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ABSTRACT. 

A study has been made of some aspects of the initiation and 
growth of fatigue cracks in high strength commercial aluminium 
alloys, principally the recently developed Al-Zn-Mg-Cu alloy 
7010 T76. The microstructure of this alloy has been invest-
igated in some detail: Using electron optical techniques, 
the composition, morphology and crystallography of second 
phase particles have been determined and the alloy grain 
structure and texture have also been investigated. 

The crack initiation studies have involved an investigation 
of fatigue crack initiation from bored holes. Fatigue spec-
imens have been produced containing holes prepared by various 
combinations of drilling, reaming and deburring processes. 
Fatigue tests have been executed under constant amplitude 
loading at a frequency of 100 Hz until specimen failure. 
Significant differences in fatigue life have been observed, 
dependent on the hole manufacturing process: The deburring 
operation has been found to give the largest improvement 
w i t h deburred specimens, containing both drilled and reamed 
holes, showing only small differences in life and fatigue 
limit. Metallographic studies have been m a d e of hole surface 
topography and microstructure and these observations have 
been related to crack initiation behaviour and fatigue 
performance. The growth of short cracks (<Imm in length) 
has also been studied, using high resolution scanning elec-
tron microscopy to measure fatigue striation spacing. Crack 
growth rates obtained via this method have been related 
using linear elastic fracture mechanics (L.E.F.M.) to growth 
rates for long cracks. Results have indicated that L.E.F.M. 
cannot accurately predict growth rates in this regime; ob-
served rates being lower than those predicted. 

An investigation has been made of the micromechanisms of 
fatigue crack growth using principally electron optical 
techniques. Transmission electron microscopy has been used 
in combination with high resolution scanning electron m i c r o -
scopy to study the fracture surface topography and deformation 
structure associated with crack growth. Such studies have 
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been made on specimens of 7010 T76 tested in environments 
of laboratory air (50% relative humidity), dry oxygen and 
dry argon (<I0 ppm H2O ). Test frequencies of 0.2, 10 and 
100 Hz have been employed at stress ratios (ratio of m i n i m u m 
to maximum stress) of 0.1, -0.3 and 0.5 at a stress intensity 
range (AK) between 6 and 30MNm . Tests have also been 
carried out under a simple programme load sequence of varying 
load amplitude. A similar, less rigorous, study has been 
made for comparison of crack growth in the Al-Cu-Mg alloy 
2024 T3. 

Crack growth in laboratory air has been shown to be crystallo-
graphically related with segments of fracture on {Oil} planes. 
A regular structure of deformation bands, separated by regions 
of low dislocation density, has been observed below the 
fracture surface. The structure has been investigated under 
various conditions of loading and test frequency and it is 
proposed that it results from brittle/ductile transition 
occurring during each load cycle, the cleavage component 
being on {Oil} planes. The band structure and crystallographic 
crack plane have been found absent in dry environments and a 
hydrogen embrittlenient mechanism, due to reaction of w a t e r 
vapour at the crack tip, is invoked. This involves the 
transport of hydrogen ahead of the crack leading to the 
formation of an embrittled zone in that region, through w h i c h 
the crack propagates. 

The formation of fatigue striations has also been investigated 
in great detail: Two types of striation have been observed, 
one of sawtooth profile and one consisting of essentially 
parallel regions of fracture separated by deep slots. The 
two types of striation have been shown to occur in adjacent 
areas and can be produced simultaneously on opposing fracture 
surfaces. Using combined transmission and scanning electron 
microscopy the striations have been related to underlying 
deformation structure and show a constant relationship to 
deformation bands. Under dry test conditions no striations 
of profiles similar to those above were observed and in fact 
very few striation-like features were found. A mechanism is 
proposed to describe the formation of striations which takes 
into account the basic mechanism of environmentally influenced 
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crack growth. The formation of striations and their sig-
nificance in terms of local crack growth rate has also been 
investigated by relating their spacing to macroscopic crack 
growth rates. 
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INTRODUCTION. 

High strength aluminium alloys, containing as alloying additions 
various combinations of zinc, magnesium and copper, are widely 
used in the construction of modern high performance aircraft. 
These alloys have advantages over other materials in terms 
of their strength and stiffness in relation to density. With 
fuel economy becoming increasingly important, particularly in 
transport aircra ft, there is a requirement to make full use 
of these properties in order to save weight. Aluminium alloys 
also offer great advantage over, for example, titanium alloys 
in their cost. Aluminium alloys are much cheaper to produce 
and also are much more easily fabricated, via forging, rolling 
and extrusion routes into aircra ft components. 

The alloys most commonly used are those containing copper as 
the major alloying addition and those based on zinc additions 
but usually containing a smaller percentage of magnesium. 
The former are designated 2000 series alloys by the Aluminium 
Association of America and the latter 7000. (The Aluminium 
Association of America classification is used throughout this 
thesis in reference to commercial aluminium alloys. Tables 
of alloy compositions and tempers are given in Appendix II). 
The 7000 series alloys can be heat treated to give an ultimate 
tensile strength (U.T.S.) in excess of 600 MPa, the highest 
of all aluminium alloys. 

Advances in aircraft design and in aluminium alloy strength 
have both allowed improvements in aircraft performance to be 
made. However, the reliability of an aircraft in service is 
also of vital importance and here problems such as fatigue 
and stress corrosion cracking (S.C.C.) are encountered. Unfor-
tunately high strength aluminium alloys are particularly 
susceptible to both problems: While great increases in strength 
can be produced by precipitation hardening both 2000 and 7000 
series alloys,improvements in fatigue properties are slight. 
Often in the peak strength condition susceptibility to stress 
corrosion cracking is a maximum and fatigue crack growth re-
sistance a minimum. These problems are particularly marked in 
the 7000 series alloys containing relatively large amounts of 
magnesium and in most cases these alloys cannot be used in the 
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peak strength condition. Fracture toughness is also a property 
of great importance in alloy design, since fatigue and stress 
corrosion cracks are often difficult to detect and their pre-
sence can lead to catastrophic failure, in alloys of low tough-
ness, before they achieve a detectable size. 

Recently, great advances have been made, both in the fracture 
mechanics analysis of fatigue crack growth in aircra ft compon-
ents and also in crack inspection technology. These advances 
have meant that the safe life of a component can be predicted 
with some accuracy, cracked components can be detected and re-
pairs effected, before catastrophic failure. There is, never-
theless, a great deal of work required with the aim of improving 
the properties of aluminium alloys from a fatigue viewpoint and 
in recognising potential sites for fatigue cracking in order 
that they m a y be eliminated. Two types of study are necessary 
for these goals to be achieved: Firstly, fatigue properties 
must be related to engineering parameters such as fatigue life, 
load amplitude and crack tip stress intensity factor. Secondly, 
a fundamental understanding of the actual micromechanisms of 
the fatigue phenomenon must be developed. Quite clearly both 
types of study are equally important and must be integrated 
in order to make fullest use of them. 

In the alloy development field, improvements in stress corrosion 
resistance in 7000 series alloys have been achieved via the addi-
tion of copper and by improved thermomechanical treatments. 
Thus, improved properties have been obtained in alloys such as, 
the now commonly used,7075. Alloys such as this are still 
found to offer relatively poor fracture toughness and hence 
further developments have recently been carried out leading to 
two 'new generation' 7000 series alloys 7010 and 7050. Both 
alloys have been developed from the viewpoint of optimising 
fracture toughness and stress corrosion resistance. The alloy 
7010, developed by Alcan, is now being used in aircraft con-
struction and the present work has centred around the study 
of some aspects of the fatigue properties of this alloy. The 
general properties of the alloy are presented in Reference I. 
A table of mechanical properties is given in Appendix II. 



- II -

Some of the problems of fatigue cracking which relate specifically 
to aircraft have been reviewed by Forsyth (2). Fatigue crack 
origins are in most cases found to be associated with sites of 
elastic stress concentration. Despite careful design many such 
sites are unavoidable and a commonly observed crack origin is at 
a bored hole or machined cut-out in a component. Bored holes 
are often filled with fasteners of some kind, for example rivets 
or bolts, but in many cases are open to allow the passage of 
cables, fuel pipes etc. Since these holes cannot be avoided 
completely it is essential to investigate fatigue crack initia-
tion from bored holes of various types in order to optimise 
fatigue properties. Analyses based on linear elastic fracture 
mechanics (L.E.F.M.)principles have been carried out in order 
to predict crack growth rates from bored holes and hence pre-
dictions of component life can be made from the time of detec- •> 
tion of a fatigue crack. 

Recently,interest has been shown in investigating the various 
methods of hole manufacture and assessing their effect on 
fatigue properties. The Advisory Group on Aerospace Research 
and Development (A.G.A.R.D.), an international research co-
ordination body, recently set into motion a world-wide research 
programme with this aim (3): The programme is basically one 
of fatigue testing of components containing bored holes pro-
duced by various machining processes. Most fatigue tests are 
carried out under complex loading conditions in order to 
simulate in-service loads. 

Part of the present study is also concerned with crack initia-
tion from bored holes: The intention has been to investigate 
the metallurgical effects of hole boring processes in the alloy 
7010 and to study the initiation of cracks from these holes. 
By this route it m a y be possible to develop a fundamental 
understanding of the initiation processes involved and thereby 
explain some of the differences in fatigue properties attributed 
to hole preparation. The studies have been made, under the 
S.R.C. C.A.S.E. award scheme, in conjunction with the Royal 
Aircraft Establishment who are themselves participating in 
the A.G.A.R.D. programme. Hole production techniques as 
specified in the A.G.A.R.D. programme have been used and it 
is hoped that the present results can be integrated into this 



larger study. 

Despite possible methods of inhibiting crack initiation in 
aircraft components via, for example, carefully controlled 
machining processes as studied here, fatigue cracks are un-
avoidable. It is therefore vitally important to develop alloys 
of high fatigue crack growth resistance. However, as noted 
earlier, while improvements in toughness and particularly 
strength have been achieved, the fatigue crack growth resistance 
particularly in 7000 series alloys, remains poor. 

The problems of crack propagation, like those of initiation, 
have been subject to the two principal types of study: Many 
workers have related crack growth rates to engineering variables 
such as load amplitude and stress ratio (ratio of m i n i m u m to 
maximum Stress) and, with the development of linear elastic 
fracture mechanics, to maximum crack tip stress intensity 
(K ) and stress intensity range (AK). Data collected from max 
these studies haveallowed comparison to be made between diff-
erent alloys and also many models for fatigue crack growth 
have been developed based purely on this continuum approach. 

