation is 
not likely to occur in view of the coherence of the 
fracture surface.) Consequently the 45"-mode of 
fracture should be associated with plane stress. The 
transition from the 90°-mode to the 45"-mode, illus- 
trated in figs 5 and 6 and described in section 4.2, 
seems to confirm the above reasoning. Unpublished 
results on the influence of the sheet thickness on 
the crack propagation (ref. 38) show that the tran- 
sition is completed at a larger value of the crack 
length in the thicker sheet material, thus confirm- 
ing the above reasoning. 

The above explanation for the transition from 
the 9O"-mode to the 45O-mode emphasizes the im- 
portance of the shear stress on planes through the 
tip of the crack, which is an argument in favour of 
the model for crack extension, presented in the 
previous chapter. I t  should also be concluded, that 
the explanation of the transition from the 9O0-mode 
to the 45"-mode on the basis of the difference be- 
tween the states of stress, implies that the fracture 
mechanism is not neccssarily different for the two 
modes of .the fatigue fracture. This is further dis- 
cussed in chapter 9. .. 

Forsyth (ref. 39) has divided the fatigue process 
in a stage 1 and a stage 11. In the former, cracks 
are produced along crystallographic planes which, 
according to Forsyth, are associated with single 
slip. Amongst other factors it should be promoted 
by low stress amplitudes, For the second stage he 
assumes, that crack extension occurs partly by 
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cleavage and does not occur on the primary slip 
plane. In the second stage Forsyth observes a 
tendency for the crack to grow perpendicularly to 
the loading direction even on a microscale. 

Girard (ref. 9) testing A1-4%, Cu specimens 
(S, = 0) at  low stress amplitudes ( N  e 100 to 10s 
cycles) found clear evidence of cracking along { I  1 1 )  
planes. Changes from one slip plane to another 
within the samc grain frequently occurred. He re- 
ports values of the crack rate in the ordcr of t to 
3 A cycle, which is low indeed and which seems to 
confirm Forsyth's stage I concept. I t  should be 
noted that Girard made his observations on the 
surface of the specimens without scctioning. His 
results are in good agrcement with those reported 
in section 4.5, for much higher crack rates. 

In a recent study on an aluminium alloy with 
7.5% Zn and 2.5% hlg, Forsyth and Stubbington 
(refs 40 and 41) made observations similar to those 
found in the present study on the 2024-T3 alloy. 
Specimens loaded in reversed plane bending, 
showed crack growth along slip planes at  the sur- 
face of the spccimen and apparently non-crystallo- 
graphic crack growth at the interior of the speci- 
men, which is again referred to as stage I and stage 
I1 crack growth. The crack growth a t  the surface 
is assumed to occur in the same way as the crack 
nucleation. The two stages are not identical to the 
45"- and the SO"-mode of fracturing defined in sec- 
tion 4.2, since these modes are concerned with 
macroscopic features of the fractures surface. 

Similar observations werc made by McErily and 
Boettner (ref. 35) ,  who tested purc aluminium 
monocrystal specimens. At the surface, crack 
growth occurred along {I 1 1 )  planes, but about lop 
below the surfacc the fracture surface became ir- 
regular and non-crystallographic. Thcy concluded 
that stage I and stage I1 occurred simultaneously 
along the crack front, stage I occurring at  the speci- 
men's surface. This is in agrecment with the obser- 
vations of the present study on the 2024-T3 
material (section 4.5). 

An attempt will be made now to explain the 
results on the aluminium sheet specimens de- 
scribed in section 4.3. I t  was observed there, that 
in general the fracture surfaces did not coincide 
with a { 1 I I }  plane. This observation, however, was 
concerned with the macroscopic fracture surface 
over the full thickness of the specimen. A correla- 
tion with slip planes at the surface was indicated 
in some cases, see for example figs 9 and IO.  So far 
the results are in agreement with the evidence 
summarized above. It is remarkable, however, that 
the low stress amplitudes promoted macroscopical- 
ly flat surface fractures in these aluminium speci- 

mens. This would rcquirc a reasonably constant 
balance bctween the slip activities on diffcrcnt slip 
systems. Another feature was the persistently 
oblique crack growth in the left hand grain of 
specimen R (fig. 7). A similar result was obtained 
by McEvily and Rocttner (ref. 35) in several mono- 
crystal specimens of pure aluminium, their condi- 
tions being somewhat different. In their test the 
mean stress was zero and they found the fracture 
surface to be a { 1 I I} plane. The crack rates were 
of the same order of magnitude as found for speci- 
men B of the present study. However, in specimen 
B the fracture surface of the oblique crack \vas not 
flat and consequently could not be a crystal plane. 
McEvily and Boettner explained the oblique 
growth as a consequence of the resolved shear 
stress being a maximum on that { I  I I }  plane. I t  is 
thought that in addition to this, the effect of the 
oblique crack orientation on the stress distribution 
could play a part. As explained in scctidn B6 of 
Appendix B the oblique orientation ( p  # 90") 
hardly affects the distribution of T ~ ,  T~ and uo 
(tensile stress perpendicular to radial lines ema- 
nating from the tip of thc crack), see figs BI,  B2 
and B7. but a pronounced effect occurs on the 
distribution of t 1 2 ,  see fig. B6. For the specimens 
of McEvily and Boettner it may be assumed that 
the major part of the crack front was in a state of 
plane strain and then 7 ' 2  is highly dominating 7'3 
(see Appendix Bj. Consequently the ohliquc crack 
gives a r'2 distribution, stimulating crack growth in 
that oblique direction. Thc results of McEvily and 
Boettner may then be seen as ;in additional indi- 
cation of the impxtancc of the shear stress on 
planes through the tip of the crack. 

It is doubtful whether the oblique crack found 
in the present study (fig. 7), alloms the same expla- 
nation, since in view of the low thickness of the 
specimen it is not sure whether plane strain still 
applied. Bascd on cq. (B32) the size of the plastic 
zone is estimated at  0. I to 0.2 mm, the sheet thick- 
ness being 0.4 mni. If the state of plane stress was 
already present in the full thickness, . f3  was 
dominating d2 and since d 3  has a maximbin at  a 
&value approximately perpendicular to, the direc- 
tion of loading, the persistently. oblique crack 
orientation is difficult to explain, the more so since 
the plane of the fracture was not a crystal plane. 

I t  has to be admitted that a fully satisfactory 
explanation of the present results of the aluminium 
specimens (section 4.3) has not been reached. The 
results of the aluminium cladding (sections 4.4 and 
4.5) were much better in accordance with the ideas 
developed in chapters 5 and '6. The cladding is 
backed up by a low ductility aluminium alloy core 
which, when cracks in the cladding are present, 



largely prevents crack opening. In the pure alu- 
minium specimens this restraining effect is absent, 

~and~it~may_be~that~creepintheannealed~material  
{ccurred, thus complicating the phenomenon. - 

A clear example of crack growth along crystal 
'planes was recently found under alternating 
compressive stresses in a specimen of the 7075-T6 
alloy (ref. 42). In a comparative study on several 
types of lugs, one series of lugs were provided with 
an undersized hole. By drawing a tapered pin 
through the hole, its diameter was expanded 3% to 
obtain the corrcct diameter. This operation intro- 
duced extremely high residual stresses around the 
hole, which were compressive and which proved to 
have a highly favourable effect on the fatigue 
properties. The compressive residual stresscs had a 
biaxial character to which the fatigue loading of 
the specimen added an alternating tension. A 
specimen which cndured 20 million cycles showed 
considerable fretting corrosion in the hole. I t  was 
subsequently sectioned, which revealed that cracks 
had emanated from pits formed by the fretting 
action. Fig. 35 shows an example of these cracks. 
The correlation with crystallographic planes is 
obvious. The cracks were growing from grain to 
grain in a more or less random fashion. The crack 
rate is unknown but its magnitude can be esti- 
mated. If the crack propagation had covered 25y, 
to 100% of the fatigue life the average crack rate 
was 4 to 1 Ajc, which is fairly low indeed. Probably 
the resulting alternating stress was largely in the 
compressive range. In Appendix B it was shown 
that the stress distribution for a crack loaded in 

+ + direction of loading 

compression was similar'to that for a crack sub- 
jected to pure shear. For the latter case the distri- 
but ions~ofzz~andz3~are~giueninf ig .B9and_the 
distributions of T ' ~  and T ' ~  in fig. B10. The upper 
and lower parts of fig. B10 apply to plane stress 
and plane strain respectively, the distributions 
being symmetric with respect to the plane of the 
crack (0 = 0). Again the restriction to planes 
through the tip of the crack considerably modifies 
the shear stress distribution. I t  may well be 
assumed that the cracks in fig. 35 were practically 
in a state of plane strain and then fig. B10 shows 
that t ' 2  is again highly dominating T ' ~ .  The distri- 
bution of T ' ~  shows a pronounced maximum in line 
with the crack as could be expected- intuitively. 
Two secondary maxima occur at 0 = & 125". One 
might be tempted to explain the growth along 
crystal planes by the former maximum, and the 
zig-zag character by the latter maxima. I t  is 
agreed that this involves some speculation. I t  is 
still interesting to see that extensive crack growth 
along crystal planes is possible at the interior of a 
specimen, whereas this did not occur in the sheet 
specimens loaded in tension, as described in section 
4.5. In  those specimens it did occur a t  the surface 
and was promoted by the lack of restraint. In  the 
specimen of fig. 35 one might say that.it occurred; 
since the biaxial compressive stresses prevented 
crack opening, and sliding along the crack is the 
only way to cause growth of the crack. The latter 
is conceivable if occurring on a slip plane. From 
this point of view the result of fig. 35 would afford 
some further substantiation 'to the crack growth 
conception proposed in chapter 6. 

Material: 7075-T6 Lug specimen with 
expanded hole (3%). Kt = 3.5, S, + 
S. = 12.5 f 8 kg/mm* (nominal 
stress). Specimen sectioned after 20 
million cycles ( 1 68 x ) . 

Fig. 35 Fatigue cracks grown in an aluminium alloy lug specimen with high 
compressive residual stress (ref. 42). 
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The discussion in this chapter will now he 
summarized. Crack nucleation and propagation at 
the surface occurs predominantly along crystal 
planes, which is made possible by the lack of re- 
straint on slip. At the interior of the material there 
is an increased restraint on slip and the coherence 
of the fracture surface implies another type of re- 
straint. Moreover, a t  the interior there will ap- 
proximately be a state of plane strain, provided 
that the stress amplitudes and the crack length arc 
not too high and this will promote slip activities on 
more than one slip plane. As a consequence, the 
crack at the interior of the material follows an 
irregular path which may be apparently uncorre- 
lated to the crystal planes. Under a compressive 
fatigue load, crack propagation along slip planes 
may be the only possible way of crack growth, also 
a t  the interior of the material. 

The macroscopic fracture features defined as the 
SO"-mode and the 45"-mode are associated with a 
state of plane strain and a state of plane stress 
respectively, as indicated by the calculation of the 
distributions of the shear stress on slip planes 
through the tip of the crack. The two modes do not 
necessarily imply, a different fracture mechanism. 

8 The problem whether crack growth occurs in 
every cycle 

In  chapter 6 crack growth was suggested to be 
a geometrical consequence of disloc a t '  ion move- 
ments at the tip of the crack. I t  is expected that 
the dislocation activity in the tip region is a fairly 
Continuous process, Le. such activity will occur in 
each cycle. It is not necessary that these dislocation 
movements will imply crack extension in each 
cycle, but on the basis of the model one should 
expect that crack extension is also a fairly con- 
tinuous process occurring in thc majority of cycles, 
if not in all. This problem is discussed in the pres- 
ent chapter. Fractographic studies give some in- 
formation on this topic and will be reviewed first. 

I n  the last ten years crack propagation in alu- 
minium alloys received considerable interest in 
view of the problem of assessing the "fail-safe" 
characteristics of aircraft structures. In general 
such studies are concerned with large sheet speci- 
mens and cracks visible to the naked eye, rather 
than microcracks. Fig.' 36 shows results of an NLR 
study (refs 7 and 8) on 2024 Alclad sheet speci- 
mens. The crack rate d / d n  was plotted as a func- 
tionof the crack length for threevaluesof thestress 
amplitude. Fractographic examination revealed 
growth lines, especially in the cladding, see fig. 37. 
Although there is some variation in the spacing, the 

pattern allows average spacings to be determined 
with the aid of the microscope. Results of such 
'measurements'were plotted in fig. 38. The corre- 
lation between the spacing and the crack extension 
per cycle is obvious. On the average the spacing is 
somewhat larger than the crack extension per 
cycle, but not yet twice as large. This suggests that 
the growth lines are successive positions of the 
crack front and that there was crack extension in 
more than 50% of the cycles. I t  should be pointed 
out that measurements of the spacings were made 
in those area's, where they could be observed most 
clearly. This might well have introduced a bias 
towards measuring somewhat larger spacings. The 
scatter in fig. 38 reflects the local variations in 
crack spetd which probably will be due to local 
changes of the material properties. The conclusion 
drawn here is; that crack extension did occur in 
almost every cycle and probably in all cycles. 

Growth lines in the core of the aluminium alloy 
sheet specimens were more difficult to observe than 
in the cladding. This experience was also reported 
by Forsyth, Ryder et al. (ref. 43). I t  is thought 
that crack extension in almost every cycle as 
revealed by the cladding, will imply the same for 
the core, even if the growth lines cannot be 
observed there. 

In  the literature similar studies led to the same 
conclusion, i.e. the spacing between growth lines 
corresponds to the crack extension in one cycle 
(refs 44, 36 and 45). Strong evidence was offered 
by Ryder (ref. 46), by Laird and Smith (ref. 33) and 

Fig. 36 Crack rate i s  a function of crack length in an Al- 
alloy sheet specimen. Results ffom (ref. 8). 
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Fig. 31 Growth lines in the cladding layer of an 2024-Alclad sheet specimen 
(ref. 7). 

I I / A 
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Fig. 38 The spacing between growthlines as a function of 
the crack rate. Test data from (ref. 8 ) .  

by Matting and Jacoby (ref. 47). They performed 
tests on aluminium and aluminium alloy specimens 
with a constant amplitude, inserting periodically a 
single more severe load cycle. On the fracture sur- 
face the growth lines of the high load cycles could 
be identified and the number of growth lines be- 
tween them (18, 9 and 10 respectively) did corre- 
spond exactly to the number of low load cycles 
applied between two high load cycles. This proved 
the I : I correspondence between the number of 
growth lines and the number of load cycles. 

A summary of the width of spacings as found in 
several publications, including the results of some 
other materials, is given in table 4. Several in- 

t 
~~ ~~ ~ ~~ 

Direction 01 crack propagation. Xomi- 
nal thickness of the cladding is 100 p .  
Magnification (450 x )  

vestigations were made with the optical micro- 
scope. The smallest spacing to be observed in this 
way, will be in the order of 0.5 p. In other in- 
vestigations an electron microscope was employed. 
The smallest spacing was reported by Christensen 
(ref. 48). viz. 0.02 p = 200 A. 

Before discussing the meaning of the measure- 
ments of the spacings of growth lines to some 
further extent, it is useful to consider the following 
question: What are the orders of magnitude of the 
crack rate which are of interest for the present 
study? Micro-cracks start early in the fatigue life, 
but it takes a considerable number of cycles before 
they become visible by the naked eye. For a simple 
specimen or a small component the major part of 
the fatigue lifeis covered by this invisiblecracking. 
Once the crack obtains a technically visible size, 
the crack rate isso high that only a small portion 
of the fatigue life remains until final rupture oc- 
curs. This means that the crack growth study on 
the 2024.T3 sheet specimens, unnotched and 
notched by a central hole (Kt = 2.66), as reported 
in section 4.1 is relevant to the above question. 
The orders of magnitude of the crack rate obtained 
there were collected in table 1.  

From a comparison of the results of table 4 for 
growth-line spacings and table 1 for crack magni- 
tudes, the following conclusions canbe drawn. In the 
first part of a fatigue test on an unnotched or a not- 
ched specimen thecrack ratehasa valuemuchlower 
than the smallest spacings observed. Still in this 
part of the fatigue life the most characteristic 
beginning of the fatigue fracture .is formed. To- 
wards the end of a fatigue test the crack rate at- 
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TAi3i.F: 4 
Survey of spacings between growth lines reported in the literature as results uf iractagraphical studies. 