The second group of workers have attempted to explain the 
fatigue crack growth mechanisms from a microstructural view-
point. These studies have generally been based on metallo-
graphic observations, the earliest employing light microscopy. 
The scope of this type of study has however been greatly 
extended by the development of electron optical techniques: 
In high strength m a t e r i a l s at realistic crack growth rates 
most of the significant features are on a fine scale, resolvable 
using only scanning and transmission electron microscopy. 

The scanning electron microscope (SEM) is now routinely used 
as ar\ lOvedVysWe tool in fatigue observations, to identify in-
itiation sites, for example, but its use in the observation of 
fine scale features has been greatly extended by the development 
of high resolution scanning electron microscopes (HRSEM). 
Prior to this development the transmission electron microscope 
(TEM) w a s used for surface observation on a fine scale, via 
the use of shadowed surface replicas. However, with HRSEM 

o 
resolution of around 30 A such techniques are no longer neces-
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sary. The TEM has not been used extensively to study fatigue 
crack propagation by direct microstructural observation, 
owing to the difficulties of specimen preparation, it has 
however, found wide use in the study of pre-crack deformation 
structures. 

The recent development of the combined scanning and trans-
mission 1TEMSCAN 1 type of microscope has further extended 
this type of study with its provision of both HRSEM and TEM. 
Hence, in suitable specimens, both surface and microstructural 
observations are possible. 

As reported later, specimen preparation problems are severe in 
this type of study, particularly in the examination of m i c r o -
structures adjacent to crack tips. The use of high voltage 
electron microscopy (HVEM) with its provision of extra specimen 
penetrating power is therefore also of great value. 

W h i l e such metallographic studies cannot provide information 
of immediate use in the assessment of fatigue performance in 
terms of engineering parameters, they are essential if the 
actual processes occurring during crack growth are to be 
understood. It may then be possible to carry out controlled 
alloy developments based on these observations. In the present 
study, metallographic techniques, principally electron optical 
have been used in order to further develop the earlier studies 
and gain a better understanding of the mechanisms of fatigue 
crack growth in high strength commercial aluminium alloys. 
The study concentrates on the microstructural and environmental 
aspects of the crack growth mechanism; moist environments 
having been found to be particularly effective in increasing 
crack growth rates. Most of the .work involves the alloy 
7010 but the commonly used alloy 2024 is also investigated. 
A table of the mechanical properties of this alloy is also 
given in A p p e n d i x II. In order to integrate the metallographic 
results w i t h engineering parameters observations of crack growth 
under controlled conditions are vitally important: Such obser-
vations have been facilitated in this study by cooperation 
with a research programme in progress in the Mechanical 
Engineering Department at Imperial College. The aims of this 
programme have been to develop crack growth rate laws under 
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various loading conditions, particularly in the field of the 
interaction of fatigue and stable crack growth (for details 
see References 4 and 5). In this study crack growth rates 
under carefully monitored loading conditions have been m e a s u r -
ed and hence correlation with metallographic observations 
of material tested in this programme have been most informative. 

The thesis is divided into three major parts: Firstly, the 
microstructures of the alloys used, particularly 7010, are 
investigated in some detail. Such a study is particularly 
important in the case of 7010 since, being recently developed, 
little information of this kind exists in the literature. 
The second part concerns the studies of hole boring and crack 
initiation and the third part deals with crack propagation. 
The experimental procedures used are in many cases similar 
in the three parts and hence, in order to minimise repetition, 
these are detailed together. 



PART 2. EXPERIMENTAL PROCEDURE. 
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EXPERIMENTAL PROCEDURE. 

I. Fatigue Test Piece Manufacture. 
I.I. Initiation Studies. The basic test piece design used 

in the initiation studies is shown in Fig.2.I. Machined blanks, 
without the centre drilled hole, were manufactured at the Royal 
Aircraft Establishment, from rolled 7010 T76 plate, which was 
supplied by Alcan Ltd. Test pieces were manufactured in three 
batches over the period of the study. 

The first batch (A) of 30 specimens were bored according to the 
two A.G.A.R.D., hole qualities (3). The boring processes were 
carried out by British Aerospace, Aircraft Group, Filton Division. 
The precise details of machine tools used etc. are laid out in 
a British Aerospace report ( 6 ). The general conditions under 
which the drilling, reaming and deburring operations were carried 
out for the two hole qualities are shown in Table 2.1. The 
surface roughness of each hole w a s measured at this stage using 
a 'Talisurf 1 stylus type machine. 15 specimens were prepared 
to each hole quality. 

The second batch of 20 specimens (B) were prepared to the 
A.G.A.R.D., high quality specification except that the deburring 
operation was not carried out. 5 of the specimens were then 
deburred according to the standard route used earlier in order 
to test the effect of this operation on fatigue properties. The 
third batch of 21 specimens (C), were manufactured to the low 
quality, drilled, standard but then the deburring operation 
as used in the high quality route was carried out. 

In order to simplify later identification #specimen types were 
coded according to the hole manufacture operations carried out 
upon them; drilled specimens were coded 'D', reamed ' R 1 , reamed 
and deburred 'RD', etc, Table 2.IIshows the specimen codes. These 
codes are used to distinguish specimen types in all later sec-
tions. A summary of the number of specimens of each type in 
accordance to batch is given in Table 2.Ill . 

In order to allow extensive metallographic investigation of the 
hole boring processes, holes were also bored in equal thickness 
plate to the various standards. Some further holes were also 



Fig-2-1 

Crack initiation test p iece design 
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Table 2.1 Hole Machining Conditions for A.G.A.R.D. Standards. 

(a). High Quality Hole 

(I) Open up 3.2mm pilot hole with a 6.0mm drill 
at 2000 r.p.m. w i t h an approximate feed rate 
of 0.08mm/rev. 

(II) Finish hole with a 6.35mm (0.25") reamer at 
1100 r.p.m. with an approximate feed rate 
of 0.2mm/rev. 

(Ill) Deburr hole edges with a radiused deburring 
cutter -0.25mm radius. 

(b). Low Quality Hole 

(I) Open up 3.2mm pilot hole with a 6.5mm drill 
at 2000 r.p.m. with an approximate feed rate 
of 0.08mm/rev. 
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Table 2.11 

CODE MANUFACTURING OPERATION 

A.G.A.R.D. D Drilled 
Low Quality 

R Drilled and Reamed 

DD Drilled and Deburred 

A.G.A.R.D. RD Drilled, Reamed and Deburred 
High Quality 

Table 2.Ill 

Number of Specimens 

Specimen Batch D R DD RD DD RD 

A 15 15 

B 16 4 

C _ _ 21 
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drilled without lubricant in order to observe the effect of 
lubricant on surface metallography. 

1.2 Crack Propagation Studies. A major part of the study 
of crack propagation was made using the initiation type of test 
piece detailed above and approximate stress intensity-crack 
length calibration was carried out as detailed in Appendix I. 
One other type of centre notched test piece w a s also manufactured 
as shown in Fig.2.2 primarily for use in the controlled en-
vironment tests. All manufacturing operations were carried 
out at the R.A.E. These specimens were again produced from 
2.5 cm 7010 T76 plate. 

Futher metallographic studies were made on specimens of a 
compact tension (C.T) design (Fig.2.3). These specimens were 
manufactured and tested in the Mechanical Engineering Department 
at Imperial College as part of a research programme in that 
department, discussed earlier, and were supplied in a tested 
(i.e. cracked) condition. These specimens were manufactured 
from 7010 T76 plate in a 7.5 cm (3") form. Specimens of this 
design were similarly supplied of the alloy 2024 T3. 

The orientation of the three test piece types w i t h respect to 
rolling axis are shown in Fig.2.4. The load axis in all three 
cases was in fact in the long transverse grain direction. 

2. Fatigue Testing Details. 
2.1 Crack Initiation Studies. All fatigue tests in the crack 
initiation studies were made using an Amsler 'Vibrophore' 
resonance type of fatigue machine operating at a frequency 
of approximately 100 Hz and at a constant load. A ratio of 
m i n i m u m to maximum stress or stress ratio (R) of 0.1 was used 
for all tests. Peak stress levels were chosen to give fatigue 
lives for the various specimen types in the range IO 5 cycles 
to infinity. The stress l e v e l s chosen together with the number 
of specimens of each type tested at each are shown in Table 2.IV 
The fatigue tests were automatically terminated by a strain 
limiting cut-out. This device halted the test at the point 
of total failure of one side of the centre notched portion 
of the specimen. In order to determine the fatigue limit 
(stress level for infinite life) tests were allowed to continue 
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Table 2.IV. Fatigue Test Stress Levels According to 
Specimen Type. 

Peak 
Stress MPa D 

Specimen Code 
R RD DD 

130 3 - — 

150 5 5 2 
175 7 6 II 4 
190 - - 6 
200 - 6 6 6 
225 - - 5 

All stresses shown are net mean section at hole. 



- II -

to greater than 3xI0 7 cycles. 

2.2 Crack Propagation Studies. Metallographic studies of 
crack propagation were carried out on the fractures produced 
in the initiation studies detailed above. Here, no attempt 
was made to measure crack growth rates. C.T. test pieces of 
both 7010 T76 and 2024 T3, as detailed earlier, were provided 
in a tested condition. Here test frequencies of 0.2 and 10 Hz 
had been used at stress ratios of 0.1, 0.5 and -0.3. These 
specimens were found to be particularly useful since they 
afforded a large area of fracture surface. Also as part of 
the initial test programme for w h i c h they had been used, crack 
growth rates, as measured optically, had been determined. 
Some specimens were also provided cracked, but not broken open. 

In order to carry out fatigue tests under controlled environ-
ments an environmental cell w a s manufactured to take the second 
type of centre notched test piece shown in Fig.,2.2. The design 
of the cell is shown in Fig. 2.5. The cell was manufactured 
to fit closely around the test piece and hence compressive 
minimum loads could not be used in these tests. The cell 
was assembled around the test piece with an acetic acid free 
silicone rubber sealant applied over all areas except the central 
chamber region. The compound was allowed to cure for several 
days before testing. 

The gas supplies used in these tests were high purity argon 
and oxygen. The gas was passed over magnesium perchlorate 
before entry into the cell. The gas outlet from the cell 
was connected to a dewpoint type of humidity meter, registering 
from 0 to 1000 ppm H2O. The gas was flushed through the system 
for at leafet 2 4 hours prior to testing. 

Fatigue tests were again carried out using the A m s l e r Vibra-
phore resonance fatigue machine, operating at 100 Hz and R=0.I. 
Tests were carried out with gas flowing through the cell with 
the humidity continuously monitored to detect any breaks in 
the silicone rubber sealant. A level of water vapour in the 
atmosphere of less than 10 ppm was maintained at all times. 
Stress levels were chosen in order to give a fatigue life, 
in a laboratory air environment, of approximately I O 5 c y c l e s . 
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The nature of the cell did not allow the crack growth rate 
to be monitored and tests were continued to specimen failure. 