Investigator [Reference) Material') Spacing, order of magnitude 

( P ) ?  Burgers vectors3) 

Zappie and \Varden (49) AI-alloy 0.5 2000 
Mild steel 0.6 2500 

Forsyth (44) AI-allay ' 0.3-3 loon-ionno 
liyder (46) Al-alluy 0.5 I 150 
Foorsyth, IEyder, Smale and AI-alloy and 0.2-40 700-14noon 
Wilson (43, 50) Alhladding 

Crussard, Plateau et  al. (36, 51) AI-alloy 0.2 700 
hlild steel 0.2 800 
18-8 stainless steel 0.2 800 
Steel 0.05 200 

Schijve and Jacobs (52) Ni-alloy 1-24) 4nnn-8onn 
Scliijve, Broek ;md De Rijk ( 8 )  AI-alloy 0.7-1.2 2500-4000 

AI-cladding I .2-4n 4noo-14ooon 

Tokuda (53) Steel 0.02-0.16 80-600 

Christensen (45, 48) AI-allo y 0.4-2.5 14no-~nnn 
AI-allay 0.02-1.25) in-4000 

Hockrath and Christensen (54) Niklloy 0.2 800 

laird and Smith (33) A1 io-inn 35noo-35nnoo 

Matting and Jacoby (47, 55) AI-alloy *;; . 0.4-4 140n-14nno 

Xi 1 4000 

~ \ l i ~  s teeG: .  0.5 2000 

McCralh, Huchanan and Al~alloy 
Thurston (56) C" 

5 
2-5 

1) Al-alloys in this column were high strength precipitativn hardened AI-alloys of the A I  Cu hlg type of the A1 Zn Mg 
type, except for Jacoby and Matting, which studied a medium strength A1 h1g alloy. 
2) Values in this column are measured from micrographs in the referenced publications. If only one value is indicated, 
this is a minimum value. 
3)  The Burgers vector was assumed to be equal to the closest interatomic distance. This is not correct for all materials 
but a better procedure would not affect the order of magnitude of the spacings. Values are derived from those in the 
previous column and are rounded. 
4 )  hleasuted on fracture surface of a turbine blade failed in service. 
6 )  Values from the graph in figure 26 of Christensen (ref. 48). 

tains values corresponding to the order of magni- 
tude of the spacings given in table 4. So the avail- 
able evidence on growth lincs gives no direct answer 
to the question, whether there is crack extension in 
the majority of cycles of a normal fatigue test. 

An appreciable part of the data compiled in 
table 1 was obtained with large sheet specimens and 
propagation of cracks with a length which cannot 
be considered assmall. Some of the studies, however, 
were made on small specimens without mention- 
ing the crack size for the micrographs and one may 
expect from the magnitude of the spacings, that 
the values of the crack length probably were 
relatively large, i.e. the major part of the fatigue 
life had elapsed at the values concerned. The lack 

of data on fractographical studies with large 
magnifications for small crack sizes may havc 
several reasons, viz. ( I )  There will be espcrimental 
difficulties in locating the crack nucleus in an 
electron-microscope replica. (2) Magnifications may 
be too small to show growth lines with a small 
spacing. (3) Crack extension may occur in each 
cycle without forming a growth line. (4) Finally 
crack extension may be a discontinuous process in 
the micro-stage with large number of cycles with- 
out crack extension. Some thought will now be 
given to these arguments except for the first ar- 
gument which has no physical relevance to the 
problem considered. 

The smallest spacings mentioned in table 4 are 
in the order of 0.02 p to 0.2 p or 200 A to 2000 A. 
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Although details smaller than 200 A may be 
observed under the electron-microscope, one should 
not overlook that not the spacings have to be 
observed, hut the growth lines with a width 
smaller than the spacings and probably considera- 
bly smaller, depending on the material. No limit 
for the possibility of observation will be estimated 
here, but is may be said that a crack, propagating 
at a speed lower than I O  Ajc, will not allow a 
detection of growth lines, supposing that they are 
formed at all. Values below 10 A/c apply to a fatigue 
test at low stress amplitudes (see table I )  

The electron microscope will only allow the 
detection of growth lines if they are a physical 
reality, i.e. if they are ridges or grooves. This raises 
the question how the growth lines are formed. 
According to Forsyth et al. (ref. 43) the lines are 
ridges, formed by plastic deformations and the 
zone between two spacings should have been a 
brittle crack extension. The width of the lines is 
supposed to be larger for a more ductile material 
and at the same time the brittle zone should be 
smaller. The plastic deformation implies blunting 
of the crack which stops the growth. Laird and 
Smith (ref. 33), testing aluminium and nickel, con- 
sider the lines to be grooves instead of ridges. They 
agree with Forsyth et al. on the blunting of the 
crack and they show convincing evidence of this 
by sectioning cracked specimens. On reversal of the 
load the crack is closed, also by plastic deformation, 
but a t  the crack tip this does not completely occur, 
leaving there a pipe-line hole. In the next cycle 
crack growth starts from this hole which then 
leaves a groove on one or on both surfaces of the 
crack as revealed by microscopic evidence. Laird 
and Smith noticed that the difference with 
Forsyth’s observations may be due to the type of 
material and moreover to the high stress ampti- 
tudcs used. Investigations of Forsyth et al. were 
made on aluminium alloys. McGrath et al. (ref. 56) 
found both grooves and ridges on pure copper and 
suggest that they might form interlocking fracture 
surfaces. Matting and Jacoby (ref. 55) studying an 
A1 Mg alloy suggest that crack extension starts on 
one slip plane and is completed on another slip 
plane, thus forming growth markings. So micro- 
scopic studies give a variety of answers. Further 
microscopic studies on this topic are certainly 
worthwhile. I t  is expected that the topography of 
the growth line will depend on the type of material, 
especially on the ductility of the material, and 
probably also on the type of stressing, i.e. on the 
magnitude of the stress amplitude as well as the 
mean stress. 

~ ~~~~ ~~ 

In  fig. 37 the cladding shows visible growth lines 

for which it was established that the spacing did 
correspond to the crack growth per cycle. Although 
most times growth lines could not be detected in 
the aluminium alloy core adjacent to the alumi- 
nium cladding, it still has to be presumed that 
crack growth in each cycle also occurred there. 
Apparently crack extension in each cycle in this 
aluminium alloy does not necessarily involve 
visible growth lines. The fracture surfaces of the 
2024.T3 alloy shown by McGrath et al. (ref. 56) 
reveal an irregular pattern of lines which they 
consider to be growth lines. Forsyth et al. (ref. 43) 
noted that growth lines are better visible in the 
more ductile materials. 

Along intuitive lines one may argue that some 
blunting of the crack at the maximum tensile load 
will occur if the crack extension peucycle is as 
large as the values indicated in table 4. A difficult 
question is how this blunting will be reduced 
during the reversal of the load. If cracks are closed 
during the minima of the stress this might affect 
the shape of the growth lines. So Smi, could have 
an important influence. The blunting (and the 
sharpening) will be more pronounced a t  higher 
amounts of plastic strain around the tip of the 
crack and one should expect an increased visibility 
for larger crack rates and for more ductile materials. 
Similarly one should expect a decreased visibility 
for smaller crack rates and less ductile materials. 
One might question, whether a crack rate of 100 
Ajc or 35 b/c in an alloyed material with a limited 
amount of ductility could produce growth lines 
visible by the electron microscope. I t  is likely that 
this will not be the case. So it seems that fracto- 
graphical studies will be unable to provide a 
satisfactory ‘answer to the question whether crack 
propagation in the micro-stage does occur in each 
cycle or not. 

~~~ 

In table I ,  summarizing the orders of magnit.de 
of crack rates in unnotched and notched specimens, 
values for dZ/dn<l b/c are mentioned, the lowest 
value being 0.1 b/c. For such values of the crack 
rate a number of cycles is required to propagate the 
crack one atomic distance, which is the smallest 
value for crack extension. One might think that 
this will give the crack extension a probabilistic 
character, i.e. it might become a matter of chance 
whether there will be crack extension in a certain 
cycle or not. Although the. probability aspect in 
crack propagation cannot be denied, it should he 
realized that dZ/dn<I h/c may imply that crack 
extension will not occur over the complete length 
of the crack front, but only over a part of the 
front, with an average over the complete front 
smaller than one atomic distance per cycle. 

http://magnit.de
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Fractographical studies of growth lines (refs 44, 51 
and 47) show that these lines are continuous over 
the grain boundaries, suggesting crack propagation 
along the entire crack front. However, this need no 
longer apply if the crack rate is of the order of 
magnitude of 1 b/c. On the contrary, if the crack 
extension is so small, the amount of slip occurring 
in the tip region will also be small. Local slip is 
obviously very sensitive to local conditions, i.e. the 
dislocation arrangements, precipitates, etc. .They 
may easily affect the crack rate, especially when 
the latter is very small. 

The recent NLR study (section 4.l), from which 
figs 1 to 4 were drawn, confirmed that there was 
a good deal of variability in the propagation of 
micro-cracks. The scatter was larger than for the 
propagation of macro-cracks, which in aluminium 
alloys is usually very low (ref. 7). 

Girard (ref. 9) studied crack propagation in 
small notched A1-4% Cu specimens by filming 
through a microscope. The endurances ranged from 
106 to 109 cycles. Girard mentioned a value for the 
average crack rate corresponding to I b/c. If crack 
propagation occurred along one slip plane he observ- 
ed that the crack rate was substantially constant, 
This did not apply if the crack followed a more com- 
plex path. Recently the NLR has built a small fati- 
gue machine in combination with a microscope. The 
crack growth was followed a t  a magnification of 
500 times. Stroboscopic light was employed. 
Limited results available now on 2024-T3 speci- 
mens indicate the same trend. As long as the crack 
followed a straight path its growth made the 
impression of being a continuous process. The 
frequency of testing was 50 cycles/second whereas 
Girard employed the ultrasonic frequency of 90,000 
cycles/second. When a change of orientation of the 
crack occurred it was preceded by a slowing down 
of the growth (at the surface). Then no crack 
growth was observed for some time after which 
growing continued in another direction. The first 
part of this new crack extension sometimes oc- 
curred quite rapidly. It is thought that the direc- 
tion of growth before the change of orientation 
could not be maintained, because it was not 
compatible with the path of the crack below the 
surface. This restraint released the shear stress on 
the slip system being active a t  the surface, and the 
crack growth slowed down. Crack growth along 
another slip plane required an increase of shear 
stress on that plane, which was effectuated after 
the crack below the surface had gone through sonie 
further growth. Such a process leads to unbalanced 
crack extension at the snrface and probably it will 
occur at the interior of the material as \veil. Crack 

growth in certain grains with at the same time no 
or less crack growth in other grains, implies a 
locally discontinuous crack growth, which in the 
extreme case can account for crack rates lower than 
one atomic distance per cycle. Locally discontinu- 
ous crack growth will further be stimulated by 
inhomogeneities of the material. 

Another consequence of locally discontinuous 
crack growth may be branching of the crack. If 
crack growth is locally slowed down for some 
reason, it may be continued along another path 
thus forming a branch. Further complications may 
come from inclusions which, when they are ap- 
proached by a growing crack, may initiate second- 
ary cracks. 

Although the above complications will certainly 
occur, the locally discontinuous character of the 
growth of the crack need not essentially affect the 
model for crack growth explained in chapter 6. 
Such discontinuities are essentially different from 
the discontinuous propagation proposed in certain 
fatigue theories, which is in fact an inherent 
feature of the theories. They were briefly referred 
to in chapter 5 and will be given further attention 
in chapter 9. It is thought that the evidence dis- 
cussed in this chapter is not in favour of discontinu- 
ous crack growth as an essential feature of the fa- 
tigue phenomenon. 

The discussion in this chapter will now be 
summarized. Fractographical studies of growth 
lines have shown for macro-cracks that crack 
extension occurs in every cycle. For micro-cracks 
such evidence is missing. For unnotched and 
notched aluminium alloy specimens the orders of 
magnitude of the crack rate vary from 0.1 to 10,000 
atomic distances per cycle. An important part and 
most times the major part of the fatigue life is 
expiring a t  crack rates, for which the fracture sur- 
face offers no proof of crack extension in each 
cycle, Several reasons were discussed explaining 
why crack extension occurring in each cycle need 
not he revealed by growth lines on the fracture sur- 
face. From the crack propagation model, discussed 
in previous chapters, it was concluded that 
continuous crack propagation is a consequence of 
the continuity of cyclic slip, The continuity of 
cyclic slip may be affected by locally varying 
stress conditions along the crack front and by 
local structural inhomogeneities. This will apply 
especially at low crack rates, but it will not upset 
the crack propagation model, even for crack rates 
lower than one atomic distance per cycle. The 
latter implies that crack extension does not 
simultaneously occur along the entire crack front. 
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.' ~9~ The difference between low-level and high-level 
fatigue 

In this chapter differences between low-level and 
high-level fatigue are considered. In the literature 
it is frequently suggested that there are such 
differences and that a high-level fatigue failure 
shows some similarity with a static failure. Aspects 
discussed here are the transition from fatigue fail- 
nres to a static failure and fatigue crack propa- 
gation at low and high speeds. 

~~~ ~ ~ 
-~ ~ ~ 

__ ~~ 

It is usual to extend S-N curves into the low fa- 
tigue life range by drawing a curve to the vertical 
stress axis with ahorizontal tangent at the ultimate 
stress S,, see for instance fig. 39. This procedure is 
based on the experience that a specimen in a 
constant-load-amplitude test with S,,, slightly 
lower than S,, if  it does not fail in the first cycle, 
can endure a considerable number of cycles, say in 
the order of 1000. before complete fracture occurs. 
One might be led to believe that there is no smooth 
transition from a fatigue fracture to a static frac- 

Fig. 39 S-N-curve (12 = 0) far unnatched specimens of 
2024-T3 material (ref. 4). 

ture. I n  a test with S,,, beyond the yield limit, 
considerable plastic straining occurs in the first 
cycles, but due to strain-hardening the strain 
amplitude and the hysteresis decrease rapidly. 
However, if the strain amplitude in a test is kept 
constant instead of the load amplitude, the latter 
may increase and a fracture in a low number of 
cycles can be obtained. Such tests were performed 
notably by Coffin and Tavernelli (ref. 58) and 
Smith, Hirschberg and Manson (ref. 59). Data for 
2024-T3 of the former group of investigators have 
been reproduced in fig. 40. Contrary to fig. 39 this 
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Fig. 40 c-N-cun,e for unnotclied specimens of 2024-T4 

material (ref. 58). I 
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figure suggests a gradual transition from fatigue 
failures to the static failure. 

The linear relationship shown by fig. 40 is 
analytically represented by 

~. . .  
N"a = C (9.1) 

This relation, first proposed by Manson (ref. 60), 
was shown to be valid for a variety of materials, 
a usual value for a being 0.5. Its validity, however, 
was restricted to low endurances, say N < 104. 
Fatigue tests with such low endurances have been 
labelled in the literature as high-level fatigue tests, 
especially in those publications which wanted to 
emphasjze that the mechanism of fracture in these 
tests should be different from that occurring in 
tests giving high endurances, Le. low-level fatigue 
tests. According to Coffin and Tavernelli (ref. 58) 
the plastic strain (true strain) in a static tensile 
test fits well into the above relation, if it is assigned 
an endurance N = cycle. This might suggest 
that high-level fatigue and a static failure imply 
the same fracture mechanism. The idea was further 
stimulated by publications of Wood (ref. 61), who 
introduced the term "delayed static fracture" to 
describe a high-level fatigue failure. The idea was 
picked up by Valluri (ref. 29) to develop a cnmula- 
tive damage theory. 

From a phenomenological point of view therc is 
a large difference between a static failure and high- 
level fatigue failures in aluminium alloys. The 
static failure is.preceded by necking down and 
generally starts at the interior of the specimen, 
spreading outwards. In  fatigue, even in high-level 
fatigue, necking is not observed (ref. 62)'and the 
crack starts from the outside growing inwards. The 
result that the elongation in a static test satisfies 
eq. (9.1) for N = $ cycle then seems to be some- 
what fortuitous. 