In order to observe the effect of varying load amplitude on 
the fractographic features of crack growth some fatigue tests 
were carried out using a simple programme load. In order to 
avoid the large crack growth retardation effects caused by 
large reductions in stress, the peak stress levels chosen 
differed by only ^20%. The initiation type centre notched 
specimens were used and two peak stress levels were chosen 
as 270 and 230 Mpa (net mean section stress) w i t h a constant 
m i n i m u m of 30 Mpa. The most successful programme from the 
stand point of metallographic observation was found to be one 
as shown in Fig, 2.6, with groups of three high peak stress 
cycles, separated by two low peak stress cycles. A constant 
minimum load was employed. The use of different numbers of 
each cycle group was found to be most informative from the 
point of view of fractographic observation. Similar programmes 
using equal numbers of each cycle type were found to give less 
easily interpreted results. Tests were carried out using a 
Dowty servo-hydraulic fatigue machine at a frequency of 10 Hz. 
The output from the load cell w a s monitored with an oscillo-
scope to ensure responses in applied load level were according 
to the programme. 

3. Optical Metallography. 
3.1. General. The optical microscope was employed to examine 
the general microstructure of the as-supplied alloy plate 
and also to investigate the formation of deformation zones 
around bored holes as part of the initiation study. 

All specimens were mechanically polished down to I urn diamond 
paste, followed by etching in a solution of 1.5% HCl 2.5%HN0 3 

0.5% HF by volume in water. In order to observe the depth 
of deformed layers around bored holes, it was found necessary 
to mount the bored plate in resin prior to mechanical polishing. 
This allowed the region of interest around the intersection 
of the hole with the plate surface to be more readily preserved. 
In all cases a Vickers 'photoplan' microscope w a s used. 
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3.2. Microhardness Testing. In order to investigate the 
changes in hardness produced by hole boring operations adjacent 
to the hole bore, use was made of the microhardness testing 
facility available on a Reichert optical m i c r o s c o p e . This 
allowed a load as low as 5g to b e used producing a standard 
pyramidal hardness indent. The machine was calibrated before 
use, allowing the indent size to be converted to the standard 
Vickers pyramidal hardness n u m b e r (V.P.N.). In order to re-
solve the changes in hardness w i t h distance from the hole 
bore, taper section specimens w e r e manufactured as shown in 
Fig. 2.7. The drilled plate w a s cut to produce a semi-
cylindrical hole-bore region and this was then ground at a 
very shallow angle (9<I°) producing,along the line x-y, a 
great magnification of the depth hardness profile. Position 
along the line x-y was then converted to depth below the hole 
by the simple calculation shown. Preparation of the specimens 
was carried out by mechanical polishing to 0.5um diamond paste. 
In order to test the possible hardening effect of mechanical 
polishing, control specimens w e r e electropolished lightly in 
a solution of 30 vol% H N 0 3 in C H 3 0 H at 20V and -30°C. However, 
no detectable differences were observed in hardness between 
the surfaces prepared by the two techniques. Electropolishing 
had the disadvantage of producing a slightly irregular surface. 

4. Electron Metallography. 
4.1. General. 

(a) Scanning Electron Microscopy. The scanning electron 
microscope (SEM) w a s employed to carry out routine fractographic 
analysis of all failed crack initiation specimens in order to 
determine the position and nature of the crack initiation site. 
Similarly the hole surface topography of each type of specimen 
w a s carefully investigated. A JSOL JSM 35 SEM operating at 
25 K V was employed for most of these observations. Some use 
w a s made also of a JEOL I20CX TEMSCAN microscope operating 
in scanning mode at 40 KV. This machine had provision for 
energy dispersive X-ray microanalysis and hence -it was possible 
to carry out qualitative elemental analysis of surface features. 

(b) Transmission Electron Microscopy. A rigorous 
analysis of the microstructure of the alloy 7010 was carried 
out using the transmission electron microscope (TEM). Both 
bright field and dark field microscopy were employed, together 
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with selected area diffraction in order to - investigate pre-
cipitate type and morphology. Since little information of 
this type exists for 7010, observations were made both of 
the as-supplied, commercially aged, condition and of re-
solution treated material, imm strip material was prepared 
and solution treatment was carried out at 465°C for I hour, 
followed by a cold w a t e r quench. Thin foils were prepared 
by electropolishing using a Struers 'Tenupol 1 jet polisher. 
A solution of 30 vol% HNO3 in CH3OH was used at a temperature 
of -20°C and a voltage of 15 to 20V. Observations w e r e con-
ducted in a Philips EM30I TEM operating at IOO^KV. 

(c) Electron Probe Microanalysis. Mechanically pol-
ished specimens of 7010 plate w e r e prepared for observation 
in the electron probe microanalyser (EPMA). The purpose of 
the study was to conduct elemental analysis of the large 
inclusions present in the alloy. The observations w e r e m a d e 
in a Cambridge Microscan 9 instrument equiped w i t h wavelength 
dispersive X-ray spectrometers. X-ray intensity maps were 
obtained for various different areas of the plate and hence 
the compositions of all the possible particles were q u a l i -
tatively determined. 

4.2. Special Techniques. 

4.2.1. High Resolution Fractography. In order to investigate 
in great detail the features found on the fatigue fracture 
surfaces use was made of the high resolution scanning electron 
microscope (HRSEM) facility available on the JEOL I20CX TEM-
SCAN. The optimum resolution obtainable using secondary 
electrons was specified as 30 R. Stereo microscopy w a s found 
to be particularly informative eliminating many possible 
ambiguities in observation . 

It w a s found to be most important to avoid any possible con-
fusion over the direction of crack growth. In the case of 
centre notched specimen types no particular problems were 
apparent since it w a s possible to observe the entire fracture 
surface. The large C.T. design specimens were, however, sec-
tioned by spark machining, as shown in Fig. 2.8. Vertical 
slices were cut initially and the distance, a, relating 
the position of each slice to the overall crack length was 
measured for each slice. A circular marker, around 0 . 5 m m 
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in diameter, was then spark machined in to the fracture 
surface at the edge of the slice nearest the origin. The 
slices were then removed by a horizontal spark machined cut. 
By this method it was possible to relate any features ob-
served to the local overall crack growth rate and stress 
intensity range previously determined. Also, possible 
rotations of crack growth direction were avoided. 

Great care was taken to avoid contact of w a t e r w i t h the 
fracture surface at any stage during preparation . Specimens 
were observed, without conductive coating, at an accelerating 
voltage of 40 KV. 

In order to further investigate the formation of fractographic 
features it was attempted to match opposing faces of the same 
specimen at magnifications in excess of I0,000x. Various 
methods were attempted but the most successful was found 
to involve mounting the matching fracture faces together 
on the same specimen holder. The two halves were then ob-
served consecutively until some clear point of reference was 
found, visible at low magnification of the order of IOOx. 
Features were then observed in the environs of the reference 
point at high magnification. The fitting of a screen delin-
eated with a Icm square grid to the SEM display was found 
to be most useful. 

4.2.2.Thin Foil Techniques. In order to observe the deform-
ation structure adjacent to the surface of a bored hole thin 
foil specimens were prepared by the technique outlined in 
Fig. 2.9. 3mm discs were first spark machined from the bore 
of the hole as shown, one face of the disc being the hole 
surface itself. The hole surface was then coated with a pro-

t • 
tective lacquer. A dilute solution of Lacomit in acetone 
was used. This afforded protection for the hole surface 
during subsequent grinding operations and during electro-
polishing. Electropolishing was carried out using the TENU-
POL jet polisher under identical conditions to those detailed 
earlier. In this case however, polishing was conducted from 
the reverse side only, final perforation of the foil occurring 
adjacent to the hole bore. The lacquer was then carefully 
removed by dissolution in acetone. 
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Thin foils of this type were observed both in the Philips 
EM30I and JEOL I20CX operating at 100 KV. In order to in-
vestigate the complex structures found in these specimens 
it w a s found informative to employ the micro-beam diffraction 
facility available on the TEMSCAN. Here an electron probe, 
diameter of 20 £ can be producedjallowing electron diffrac-
tion information to be obtained from areas of less than 500 & 
in diameter (taking into account beam spreading through the 
foil). 

Two thin foil techniques were developed in order to investi-
gate the microstructural features associated with fatigue 
crack growth. The first, and m o s t successful, allowed electron 
transparent areas to be obtained directly adjacent to the 
fracture surface. The technique illustrated in Fig. 2.10 
involved initially the spark machining of 3mm disc type 
specimens from the fracture surface. Once again,prior to 
their removal from the surface,circular markers were machined 
into the edge of the disc to delineate crack growth direction. 
In the case of C.T. design specimens the disc positions were 
also measured to ensure accurate stress intensity calibration. 
In fact, since few C.T. design specimens were available it 
was found necessary to prepare thin foil specimens from slices 
manufactured for HRSEM, after their observation in the m i c r o -
scope. 

After removal, the fracture surface was coated w i t h a thin 
lacquer and preparation then proceeded in a manner similar 
to that used for hole surface specimens., The lacquer w a s 
found to adhere extremely strongly to the fracture surface 
during polishing but could be removed almost completely by 
acetone dissolution. Hence it w a s possible to obtain thin 
foil specimens of areas directly adjacent to the original 
fracture surface with fractographic features retained on the 
surface. 

The specimens thus obtained were observed generally in the 
JEOL I20CX operating at 100 KV. Some specimens were however 
not electron transparent at 100 K V and were observed in a 
200CX operating at 200 KV or in an AEI EM7 high voltage 
electron microscope operating at 500 KV. Using the I20CX 
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TEMSCAN in both TEM and HRSEM modes it was possible using 
this specimen type to directly relate surface fractographic 
features to underlying microstructural and electron diffrac-
tion information. This technique w a s found to be most valu-
able. 

The second type of thin foil specimen was prepared as shown 
in Fig. 2.II. Here it was attempted to obtain electron trans-
parent areas including the fatigue crack tip. Test pieces 
of the C.T. design were supplied pre-cracked, the crack tip 
stress intensity at which the test ceased being accurately 
known. The crack tip region was first spark machined from 
the test piece of a Icm cylinder. The Icm cylinders w e r e 
then cut, again by spark machining, into discs approximately 
Imm thick. These discs were then mounted on flat plate 
using an acetone soluble, electrically conductive, adhesive. 
Great care was taken not to subject the crack tip, approxi-
mately central within each disc, to any stress.. The discs 
were then ground to 0.2-KD.3mm thickness and w e r e mechanically 
polished to produce a smooth finish. The position of the 
crack tip was determined, within each disc by observation 
under the optical microscope and its position marked. 3mm 
discs were then spark machined from each Icm disc, the crack 
tip being as nearly central as possible within each 3mm disc. 