The NLR study (ref. 4), partly described in 
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section 4. I ,  showed that crack propagation also 
occurred in tests giving low endurances. Fig. 6 
illustrates that on the fracture surface of specimen 
1A12 (endurance 5500 cycles) the characteristic 
9O”-mode, starting from an edge of the cross sec- 
tion, is present. The extent of the crack a t  the 
moment of final fracture was larger than the 90”- 
mode area, although probably not very much 
larger. A fatigue load with a high maximum stress 
will produce a final fracture after a small amount 
of fatigue cracking. The higher S,, is, the smaller 
is the fatigue nucleus required for the final fracture, 
the latter being considered as a static fracture 
since it involves relatively much plastic deforma- 
tion. Nevertheless as long as some crack propa- 
gation has preceded the final fracture, the specimen 
has essentially failed because of fatigue. 

Laird and Smith (ref. 33). testing aluminium 
specimens could show crack growth occurring in 
each cycle for an endurance somewhat below 1000 
cycles. There is no reason to see why this should 
not apply to aluminium alloys as well. Table 4 
shows indeed maximum crack rates for these alloys 
of the same order of magnitude as Laird and Smith 
found for aluminium. Consequently the term 
“delayed static fracture” seems to be inappropriate 
for high-level fatigue of these materials. 

Instead of following the phenomenological ap- 
proach one could also wonder whether there is a 
certain similarity in the atomic fracture mecha- 
nisms for static and high-level fatigue failures. 
0bviously.this is an ambituous question, since it 
may be argued that these mechanisms are not yet 
understood. The cup and cone failure in a tensile 
test has been discussed by Cottrell (ref. 63). He 
adheres to the idea that such a fracture starts from 
inclusions by internal neckings, which view is 
based on work of Tipper and Puttick. Internal 
necking is considered as a consequence of slip and 
should not require fracture by cleavage in the 
material itself or by micro-cracks nucleated by 
coalescence of dislocations. If this view is correct, 
some similarity with fatigue seems to be possible, 
since both could be considered as the geometrical 
consequence of slip movements. In high-level fa- 
tigue, crack propagation rates will be in the order 
of 103 to IO5 b/c. For such magnitudes of the crack 
rate some terms used in the litcrature seem to be 
very appropriate. Crussard et al. (ref. 36) are 
speaking about “glide decohesion” or “decohesion 
along glide planes”. Cottrell (ref. 64) in a discussion 
on crack propagation in AI-alloy sheet material, 
described a shear failure as “catastrophic ductile 
fracture by the propagation of a group of dislo- 
cations which causes complete sliding off. It is 

essentially failure by plastic instability, rather than 
by fracture in the strict sense”. 

The alternative fracture mechanism is, using 
Cottrell’s terminology, “fracture in the strict 
sense”. Fracture anyhow implies a disruption of 
atomic bonds. This also applies to sliding off. For 
fracture in the strict sense, for instance for cleavage, 
it is thought that a high tensile stress is required 
for the disruption of the bonds, rather than a high 
shear stress. A high tensile stress can be set up with 
the aid of internal stresses, hut as explained in 
chapter 5 ,  it is difficult to see how this should occur 
at the surface of a material. It might occur slightly 
below the surface (or ahead of a crack) and then 
form internal micro-cracks, presumably of a sub- 
microscopic nature. Studies on static fracture of 
A1-5% Cu by Beevers and Honeycombe (refs 65 
and 66) have shown that static fracture occurs in 
coarse slip bands formed just prior to failure and 
that the resolved shear stress on the slip planes 
(mostly {I  1 I} planes, sometimes {loo} planes) is 
still a suitable criterion for the onset of ductile 
fractures. One might feel that this confirms the 
sliding-off mechanism, but the conclusion drawn 
by Beevers and Honeycombe was that ductile 
fracture is a shear failure from a macroscopic point 
of view only. On an atomic level they think that 
static fracture is still due to local stresses built up 
around pile-ups causing small micro-cracks rather 
than further glide. They also point out that in- 
clusions are not so important for a static failure in 
this alloys as they may be for other metals. 
Probably it will remain difficult to prove or dis- 
prove such a mechanism on the basis of micro- 
scopic studies since what would be needed is micro- 
scopic evidence of such micro-cracks. Even then the 
micro-cracks do not yet give the complete story. 
The cracks have to be linked up. In  Holden’s fa- 
tigue theory (ref. 28) such micro-cracks are sup- 
posed to be formed by an intensive sub-structure 
formation with an increasing misorientation. Also 
he assumed that these micro-cracks are linked up. 
Although it is an essential part of the crack growth 
it is not specified whether this linking up should be 
considered as cleavage or sliding off. 

Micro-cracks caused by local high stresses around 
dislocations should be preceded by considerable 
strain hardening. In a static test the hardening is 
clearly observed from the stress-strain curve. How- 
ever, in high-level fatigue an increasing hardening 
in aluminium-copper alloys is not observed, at 
least not as a bulk phenomenon, see chapter IO.  I t  
is argued there. that more reasons exist to  believe 
that cyclic strain-hardening is not the same as 
strain-hardening in a static test. In  fact the former 
appeared to he absent in the 2024-T3 alloy, apart 
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from some hardening in the very first cycle. For 
the time being the question, whether cracking “in 
the strict sense” occurs below the surface or ahead 
of a c k ~ d ~ h u s c o u l d c o n t r i b u t e t o l i i g h - l e I . e l  
fatigue, has to remain unanswered. 

~~ ~~ ~ 

The preceding discussion was mainly concerned 
with high-level fatigue and its differences or 
similarities with a static fracture. Coming now to 
the differences between low-level fatigue and high- 
level fatigue, the crack propagation results of SCC- 

tion 4.1 imply that it should be a matter of differ- 
ences in crack propagation. Microscopic studies, 
discussed in chapter 7,  do not indicate.such a differ- 
ence. However, table I shows orders of magnitude 
of the crack rate varying from 0. I to 10,000 atomic 
distances per cycle and it is certainly not self- 
evident that this complete range could he covered 
by the same fracture mechanism. 

In the fatigue model explained in chapter 6, 
crack extension has been described as a geometric 
consequence of dislocation movements. Two differ- 
ent mechanisms were mentioned. ( I )  Dislocations 
moving towards the crack and flowing into the 
crack at the tip region. If this happens in a 
systematic way, crack extension will occur (dislo- 
cation-absorption mechanism). (2) Instead of an 
absorption of dislocations, a generation of dislo- 
cations a t  the tip of the crack can also involve 
crack extension (dislocation-generation mecha- 
nism), which requires high shear stresses. 

The first mechanism was considered to be 
responsible for crack nucleation, while it also can 
easily account for crack growth a t  a low rate. The 
second mechanism requires high shear stresses and 
should therefore be associated with high crack 
rates. Although the absorption and the generation 
mechanisms appear to be different, this c a c h e  
looked upon as a question of definition. Both are 
essentially “sliding off” mechanisms. In the 
absorption model, sliding-off starts a t  the interior 
and moves towards the tip of the crack. In the 
generation model, sliding-off starts at the tip of the 
crack and moves towards the interior of the ma- 
terial. Both mechanisms may be active at the same 
time, although it is thought that the former one 
will prevail a t  low crack rates and the latter one 
a t  high crack rates. It is practically impossible to 
make quantitative statements about the individual 
contributions of both mechanisms to crack exten- 
sion. 

The crack propagation at the surface in the 2024- 
T3 alloy (section 4.5) was clearly associated with 
crystal planes. Fig. 23 shows that the crack had 
alternately bee; growing along two different slip 
planes. The slip lines of one orientation are almost 

exclusively found a t  one side of the crack, while the 
sliu lines of the second orientation mainlv occur a t  
the opposite side of the crack. This strongly 
suEEests t h ~ s l i d i ~ f f ~ i ~ i ~ i ~ d - b ~ h ~ k  

~~ 

II - 
i.e. the generation mechanism was predominantly 
active, as could be expected at that high crack 
rate. 

As pointed out in chapter 7, the crack propa- 
gation at the interior of the.materia1 was apparent- 
ly less associated with crystal planes, which was 
explained by arguments based on restraining 
effects on slip and crack growth-and the type of 
shear stress distribution. Under such conditions 
one might more easily imagine that the disloc a t’ ion 
absorption mechanism is active. I t  should be 
admitted, however, that at high rates, say in the 
order of 10,000 b/c, a detailed picture2ssomewhat 

.beyond imagination. The absorption as well as the 
generation mechanisms are both simplified con- 
cepts and may be considered as representing two 
classes of possible mechanisms. . 

I n  chapter 7, the difference between the 90”- 
mode and the 45”-mode of fatigue crack propa- 
gation was explained on the basis of the state of 
stress, the former being associated with plane 
strain and the latter with plane stress. One might 
think that the absorption mechanism will prevail 
in the 90”-mode and the generation mechanism in 
the 45”-mode. Although a weak correlation might 
be present, it is thought that the correlation is not 
a plausible one a t  all crack rates. . .  

This chapter can be summarized as follows. A 
difference between a static tensile fracture and a 
high level fatigue fracture is that the former starts 
a t  the interior of the material, whereas the latter 
starts at the surface and essentially involves fatigue 
crack propagation. Both might occur as a conse- 
quence of “sliding off” and it is expected that a 
high-level fatigue crack is formed that way. 

A difference between high-level and low-level fa- 
tigue should essentially be a difference of crack 
growth. For crack growth a dislocation absorption 
and a dislocation generation model w r e  proposed. 
I t  is thought that the former prevails a t  low- 
crack rates and the latter at high-crack rates. 

10 Cyclic strain-hardening and the Bauschinger 
effect 

The model for the growth of a crack, proposed 
in chapter 6, is further developed in chapter I 1  in 
order to explore the problems of a quantitative 
treatment. The amount of slip in each cycle will 
obviously play an important part and-therefore it 
is necessary to know the cyclic strain-hardening 



38 

properties of the aluminium alloy concerned. These 
properties, including the Bauschinger effect are 
discussed in this chapter. Since they are only known 
as bulk properties, attention is also paid to the 
aspect of the local phenomena in the crack tip 
region. 

Hardening implies an increased resistance a- 
gainst deformation. Frequently the yield stress is 
measured to indicate that hardening has occurred. 
More information is brovided by determining a 
complete stress-strain curve. Under cyclic loading 
with a constant stress amplitude the width of the 
stress-strain hysteresis loop may decrease as a 
function of the number of cycles. In other words, 
the induced strain amplitude becomes smaller. 
Similarly in a test with a constant strain amplitude 
a narrowing of the hysteresis loop implies an in- 
creasing of the required stress amplitude. In  the 
literature both phenomena are referred to as cyclic 
strain-hardening., The opposite effect is called 
cyclic strain-softening. 

The yield stress gjves a useful indication of the 
precipitation hardening. However, for strain- 
hardening this indication is not unambiguous in 
view of the Bauschingcr effect. For a cylindrical 
specimen, pulled in tension to a certain amount of 
plastic strain, the yield stress in tension has been 
raised, whereas the yield stress in compression has 
not bcen raised to the same amount and may even 
have decreased. 
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Fig. 41 Stress range required for cyclic straining of 
aluminium specimens in the annealed condition. (Results 

of ref. 58.) 
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Fig. 42 Stress range required for cyclic straining of 
prestrained aluminium specimens. (Kesults of ref. 58.) 

I 

Fig. 43 Stress range required for cyclic straining of 2024- 
T3 aluminium alloy specimens. (Results of ref. 58.) 

Fig. 44 Stress range required for cyclic straining of 7075- 
T6 aluminium alloy specimens. (Results of ref. 58.) 

A large number of tests to study cyclic strain- 
hardening of a variety of materials were carried out 
by Coffin and Tavernelli (ref. 58). Specimens were 
axially loaded with a constant strain amplitude. A 
record was made of the stress amplitude required 
for maintaining a constant strain amplitude. 
Results for annealed aluminium, prestrained alu- 
minium and two aluminium alloys are reproduced 
in figures 41 to 44. The annealed aluminium shows 
cyclic strain-hardening. The prestrained aluminium 
( I  0% prestrain in compression) shows cyclic strain- 
softening a t  the lower valucs of the strain ampli- 
tude. For the aluminium alloys the 2024-T3 alloy, 
which is of most interest for the present study, 
shows a very peculiar behaviour, Le. it exhibits 
neither cyclic strain-hardening nor cyclic strain- 
softening, contrary to  all other materials tested by 
Coffin and Tavernelli. The 7075-T6 alloy shows 
cyclic strain-hardening. The typical behaviour of 
the 2024-T3 alloy was confirmed by measurements 
of Dugdale (ref. 67) on the alloy L65 and by 
measurements of Smith, Hirschberg and Manson 
(ref. 59) on the alloy 2014.T4. These alloys are 
largely the same as 2024.T3. The results Dugdale 
obtained during tests with a varying strain ampli- 
tude are still more important for the present study. 
He first performed tests with a constant strain 
amplitudc as a basis for comparison with a test in 
which the strain amplitude was changed a few times. 
The stress amplitudes required in the latter test 

' 



are indicated in fig. 45 as a function of the sum of 
the absolute values of the applied strain increments 
(cumulative_plasticstrain).Fig. 45 shows that - 
after a change of the strain amplitude, the stress 
amplitude became immediately constant again and 
approximately equal to the stress amplitude 
required at that strain amplitude in a constant- 
strain-amplitude test. 

Material L65 (AI Cu Mg), specimens are axially loaded 
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The thin horizontal lines apply to constant strain- 
amplitude tests. The thick horizontal line segments 
apply to a test with the strain amplitude varying between 

the indicated values. 

Fig. 45 The stress amplitudes required during a test with 
a varying strain amplitude. Results of ref. 67. 

Systematic measurements on the Bauschinger 
effect in aluminium alloys are scarce. Kuntze and 
Sachs (ref. 68) presented results, reproduced here 
in fig. 46, showing the yield stress as a function of 
the amount of prestrain. For So.o3 (yield stress for 
0.03 yo permanent elongation) a Bauschinger effect 
was obviously found. On the other hand, the 
prestrain had only a small effect on the yield 
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Open data points refer to yield stress in tension after pre- 
compression. Black data points refer to yield stress in 
compression after pre-tension. hlaterial is duralumin 
("geglaht" = annealed?, composition and heat treatment 

not specified) 

Fig. 4G The Bauschinger effect in an AI-Cu alloy. Results 
of ref. 68. 

stress for 0.2y0 and 0.5% permanent elongation. 
Itesults of a later date were published by Sachs and 
co-workers (refs 69, 70 and 71) .  They performed 
tests on specimens of t h ~ Z 0 Z 4 ~ T 3 p a l l ~ d ~  
employed larger prestrains. They found that the 
yield stress in tension (compression) was raised by 
a preloading in compression (tension). Results of 
greater interest for the present study were obtained 
by measuring the stress-strain behaviour after a 
few preload cycles. Fig. 47 shows the stress-strain 
curve in tension after 2 to 7 prestrain cycles. Apart 
from the difference in elongation at fracture, there 
are onlysmall differences between the curves. They 
are all clearly different from the stress-strain curve 
of the virgin material. This is further illustrated in 
fig. 48 showing the yield stress during the succes- 
sive applications of positive and negative strains. 
After two cycles the yield stress has stabilized at 
a constant value. The major part of the increase of 
the yield stress is already obtained after the first 
cycle.* Fig. 49 shows the stresses reqnired to induce 
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Fig. 47 The effect of cyclic prestraining on the stress-strain 
curve in tension. Results of ref. 70. 

* I t  is somewhat unsatisfactory to see that the yield 
stresses in tensioii and  compression remain persistently 
different. The specimens were probably made of extruded 
bar. The material was heattreated before manufacturing 
the specimens. The anomalous hehaviour remains Un- 
explained, but it is thought that it will not invalidate the 
trends observed from the results. 
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Specimens were axially loaded. Strain cycles consisted 
of a positive and il negative strain increment E. 

Fig. 48 The yield stress in tension and compression 
during a small number of plastic strain cycles. liesults of 

ref. 70. 
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Specimens were axially loaded. Strain cycles consisted of 
a positive and a negative strain increment c. 