Three different routes were attempted to thin the 3mm disc 
type specimens. Some specimens were simply jet polished 
in the normal way in the TENUPOL polisher. This technique 
did not prove successful since no control was possible over 
the point of perforation. In most cases perforation occurred 
behind the crack tip and very little thin area was produced. 
In othercases perforation occurred ahead of the crack, the 
crack tip region being electron opaque. 

It was found that specimens prethinned in the TENUPOL could 
be further electropolished using a purpose built jet-polisher. 
The design is shown in Fig. 2.12 and pumping of solution was 
effected by the rotation of a magnetic stirrer. A solution 
of 30 vol% HNO3 in CH3OH w a s again used at a temperature of 
-20°C and 15 V. The specimens were thinned from one side 
only, the opposite face being coated with protective lacquer. 
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The jet was angled to the specimen surface at around 45°. 
Such an angled jet was employed by Unwin and Wilkins ( 7 ) 
to successfully prepare similar foils in aluminium alloys. 
The specimens were observed in a long focal length optical 
microscope during polishing and as soon as the perforation 
approached the crack tip polishing w a s stopped and the specimen 
removed. 

The third method of preparation involved ion-beam thinning. 
Specimens were thinned in an Ion-tech 'Super Microlap 1 thinner 
with an accelerating voltage of 5 KV. Thinning proceeded 
very slowly and the crack was not preferentially polished 
to any extent. It was therefore possible to obtain electron 
transparent regions adjacent to and ahead of the crack tip. 

All specimens of this type were observed in the A E I EM7 high 
voltage electron microscope' operating at 500 KV. However, 
even with the extra penetrating power afforded by the high 
accelerating voltage it was not possible to observe areas 
in the region of the crack tip in any electropolished specimens 
and observations were limited to a very narrow region ^2->-3ym 
m a x i m u m to the side of the crack, some distance from the 
crack tip. Thin area was produced in the crack tip region 
by ion-beam thinning but, as detailed later, the ion-beam 
thinning process was found to give rise to a great modifi-
cation of the alloy microstructure, resulting in many arti-
facts. 

4.2.3.Micro-Etch Pitting Studies. In order to investigate 
the crystallographic nature of regions of the fracture surface 
a micro-etch pitting technique was used. The process involved 
the etching of the fracture surface in order to produce geo-
metrically shaped etch pits which were then related to surface 
crystallography. The etchant used consisted of I4%HF 43%HN0 3 

43%HC1 by volume. Etching times were extremely short, less 
than one second. Similar etchants have been used previously 
and, as discussed later, are believed to produce pits whose 
faces are segments of {100} planes. In order to verify this 
thin foil specimens were etched in a similar manner and pit 
shapes were compared with selected area diffraction data 
obtained with the foil untilted. Use was again m a d e of the 
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combined TEM/HRSEM facilities available on the JEOL I20CX 
TEMSCAN in order to do this. Bulk, fracture surface, specimens 
were similarly etched and were also observed in the H R S E M mode. 
Pit shapes were determined very carefully using stereo pair 
techniques, since in two dimensions the pit shapes, and hence 
fracture surface orientation, could not be unambiguously 
determined. 



PART 3. ALLOY MICROSTRUCTURES. 
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I. THE MICROSTRUCTURE OF HIGH STRENGTH COMMERCIAL A L U M I N I U M 
ALLOYS CONTAINING ZINC, M A G N E S I U M A N D COPPER;-LITERATURE REVIEW. 

I.I Introduction. 
As already mentioned, the alloy 7010 has only recently been 
developed and hence little microstructural information is 
available. A moderately detailed study w a s therefore made 
in the present work and it is useful at this stage to discuss 
relevant areas in the literature. Many workers have studied 
the structure and properties of alloys within the Al-Zn-Mg-Cu 
system and a review of this work is provided by Mondolfo (8,9). 

All high strength commercial aluminium alloys of this type 
are produced by casting followed by thermomechanical treat-
ments, which can in many cases be extremely complex (10), and 
finally solution treatment and ageing. At all stages during 
processing second phase particles can be precipitated and these 
can all have a profound effect on final properties. These 
particles fall basically into three groups: 

(a) Large i.o*I0ym diameter particles produced during casting 
(b) Intermediate 0.05-K).5ym diameter particles precipitated 

during homogenisation and solution treatments, and during 
hot working at temperatures between 400 and 500°C. 

(c) Precipitates 0.0I+0.5ym produced during ageing. 

I.I.I I n t e r m e t a l l i c P a r t i c l e s Produced During Casting. The 
particles produced at this stage are generally rich in iron, 
copper and silicon in commercial alloys (II). They are pro-
duced by reactions occurring in the melt or in the final stages 
of solidification. In alloys containing significant quantities 
of copper, particles rich in this element have been found to be 
particularly prevalent (12). Di Russo and Buratti (13) found 
that in the alloy 7175 second phase particles consisted of an 
Al-Fe-Si intermetallic compound together with Al?Cu2Fe with 
smaller amounts of M g 2 S i . In the alloy 7050, an alloy very 
similar in composition to 7010, another phase containing copper 
and possibly m a g n e s i u m and zinc was also observed. All these 
particle types were found to be essentially unaffected by sub-
sequent heat treatment and were found therefore in the final 
wrought product. The particles were found by Peel and Forsyth (12) 
to decorate the as cast grain boundaries in many cases and to be 
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drawn out into long stringers after hot working. 

These particles have attracted a good deal of attention in 
the literature since they are well known to have a great 
effect on fracture toughness (II)as they fracture and decohere 
ahead of a propagating stable crack giving rise to failure by 
microvoid coalescence. Peel and Forsyth found that fracture 
toughness was particularly low in the case where long stringers 
of particles were produced; failure w a s then found to occur 
along these planes of weakness. In order to improve toughness 
high purity aluminium is used as a starting material in the 
production of 7010 thereby reducing iron and silicon levels 
Also z i r c o n i u m is added to the alloy as a grain refiner rather 
than the previously used chromium. It is possible however 
that a reaction may occur during casting to give ZrAl 3 in a 
body centred tetragonal form (3). This reaction takes place 
at 66I°C in a binary Al-Zr alloy, and would give rise to un-
desirable , large particles. 

I.I.2. Particles Produced During Heat Treatments Prior to 
Ageing. After casting it is possible that coring has led to 
eutectic formation and various thermomechanical treatments 
are used (10) to break up these colonies and also impart an 
elongated grain structure to the alloy. Homogenisation treat-
ments are generally carried out at around 500°C and at this 
stage, and during subsequent solution treatment at 450°C , 
various precipitation reactions can occur. In the case of 
7010 the most important reaction is that which produces ZrAl 3 

in a metastable cubic form. This phase was found by Ryum (14 ) 

to be simple cubic a=4. 0 8 & and to have a cube/cube relation-
ship with the aluminium matrix. The phase was found to form 
by precipitation from solid solution at 450°C as small spherical 
particles less than O.Ium in diameter. These particles are 
of great importance since they are believed to pin the grain 
boundaries preventing grain growth during the recrystallisation 
processes which are apparent during thermomechanical treatments 
(II). Smaller particles of this type, less than 0.5ym diameter, 
were found by Hahn and Rosenfield (II) to be more resistant to 
cracking and therefore to be less important in limiting 
toughness than the m u c h larger iron, copper and silicon rich 
particles. 
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The solubility of copper in the alloy at solution treatment and 
homogenisation temperatures is considerable (Fig. 3.1) but is 
somewhat lower than in pure aluminium at this temperature 
and such heat treatments often occur close to the a+S (CuMgAl 2) 
phase field boundary. It is possible therefore that S phase 
can be stable at these temperatures and therefore be retained. 
Peel (15) and Singh and Fleming (16) studied S phase formation 
and believed that it might form by diffusion of zinc from the 
quaternary eutectic colonies. Singh and Fleming in fact stated 
that S phase might in turn transform to 0 (CUAI2) via magnesium 
diffusion but Peel could find no evidence of this. It seems 
likely therefore that fully heat treated material contains 
large, ^0.1+IOym, particles of S phase produced by transforma-
tion of the eutectic colonies. 

1.2. Precipitation During Ageing. 
I.2.1. Sequence of Precipitation. A great deal of literature 
has been published concerning age-hardening reactions in high 
strength aluminium alloys, the general principles being outlined 
by Kelly and Nicholson (17): 

Supersaturated G.P Zones Intermediate + Final 
Solid Solution PPt. ppt. 

The first stage of precipitation involves the formation of 
G.P zones which nucleate homogeneously. A temperature above 
which zones are unstable has however been found by Lorimer 
and Nicholson (18). They quoted a temperature of I50°C for 
a ternary alloy of 5.9%Zn and 2.9%Mg. The existence of this 
critical temperature is of great importance in the case of 
commercial heat treatment since most alloys are initially aged 
at a low temperature to produce a fine G.P zone distribution. 
These zones then act as nuclei for the intermediate precipitate, 
prior to their dissolution, at the final ageing temperature 
which is generally above the G.P zone solvus. For example, 
the heat treatment applied to the 7010 used in the present work, 
T76, involves heating to the final temperature, I70°C at a 
rate not exceeding I0°C/hour, during which time G.P zone 
formation can occur. 

Large amounts of information have been obtained concerning the 
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intermediate and final precipitates produced during the ageing 
of Al-Zn-Mg and Al-Zn-Mg-Cu alloys although m u c h of this evidence 
is confused: Thomas and Nutting (IS) proposed the sequence 

Super Saturated Solid Solution ^ G.P zones + n' -*• n ( M g Z n 2 ) 

This presumably can only apply to alloys whose compositions lie 
within the a+n phase field at the ageing temperature. All the 
final phases which can be produced in Al-Zn-Mg alloys have been 
summarised by Mondolfo (8) (Fig.3.2). 
(a) Mg:Zn>6:I M g 5 A l 8 predominates 
(b) Mg:Zn 6:1+3:7 M g 3 Z n 3 A l 2 ( T ) predominates at least at high 

Since many commercial alloys, for example, 7010, lie at the 
transition between regions regions (b) and (c) the possibility 
of the formation of T phase must be considered. 

The generally accepted sequence of formation of T is via an 
intermediate phase T'. This phase was first discovered by 
Thackery (20) in a ternary Al-Zn-Mg alloy w h o termed the phase. 'X'. 
T phase itself has been found to predominate at temperatures 
greater than 200°C (8) and is therefore not likely to form in 
most commercial ageing treatments. 

The most commonly observed transformation during ageing is that 
to n ( M g Z n 2 ) via an intermediate r\1 . The circumstances under 
which n' is found have been in some dispute. Graf (21) and 
Auld and Cousland (22) stated that n' was not found in alloys 
lying within the a+T phase field at the ageing temperature: 
Prior to their work there had been some confusion on this point. 
Gjonnes and Simensen (2 3) observed the transformation from G.P 
zones to n' to n via electron diffraction and observed the fading 
of T)' reflections with the progression of the transformation to r\. 
ri1 has been found to form extremely rapidly (21) even at 75°C 
and often masks the presence of G.P zones. 

The formation of S p h a s e t C u M g A l 2 t d u r i n g ageing has been suggested 
in alloys containing less than 2% Cu (24) but studies by Peel 

(c) Mg:Zn 2:5+1:7 M g Z n 2 (n) 
(d) Mg:Zn < 1 : 1 0 M g 2 Z n n 

temperatures 
predominates 
predominates 
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(15) and Weatherly (25) revealed that this phase was only found 
in alloys containing greater than 2.5%Cu. The phase was found 
to form via G.P zones, termed G.P.B. zones (25) and the ageing 
reaction was found to occur very rapidly at room temperature 
in an Al 3%Cu I.5%Mg 0.5%Ag alloy by Sen and West (26). While 
it appears that this ageing sequence would not be expected in 
7010 the reaction is of some importance in the present work 
since it is likely to occur during the natural ageing (T3) 
process in the alloy 2024, which was utilised in part of the 
crack propagation study. 

The grain boundary precipitation reactions have been reviewed 
by Mondolfo (8 ): Precipitate nucleation occurs rapidly and only 
equilibrium precipitates are found with an orientation relation-
ship to the grain on one side of the boundary only. The inhib-
ition of precipitate nucleation along the grain boundaries leads 
to the characteristic precipitate free zone or P.F.Z. Workers 
have explained this effect by a combination of solute depletion 
in the region, due to grain boundary precipitation, and reduced 
vacancy concentration, due to vacancy migration to the boundary. 
The critical vacancy concentration for precipitate nucleation 
has been found to be reduced by lowering the ageing temperature 
(18) and therefore P.F.Z. width can be minimised by low initial 
temperatures. 

1.2.2. Structure and Morphology of Precipitate Particles. 
The term G.P zone is strictly only applicable to small particles 
discovered by Guinier and Preston (27), formed during the initial 
stages of ageing in Al-Cu alloys. However the term is used 
generally to describe similar particles formed in all aluminium 
alloys. In Al-Zn-Mg alloys, zones are thought to be predominantly 
clusters of Mg and Zn atoms and have been found to be approximately 
spherical in shape (28). In many alloys zones, have been found to 
be replaced by ri' very rapidly and in fact Lyman and Van der Sande 
(28) proposed an intermediate hexagonal zone as a precursor to n *. 

Auld and Cousland (29) determined a structure for n 1 as hexagonal 
a = 4 . 9 6 ft, c=l4.02 ft. Other workers have however proposed 
a=4.96 ft, c=8.6 ft. Mondolfo ( 9) suggested that this discrepancy 
might be due to differences in the interpretation of the many weak 
electron and X-ray diffraction reflections which occur. Auld 
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and Cousland proposed a composition M g ^ Z n n Al and an orientation, 
relationship: 

n* (a). (oo.i)n1 //{ i i t }a i, (io.o)n '//{ ' i io}Ai 

More recently however Chou (30) proposed a second variant: 

n1 (b) . (I0.0)n'//{I00}A1, (00I)tT//{0II}A1 

Gjfinnes and Simensen (2.5) found the particles to be of plate 
morphology with the long axis coherent. Auld and Cousland (2 9 ) 
confirmed this and quoted a maximum size 30 2. by 100+200 8. coherent 
on {III} planes as expected. 

The structure for r\, the final phase, was found by Auld and 
Cousland (23) to be hexagonal a=5.I6 c=8.5 Nine different 
orientation relationships have been observed (8,23) and two 
morphologies noted: 

(a) (12- 0)TI//{III}AI/ (00-I)TI//{II0}A1 Rods 
(b) (12- o)n//{iii}Ai / (30-2)n//{lIO}Al Rods 
(c) (I2-0)TI//{III}A1, (20* I) ri//{ I2l}Al Rods 
(d) (12- o)n//{iii}Ai, (I0.4)n//{II0}A1 Rods 
(e) (00- i)n//{iii}Ai, (i-oo)n//{no}Ai Plates 

(f) (00- i)n//{iii}Ai, (II.0) ri//{lI0}Al Plates 

(g) (10- 0)ri//{I00}Al, (00-1) T I / / { 0 I I } A 1 Plates 
(h) (12- 0)n//{lI2}Al, (OO.I)n//{3Il}Al Rods 

(i) (12- o)n//{ooi}Ai, (00-I)ri//{H0}Al Plates 

Note that the only n variants of orientation relationship equi-
valent to n' are ri(e) and n(g)/ an interesting point since the 
ageing reaction is generally considered to occur via n'. 

In a quaternary alloy similar in composition to 7010 Peel (15) 
noted after an overageing treatment akin to T76 the presence of 
mostly ri(a) and n(f) variants plus possibly n(e). 

Thackery (20) initially discovered the phase 'X' w h i c h was later 
found by Auld and Cousland (22) to be an intermediate to T, and 
was therefore termed T 1 . They proposed a hexagonal structure 
a=I9.II c=28.04 The.orientation relationship was found 
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to be: 

( O O - D T V / U I D A l , (IO-O)T'// (112) Al 

T' was found to form as either triangular or polygonal shaped 
equiaxed particles. The final phase T, has been found to be 
cubic a=l4.02 ft. It is not proposed to go into any detail here 
however since i t & occurrence is not to be expected in 7010, 
see reference (8) for details. 

S phase (CuMgAl 2) which is found in the alloy 2024 (9 ) and 
may form in Al-Zn-Mg-Cu alloys such as 7010 is orthorhombic 
a=4.0I ft, b=9.25 ft, c=7.I5 ft (25). An orientation relationship 
has been suggested for low temperature transformation: 

(100)S//{100}A1, (010)S//{02I}A1, (001)S//{02I}A1 

(25). G.P.B. zones, the precursor to S, have been found to be 
of spherical morphology which then transform to lath shaped S 
particles (15,25). 

The addition of copper to Al-Zn-Mg ternary alloys also leads to 
copper substitution in the phases found in the ternary system: 
Most phases in the Al-Cu-Mg system are completely miscible with 
those in the Al-Zn-Mg system ( 8 ) . These are CuMgi*Al2 with 
M g 3 Z n 3 A l 2 (T) , CuMgAl with M g Z n 2 ( n ) / and C u 6 M g 2 A l 5 w i t h M g Z n n . 
Copper is also thought to effect the precipitation sequence, 
reducing the activation energy for nucleation of G.P zones and 
raising that for n'. Improvements in resistance to stress 
corrosion cracking S.C.C, have been attributed to this effect 
(31) . 
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2. RESULTS AND DISCUSSION. 

2.1. Grain Structure. 

Observation of the grain structure in the rolling plane using 
the light microscope (Fig.3.3) revealed a structure of large 
grains, 400+800ym in diameter,elongated slightly in the rolling 
direction. Perpendicular to the rolling plane the structure was 
found to be highly elongated, the grains being around 50ym x SOOym, 
both in the rolling direction and perpendicular to it. The 
optically resolvable grain structure could be considered there-
fore to be one of pancake like grains. At low magnification 
in the TEM a much finer substructure was revealed (Fig.3.4). 
This consisted of grains and subgrains, 2+I0ym in diameter 
and approximately equiaxed. Since these regions were separated 
by both high and low angle boundaries this structure should 
perhaps be considered as the true alloy grain structure, with 
packets of these grains making up the optically resolvable super-
structure. It is felt that the optically resolvable structure is 
a remnant of the original as cast microstructure with the smaller 
grains being produced by recovery and recrystallisation during 
heat treatment. 

2. 2 Intermetallic Particles. 
2.2.1. Large Inclusions. Large intermetallic particles, 10+ 
IOOym in size were observed optically, (Fig.3.3) in some cases 
in long stringers along the rolling direction. These particles 
were analysed by wavelength dispersive X-ray methods and the 
results are shown in the form of X-ray maps in Fig.3.5. Part-
icles were found to be rich in magnesium, silicon, copper, iron 
and titanium. Magnesium and silicon were found in combination, 
as were copper and iron. The two most likely intermetallic 
compounds observed were therefore Mg2Si and A l 7 C u F e , 
as observed by Di Russo and Buratti (13) in 7175. No Al-Fe-Si 
or Cu-Mg-Zn intermetallics of the types observed by these authors 
in 7175 and 7050 were found. Also there did not appear to be 
evidence of C u M g A l 2 ( S ) or CuAl 2(0), as suggested in similar alloys 
by Peel (15) and Singh and Fleming (16). Zirconium was found 
to be uniformly distributed throughout the alloy and was not 
segregated into large particles, the possibility of such seg-
regation was postulated by Mondolfo ( 8) due to the formation 
of ZrAljduring casting. 
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Fig. 3.3 Light micrographs showing alloy grain structure. 
Upper surface equals rolling plane. Rolling 
direction arrowed. x80. 

Fig. 3.4 Low magnification TEM bright field. Finer 
structure of grains and subgrains. 
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Fig! 3.5 Wavelength dispersive X-Ray analysis of large 
intermetallic particles in the form of X-Ray 
maps. Single area of polished plate. 

(a) magnesium concentration. 
(b) silicon concentration. 
(c) copper concentration. 
(d) iron concentration. 
(e) titanium concentration. 

4 





- 46 -

2.2.2. Small Intermetallics Present Prior to Ageing. In order 
to observe the intermetallic particles present prior to ageing, 
7010 plate, supplied in aged form, was re-solution treated. 
Thin foil specimens were then observed in the TEM. Spherical 
particles, around 300 & in diameter,were observed in large 
clusters (Fig.3.6). The density of particles was around 2 0 0 / y m 3 , 
clusters being of the order of 2ym across. Analysis of selected 
area diffraction data obtained from within clusters revealed 
ref lections M\ assent with the cubic, coherent, form of ZrAl 3 (14). 
The particles were in fact morphologically similar to those 
observed by Ryum (14). The fine distribution of cubic ZrAl 3 

particles is consistent with the ageing reaction at 450-*-500°C. 
The Zr additions in 7010 would therefore appear to have the 
desired effect of forming small coherent particles to restrict 
grain growth during recrystallisation without forming large 
incoherent particles which would reduce fracture toughness (II). 