Fig. 49 The stress required to induce plastic strain cycles. 
Results of ref. 70. 
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Fig. 50 The effect of a positive and negative prestrain 
increment of unequal absolute magnitude on the yield 

stress. Results of ref. 11. 

plastic strain cycles of constant strain amplitude. 
They confirm again that the effect of plastic strain 
cycles on the stress-strain behaviour is stabilizing 
in one or two cycles. Fig. 49 also confirms the 
results of Coffin et al., Smith et al. and Dugdale on 
cyclic strain-hardening, discussed before. Finally 
fig. 50 shows results of Liu and Sachs (ref. 71) of 
a study on the effect of one positive prestrain 
FI and a subsequent negative prestrain F~ on the 
yield stress in tension. In these tests el and E ~ I I S I I -  

ally were of unequal absolute magnitude. Although 
there is a fair amount of scatter, a tendency to- 
wards a constant yield stress is observed. 

I t  is concluded from the above experimental 
evidence that the plastic behaviour of the 2024.T3 
alloy under cyclic loading is surprisingly simple. 
The stress-strain hehaviour is noticeably affectcd 
by the first load cycle, but after that first cycle it 
is not further affected to a great extent. 

The dislocation concepts .referred to in the 
literature for explaining the Bauschinger effect and 
cyclic strain-hardening and softening in pure 
metals, are concerned with dislocation pile-ups and 
the formation or destruction of a sub-structure. It 
is also supposed that the dislocation arrangements 
for cyclic and uni-directional plastic strains are 
different. Although these aspects may have some 
importance for aluminium alloys, it is believed 
that they will be overshadowed by the presmce of 
the precipitates and their interactions with dislo- 
cations. This is a most complex problem. Some in- 
formation from the literature will he summarized 
below. 

In aluminium alloys 1 the precipitation takes 
place in the following steps: ( I )  Supersaturated 
matrix, (2) Guinier-Preston (GP) zones, (3) 
coherent precipitates, (4) non-coherent precipitates. 
An extensive description was given by Hardy and 
Heal (ref. 72) (see also ref 34). In  the A1 Cu system 
there are two types of Guinier-Preston zones, in- 
dicated by CPI and GP2. The coherent precip- 
itates are indicated by 0' and the final precipitate 
by 0 (Cu Alz). GP zones give the maximum hard- 
ness. Formation of the final precipitate implies 
overageing. In the AI Cu and the A1 Cu Mg 
system, the zones are in the form of platelets with 
an orientation parallel to the cube planes. In  the 
AlZn system on the other hand, the zones are 
spherical. I n  the A1 Cu and A1 Cu Mg system the 
coherency strains around the GP2 zones are 
supposed to  he the major factor in the hardening 
mechanism. In the A1 Zn system, however, the 
coherency strains are small and the hardening is 
largely due to the precipitates being obstacles for 
dislocation movements (dispersion hardening). So a 
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generalization between A1 Cu and A1 Cu Mg alloys 
on one hand, and A1 Zn Mg alloys on the other 
hand,-does~not-seem~reasonablefrom the physical 
point of view. It might well be that the differences 
in the precipitation hardening mechanisms are 
responsible for the difference in ductility of the 
2024-T3 and the 7075.T6 alloy, the latter one being 
less ductile, and the difference in cyclic strain- 
hardening of both alloys, as shown in figs 43 and 44. 

Microscopic studies on the interaction between 
dislocations and precipitated zones were mainly 
made on the A1-4% Cu alloy. Some relevant 
results of static tests, based on studies of Thomas 
et al. (refs 73, 74 and 75), Dew-Hughes and 
Robertson (ref. 76), Greetham and Honeycombe 
(ref. 77). Beevcrs and Honeycombe (refs 78, 65 and 
66) and Rakin and Buinov (ref. 79) will be summa- 
rized. 

In  the supersaturated matrix (as-quenched 
condition) or a lightly agcd material (GPI zones) 
sliplinescan beobservedand are relatively straight. 
Dislocations pass through the GPI zones. For 
bowing hetween the zones the distinces between 
the zones are too small, Avoiding the zones by 
cross slip might be possible, but apparently 
passing through the zones does not offer too many 
difficulties. The thickness of the zones (located on 
the cube planes) is a few atomic distances. In  the 
overaged condition slip lines are also easily visible. 
Dislocations do not pass through the incoherent 
precipitate 0 (CuAlz), but thedistances between the 
particles are large enough to allow a bowing be- 
tween the precipitates, which leaves dislocation 
loops around them. Also in this condition the 
hardness is relatively low. The most interesting 
case is the condition: agcd to maximum hardness 
with predominantly GP2-zones and some 8' 
(coherent precipitate). In  this condition slip lines 
are very difficult to.observe. They are more wavy. 
Dislocations seem to be able to pass through GP2 
zones and 8' particles, but probably a part of the 
dislocations are either bowing around the precipi- 
tates or circumventing them by cross slip. Once 
dislocations have passed through a zone or a 0'- 
particle, subsequent dislocations on the same slip 
plane will find less difficulty in doing the samc. 
This could imply an absence of strain-hardening, 
At the same time dislocation movements will pro- 
duce vacancies which will enhance diffusion. Indi- 
cations of strainageing during plastic deformation 
were obtained by Greetham and Honeycombe (ref. 
77). Iiakin and Buinov (ref. 79) have stated that 
plastic deformation on the one hand will cause a 
partial resolution of GP zones and on the other 
hand will cause stabilization of a certain proportion 
of the zones and Kparticles, their transformation 

into 8' and 0-particles respectively, and the ap- 
pearance of new GP-zones. If resolution and pre- 
cipitation proceed both at the same time one might 
think that the average state of precipitation need- 
not be affected very much. Obviously the phe- 
nomenon of the interaction between dislocation 
movements and the precipitation is a rather com- 
plex one. 

~ ~ - _ _  ~ 

~ _ _  

Passing on to cyclic plastic deformation it is 
still more difficult to outline qualitatively the pro- 
cess going on in the structure of the material. Mi- 
croscopic investigations meet with the same diffi- 
culty as for undirectional plastic straining, viz. slip 
lines are very difficult to detect in the fully age- 
hardened material. Hunter and Fricke (ref. 80) 
could easily observe slip in pure aluminium, almost 
directly after the beginning of a fatigue tcst. How 
ever, for the bare 2024-T3 and 7075-T6 material 
they rarely noticed any slip before cracking was 
observed. Extensive studies were made by Forsyth 
and Stubbington (refs 12, 81, 82 and 83), which 
showed that unambiguous information is not easily 
obtained for aluminium alloys. They conclude from 
their findings that fatigue in these alloys is a rather 
local phenomenon. In slip zones softening occurs, 
which consequently leads to a further localization 
of subsequent slip movements. The~major problem 
was to explain the softening. Both overageing and 
resolution of the precipitates involve softening. For 
the A1-Cu system Forsyth (ref. 81) has advanced 
the idea, that Cu-atoms in the slip zones are mi- 
grating away to the edges of the zones and, after 
precipitating there, leave a soft depleted zone. For 
the AI Zn Mg alloy, fatigue tested a t  room temper- 
ature, he suggests that the precipitates have dis- 
solved under the action of cyclic stress, leaving a 
more random distribution of the solute atoms, 
therefore causing the zones to be softer. In  a recent 
study Forsyth (ref. 84) reportsresultsof an A1-7.5y0 
Zn-2.5y0 Mg alloy tested in torsion. Under the 
electron microscope bands were observed, which 
were apparently free from precipitates. He remarks 
that "such bands only clearly developed under 
torsional fatigue stress where the conditions pre- 
vail for active slip and inactivz crack growth. 
When a tensile stress is present as in direct stressing 
fatigue, the slip bands develop into cracks with 
virtually no observable advanced slip band de- 
terioration". The type of loading (tension or tor- 
sion) may indeed have some effect on the phenome- 
na (see also chapter 11). Forsyth (ref. 57) also 
considers the possibility of dislocatious passing 
through the precipit-ks, which would increase the 
free slip length of dislocations. This might have an 
autocatalytic character and as a result the zones 
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and the coherent precipitates would become 
smaller. The process could then be conceived as 
resolution, the more so since zones becoming 
smaller may become too small for being stable (ref. 
72). 

In conclusion it should be said that the author 
finds it difficult to accept the idea that localized 
cyclic slip, involving high dislocation densities and 
a high production of vacancies, is compatible with 
a resolution of the precipitates only, since the 
conditions are an optimum for enhanced precipita- 
tion. It is believed that the opinion expressed by 
Rakin and Buinov (ref. 79), based on a study of 
A1-4% Cu under uni-directional deformation (see 
preceding discussion), might apply to cyclic slip as 
well, i.e. there will be a partial resolution of the 
smaller GP zones and a stabilization and formation 
of other zones at the same time. 

If softening in the slip zones occurred, it would 
obviously concentrate cyclic slip. At  first sight it 
may seem plausible that the local character of fa- 
tigue cracks is related to the local softening. This 
aspect needs some careful reconsideration, since 
several arguments against it can be raised. ( I )  In  
fully hardened aluminium alloys the yield strength 
is relatively high and under low-level fatigue loads 
a limited number of slip zones should he expected 
anyhow. (2) Under high-level fatigue, slip is a 
widely spread phenomenon. So . if.  softening occurs 
by cyclic slip it should be measurable in specimens 
loaded *at high load levels. However, hardness 
measurements on 2024-T3 specimens, having fa- 
tigue lives in the order of IO4  cycles (&,in = 0;  
S,,, betwee? the yield stress and the ultimate 
stress) did not reveal any noticeable change of 
hardness (unpublished NLR results). Hardness 
measurements around a tip of a crack also failed 
to show a drop of the hardness. The latter observa- 
tion was also made by Frost, Holden and Phillips 
(ref, 85). The cyclic strain-hardening properties 
of 2024.T3, discussed in this chapter are another 
aspect which is not easily reconciled with the 
softening conception. (3) If the fatigue slip zones 
would harden rather than soften, cyclic slip move- 
ments would stop in the zones. Instead of being 
transferred to other slip zones it is likely that slip 
movements then willoccur a t  the edges of hardened 
zones, because the zones were initiated there due 
to a locally higher stress (inhomogeneous stress 
distribution on a micro scale). This stress concen- 
tration is not eliminated by the hardening, on the 
contrary, it will be aggravated, since the possibili- 
ties of leveling-off the local shear stress decrease by 
the hardening. That would involve that the fatigue 
slip zones should become wider. These arguments 
support the view that the local character of fatigue 

in aluminium alloys at low load amplitudes need 
not a priori be a consequence of local softening. In 
fact the macro-bebaviour is suggesting that the 
softening does not occur. 

Figs 47 to 50 show that the stress-strain behav- 
iour is largely affected in the first load cycles, but 
not afterwards. After the first cycle yielding ap- 
parently requires a higher stress. The following 
reasons are now suggested as a qualitative expla- 
nation. A certain number of free or loosely bonded 
dislocations are present in the material. These 
dislocations are forced into more stably tangled 
positions in the first strain incremcnts. After 
exhaustion of these dislocations in one or a few 
cycles the yield strength has increased. A second 
reason might be related to the state of precipita- 
tion. Dislocations may be assumed to cut through 
GP1 zones. One might expect that a part of the G1’1 
zones will be destroyed or resolved and that anoth- 
er part will grow towards GP2 zones, implying 
higher coherency strains. Even without disloca- 
tions cutting through GPI zones one could assume 
that an increased diffusion activity will favour the 
growthofGP1 zonestoGP2zonesatthecost ofsmal- 
lerGPI zones. Ifthe transitionGP1 +GP2occurs it 
is somewhat surprising to see that only a few strain 
cycles are required to reach a constant cyclic hard- 
ening. Of course the material condition is not 
necessarily stable since breakdown and building-up 
of zones may both proceed and balance each other. 

From the two arguments explaining the behav- 
iour in the first cycles the second one should have 
some bearing on the absence of cyclic strain-hard- 
ening and cyclic straindhening. One might in- 
deed speculate that resolution and increased pre- 
cipitation are in perfect balance. There is another 
less speculative argument which originates from 
the typical result that, after the first cycles, 
reversal of plastic strain always gives the same 
yield stress (see fig. 50). This behaviour is schemati- 
cally illustrated in fig. 51a and will now be dis- 
cussed. In  aluminium-copper alloys in the aged 
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b) after unloading but  
without reversal of plastic a) after reversal of plastic 

strain strain 

Fig. 5 I Schematic illustration of the yield stress behaviour 
of A1 Cu alloys after cyclic preloading. 
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condition, the dislocations are not straight but 
curling between the GP zones, following as much 
as~possible~the~potential~~~alleys.~S~p~mplies dislo-~ 
cation movements 'over potential hills to other 
potential valleys (ref. 34). If the potential hills all 
had the same intensity one would not expect any 
strain-hardening (ideal plastic body). The precipi- 
tated zones would exert a frictional force on the 
dislocations. However, the topography of the 
potential hills and valleys will show some statistical 
variability. I t  is expected that a dislocation, after 
having overcome a number of potential hills, will 
meet a potential hill (or rather a series of hills) 
which is high enough to stop its movement under 
the applied stress*. This implies strain-hardening 
and an increasing stress is required for more plastic 
strain, even after an intermittent elastic unloading 
during which the dislocations stay in potential 
valleys. What occurs when the plastic strain is 
reversed (fig. 51a)? The dislocations have to move 
in the opposite direction and meet with potential 
hills which they had overcome in the preceding 
plastic strain. Since it may well be assumed that 
the statistical distribution of the intensities of 
these hills will be independent of the preceding 
plastic strain, the reversal of plastic strain will 
require an approximately constant yield stress as 
schematically indicated in fig. 51a. The explana- 
tion is also compatible with the result that the 
7075-T6 alloys (AI Zn Mg) do show cyclic strain- 
hardening contrary to the AI Cu alloys, since for 
the AI Zn alloys the hardening is largely a disper- 
sion hardening rather than an internal strain- 
hardening. If the dislocation movements in the 
2024-T3 alloy were reversible the dislocations 
would always meet the same obstacles. However, 
it is thought that dislocation movements, passing 
so many potential hills and valleys, are not likely 
to be reversible. Moreover, growth of some GP 
zones and resolution of others are another factor in 
promoting the irreversibility, which will blur out 
any strain-history effect. 

In  addition to the interaction of dislocations and 
precipitates, other dislocation mechanisms might 
contribute to the remarkable behaviour of the 
aluminium-copper alloys. Frictional forces on dis- 

* Consider dislocations overcoming on the average 20 
potential hills during a plastic strain increment. With an 
average spacing of 250 A for the G P  zones (ref. 34) the 
average movement d = 5000 A. The plastic shear strain 
yg = edh,  g being the density of moving dislocations and 
b the Burgers vector. For e = I O L o  dislocations per cmz 
and 0 = 3 .& one finds yp = 1.5 x 10-2. This is a reason- 
able order af magnitude as compared with the elastic 
shear strain ya  which, for Ar = 20 kg/mmz, is equal to 
0.8 x 10-2.  

locations, having a constant character, could in- 
deed contribute to the observed behaviour. How- 
ever, mechanisms which imply a permanent locking 
of dislocation? or a formation of a sub-structure, 
are thought to be incompatible with the experi- 
mental data discussed before. 

_ _  

It will now be considered whether the strain- 
hardening behaviour, observed as a bulk phenome- 
non in unnotched specimens under high alternating 
strains, can be representative for the occurrences in 
the local region around the tip of a crack. In fact 
this was assumed by Valluri (ref. 29) in suggesting 
that fatigue is a high-level fatigue phenomenon u11 
to endurances in the order of one million cycles. To 
analyse this point an estimate of the size of the 
piastic zone will be made. 

For a micro-crack a state of plane strain will 
predominantly exist along the crack front. The 
size of the plastic zone is then calculated from eq. 
(B32) of appendix B. If a low and a high fatigue 
load are characterized by S, = :So.z and Sa = 
respectively, a substitution of these values for S in 
eq. (B32) gives sizes of the plastic zone of 2 %  and 
8% of the crack'length. If Z = 0.02 mm is taken 
as a characteristic small value for the crack length 
(see Zc in figs 1 and 2 )  the size of the plastic zone 
is ranging from 4000 to 16000 A. l7or a dislocation 
density of 1010 per cm2 the number of dislocations 
in the plastic zone then ranges from 50 to 750. The 
density of the GP2 zones will probably be some- 
what larger (ref. 34). 