Other reflections were also found in the SADP's which could not 
be analysed as ZrAl 3 but were consistent with S phase (CuMgAl 2). 
In fact the diffuse reflections were consistent with those 
observed due to S during the natural ageing of Al-Cu-Mg-Ag alloy 
by Sen and West (26) . The particles observed may have formed by 
this route although TEM studies by Peel (15) and Weatherly (25) 
revealed no such reaction in Al-Zn-Mg-Cu alloys containing less 
than 2.5%Cu. As discussed in I., the formation of S during 
solution treatment at 465°C is probable but in this case small 
coherent particles, as implied by the electron diffraction data, 
would not be expected. A third route involves their formation 
during quenching, although steps were taken to ensure a rapid 
quench. Any reaction at this stage would therefore be of 
necessity extremely rapid. 

The occurrence of S phase cannot therefore be readily explained 
and the possibility exists that the reflections may be due to 
some, crystallographically similar, unidentified phase. Certainly 
in the aged condition, as discussed later, a number of unidenti-
fiable reflections were found in SADP's. 

2.2.3.Precipitate Distribution in the T76 Heat Treated Condition. 
The precipitate distribution within the alloy in the as supplied, 
T76, heat treated condition was investigated using the TEM. 
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Fig. 3.6 Typical clusters of small intermetallics 
found in re-solution treated material. 

(a) TEM bright field. 
(b) SADP from left hand grain zone axis 

=<00I>. 
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Bright field micrographs together with corresponding SADP's 
are shown in Fig.3.7. Matrix particles were found to be disc 
or rod shaped. With the foil in <III> zone axis orientation 
many particles appeared approximately circular, 100+400 & in 
diameter, while others were elongated in the <II0> directions. 
Particles were found to be 30+100 & in thickness. Grain boundary 
precipitates were considerably larger ranging in length from 
500+1500 Precipitate free zones were found to range in width 
from 500 £ for a sub-boundary to 1500 X for a high angle grain 
boundary. 

The precipitate types were identified by rigorous analysis 
of <00I> and <III> zone axis SADP's. Model diffraction patterns 
were constructed as shown in Fig.3.8. By comparison to the 
SADP's shown in Fig.3.7 n' in variant (a) was identified together 
with n in variants (e) and (f). A few much weaker reflections 
were attributed to n(a). Reflections corresponding to ZrAl3 
were also obtained. A number of other reflections w e r e however 
observed which could not be readily identified and must therefore 
correspond to other particle types or variants. 

With reference to the studies of Gjonnes and Simensen (2 3) the 
strong n reflections would be expected in this somewhat overaged 
condition. The observations of n variants (a), (e) and (f) 
are consistent with those of Peel (15) in a high purity Al-Zn-
Mg-Cu quaternary alloy of similar composition and heat treatment, 
to 7010 T76. The n particle morphologies also appear to corres-
pond to the observations of Gjonnes and Simensen. They found 
that n(e) and ri(f) particles were disc shaped, lying on {III} 
planes, while n(a) particles were found to be rod shaped. The 
observation of equiaxed disc shaped particles and a smaller 
number of rod shaped particles with the foil in a <III> zone 
axis orientation (Fig.3.7(a)) is consistent with this analysis. 

2.3. The Alloy 2024 T3. 
The micrcstructure of this alloy is well documented (9) and 
a detailed study was not therefore carried out. A TEM study 
(Fig.3.9) revealed a structure on a fine scale of intermediate 
sized, ^0.5ym, intermetallic particles, irregular in shape, 
in a m a t r i x of moderately high dislocation density, presumably 
due to 'Stretching' processes carried out on the alloy plate. 
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Fig. 3.7 Precipitate distribution in 7010 T76. TEM bright 
fields with corresponding SADP's. 

(a) Area showing grain boundary with SADP 
from right hand grain zone axis =<00I>. 

(b) Area in <III> zone axis orientation 
with SADP. 
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Fig. 3.9 TEM bright field + SADP, <00I> zone axis. 
Alloy 2024 T3, typical area. 
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The T3 heat treatment involves natural ageing at room temperature 
and hence a very fine precipitate distribution would be expected. 
This was in fact found, the SADP showing diffuse reflections and 
streaks which were analysed as S phase. Heterogeneous precipita-
tion upon dislocations was apparent. It is interesting to note 
the similarity between the electron diffraction data obtained 
here and from solution treated and naturally aged 7010. 

No attempt was made to identify the medium sized (0.1+0.5ym) 
intermetallics which were found to be incoherent. It is very 
likely that they are a complex intermetallic of Al-Fe-Mn-Cu-Mg-
Si. Possibly C u 2 F e A l 7 , Cu 2Mn 3Al 2o / (Fe,Mn)3 SiAl 12 or M g 2 S i ( 9 ) « 

2.4. Texture Determination. 
The X-ray pole, figures obtained for 2.5 cm 7010 plate both 
in the rolling plane and perpendicular to it parallel to the 
rolling direction are reproduced in Fig.3.10. The plane invest-
igated perpendicular to the rolling plane was in fact the over-
all plane of fatigue fracture in all centre notched test pieces. 
Both <III> and <220> pole figures were obtained . 

The plate was found to be heavily textured with {III} planes 
lying in the plane perpendicular to the rolling plane and {110} 
planes in the rolling plane itself. Considering the plate to 
be a single crystal it is possible to construct an orientation 
diagram, (Fig.3.II). The rolling direction appears to be perp-
pendicular to both (iio) and (ill) directions. A likely texture 
is therefore a (IIO) (ll2). This has been found to b e a texture 
exhibited by hot rolled materials ( 9 ) and hence it would appear 
that heat treatments after hot rolling have little effect on 
texture,recrystallisation being inhibited by intermetallic 
particles. 

The texture in the 7.5cm plate from which the C.T. design test 
pieces were manufactured, was not determined. It is expected 
however that since such plate does not undergo such severe 
rolling operations during manufacture a less marked texture 
w o u l d be found. 
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Fig . 3-10 (cont) 
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Fig. 3-10 (cont) 
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Fig3-10(cont) 
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I.FATIGUE CRACK INITIATION FROM BORED HOLES-;LITERATURE REVIEW. 

1.1. Introduction. 
The common hole boring processes, drilling, reaming and deburring 
are all likely to have an effect on both the surface finish 
and extent of microstructural damage in the finished product. 
These processes may all have an influence, therefore, on 
fatigue crack initiation at the hole. In this section a review 
is made of the available literature concerning the metallurgical 
effects of machining and their relationship to crack initiation. 
A brief appraisal is also made of the commonly observed modes 
of initiation in high strength commercial aluminium alloys. 

1.2. The Metallurgical Effects of Hole Boring. 
Very little information exists to describe the effects of hole 
boring processes on surface finish and underlying microstructure 
but a number of workers have studied machining (most commonly 
turning) and grinding, and their results provide some useful 
information which may be applicable to boring processes. There 
are two areas of interest here, the microstructural damage 
produced and also the resulting residual stress distribution. 

1.2.1. Subsurface Deformation Produced by Machining. Forsyth 
(32) was one of the few workers to study the microstructural 
modifications produced by drilling. He used light microscopy 
and microhardness testing to investigate the deformation 
produced adjacent to drilled holes in the commercial aluminium 
alloy RR58. The microhardness results demonstrated that a 
marked hardening of the surface layer occurred during drilling 
to a depth of around 40ym (Fig. 4.1). The microstructural 
studies showed that large intermetallic particles, present 
in a high volume fraction in this alloy, were concentrated 
in the surface layer and that a fine (^2ym diameter) subgrain 
structure w a s produced. Heat treatment after drilling was 
found to remove the hardness profile but had no effect on 
the particle distibution. Forsyth concluded therefore that 
the subgrain structure, w h i c h was modified by heat treatment, 
gave rise to the initially hard surface layer. He applied 
a Hall-Petch type of equation, as suggested by Abson and 
Jonas (33) for a subgrain structure to explain the great 
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increase in hardness from a bulk value of around 150 V.P.N, to 
a surface value of 300 V.P.N. His conclusion was that the sub-
grain size was consistent with a hardness increase of this order. 

The production of this severely deformed layer is predicted if 
reference is made to one of the treatises on the strain rate in-
volved in machining processes. No such information exists for 
drilling but several workers have studied turning, for example 
Oxley and Hastings (34). They developed a theoretical model for 
strain rate and were able to relate this to some experimental 
results (Fig. 4.2 ). During machining at cutting speeds of 
around 100 m i n " 1 , strain rates of the order of IO^sec" 1 were 
produced in the surface layer of the work piece. Their results 
referred to a O.I3%C steel but it is likely that the results 
would be appropriate to a high strength aluminium alloy, at 
least to an order of magnitude. Oxley and Hastings noted that 
strain rate depended on cut angle (a in Fig. 4.2 ) and depth of 
cut. 

Little information exists to suggest the surface temperatures 
which might be achieved during machining, most work of this 
nature has been concerned with tool wear and hence tool temp-
eratures only have been measured. Work piece temperatures 
might be expected to be slightly lower, depending on conduc-
tivity and thermal mass. However the surface temperatures would 
not be expected to differ greatly. Wright and Trent (35), for 
example, measured tool temperatures as high as 850°C during 
cutting of low carbon iron at 183 *t\ min~ 1 cutting speeds. 

The strain rates acheived during metal cutting are, according 
to available information, generally much higher than those 
found during hot torsion or extrusion tests,for example ( 36) . 
Hence it would be very difficult to predict the deformation 
processes occurring during machining and the resultant micro-
structure. For example, dynamic recrystallisation has not 
normally been considered possible during the hot deformation 
of aluminium alloys: Since the rate of recovery is high, 
aluminium alloys having a high stacking fault energy, it has 
generally been considered that the dislocation density acheived is 
insufficient for dynamic recrystallisation during deformation 
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(36). However under the severe conditions of machining such 
processes would be impossible to eliminate from consideration 
alongside recovery and static recrystallisation. The evidence 
of Wright and Trent (35) would also suggest that temperatures 
as high as the melting point may even be possible, giving rise 
to local melting in the surface layer. 

1.2.2. Residual Stresses. Residual stress considerations 
are of importance in any process involving surface deformation 
and have a particular significance in terms of fatigue crack 
initiation as discussed later. 