If the numbers of dislocations and precipitates 
in the plastic zone are in the order of 1000 or higher 
one might think that the phenomena going on, 
could be much the same as bulk phenomena, Le. a 
continuum approach could be acceptable. How- 
ever, for a low stress amplitude lower numbers are 
expected and the local slip activity around the tip 
of the crack might have an inhomogeneous charac- 
ter as a function of the number of cycles. The same 
will apply to the nucleation period. In  this period 
the crack rate will he of about the same magnitude 
as for a crack length-of 0.02 mm (see section 4.1) 
and it may'then be assumed, that the amount of 
slip will also be of the same.order. The initial crack 
rates arc varying from 0.1 to I O  b/c (see table 1).  
Reference was previously made to the work of 
Girard (ref. 9), who observed that crack growth at 
a rate as low as 1 b/c could be a continuous process. 
This observation was made with the optical micro- 
scope in tests with an extremely high frequency 
(90,000 cycles/sec.). A discontinuous effect of the 
precipitates on tbecrack growth was clearly beyond 
the possibilities of observation. At  the same time 
Girard's results indicate that crack growth a t  such 
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a low rate conld be considered as a continuous 
process, if looked at on a somewhat larger scale. 
For the time being, it is tentatively assumed that 
the local character of cyclic slip in the first phase 
of a fatigue test at a low amplitude, has no other 
implication than a discontinuous proceeding of the 
crack nucleation and initial growth, without an 
essential modification of the fatigue mechanism. 

The major points of the present chapter will now 
bc summarized. Under cyclic plastic strain the 
aluminium-copper alloys show a very remarkable 
behaviour. Only in the first few cycles the stress- 
strain behaviour is noticeably affected, but after- 
wards the alloys show neither cyclic strain bard- 
ening nor cyclic strain softening. Moreover, after 
reversal of the plastic strain, there is a tendency 
towards a constant yield stress, irrespective of the 
strain history. A tentative explanation for the 
behaviour has been given. 

The microscopic observations on the interaction 
between dislocations and precipitates were re- 
viewed. A consistent picture of all processes in the 
material was not yet obtained. Probably resolution 
of some Guinier-Preston zones and nucleation and 
growth of other ones are occurring simultaneously 
and may balance each other. To explain the local 
nature of slip in low~-level fatigue a local softening 
is not required. 

Estimates were made of the size of the plastic 
zone around the tip of micro-cracks. They showed 
that the number of dislocations and precipitates in 
the plastic zone were large, except with small 
cracks at low stress amplitudes. In  the latter case 
crack growth will probably not be fully continuous, 
although it is thought that it will not be essentially 
different. 

11 Further evaluation of the fatigue model 

In  chapters 5 and 6 the nucleation and the 
growth of a fatigue crack were described as being 
geometrical consequences of dislocation move- 
ments at the surface and in the crack tip region 
respectively. Various aspects of this fatigue model 
were further studied in chapters 7 to 10 by 
analysing relevant experimental evidence. The 
picture obtained was still qualitative. In  this 
chapter the essential elements of the previous 
chapter are recapitulated first. Secondly, the 
variables governing the crack extension are in- 
dicated. Finally, the first steps of the quantitative 
evaluation are considered. 

The analysis in the previous chapter has led to 
the following ideas on fatigue in aluminium-copper 

alloys. Cracks are nucleated right at the beginning 
of a fatigue test. This nucleation is a geometrical 
consequence of dislocations emerging a t  the surface 
and forming surface steps. If this happens in a 
systematic uray grooves (intrusions) are formed 
from which thc crack growth starts. The growth 
process is essentially the same, disloc a t' ions now 
flowing into the crack or, at higher growing rates, 
being generated by the crack. If all dislocation 
movements were fully rcversiblc nucleation and 
growth would not occur. However, it was indicated 
that for several reasons the reversibility. especially 
near the surface or the tip of the crack, was not a 
likely process. Although irreversibility per se need 
not imply crack nucleation or growth, a few 
mechanisms were mentioned, which could explain 
that dislocation movements in the rising and the 
falling part of a load cycle will cause nucleation and 
growth. This will receive a further stimulus from 
the strain energy release involved in crack exten- 
sion. A tensile stress normal to the crack is im- 
portant for the efficiency of the conversion of slip 
into crack growth. 

When slip is restricted to a single slip plane crack 
growth will have a crystallographic orientation. 
This occurs a t  the surface at both high and low 
crack rates. It apparently does not occur a t  the 
interior of the material. An explanation was given 
on the basis of restraint on slip, the coherency of 
the fracture surface and the shear stress distribu- 
tion. I n  principle, crack extension will occur in 
each load cycle, except when the crack rate is still 
very low, Le. lower than one atomic distance per 
cycle. Crack extension may still occur in each 
cycle then, but not everprhere along the crack 
front. The idea that a certain number of strain 
cycles is required to prepare the plastic zone 
around the tip of the crack for further crack exten- 
sion was not accepted, although it may apply to 
other materials. 

If there is a difference between low-level and 
high-level fatigue, this must he a difference in the 
crack growth mechanism. It was indicated that 
there may be two classes of crack growth mecha- 
nisms, characterized by dislocations flowing into 
the crack and dislocations being generated by the 
crack. The former will predominate a t  low crack 
rates and the latter a t  high crack rates. Both are 
essentially sliding-off mechanisms. A study on the 
microcrack propagation in notched and unnotched 
specimens of 2024-T3 sheet material indicated 
crack rate values varying as widely as from 0.1 
b/c to 10,000 b/c. 

The difference between the SO"-mode and the 
45"-mode of the fatigue fracture was correlated 
with the state of stress, being plane strain for the 



45 

former and plane stress for the latter. It was 
pointed out that these macroscopic fracture 
featureslvould not necessarilyha>:c_to be associated 
with different growing mechanisms. 

Since crack extension is a consequence of cyclic 
slip, cyclic strain-hardening is an important aspect 
of the problem. One should except this to be a very 
complex process in a precipitation hardened alu- 
minium alloy. Surprisingly enough, the cyclic 
strain-hardening behaviour of aluminium-copper 
alloys was fairly simple from a descriptive point of 
view. I t  was attempted to explain this behaviour 
by considering the interactions of dislocations and 
precipitated zones. It was further concluded that 
the observations on bulk hardening could apply to 
the plastic zone around the tip of micro-cracks. 

Several explanations given for the fatigue 
mechanism as summarized above are far from 
rigorous. Assumptions, having a certain degree of 
plausibility, had to be made. At  the present time 
this is obviously unavoidable for a fatigue theory. 
Some remarks on limitations involved and aspects 
which need further investigation, are given in the 
following chapter. 

For a quantitative formulation of the fatigue 
model two questions have to be answered: 
( I )  How much slip occurs in the crack tip region 

and which are the variables governing this 
amount of slip? 

( 2 )  How effective is the slip in the crack tip region 
in causing crack extension, i.e. which fraction 
of the moving dislocations effectively contri- 
butes to the crack extension, and which are the 
variables determining the efficiency of the con- 
version of cyclic slip into crack extension? 

The amount of slip will depend on the applied 
stress, the geometry of the specimen, the size of the 
crack and the strain-hardening of the material. A 
quantitative analysis will be far from simple since 
both the stress distribution and the strain- 
hardening are not homogeneous throughout the 
specimen. Moreover, the strain-hardening will 
depend on the load history (and crack length) in 
the preceding load cycles. Simplifying assumptions 
therefore are not to be~avoided. 

With respect to the second question it cannot be 
assumed a priori that the same amount of cyclic 
slip will always involve the same amount of crack 
extension. From the discussion in chapter 6 it 
follows that for an axially loaded specimen, the 
tensile stress a t  the tip of the crack, i.e. the stress 
that will open the crack, will have an important 
effect on the efficiency of cyclic slip in producing 
crack growth. Obviously this tensile stress should 
include any residual stress being present. In ad- 

dition the “crack tip radius” (the amount of crack 
blunting) could have some effect. I t  is thooght; 
however, that the former effect will prevail, and 
for the time being the i~fl~ftli7lZtt~itterwill 
be ignored. 

It is more or less usual to define a cyclic stress 
by its mean value and its amplituie. Honcver, for 
the material the mean stress is just one stress level 
to be passed in going from a minimum to a 
maximum or the reverse. Also the time spent in 
going from a minimum to a maximum (frequency, 
loading rate) has, within certain limits, a negligible 
effect, on the fatigue life. The landmarks are the 
maxima and the minima of the load-time history, 

Constant-amplitude tests are considered only, i.e. 
S,,, and &in are constant. 

The basic equation is: 

dl /dnis  the crack rate, dlbeing the crack extension 
in one cycle; +9c is the number of moving dislo; 
cations which possibly could, depending on circum: 
stances, contribute to crack extension. This num- 
ber cannot be equal to the number of all moving 
dislocations in the plastic zone, since many of the 
latter will never move far enough for having a 
possibility of flowing into the crack, or they may 
be moving in the wrong direction. It should be 
expected that ws is correlated to the instantaneous 
size of the plastic zone. The symbol cp represents 
the fraction of the number of the m dislocations 
contributing effectively to the crack extension, 
(q < 1 )  and b is the magnitude of the Burgers 
vector. The two questions raised above are ap- 
parently concerned with ilz and q repectively. 

The shape of the plastic zone will not be accu- 
rately known, but its size can be estimated from 
the theory of elasticity (see Appendix B). Taking 
1, as a characteristic dimension for the size of the 
plastic zone it was suggested above that ilz should 
be correlated with fi, or: 

m = fl(1,) (11.2) 

I t  was pointed out before that the efficiency of 
the cyclic slip in producing crack extension de- 
pended mainly on the tension stress a t  the tip of 
the crack. The fraction cp will depend on this stress; 
called Sti,, the value of which will be characteristic 
for the distribution of tension stresses around the 
tip of the crack. Sti, ‘will not be defined any fur- 
ther here; it will include the residual stress re- 
maining from the previous load-time history. Ana- 
lytically4he assumption is represented by: 

cp = f Z ( S I i P )  (11.3) 
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Substitution of eqs. (11.2) and (11.3) in eq. ( 1 1 . 1 )  
gives: 

In this form the essential elements of the model are 
still present in a way which can easily be under- 
stood. The complications are clue to the problem of 
arriving at the functionsfl andfi and finding suita- 
ble expressions for p and Stip. Eqs. (1 I .  1) and 
( I  1.4) apply to the nth load cycle. Both p and 
Sti, in the 72th load cycle will depend on the distri- 
bution of stress and strain hardening at the end of 
the (n - I)thcycle, and on the cyclic change of the 
stress distribution in the 12th cycle itself. I t  is 
thought that solving this problem for each load 
cycle as a two-dimensional continuum problem is 
fully impracticable and simplified concepts will be 
necessary. This does not have to be an objection if 
the main features of the fatigue model, as outlined 
before, can be included in a reasonable way. Until 
now such an approach was only attempted by Head 
(ref. 86). I t  is thought, however, that his model 
does not satisfy the main elements of fatigue (ref. 
87). 

The functions fi and f z ,  eqs. (11.2) and (11.3) 
require physical assumptions to be made. Instead 
of .employing speculative arguments a first ap- 
proach.could be made by assuming them to be 
simple power functions. 

The preceding illustrates the enormous difficul- 
ties involved in arriving at a quantitative model 
which gives full credit to the essential features of 
the fatigue phenomenon. The significance of quali- 
tative models, such as developed in this thesis, is 
that  they help to understand the influence of vari- 
ous factors on fatigue, that they give guidance in 
correlating observations and that they are required 
for planning meaningful research on the fatigue 
phenomenon. 

12 Future prospects 

In  the present thesis the empirical evidence con- 
tained in the literature was analysed and new evi- 
dence from recent NLR-studies was added. Second- 
ly, it was tried by employing simple dislocation 
concepts to present a fatigue model which could 
account for the empirical evidence. The analysis of 
available evidence and the formulation of a dislo- 
cation mechanism form the main part of the pre- 
sent study. 

The analysis in this report might suggest that 
qualitatively the fatigue phenomenon in alu- 

minium-copper alloys is more or less understood: 
However, various assumptions have been made in- 
dicating that several aspects require further in- 
vestigation. It is thought that a study of the fol- 
lowing topics could provide useful information. 

( 1 )  It was suggested that the crack rate was ap- 
proximate.ly constant during the first period 
of a fatigue test. The evidence for this was not 
too abundant and it would he useful to study 
this aspect in greater detail. Quantitative rec- 
ords .of the development of micro-cracks 
should be made right from the beginning of a 
test. In such tests the stress amplitude and the 
mean stress should be. varied within wide 
limits. 

(2) A systematic study of the effect of a tensile 
stress, normal to the crack, on the crack 
growth behaviour on a microscopic scale is 
certainly worthwhile. It was pointed out that 
this stress was important for the conversion of 
cyclic clip into crack gkwth.  More evidence is 
certainly desirable, 

(3) Systematic fractographical studies to explore 
the presence of growth lines a t  low crack rates 
should be extended in view of the limited 
available evidence. 

(4) Studies on the topography of growth lines and 
the shape of the tip of the crack may give 
useful information for specifying dislocation 
mechanisms in more detail. 

(5) In view of the restraint on the crack path in 
polycrystals, mutually exerted by neighbour- 
ing grains, a study of the crack growth in 
specimens with a thickness much lower than 
the grain size may be elucidating. 

(6) Crack growth studies a t  very low endurances, 
say N smaller than 500 cycles, are worthwhile. 
Such tests should be carried out with a con- 
stant strain amplitude. 

The a.bove proposals are all concerned with mi- 
croscopic studies. I t  is thought indeed, that there 
is still ample room for microscopic studies, for both 
the optical and the electron microscope. 

With respect to the dislocation concepts em- 
ployed it may be said that there will be no certaint.y 
about a dislocation mechanism for fatigue, unless 
its occurrence can be proved by electron micro- 
scopy. With respect to  such a proof there are 
probably no reasons to be optimistic. Still it is 
thought that studies on dislocation mechanisms 
are not a t  all futile since they can hardly be missed 
as guidelines for planning microscopic and other 
studies on the fatigue phenomenon. 

It is obvious that for aluminium-alloys the 
problem of the interaction of dislocations and 



precipitates under cyclic loading might benefit 
from further study. 

Theabmoposalssaim-at-animprovement- of. 
the qualitative understanding of the fatigue phe- 
nomenon as it occurs in the metal. As said in the 
preceding chapter a qualitative knowledge is im- 
portant, also from an engineering point of view, 
since i t  allows a better understanding of varioiis 
factors affecting the fatigue behaviour. Moreover 
a qualitative model is a prerequisite for planning 
fatigue research. 

- 

For a quantitative treatment the continuum ap- 
proach is unavoidable. The present study has 
shown that an elastic stress analysis may give 
useful indications for certain aspects of the fatigue 
problem. However, chapter I I has illustrated that 
i he information required for the quantitative 
development of the proposed fatigue model pre- 
sents tremendously complex problems. Starting 
from simplifying assumptions studies of this 
nature could still be useful for such problems as 
“cumulative fatigue damage”, thk notch effect and 
the size effect. The cumulative fatigne damage 
problem can be defined as the problem of corre- 
lating the fatigue life under a load with a varying 
amplitude, with the fatigue lives under constant- 
amplitude loading. This problem, having im- 
portance in aircraft design, might turn out to be 
the least difficult one, since the material, the sur- 
face condition and the dimensions of the specimen 
do no enter the problem as variables. 

13 Conclusions 

The conclusions refer to aluminium alloys and 

I .  Fatigue cracks are nricleated at the free sur- 
face (if nucleation at inclusions is disregird- 
ed) since dislocation movements near the 
free surface are more easily initiated and 
since there is less restraint on plastic flow. The 
nucleation is a geometrical consequence of 
dislocations emerging at the surface, and the 
process of crack growth is essentially the same, 
dislocation movements then being concen- 
trated a t  the tip of the crack. The dislocation 
movements in the rising and the falling part of 
a load cycle are partly irreversible, for which 
several reasons are given. A few mechanisms 
were indicated causing nucleation and growth. 
The growth receives a stimulus from the strain 
enkrgy release involved in crack extension. 

2. In  addition to crack growth occurring as a 
consequence of dislocations flowing into the 
tip of the crack, cracks may also grow by 

more in particular to aluminium-copper alloys. 

‘ 
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dislocations generated by the tip of the crack. 
The former occurs a t  low crack rates and, 

.-since.it~requires~hgh shear stresses, the latter 
predominantly occurs at high crack rates. 
Both are essentially “sliding off” mechanisms. 

3. A tensile stress normal to the crack promotes 
the conversion of cyclic slip into crack growth. 

4. Crack nucleation occurs right from the be- 
ginning of a fatigue test. For some time after 
the initiation the rate of growth will be ap- 
proximately constant, after which it increases. 
Tests on notched and unnotched specimens of 
2024-T3 material indicated orders of magni- 
tude for the growth rate of micro-cracks 
ranging from 0.1 to 10,000 atomic distances 
per cycle. 

5. Crack growth occurs along a crystal plane if 
slip is restricted to a single slip plane. This oc- 
curs a t  the surface for both low and high crack 
rates and is a consequence of the weak re- 
straint on slip there. ‘Crack growth along 
crystal planes apparently does not occur a t  the 
interior of the material since slip there occurs 
on more than one slip plane, as caused by the 
higher restraint on slip, the coherency of the 
fracture surface and the type of shear stress 
distribution. 

6. New evidence for the previous conclusion was 
obtained in microscopic studies on the crack 
nucleation in the aluminium cladding of an 
aluminium alloy sheet material and the crack 
propagation in unclad aluminium sheet speci- 
mens (2024-T3 material). 

7. For macro-cracks growth lines observed in 
fractographical studies show that there is crack 
extension in each load cycle. For micro-cracki 
such evidence is largely missing. A few reasons 
have been indicated which explain.why growth 
lines are not observed in the latter ease. 
Continuous crack propagation, also in the 
micro-stage, occurs as a consequence of the 
continuity of cyclic slip. A growth rate, lower 
than one atomic distance per cycle implies that 
crack extension does not simultaneously occur 
along the entire crack front. Inhomogeneities 
of the metal structure may locally upset the 
continuity of the crack growth, especially a t  
low crack rates, without essentially modifying 
the crack growth mechanism. 

8. Crack propagation was observed a t  high fa- 
tigue loads involving low endurances. A 
difference between loiv-level and high-level fa- 
tigue must be due to different crack growth 
mechanisms. Reference to such differences was 
already made in the second conclusion. 

9. The difference between the SW-mode and the 
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45"-niode of the fatigue fracture is associated 
with the state of stress, being plane strain for 
the former and plane stress for the latter. 
These macroscopic fracture features are not 
necessarily correlated with different growing 
mechanisms. 

IO.  The aluminium copper alloys show a remark- 
able behaviour under cyclic plastic strain. 
Cyclic strain-hardening occurs in the first 
cycle, but subsequently neither cyclic strain- 
hardening nor softening is found. Secondly, on 
reversal of plastic strain there is a tendency 
towards a constant yield stress irrespective of 
the previous strain history. A tentative expla- 
nation for this behavionr was given based on 
the interaction of dislocations and precipitated 
zones. 

I 1. For explaining the local nature of slip in fatigue 
a t  low amplitudes a local softening is not 
required. 

12. Estimates of the size of the plastic zone around 
the'tip of a micro-crack show that the numbers 
of dislocations and precipitates in this zone 
are large, except for the initial period in tests 
with a low stress amplitude. For a quantitative 
development of the suggested fatigue mecha- 
nism a continuum approach seems to be 
allowed. 

13. The crack growth in a cyole,:depends on the 
amount of cyclic slip and the efficiency of the 
conversion of this cyclic slip into crack exten- 
sion, The former is associated with ihe size of 
the plastic zone, 9, and the latter with the 
stress at the tip of the crack, St,,. The analy- 
tic function for the crack rate is proposed to 
be of the type d l / h  = b . fi(p) fz(Stig), b 
being the size of the Burgers vector. Both p 
and Stiy depend on the previous load-time 
history, St,, includes residual stresses. 

14 List of symbols, units and nomenclature 

Symbols used in Appendices A and B are explained 
there. 
b -Burgers vector, or size of Burgers 

vector (b  = 2.86 A for slip system 
{ I  1 I }  < I  IO> in aluminiuni) 

C -cycle 
C -constant 
GPI, GP2 -phases of precipitation (see chapter 

K1 -theoretical stress concentration factor 
1 -crack length for an edge crack and 

sern-crack length for a central crack 
11 -length of crack until which the crack 

rate is approximately constant and 

IO) 

m 
n 

N 
N ,  
NLR 

P 
Y 

R 
s 

after which the crack growth starts 
accelerating (see section 4. I )  

-number of dislocations 
-number of load cycles, or rank num- 

-fatigue life until failure 
-fatigue life until a crack of length I 
--Nationad Lncht- en Ruimtevaart- 

laboratorinm (National Aero- and 
Astronautical Research Institute, 
Amsterdamj 

ber of load cycle 

-size of plastic zone 
-polar co-ordinate from tip of crack, 

or shear strcss ratio (see chapter 7) 
-stress ratio = S,t,/S,,, 
-stress on specimen 

Si, Ss, S3 -principal stresses, Si and Sz in plane 
of sheet, S3 perpendicular to sheet 

-stress amplitude nominal stress 
-mean stress I on initial un- 
-maximum stress cracked cross 
-minimum stress J section 
-yield stress 
-yield stress for 0.2% permanent set 
-ultimate tensile strength 
-sheet thickness 
-angle between slip plane through the 

tip uf the crack and plane of sheet, or 
exponent in eq. (9.1) 

-angle between direction of loading 
and crack 

-shear strain 
-elongation after fracture in a tensile 

test 
-strain 
-strain amplitude 
-mean strain 
-polar coordinate from tip of crack, or 

phase of precipitation (see chapter 
10) 

-wave length (see fig. 32) 
-Poisson's ratio ( Y  = 0.33 for alu- 

-dislocation density 
-shear stress 
-maximum value of shear. stress on 

planes perpendicular to the sheet 
-maximum value of shear stress on 

planes a t  an oblique angle to the 
sheet 

-shear stress on planes perpendicular 
to the sheet and passing through the 
tip of the crack 

-maximum value of the shear stress 
on planes a t  an oblique angle to the 

minium alloys) 



sheet and passing through the tip of 
the crack 

7-   coefficient^ indicating-the efficiency~ 
to convert cyclic slip into crack 
extension 

Units 

A 
c" = 10-3 mm 
mm =millimeter = 0.04 inch ( I  inch = 

25.4 mm) 
b =size of Burgers vector = 2.86 b, for 

slip system (111) <Il0> in alu- 
minium 

=Angstrom = 10-7 mni = 1 0 4  

kc =kilocycle = 1000 cycles 
c.p.s. =cycle/second 
b/c 

A/c 
I kg/mm2 =I422 psi 

=crack rate of 1 atomic distance per 

=crack rate of 1 A per cycle 
cycle 

Nomenclature 

SO"-mode of fatigue fracture -crack with a ma- 
croscopic fracture 
surface perpendic- 
ular to the direc- 
tion of loading 

45"-mode of fatigue fracture -crack with a rna- 
croscopic fracture 
surface at an angle 
of 45" to the direc- 
tion of loading and 
to  the plane of the 
sheet. 

Material designations of precipitation-hardened 
aluminium alloys (nominal compositions) 

2024 A1-4.5% Cu-I .5% Mg, T3: naturally aged 
2014 A1-4.4% Cu-0.4% Mg, 
L65 A1-4.3% Cu-0.7% Mg 
7075 A1-50/, Zn-2.5% hIg-l.5% Cu, T6: 

artificially aged. 
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16 Summary in Dutch 

In dit pracfschrift wordt het rermoeiiiigsverschijnsel in aluminiumlegeringen aan em analyse onderworpen Een derge 
lijke studie kan van bctekenis zijn voor de teclmiek, oak indien alleen kwalitatieve kennis wordt verkregen over het nog 
steeds tamelijk mystieke begrip ..vermoeiingsschade". De. probleemstelling wordt gedefinieerd door de vulgende vragen: 
1 Hoe vindt het ontstaan van de eerste microscheur plaats? 
2 Is er een essentieel verschil tussen het ontstaan en de groei van vermoeiingsscheuren? 
3 Vindt scheurgroei plaats langs kristallografische vlakken? 
4 Is er scheurgroei in iedere belastings\\-isseling en welke orden van groatte van de scheurlengte en de graeisnelheid motten 

5 !Vat is de invloid van de spanningsamplitude op het scheurgroeimechanisme? Is er e m  essentiecl verschil tussen de 

6 Hoe is bij ern wisselende helasting de spanning-rek-relatie van aluminiumlegeringen met een I"ecipitatieharding! 
In bet proefschrift worden. voorafgaand a m  de behandeling van dere vragen, de  resultaten vermeld van proeven- 

series, die in verband staan met enige der hovengenoemde pruhlemen. De resultaten rijn hoofdzakelijk alkomstig van 
microscopisch onder2oek. Voor ongekerfde en gekerfde proefstukken van een AI-Cu-Xg-Iegering werd de graeisnelheid 
van microscheuren hepaald. Het kristallografisch karakter van de vermoeiingsscheuren werd hestudeerd in aluminium 
proelstukken, in de aluminium plateerlaag van plaatmateriaal san ecn AI-Cu-Alg-legering en in ongeplateerd materiaal 
van dezelfde legcring. 

Vermoeiingsscheuren ontstaan in bet algemeen a m  het oppervlak van het materiaal, omdat glijden daar gemakkelijker 
plaats vindt. In overeenstemming met een mechanisme voorgesteld door \Vood. tvordt het ontstaan van een vermoeiings- 
scheur gezien als het gevolg van trede-vorming ann het oppervlak. Hiervoor is vereist, dat  de dislocatiebea,egingen niet 
volledig omkeerbaar zijn. Verschillende mogelijke oorzaken hiervan worden in het proefschrift besproken. Aangegeven 
wordt dat scheurgroei op dezelfde manier kan plaats vinden. Scheurgroei kan behalve als gevolg van dislocatiebemegingen, 
die in de t ip van de scbeur uitmonden, oak plaatsvinden door dislocatie-emissie uit de tip van de scheur: Beide mechanismen 
rijn in wezen afglijmechanismen. Het eerste mechanisme is van toepassing bij een kleine scheurgroeisnelheid en het 
tweede mechanisme zal overheersen bij hoge groeisnelheden. Zowel hij lage als bij hoge spanningsamplituden wordt 
scheurgroei waargenomen. Een normaalspanning loodrecht op de sclieur zal de omeetting van dislocatiebe\\.egingen in 
scheuruitbreiding bevarderen. 

Scheurgroei langs en kristallografisch vlak vereist glijden op een enkel glijvlak. Dit vindt plnats aan het oppervlak 
van het materiaal bij laze en hoge groeisnelheden en hangt samen met de geringe beperkingen op het glijden naar het 
oppervlak toe. In het inwendige van het materiaal vindt in ,het algemeen glijden op meer dan Ben glijvlak plaats, als 
gevolg van de grotere beperkingen op glijbewegingen, de vereiste samenhang van het breukoppervlak en het karakter 
van de scbuifspanningsvenleling (plane strain). 

in aanmerking worden gcnamen? 

mechanismen vow hoge en lage spanningsamplituden? 
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Het ontstaan van een microscheur begint direct bij het begin van een vermoeiingsproef. Nadat de scheur aanvankelijk 
een zekere periade met een ongeveer constante snelheid groeit, vindt een versnelling van de groei plaats. De orden van 
grootte der groeisnelheid volgend uit de proeven varieerden van 0, I tot 10.000 burgersvectoren per wisseling. Dat scheur- 
groei in iedere wisseling plaats vindt kan met behulp van breukvlakstudies alleen voor tamelijk huge groeisnelheden 
worden aangetoond. Vwr  kleine groeisnelheden wordt groei in iedere wisseling beschouwd als een natuurlijk gevolg van 
wisselend glijden in iedere wisseling. ,Bij zeer kleine groeisnelheden zullen lacale materiaalstructuuromstandigheden de 
groei gemakkelijker beinvloeden dan bij hope groeisnelheden en een zekere discontinuiteit in de scheurgroei zal het 
gevolg zijn. Dit kan leiden tot scheurgroei, die niet overal langs het scheurfrant plaats vindt en tot scheurgroeisnelheden, 
die gemiddeld kleiner zijn dan 1 burgemvector per wisseling. 

Rij aluminiumlegeringen met een precipitatieharding moet worden venvacht, dat de interactie van dislocaties en 
geprecipiteerde zones em aanzienlijke complicatie vormt. Merkwraardigenvijs laat het plastisch gedrag van AI-Cu-Mg- 
legcringen onder een wisselende belasting rich eenvoudig beschrijven. Getracht is hiervoor een verklaring te geven. 

Schattingen van de grootte van de plastische zone bij de tip van een scheur geven aan, dat de aantallen dislocaties 
en precipitaten in deze zone in het algemeen groot zullen zijn, uitgezondeerd bij bet begin van een proef met een lage 
spanningsamplitude. Een kwalitatieve uitwerking van het gegevcn vermoeiingsmechanisme als een continuumprobleem 
wordt aanvaardbaar geacht. De eerste stappen hiertoe zijn aangegeven. 

Ikrekeningen van de scliuiispanningsverdeling bij scheuren zijn samengevat in een appendix. Uit deze herekeninpen 
blijkt onder andere, dat de overgang van een vermoeiingsbrenk in e m  vlak, loodrecht op de grootste hoofdspanning, 
naar een vlak onder 45" met deze spanning verklaard kan worden "it de overgang van een twee-dimensionale rektoestand 
(plane strain) naar een twee-dimensionale spsnningstoestand (plane stress) 

Verscbillende aspecten van de gegeven analyse rijn niet vrij van speculatie. In verhand hiermee vrorden een aantal 
voorstellen voor voortgezet onderzoek gedaan. 

APPENDIX A 

The calculation of the maximum resolved shear 
stress ratio for two different slip planes of the slip 

system {111}<110) 

Aslipsystemis defined by  a slip plane and a direc- 
tion of slip in that plane. Fig. A1 shows a monocrys- 
tal specimen,subjected toa uni-axialload.Theangle 
between the loading direction of the load and the 
slip plane is denoted by N and the angle between 
the direction of the load and the slip direction b y  
8.  The resolved shear stress T for slip is defined as 
the shear stress on the slip plane in the slipping 
direction. From fig. AI the following relation can 
be easily obtained: 

(A')  
P cos /!l 

T =  = a0 sin N cos /!l 
Aolsin 01 

a,, is the nominal tensile stress in  the specimen. 
I t  was shown several decades ago that the 

resolved shear stress is an important parameter 
governing the initiation of first slip (maximum 
rcsolved shear strcss criterion, Schmid's critical 
shear stress law) ; see for instance thc text-book by 
Schmid and Boas (ref. I ) .  

In each of the four octahedral slip planes ( I  I I }  
there are three slip directions < I l O > .  For an 
arbitrary orientation [Izkl] of the load the resolved 
shear stress r can be calculated for all 12 slip 
systems from cq. (AI). The maximum of the 12 z- 
values is designated as T ~ ~ ~ ~ , I .  Thisvalue isassociat- 
ed with one of the four slip planes. The maximum 
r-value for the three other slip planes (9 remaining 

,AREA A 0  

SL IP  P L A N E . A R E A  A,,/sina / 
,SLIPPING DIRECTION 

,SLIP F 0 R C E . P  COS p 

P I  

Fig. AI Definition and formula for the resolved shear 
stress. 

slip systems) is denoted b y  rmmax.2. In chapter 7 it 
is assumed that the ratio 

is a parameter which conld give an indication of 
the probability of slip occurring on one or more 
than onc slip plane. The ratio Y can he calculated 
if the slip system, associated with zmax,l and rmmsx,z, 



are known. To this end the resolved shear stresses 
for all slip systems were calculated for a variety of 
orientations in the stereographic triangle between 
[IOO], [ I  IO] and -[I I I ] .  Within this triangle the 
maximum resolved shear stress, tmna,l, occurs on 
the slip system (1  17) [ IOI ] .  The maximum resolved 
shear stress on one of the other slip planes occurs 
on either the slip system ( 1  I I )  [ I O l ]  or the slip 
system ( 1 1 1 )  [ I I O ] .  