Surface residual stresses produced by machining have generally 
been considered to be compressive due to the tensile nature of 
the plastic deformation occurring during machining, (Fig.4.3.).. 
In a recent study however, Dolle and Cohen (37) were of the 
opinion that this was only the case in well lubricated machining 
processes with a low cutting speed and that the general sit-
uation was more complex. Tsuchida et al (38) investigated 
in detail the residual stresses attained during machining 
under various conditions of cutting speed, depth of cut, feed 
rate and lubrication. An X-ray technique was used to measure 
residual stress. They surmised that the stresses at the test 
piece surface during machining could be divided into three 
parts, (Fig. 4.4): (a) tensile behind the cutting edge, (b) 
compressive ahead of the tool and (c) tensile due to friction 
between tool and work piece. The frictional force was also 
considered to give rise to considerable surface heating, leading 
to a substantial thermal gradient and compressive plastic 
deformation in the surface caused by stresses due to differ-
ential expansion. All these separate components were believed 
to contribute to the final residual stress distr ibution. 
Their investigations centred around a 0.45%C steel, (UTS^ 
700 Mllm-2 ) machined by turning, and some typical results are 
reproduced in Fig. 4. 5. The diagrams clearly only show part 
of the total residual stress distribution since in order 
to obtain a total balance a region of opposite sign residual 
stress must exist further into the bulk. (a) and (b) show 
the effect of cutting speed and clearly a reduction in 
speed was found to have a great effect, particularly on the 
hoop stress which could be transformed from tensile to com-
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pressive at the surface. Tsuchida et al used the explanation 
that at low cutting speeds the mechanical cutting action, 
giving a tensile component of surface plastic deformation 
in the circumferential axis,overcame the heating effect, 
leading to compressive residual stress. At higher cutting 
speeds the attainment of higher surface temperatures was 
thought to promote compressive deformation due to expansion, 
giving a tensile residual. Cutting lubricant was found to 
have a similar significance to speed: The explanation was 
that by reducing friction }lubricant inhibited thermal expansion 
and compressive plastic deformation, compressive residuals 
were therefore obtained at all but the highest cutting speeds. 
Increasing feed rate and depth of cut were also found to be 
similar in effect to increased cutting speed, leading to 
a greater likelihood of tensile surface residual stresses. 

The general considerations involved above can be applied to 
drilling or reaming operations but unfortunately no quanti-
tative information exists to describe the actual stress 
distribution built up during boring. The only quantitative 
information available to describe residual stress distribu-
tions around holes in commercial aluminium alloy components 
refers to 1 coining'operations, in which an oversize mandril 
is inserted, deforming the surface layer in tension in the 
hoop direction. R i c h and Impellizzeri (39) developed a 
theoretical expression for the stress distribution in this 
situation, which is reproduced graphically in Fig. 4.6. 
They calculated that by inserting a 0.22 m m oversize mandril into 
a 6.35 m m hole, a surface residual hoop stress of -558 M N m - 2 

would b e produced in the case of 7075 T6, yield stress -483 M N m " 2 . 
It is possible that after drilling similar stresses could be 
developed, but in the case of coining no heating is involved 
and hence recovery and recrystallisation are inhibited, the 
stresses calculated here are probably therefore an overestimate 
of the situation at the surface of a bored hole. 

1.3. Fatigue Crack Initiation from Bored Holes. 
It is now proposed to discuss fatigue crack initiation processes 
with reference to the microstructural and residual stress 
factors detailed above. It is useful however to first make a 
brief appraisal of the commonly observed modes of fatigue 
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crack initiation in high strength commercial aluminium alloys. 

I.3.1. Crack Initiation in High Strength Aluminium Alloys. 
The early stages of failure by fatigue can involve three phases; 
cyclic slip, crack nucleation and microcrack growth. These 
processes need not all be apparent but together can consume the 
greater proportion of the fatigue life of a component. Schijve 
(40) found, for example, that in unnotched pure aluminium 
samples the major proportion of fatigue life was taken up by 
the development of cracks less than 0.1 m m in length. 

The subject of cyclic slip and pre-crack plastic deformation 
has attracted a great deal of attention and a recent review of 
the voluminous literature has been provided by Mughrabi (41) . 
The importance of cyclic slip in the case of high strength 
aluminium alloys was proven by Forsyth and Stubbington (42,43) 
who demonstrated that dislocation motion during cycling 
could lead to the formation of extrusions and intrusions on 
the specimen surface which subsequently acted as sites for 
crack nucleation. This process w a s then followed by stage I 
fatigue crack growth on planes of high shear stress. 

While extrusions/intrusions have been found to be of importance 
in crack nucleation in high purity ternary alloys, such as those 
studied by Forsyth and Stubbington, crack nucleation in comm-
ercial alloys has often been found to be associated with large 
inclusions, normally intermetallic particles, (see Part 3 for 
details) situated close to the specimen surface. Grosskreutz 
and Shaw (44), for example, studied initiation in 2024 T3 
and found that cracks nucleated exclusively at inclusions. 
Larger particles, greater than Iym in diameter, were found to 
be most damaging, particularly if these particles were grouped 
in clusters. The actual crack nuclei were thought to form 
by debonding of the particles from the matrix, the particles 
being incoherent. No cracked particles were observed. 

Various researchers have found that these intermetallics may 
become cracked during prior mechanical treatment (45,46). 
Forsyth and Smale (45) were infact able to show that strains 
as low as 4 to 5% were sufficient. Bowles and Schijve (46) 
believed that this process led to the formation of the inclu-
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sion clusters . observed by Grosskreutz and Shaw and also gave 
rise to voids adjacent to particles, which were found to be 
particularly effective as sites for crack nucleation. Cracking 
of inclusions during cycling has been observed in some cases, 
for example by Morris(47) in the alloy 2219 T85I. In this 
alloy some particles were found to be laminated, laminations 
running along the rolling direction. This led to inhomogeneity 
in fatigue properties since delamination of particles was 
found to occur readily. 

More recent work has shed further light on the actual process 
of crack nucleation. Debonding and cracking of particles appear 
to be the prevalent processes, but as demonstrated by Kung 
and Fine (48) the formation of a crack nucleus must involve 
plastic deformation in the vicinity of the particle. To slightly 
qualify this statement, the debonding or cracking step must 
presumably be unnecessary in the case of prior particle damage 
due to mechanical treatments. Kung and Fine found that in 
202 4 T3, at low cyclic strains,crack nucleation occurred on 
many occasions at the point of intersection of a cyclic slip 
band and a particle. At high cyclic strains, a situation in 
which surface extrusion/intrusions formation was marked, crack 
initiation switched from particles to surface irregularities. 

The inclusion crack initiation process has been quantified by 
Chang et al (49) who developed a model for initiation based 
around the earlier observations of particle cracking by Morris 
(47). Their theory was based upon the concentration of stress 
at the inclusion/matrix interface due to dislocation pile-up. 
Fracture of the brittle particle w a s considered to occur when 
a critical elastic strain energy was achie ved within the part-
icle due to the pile-up. The second stage of initiation was 
then considered to be the extension of the crack into the 
matrix. The expression developed for the number of cycles at 
which cracking extended into the matrix (N) was of the form: 

N = C I + C 2 

D ^ ( T E F F - T 0 ) 2 D W ^ ( X E F F - T 0 ) 2 

Where: Ci, C 2 and T 0 are material parameters 
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W = particle width 
D = maximum slip distance - related to grain size, see Fig. 4.7 
m is a constant related to the mode of particle fracture and 
ranges from m=I for simultaneous fracture of the whole particle 
to m=3 for initial fracture at a localised site. 
t e f f = the effective shear stress on a particle taking such 
factors as misfit into account. 

The theory was tested by Morris and James (50) in the alloy 
2219 T85I. Probability functions were produced for initiation 
versus D/W and are reproduced in Fig.4.8. together with ex-
perimental data for comparison. 

A certain ratio of particle size to grain size was found to 
give the highest probability of initiation depending on stress 
level. Their predictions showed the general trend that at 
lower stress levels, with correspondingly longer life, crack 
initiation would be expected to occur at smaller particles 
within smaller grains. This is presumably related to the 
amount of dislocation activity at lower stresses and hence the 
size of dislocation pile-ups, Morris and James did not discuss 
the effect in any detail however. 

1.3.2. The Effect of Surface Deformation on Crack Initiation. 
As discussed earlier, surface deformation, such as that occurring 
during hole boring, can lead to the formation of a deformation 
substructure in the surface layer with considerable hardening. 
Also produced are residual stress distributions which may be 
either compressive or tensile in the hoop direction at the 
surface, depending on boring conditions. Also different 
boring processes may lead to differences in surface roughness 
which may also be of some significance. A n u m b e r of workers 
have studied these effects, mostly in combination, and for a 
variety of different materials. 

Benson (5.1) conducted a literature review and concluded that dis-
location tangles in the surface layer would inhibit slip pro-
cesses preventing crack nucleation. Residual compressive 
stresses, in this case produced by shot peening were thought 
to be of great importance, particularly in the high cycle 
regime NF>IOlt w h e r e cyclic plasticity was insufficient to 
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cause stress relaxation. Speakman (52) supported this view 
and found that coining,a similar process to that used in 
reference(39) had a pronounced effect on the fatigue performance 
aluminium alloy specimens containing open holes. He suggested 
that the improvement in life could be: simply predicted by an 
adjustment of the stress level on the S/N curve to take into 
account the residual stress (Fig.4.9.). 

Leverant et al (53) made a study of the effect of machining 
and shot peening on crack initiation in Ti 6%A1 4%V, part-
icularly from the viewpoint of residual stresses and surface 
topography. As machined specimens were found to have superior 
fatigue performance to those electropolished and stress re-
lieved. The improvement was thought to be associated with 
microcrack growth retardation rather than crack nucleation as 
machined marks were found to act as crack nuclei. The effect 
of residual stresses on crack growth retardation has been 
clearly proven by Underwood et al (54) who found that not only 
were crack growth rates reduced in a surface compressive 
residual stress field but also as crack growth proceeded into 
underlying tensile regions. A simple superposition of stresses 
approach, similar to that suggested by Speakman, could be used 
to explain the effect of surface compressive stresses but the 
rather surprising effect in the tensile region was predicted 
by a consideration of residual stress redistribution ahead of 
the crack: The basis of their calculations of redistribution 
of stresses was that at minimum load the distrihn-M on was un-
changed, since the crack could have no effect on compressive 
residual stress, (Fig.4.10)• At maximum load however the 
residual stress was considered to redistribute as js.hown in 
Fig.4.I0(a )/ leading to the maintenance of compressive residual 
stresses ahead of the crack. 

The relative importance of residual stresses and deformation 
structure was investigated by Leverant et al (53) by testing 
"heavily cold worked specimens. Little effect of cold work 
was found on fatigue properties, an observation which is in 
general agreement with other workers. In fact Laird (55) 
reviewed the subject and concluded that since the strains 
involved in PSB formation and crack propagation are very high 
(^100%) they are unlikely to be affected by prior deformation. 
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The residual stress distribution was not observed by Leverant 
et al to 'shake down 1 and be removed during cycling, provided 
that the yield stress was not exceeded at the surface during 
testing. For example, in tests involving large compressive 
stresses, some stress relieving was observed since the additive 
residual and applied stresses exceeded the yield stress in the 
surface region. In contrast cycling in tension to similar 
peak loads had little effect. 