Calculation of t for an arbitrary orientation [hkl] 
of the loading is a simple'mathematical procedure. 
As an example the relation for T , , , ~ ~ , ~  is given. 

__ - ~ -~ 

With two similar equations forTm&x,2 the ratio r can 
he calculated. As an example the relation for the 
two slip systems (111)  [IOI] and (111) [IOl]is 
given. 

Fig. A3, showing the maximum resolved .shear 
stress (tmax,l) was constructed from eq. (A3) and 
for fig. A4, giving results for the maximum resolved 
shear stress ratio, eq. (A4) and another similar 
equation were used. . 

The method of projecting crystallographic 
orientations as used in figs A3 and A4 needs some 
explanation, since it is not a usual method. All 
orientations have been projected on the cube plane 
(100). This makes calculation of the plotting 
position of the direction [hkl] a very simple 
procedure since the ordinates are now k / h  and l/h 
see fig. A2. 

Fig. A3 was previously published by Von Goler 
and Sachs (ref. 2) in the conventional projection. 
Fig. A4 could have been constructed by combining 
some of the figures published by Diehl et al. (ref. 3) 
also in the conventional projection. 

Fig, A2 Projection of the direction [hkl l  on the cube Dlane 
(100). 

Fig. A4 shows that the value of r can never be 
smaller than 0.5 and is per definition not greater 
than unity. The probability of an r-value to occur 
n e a r i c y  i S  ObTiOusly much-largerthxn- ~ t l i e ~  
probability of an r-value near 0.5. The average 
value of r (space-angle average) is 0.83. Hence 
there is a slip plane on which the maximum 
resolved shcar stress an the average is only 17% 
lower than on the slip plane carrying the stress 
tmax,l. I t  should he remembered than this conclu- 
sion is valid for face-centered cubic material for 
which slip occurs on the slip systems {I  1 I }  < I  IO>. 
I t  therefore applies to aluminium. Another 
restriction is that the equations apply to a mono- 
crystal under uni-axial load. 

Fig. A3 Lines of constant maximum resolved shear 
stress in the stereographic triangle, slip system (I IT)  
[ lo l l  (projection on the cube plane (100) see fig. A2). 

Fig. A4 Lines of constant r-values in the stereographic 
triangle (projection on the cube plane ( IOO) ,  see fig. A2) .  
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APPENDIX R 

The shear stress distribution around the tips of a 
crack in an infinite elastic sheet. 
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Symbols and nomenclature 

x, 1' -Cartesian coordinates 
[, -elliptic coordinates 
y ,  8 -polar coordinates 
z=x+iy -complex variable 
(=[+ill -complex variable 
u., U ~ . , T ~ , ,  -stress components, Cartesian coordi- 

nates 
U ~ , U , , , T ~ ~  -stress components, elliptic coordinates 
u,,us,trs -stress components, polar coordinates 
SI, Sz, S3 -principal stresses (SQ perpendicular to 

the plane of the sheet = xy plane) 
S -normal stress loading the sheet 
T2 -maximum value of the shear stress on 

planes perpendicular to the sheet 
-maximum value of the shear stress on 

planes at an oblique angle to the sheet 
73 

7 -= (1/2)S 

T'2 

To 

7'3 

n 

B 
Y .  x 
€0 

e 
a, b 

C 

Y 

P 

-shear stress on planes perpendicular to 
the sheet and passing through the tip of 
the crack 

-shear stress on planes a t  an oblique 
anglex to the sheet and passing through 
the tip of the crack 

-maximum value of rm if x varies from 
0 to 90" 

-angle between a plane passing through 
the tip of the crack and the plane of the 
sheet 

-angle between S and the crack 
-potential functions 
-[-values for the boundary of an elliptic 

-tip radius of the ellipse 
-semi major and minor axis of the 

-semi crack length (note: in the thesis 

-ratio of Poisson (v = 0.33 for alumi- 

-coefficient of friction 

hole 

ellipse 

the symbol I is used) 

nium alloys) 

B1 : Introduction 

In the present study of a fatigue model informa- 
tion was required on the shear stress distribution 
around the tips of a crack. More specifically the 
following problems were met: 
(1) How is the shear stress distribution in a sheet 

loaded in tension affected by changing the angle 
between the crack and the loading direction 
from 90" to lower values? 

(2 )  Are there any significant'differences, between 
the shear stress distributions for plane stress 
and for plane strain? 

(3) What is the size of the plastic zone? 
(4) What is the shear stress distribution for a sheet 

In the literature the analysis of the stress 
distribution in an infinite sheet with a crack has 
attracted much attention. For the questions raised 
above, however, additional computations were 
necessary, which are presented in this appendix. 
They are essentially based on the linear theory.of 
elasticity. 

The solutions offered by this theory are subject 
to.:%veral limitations associated with ( I )  the stress 
singularity a t  the tip of the crack, the strains being 
no longer very small, ( 2 )  the plasticity of the 
material, (3) the finite width of the specimen or an 
even more complicated geometry and (4) the 
assumed elastic-isotropic behaviour. Nevertheless 
it was thought that.helpfu1 indications could be 
obtained. 

loaded in compression? 



All calculations made in this Appendix pertain 
to an infinite sheet of an isotropic linearly elastic 

-~ material with a Poisson ratio Y = 0.33. The calcula- 
tions partly have an asymptotic character, i.e. they 
are valid for the proximity of the tips of the crack. 
In  view of the fatigue model calculations are also 
made for the shear stress on planes passing through 
the tip of the crack. 

Some brief comments on the results are given in 
the last section. However, the implications for the 
present study are discussed in various chapters of 
the thesis. 

B2: The injluence of the loading direction on the 
shear stress distribution around a crack in a 
sheet loaded in tension 

The problem of the stress distribution around a 
crack in an infinite sheet was analytically solved 
some fifty years ago by Inglis (ref. 1 ) .  Other 
solutions were published since then (ref. 2 and 3). 
Since the calculations of the stress distribution are 

virtually impossible without a computer, calcu- 
lated distributions were not published before 1955. 
Rothman and Ross (ref. 4), Cox (ref. 5), and Dixon 
(ref. 6), made calculations which were all limited 
to p’ = go”, ,4 being the angle between the loading 
direction and the crack (see the sketch). Since it 
was desirable for the interpretation of fatigue tests 
to know the effect of ,4 on the shear stress distri- 
bution calculations were made for p’ = go”, 75”, 
60” and 45” respectively. The analytic relations 
used for the calculations were taken from a text- 
book by Timoshenko and Goodier (ref. 7). The 
relations were based on the work of Stevenson. For 
an elliptic hole the solution is summarized below. 
The solution for a crack is then obtained if the 
minor axis of the elliptic hole tends to zero. 

employed are 
related to the Cartesian coordinates, x and y, by: 

z = ~ c o s h 6 c o s 1 1 , y = c s i n h 5 s i n r l  (BI) 

where c is half the crack length. The elliptic hole 
is represented by 6 = 60. 

The elliptic coordinates f and 
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With the definition3 

(B2) 

i = t + i q  (B3) 

z = x + iy (= c cosh <) 

and 

the relations between the stresses and the two 
complex potential functions, y and x are: 

an + at = 4Re[y‘(z)l (B4) 

sinh 5 
sinh [ a, - a< + 2iTt, = 2 -[Zy” ( z )  f ~ ” ( z ) ]  (R5) 

The number of primes indicates the order of 
differentiation while i and $ are the complex 
conjugates of z and 5 respectively. The stress 
notation is indicated in the figure belaw. 

Boundary conditions to he satisfied are: 
At the hole ( 5  = €0) : ato = 0 and ~t~~ = 0 
At infinity (z  i m) : a= + ag = S and rz,, = 
&S sin 2p’ 
The solutions for y and x are: 

4 y ( z )  = Sc[eZ5O COS 28 cosh i + 
+ ( 1  - e 2 t ~ + 2 i o )  sinh 51 

+ f e z t o  cosh 2(( - 50 - ip’)] 

(B6) 

4%(2) = - Scz[(cosh 2,to - COS 2p’) i  + 
(B7) 

For a crack the two equations are somewhat 
simplified by substituting Eo = 0. The conversion 
relations for a$, av and are: 

az - av = a € + % (B8) 

Since the shear stress is of major importance for 
fatigue the shear stress distribution was analysed 
for the tip region of the crack. Two shear stresses, 
indicated by TZ and ra were calculated. Two of the 
principal stresses, SI and SZ ( IS1 1 > ISZ I). are 
orientated in the plane of the sheet. The third 
principal stress, Ss, is perpendicular to the sheet 
and is equal to zero (plane stress). 

IS1 - Szl 
TZ = 

IS11 T 3  = - 2 
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If SI and Sz have opposite signs it follows that 
r2 > t 3  and tZ is the maximum shear stress in the 
sheet. If SI and Sz have the same sign, then 
t3 > zz and t3 is the maximum shear stress in the 
sheet. 

An electronic digital computer (Electrologica 
X- 1) was programmed for calculating directly the 
x and y coordinates of a large number of points of 
thecurvesalong which either r2 or t3isconstant.The 
results will he presented in eight graphs in ref. 8 for 
the ,5'-values go", 75", 60" and 45". In the crack tip 
region the curvcs of constant tt or r3 are almost 
geometrically similar for different values of r,  see 
section B4. Therefore a comparison for different 
values of ,5' is made here for one value of rz and t 3  

only. The results are shown in figs BI and B2 
respectively, the loading direction being vertical 
for all cases. The figures show that the effect of ,5' 
on r3 is somewhat larger than the effect on t2, but 
in both cases the effect is considered to be fairly 
small. 

Although plasticity of the material will invalidate 
the stress distribution it is expected that the effect 
of p on the stress distribution will remain small, in 

Fig. 131 : Effect of the crack oricntation on the shear 
stress distribution (curves of constant ~ 2 ) .  

Fig. B2 Effect of the crack orientation on the shear stress 
distribution (curves of constant ra) .  

other words the stress and strain distribution will 
remain approximately symmetric around the 
direction perpendicular to the stress S. If the crack 
extension would depend only on the amount of 
plastic strain, whereas the strain distribution 
remains approximately symmetric, it is difficult to 
see why there should he persistently asymmetric 
crack growth, such as found in section 4.3. This as- 
pect is rcconsidered in section B6 of this appendix. 

B3 : Some results for a finite tip radius 

At the tip of the crack the solutions given in the 

CRACK LENGTH 

Fig. B3 The effect of the crack tip radius on the shear 
stress distribution around the tip of the crack (0  = 90°, 

s = - 1 ) .  



preceding are not valid for two reasons, v i s  ( I )  the 
elastid strains are no longer small and (2) plastic 

~~ deformation will occur. The latter reason ~~~~ will un- 
doubtedly be the most important one. Due to 
plastic deformations the sharp tips of a crack will 
become somewhat rounded although the exact 
shape remains a matter of speculation. Assuming 
the crack to have a finite tip radius it is reasonable 
to approximate the crack by an ellipse. The 
solution of the previous section is applicable for 
elastic deformations since the stress singularity has 
vanished. It was thought to he instructive to  see 
how much the elastic shear stress distribution is 
affected by the tip radius of the ellipse. Calcu- 
lations were made for f l  = 90" and three values of 
the tip radius p ,  viz. pia = 0, 0.3:/, and 1 %  
respectively ("a" is the semi major axis of the 
ellipse). The calculations were made for T~ only and 
the results are shown in fig. B3. 

The figure shows that the effect of the.size of the 
tip radius is the most pronounced in the proximity 
of the tip of the crack, as 
was to be expected. In this 
region the shape of the cur- 

Uy - 01: = ("2 

most cases. Consequently one might feel that the 
rounding of the crack tip due to plastic deforma- 
tion will have a small effect on the stress distribu- 
tion. 

. ~~ ~ 
~~~~~~ ~ 

B4: Asymfitotic solutions 

If stresses in the neighbourhood of the tip of the 
crack are considered, asympotic solutions, valid 
for the tip region only, may be acceptable. They 
can be obtained from thc solutions given in section 
BI by realizing that in the tip region 5 and rl are 
very small, or [ is very small. However, it is more 
expedient to start from a solution based on the 
work of Xnskelishvili. 

A solution was presented by Koiter (ref. 9) 
pertaining to a sheet loaded in both tension and 
shear*. Combination of his equations (4). (5), (11) 
and ( 1  2 )  gives : 

ny + uz = 4 Re $ ( z )  (Bl3) 

(B 14) 
- 

"I) - 2 Re [4(z)-$(i)] - 4y Im $' (z )  

- 
T~~ = T - Im[#(z) + $(i)] - 2y Re $' (z )  (Bl5) 

(B 16) 

ves for constant r2-values 
has changed considerably. 
Despite these changes the 
area encircled by a curve of 
a certain value of T Z  remains 
approximately the same. So one may say that 
for a crack, although the elastic iheory is not ap- 
plicable, it still gives a reasonable approximation 
of the size of the plastic zone. 

Away from thc tip of the crack the effect of the 
tip radius on the stress distribution decreases rapid- 

c2  - $  
with $ ( z )  = f(uz - k)( I - ?) - $(UZ - "I) + f i r  

where again z = x + iy and c = the semi crack 
length. ul, uz and T are the stresses oz, cry and T~~ 

at infinity. In order to obtain asymptotic solutions 
for the region near the tip of the crack a t  x = c, 
polar coordinates ( Y ,  8) with the pole at the tip of 
the crack are introduced: 

ly, which is also illustrated by fig. B3. 
One might try to speculate on the value for the 

tip radius ,o if the rounding is a consequence of 
local plastic deformation. Since micrographs of fa- 
tigue cracks always show the crack fully closed, 
unless a very high load is applied, it is thought 
that p would have extremely small dimension. 
Probably the value ~ / a  = 0.3%, which applies to 
fig. B3b. would have to he considered as high in 

z = c + r (cos 8 + i sin 8) (817) 

If this substitution is made in the above eqii a t' ions 
the asymptotic solutions are obtained by con- 
sidering the limiting casc that Y approaches zero. 
The casc of a sheet loaded in tcnsion as considered 
in section B2 is then obtained by further substi- 
tution of u1 = fS(l + cos 2 p ) ,  u2 = @'(I - ~0520) 
and T = $5' sin 2p. The asymptotic solutions are: 

2 "1' (B 18) 
6 
2 uz + uy = s~;[(I - cos 2p)  cos - - sin 20 sin- + s cos 28 

uy - us = $Sl/ l [ ( l  - cos 2 0 )  sin 0 sin - + sin 2p(cos 0 sin - + sin -)] - 5' cos 2 p  38 3e e 
(B19) 2r 2 2 2 

* Ref. 9 essentially deals with an infinite row of collinear cracks, the sheet with a single crack being a special case. 
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Sim r relations were rccentlv Dnblishe , I  y Sih, 
Paris and Erdogan (ref. IO).  The constant term 
S cos 28in the equations (BIB) and (B19) does not 
appear in their solution. This term is practically 
negligible for 7 much smaller than c. As an example 
fig. B4 shows a comparison between the exact solu- 
tion with the preceding asymptotic solution, with 
and without the constant term S cos 28. The 
calculations were made for the shear stress rZ as 
defined in section B2, f l  = 60" and rS/S = 1.5. The 

I I I I I I I I I 

Fig. B4 Thesliearstressdistrihutionforra = 1.5(@ = 60') 
according to the exact solution and two asymptotic 

solutions. 

agreement between the exact solution and the 
approximate'solution including the constant term 
S cos 28 is good, whereas the approximate solution 
without this constant term gives a somewhat more 
diverging result, However, for higher values of rS, 
i.e. smaller 7-values, the differences between the 
solutions will tend to zero. So for the purpose of 
this study the use of the asymptotic solutions 
neglecting the constant term seems to be justified. 
Then along a radial line (0 = constant) 

stress oc7- ' / 2  (B21) 
Consequently curves of constant cz-values are 
geometrically similar, their size being proportional 

to ~ 2 2 .  The same apI :s to 0 :r stresses. The 
solution for the case of a pure shear loading, see 
sketch, is obtained by substitution of uz = UI = 0 
in eqs (B13) to (B16). The solution presumes the 
crack transmitting neither shear stress nor normal 
stress from one edge of the crack to the other one. 
This requires that the crack will not be closed. 
Since calculation of the edge displacements in the 
y-direction shows these displacements to be zero 
(see Koiter's equation no. 17, ref. 9), the pre- 
sumption is theoretically correct. 

Asymptotic solutions, obtained in the same way 
as for the tension case, are: 

uy - n, = r f x  (sin 0 + cos e sin - 3e) (B23) 2r 2 2 

A constant term does not appear in these relations. 

B5: The  shear stress distributions for  $lane stvess and 
plalze strain and the size of the plastic zone 

All calculations in the previous sections were 
made for plane stress. This seems to be an obvious 
approach for a thin sheet, i.e. if the sheet thickness 
is small as compared with the size of the plastic 
zone at the tip of the crack. If the plastic zone is 
much smaller than the sheet thickness the material 
a t  the centre of the sheet around the tip of the 
crack will approximately be in a state of plane 
strain. The shear stress distribution for the two 
cases will be compared for an infinite sheet with a 
crack loaded in tension, the loading being perpen- 
dicular to the crack ( f l  = 90"). 

For plane strain the stress us perpendicular to 
the sheet, is the third principal stress S3 and 

S3 = uz = v(S1 + Sz) (B25) 

where v is the Poisson ratio. The solutions for 
us, uII and tZy for plane strain are the same as for 
plane stress (ref. 7). Consequently the results for tz 
are also the same. t3 according to eq. (B1 I )  has to 
be replaced by the larger value of 

For the calculation the asympotic solutions given 
in eqs (B18), (B19) and (B20) are used (8 = go"), 
while neglecting the constant term of magnitude S 
in the former two equations. The results are: 

Plane stress 
and plane strain: 2r 

LZ = $.SF sin 0 (B27) 
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O) 
cos ( I  f sin 5 plane stress: t3 = 

Curves for constant t-values have been plotted in 
fig. B5 for t2 = t3 = 2S, the curves for other t- 
values being geometrically similar (see the previous 
section) 

c I 

Fig. B5 The shear stress distribution for plane stress and 
for plane strain ( v  = 0.33) (asymptotic solution). Crack 

loaded in tension. 

Fig. B5 shows that for plane stress r3 is always 
larger than tz whereas for plane strain tz highly 
dominates ta. An estimate of the size of the plastic 
zone can be obtained by assuming that plastic 
straining occurs if either t2 or t3 exceeds a critical 
value, to (Tresca yield criterion) and that the 
elastic solution remains valid outside the plastic 
zone. The latter assumption implies that the effect 

of the stress redistribution in the plastic zone on 
the stress distribution outside that zone is ignored. 
The boundary of the plastic zone is then defined by 
either t2 = TO or Q = to. The size of the plastic 
zone is now characterized by $, such that the area 
z p  is equal to the area of the plastic zone, which 
leads to: 

where r,, is the radius a t  which either T~ or t3 is 
equal to to. Substitution of t 2  = t 3  = to +So. 
SO being the yield stress of the material, in eqs 
(B27) and (B28) gives the relation for 7T0. Integra- 
tion of eq. (B30) then gives the following results 

Plane stress (tg = t o )  - = 0.60 (r) (B31) 
fi  s z  
C O 

Plane strain ( 7 2  = TO) - P = 0.31 (s) ' (B32) 
C 0 

For the case of plane strain the relatively small 
area where &3 > was neglected for simplicity. A 
comparison of the two relations shows that the 
plastic zone is smaller in the case of plane strain, 
which also follows from fig. B5. 

B6: The distvibzrtion of the shear stress on planes 
through the ti$ of the crack 

The model. of the fatigue crack propagation 
proposed in the thesis requires dislocation move- 
ments on planes through the tip of the crack. The 
shear stress on such planes is the driving force 
behind the movements. The distribution of the 
shear stress on planes 5 = constant, indicated as 
t l Z ,  may be of interest. The notation for the stress 
components in polar coordinates is given in the 
sketch. As a conversion of eqs (B18), (BIS) and 
(B20) one obtains: . .  

% 

?+, 
~ E W E I  p A X  

* Plus sign for 0 s 8 G iz, minus sign for - z < e < 0 
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S 0 38 30 8 
8 2r 2 2 

ug = -/x[ ( I  - cos 2p) (3 cos - + cos -) - 3 sin 2p' (sin 

u,  = -@[(I - cos 28)(5 cos - - cos -) + sin 2p (3 sin - - 5 sin-)] + t.5 cos 2,B ( I  + cos 28) 

+ sin 5)]  + $S cos 2,5 ( 1  - cos 20) (B33) 

(834) 
S 8 38 38 e 
8 2r 2 2 2 2 

s /c 0 38 30 8 
T , ~  = %[(I - cos 2,5')(sin- + sin -) + sin 28 (3 cos - + cos -) 4.S COS 2,!? sin 28 (B35) 2 2 2 2 1 -  

From the definition of T ' ~  it follows that :  

T'2 = Tr* (E361 
In section B2 calculations were made on the 

influence of the crack orientation on the. shear 
stress distribution in an infinite sheet loaded in 
tension. Similar calculations were made for T'Z,  

again for p = go", 75", 60" and 45". The results are 
given in fig. B6. Contrary to figs BI and B2 fig. B6 
shows a more pronounced influence of the orienta- 
tion of the crack. For increasing .,5' there is a 
tendency towards an increasing shear stress (T'z) 
concentration in line with the crack. This feature 
is in accordance with intuitive feelings. So if T ' Z  

were controlling the fatigue crack growth one might 
feel that in a sheet loaded in tension an oblique 
orientation of a crack (,5 # 90") will be favoured. 
However, the orientation of available slip systems 
may be another controlling factor, see chapter 7. 4-..\\,,4 /zzJ /,,@ f l  

4 7 -  1-t- :- / rY, 

SCALE: k&z* 4 

I-. / I  CRACK 

J,' ,' _./' .__*e 

kr-"i I.? LF"H ,oo211 

Fig. B6 Effect of the crack orientation on the distribution 
of the shear stress on planes through the tip of the crack 

( T ' S  and T ' ~ ,  plane stress). 

For the study of the effect of ,!? on the stress 
distribution calculations were also made for uo, a 
stress component which might he important if 
crack extension occurred by tension rather than 

a 

Fig. B7 Effect of the crack orientation on the distribution 
of the tensile Stress g around the tip of the crack. 

shear. The results obtained from eq. (B33) are 
shown in fig. B7, which reveals a negligible effect 

The shear stress t'2 on the planes 8 = constant 
is the same for plane stress and plane strain. The 
planes 8 = constant are perpendicular to the sheet. 
Planes will be considered now which are also 
passing through the tip of the crack, but making 
an oblique angle a with the plane of the sheet. For 
such planes it is easily shown from equilibrium 
conditions that the shear stress ta is: 

of p. 

The maximum value of trr if LY varies from 0 to 90" 
is indicated as T ' ~ .  The equation dr,/da = 0 yields 
three solutions: a = 0 (tu = 0), a = 90" (T, = tz) 
and an a value defined by 

If this equation yields a real solution the corre- 
sponding shear stress will be indicated by T ' ~  for 
which then applies t ' 3  z T ' ~ .  Combining eqs (€337) 
and (B38) g' wes: 

Calculated results for ~ ' 3  for plane stress (a = 0) 
and plane strain (u : = v[uY + 081) are shown in 
fig. B8 for p = 90". For the calculations the 
constant terms in eqs (B33), (B34) and (B35) were 
neglected. For plane stress t3 results are obtained 
for 18 1 < 90" and for plane strain for (8 1 < 31.8" 
and 180" 2 18 I > 121.9". In  the latter 8 range the 
difference between 2'2 and ~ ' 3  is very small and the 
corresponding  curve was not drawn in fig. B8. 
In this figure values of a were indicated a t  some 
locations. 

Fig. B8 illustrates asignificant difference between 
the results for plane strain and plane stress. For 
plane strain T ' ~  is highly dominating T ' ~ .  For plane 
stress the reverse is true. Maximum values of t ' 3  

for plane stress are found on planes near 0 = o", 
which are associated with a-values of 45" or 
slightly higher. If ,8 varies from 90" to  45" calcu- 



, 

Fig. B8 The distribution af the shear stress on planes 
through the tip of the crack for plane stress and plane 
strain ( v  = 0.33) (asymptotic solution). Crack loaded in 

tension. 

lations learned that T ' ~  remains dominating t 1 3  for 
plane strain. For plane stress the domination of z ' ~  
over s ' ~  is decreasing. The latter is illustrated in 
fig. B6 which shows dotted lines for t '3 = constant. 

B7: The shear stress distribution around a crack iiz 
a sheet subjected to pure shear. 

The asymptotic solutions were already given in 
section H4, eqs (H22), (B23) and (B24). From these 
equations the maximum shear stresses T? and t3 are 
easily derived. 

r2 = r i x ( l  2r - f sin201 1 (R40) 

Eq. (B40) applies to plane strain and planc 
stress. Eq. (B41) ( u  = 0.33) applies to plane strain 
and by dropping the term with 7, also to plane 
stress. Curves for a constant valuc of r? and r3 arc 
shown in fig. H9. 

* Plussign for0 G 0 G z,  minussign for -1 < 0 G 0. 
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I I I 
c 4 

I 
1.1. OF 

c a n m  LENGTH 

Fig. 139 Shear stress distribution for a sheet loaded in 
shear (asymptotic solution). 

For calculating the shear stress on planes through 
the tip of the crack eqs (B22), (B23) and (B24) are 
expressed in terms of ur, (io and rr0 as defined 
before. 

c e  

ix. e 
2r 2 

(I, = +tl/, sin (3 cos 0 - I )  

uo =. - tt sin ~ (cos 0 + 1)  

(B42) 

(B43) 

rro = {rg (cos 0 + 3 cos 3) (B44) 2 
I I 

I., 

Fig. BIO The distribution of the shear stress on planes 
through the tip of the crack for plane stress and for plane 
strain ( v  = 0.33) (asymptotic solution). Sheet loaded in 

shear. 
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For calculating 2's, T ' ~  and 01 as defined in the 
previous section the above relations were substi- 
tuted into eqs (B36), (B38) and (B39). Curves for 
a constant value of T'? and T ' ~ ,  with some n-values 
indicated, are presented in fig. B10. 

Both figs B9 and B10 show the region of high 
stress to be elongated in the direction of the crack 
as might have been expected intuitively. The two 
figures still show considerable differences. In fig. 
B9 the highly stressed region is not only found 
ahead of the crack ( 10 1 < go"), but also in the 
"shadow" of the crack (90" < 10 1 < 180"). How- 
ever, in fig. B9 the shear stress on planes through 
the tip of the crack has a pronounced maximum 
for 0 = 0, a secondary maximum occurring at 
181 M 125". 

B8: The shear stress distribution around a crack in 
a sheet loaded in c o ~ ~ ~ ~ e s s z o ~ i  

For a sheet with a crack loaded in compression 
the following decomposition is considered: 

In  case I11 the crack will be closed and will not 
introduce any stress raising effect. The solution for 
case 11 has been presented in the previous section. 
The objection against the decomposition is based 
on the fact that the crack is closed by the compres- 
sion stress of case 111. This implies that frictional 
loads acting on the inside of the crack have to be 
added to case 11. Since the normal stress over the 
crack in case 111 is S sin2p the frictional loading can 
be indicated by pS sin", p being a coefficient of 
friction. Case I1 is then replaced by case 11' as 
sketched below. The shear stress loading on the 
inside of the crack is denoted as ~ 6 ,  the crack being 
for convenience drawn as a rectangular hole. Case 
11' is split in cases I\' and 11". 

In case IV the shear stress, loading the inside of the 
hole is equal to the external shear stress and 
consequently the crack will have no stress raising 
effect. Case 11" is similar to case 11, the only 
difference being a reduced external load. Keglecting 
the homogeneous stresses of cases 111 and IVit  may 
be concluded that the shear stress distribution 
around the tips of the crack will be the same for 
case I and case 11". The restriction to he made is 
that in case I the crack will have a stress raising 
effect only if sliding in the crack occurs (without 
sliding the crack does not interrupt the continuity 
of the sheet). This requires that 

S sin ,9 cos ,!I > pS sinzp 

(B45) 
1 

or tg ,9 < - 
P 

So, it should be expected that ,9 has to be consider- 
ably smaller than 90". 

B9: Concliiding remarks 

All calculations in this appendix were made for 
a crack in an infinite sheet of linearly~ elastic and 
isotropic material. The infinite size of the sheet is 
not considered to be a serious limitation since for 
a specimen with a finite width and eitheya central 
crack or an edge crack the character of the stress 
singularity is the same (r-1/2). The shape of the 
stress distributions in the proximity of crack tips 
also remains the same, whereas the size of equally 
stressed regions is only slightly affected'as long as 
the crack is small in relation to the relevant 
dimensions of the specimen. 

A more serious limitatic*n may be set by the 
plasticity of the material. Although it obliterates 
the stress singularity it also invalidates the elastic 
solution, As long as the gross stress on the specimen 
is relatively low, the plastic zone is small and 
redistribution of stress may be negligible. The work 
of Dixon and Visser (ref. 1 1 )  on aluminium alloy 
specimens seems to give some substantiation for 
this view. One might assume that the strain 
distribution according to the elastic solution is 
approximately applicable to the major.part of the 
plastic zone. Since fatigue crack growth is a 
consequence of plastic strain a correlation between 
the elastic stress distribution and the fatigue crack 
growth seems to be a realistic possibility. This is 
confirmed by the work of Paris et al. (ref. 12) who 
could correlate the rate of crack growth in alu- 
minium alloy specimens with the so-called stress 
intensity factors, characteristic parameters for the 
elastic stress distribution, not further explained in 
this appendix (see also the study of Barrois (ref. 
131. 

.. 
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Somc information derived from thc elastic 
solutions presented in this appcndix will now be 
recapitulatedAp- ~~ ~p p~~~~~ 

( I )  A formula was derived for estimating the size 
of the plastic zone, based on the Tresca yield 
criterion. 

(2) For a sheet loaded in tension the effect of the 
angle ,8 between the crack and the loading 
direction was studied. The effect on the size and 
the shape of the plastic zone is small. However, 
there is a more pronounced effect on the 
distribution of the shear stress ( ~ ' 2 )  on slip 
planes passing through the tip of the crack. If 
f l  is decreasing from 90" to 45" therc is a tenden- 
cy for an increasing concentration of T'S in line 
with the crack. Other circumstances being 
favourable a crack with an oblique orientation 
( p  # 90") may thus persist in growing in the 
oblique direction. 

(3) For a sheet loaded in tension with a crack 
perpendicular to the loading direction there is 
a considerable difference between the stress 
distributions for plane strain and plane stress. 
For plane strain the maximum shear stress on 
slip planes through the tip of the crack is found 
on planes perpendicular to the sheet and making 
an angle with the crack ( )fJ \ # 0). For plane 
stress the maximum shear stress on slip planes 
through the tip of the crack is found on planes 
in line with the crack (0 Y 0) and making an 
angle LY = i 4 5 "  with the sheet. 

(4) A sheet loaded in compression shows the same 
type of shear stress distribution around the tip 
of the crack as a sheet subjected to prire shear. 
However, in the former case the stresses are 
much lower depending on the amount of shear 
stress transmitted along the edges of the crack 
by friction. 

( 5 )  Rounding of the tip of the crack by plastic 
deformation will probably have a minor in- 
fluence on the trends summarized above. 

It may be emphasized once more that all results, 
although being derived from quantitative calcu- 
lations, only have a qualitative meaning for the fa- 
tigue problem in view of the limitations set by the 
idealized continuum approach. 

Finally it may be pointed out that the shear 
stresses on planes through the tip of the crack (T'Z 

and %'a) changed the picture noticeably from the 
one obtained by considering maximum shear 
stresses (TZ and ~ 3 ) .  To draw, full advantage of the 
theory of elasticity a 'physical model for the 
phenomenon studied is obviously required. 
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