Under all conditions, Leverant et al found that crack initiation 
occurred at the specimen surface and hence, by testing stress 
relieved specimens they were able to investigate the effect of 
surface finish on initiation. Polished specimens were found 
to be inferior in terms of fatigue life to those as machined. 
It was found however, that the root radius of surface markings 
on polished specimens was much smaller than those as machined, 
2-*-5ym as opposed to 50->-200ym. The effect of notch root radius 
on initiation was demonstrated by Pearson (56) who found that 
while notch depth had an effect the dominating factor was root 
radius, (Fig.4.11), supportive evidence for the results detailed 
above. 

Forsyth (32) and Forsyth and Bowen (57) have obtained further 
information about crack initiation at machined or anodised 
surfaces in aluminium alloys: Forsyth found that crack initiation 
at drilled holes in RR58 could be inhibited at the hole surface 
due to a combination of surface deformation and residual stresses. 
Initiation was found to occur at a depth of - 5 0 ym; this was 
related to a deformed layer depth of = 40 vim. Clearly surface 
finish would be unimportant in this situation. In the case of 
surface initiation Forsyth and Bowen concluded that the nature 
of surface markings was of importance: The most dangerous fatigue 
situations were felt to exist where surface defects were closely 
aligned to geometric stress concentrations. For example, 
Forsyth and Bowen found that surface anodizing pits formed 
effective initiation sites, but anodic film ruptures, aligned 
perpendicular to the stress axis, were more effective since 
they allowed the crack to initiate in long planar form. 

1.4. Microcrack Growth. 
As mentioned earlier^ development of. cracks up to O . I m m in length 
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can consume most of the fatigue life of a component and it is 
therefore important to be able to describe crack growth in this 
regime. Many studies of fatigue crack growth have related 
growth rate to the crack tip stress intensity factor, but 
unfortunately this approach has been found to be invalid in 
the prediction of crack growth rates in the short crack (^O.Imm) 
regime. For this reason microcrack growth is often considered 
to be a part of the initiation process and crack growth to 
commence at lengths sufficient for linear elastic fracture 
mechanics to apply. 

In order to predict the life of a component containing flaws, 
for example machining defects or inclusions, a n u m b e r of 
workers have taken a different approach and have considered 
the flaws to behave as cracks whose growth can be predicted 
by fracture mechanics considerations and have therefore elim-
inated the initiation sequence. For example, Haslam (58) and 
Talug and Reifsnider (59) have based their analysis on the use 
of the equation 

AK,, =Aa, . /ira th lim e 

Where: 
AK = the threshold stress intensity for growth of long cracks 

= the fatigue limit 
a^ = the existing flaw size 

The use of the equation is based on the premise that below 
the fatigue limit the stress intensity at the tip of a flaw, 
considering it as a crack, is below the threshold and there-
fore the flaw cannot grow and failure cannot occur. 

As noted by Pearson (60) however, very short flaws must grow 
at stress intensities below A K ^ o r crack growth would not 
occur at applied stresses below the general yield. Both Pearson 
and Talug and Reifsnider investigated the growth of short 
cracks and found, as expected, that crack growth rates were 
higher than those predicted by extrapolation of long crack 
data (Fig.4.12). Talug and Reifsnider carried out a fracture 
mechanics analysis of short surface cracks and found that the 
proximity of the crack tip to the free specimen surface gave 
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rise to an increase in stress intensity, thereby partially 
explaining the observed effect. This evidence demonstrated 
that while the prexisting flaw size analysis may have some 
validity, the flaw size predicted is likely to be somewhat 
larger than observed. The analysis also implies a well 
defined threshold stress intensity, the existence of which 
in aluminium alloys is not well established. Kirby and 
Beevers ( 6 1 f o r example, found that crack growth in the 
threshold regime was highly dependent upon environment and 
loading conditions and was difficult to specify accurately. 

1.5. Fracture Mechanics Considerations. 
In order to quantitatively investigate fatigue crack growth 
from the hole bore it is necessary to relate crack growth rate 
to a factor which describes the stress field at the crack tip. 
Generally the principles used in order to do this have been 
those of linear elastic fracture mechanics or L.E.F.M: The 
elastic stress field ahead of an infinitely sharp crack in a 
semi-infinite solid is destcibed by: 

ai=a/a/2r (Fig.4.13) 

Where: 
Gi = stress perpendicular to crack 
a = remotely applied stress 
a = half crack length 
r = distance ahead of crack in the plane of the crack 

This can be expressed as: 

0 1= Kp 
/2irr 

Where: 
K 0 = cr/rra 

K 0 is known as the crack tip stress intensity factor and can 
completely specify the amplitude (not distribution) of the 
stress field in the vicinity of the crack tip, since it is 
independent of r and depends only on crack length, a, and 
remotely applied stress a. 
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The equation given above for Ko can only describe the situation 
for a crack in a semi-infinite solid. In the case of a crack 
initiated at the bore of a circular hole the value of Ko is 
affected by the presence of the elastic stress concentration 
factor , equal to 3 in the case of a circular hole in a 
semi-infinite plate. (For finite width plate stress concentra-
tion factors see Fig.4.14). In such a situation the crack tip 
stress intensity, K, is often quoted as: 

Ki=Ki cr/na' 
K 0 

Where: 
Ki/Ko = stress intensity correction factor or normalised stress 
intensity factor. 
a' in this case equals half the crack length, including hole 
diameter. 

In the simple case of a crack initiated at a free surface: 

K i = I. I2a/irc 

Where: 
c = total crack length 

Similarly for very short cracks close to the hole bore the stress 
intensity factor approximates to: 

K i = I.I2Kt/ifc 

Where: 
K^ = elastic stress concentration factor 

However, with increasing crack length, the influence of 
diminishes and hence the correction factor Ki/K 0 is not constant. 
Solutions for Ki/Ko in such situations have been calculated for 
example by Rooke and Cartwright (62) (Fig.4.15). 

The solutions above apply for two dimensional or through crack 
situations as shown in Fig. 4.16(^);an unusual situation in the 
early stages of fatigue crack growth since cracks generally 
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initiate at a point and are either semi or quarter elliptical 
in shape in the early stages. The situation is now greatly 
complicated since cracks of equivalent length have different crack 

tip stress intensities from those calculated from two dimensional 
solutions, and stress intensity also varies along the crack front. 
In this case various possible routes can be followed to calculate 
K-i. The simplest involves the correction of through crack 
solutions using a crack front shape factor <f>: (63) 

K i =K i a/rra 

K0<J> 

Values of <J) are available in the literature for various crack 
shapes. More sophisticated analyses have also been carried 
out for semi and quarter elliptical cracks at circular holes w h i c h 
give estimates of the variation in Ki along the crack front. 
Shah (64) for example, employed a standard mathematical route, 
while Raju and Newman (65) made use of finite element analysis. 
The results obtained by Shah are summarised in Fig.4.17 and 
demonstrate that stress intensity is a maximum along the hole 
bore and hence crack growth would be expected to be most rapid 
in this direction. 

Rather than carry out a detailed discussion here of the tech-
niques used to calculate Ki in various situations it is proposed 
to calculate stress intensity/crack length calibrations for 
the various likely crack configurations in the actual specimen 
types used. The results of these calculations are shown in 
Appendix I. 
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2. EXPERIMENTAL RESULTS. 

2.1. Hole Surface Topography and Subsurface Deformation 
Structure. 
Surface roughness data obtained by British Aerospace showed 
that the drilled hole bores were generally somewhat rougher 
and varied more in quality than those having undergone the 
reaming process: The actual roughness data obtained (in ym 
about a centre line) was, average=37.4ym standard deviation= 
I7.4ym, for the drilled holes. For the reamed holes, average= 
I3.7ym standard devia.tion=8. 3ym. Under SEM examination both 
types of hole bores showed parallel score marks,running in 
the direction of drill rotation, of similar magnitude (Fig. 
4.18). The drilled holes, (a), also showed areas of more 
severe damage, w i t h markings leading approximately perpendi-
cular to the direction of drill rotation. These appeared 
to be a result of smearing and folding processes. 

Evidence was also obtained of intermetallic particle damage 
in the surface layer in both types of hole but more commonly 
in the drilled case (Fig.4.19). Intermetallic particles w e r e 
observed in both surface layer thin foils (a) and in the 
surface itself (b). The particle observed in TEM would 
appear to have cracked during hole production rather than 
during electropolishing since electropolishecl/ undeformed speci-
mens did not show such cracking and the cracks extend into 
the aluminium matrix. The highly defective area visible in 
SEM (b) was found to be copper rich and is likely to be also 
a damaged intermetallic. 

Microhardness testing, the results of which are plotted in 
F i g o 4 . 2 0 , revealed a considerably hardened layer adjacent 
to the drilled hole bores with a peak V.P.N, of around 400. 
This compares with a bulk hardness of approximately 200. 
Despite the great scatter in experimental results>a clearly 
defined zone of increased hardness, diminishing to the bulk 
value at a depth of approximately 50ym below the surface,was 
observed. No such layer was found in the case of reamed 
holes; some slight increase in hardness was noted within 
IOym of the hole bore but the increase was smaller than the 
scatter of experimental results and cannot therefore be re-
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Fig. 4.18. SEM observations of hole topography. 
(a) drilled hole. 
(b) reamed hole. 
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Fig. 4.19. Damaged intermetallic particles lying in 
the hole surface layer. 

(a) TEM bright field, hole surface foil, 
drilled hole. 

(b) SEM micrograph of drilled hole surface. 
Elemental line scan shows copper concen-
tration as measured by energy dispersive 
X-ray analysis. 
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garded as conclusive. 

The microhardness data wet^ supported by metallographic observ-
ations in the light microscope of polished and etched specimens 
prepared perpendicular to the hole bore : A deformed zone was 
observed adjacent to drilled hole bores (Fig. 4.21). This 
zone was not observed at all points around the hole but was of 
maximum of 50 and IOOym. No such layer could be resolved 
next to holes produced by drilling and reaming operations. 

The microstructure in the layer directly adjacent to the hole 
bores in the two cases was investigated by observation in the 
TEM of back polished thin foil specimens (Fig. 4.22). Clearly 
the material in this layer has undergone a radical transform-
ation when compared to the initial alloy microstructure (Fig. 
3.7 ), particularly in the drilled case, (a). Complete re-
crystallisation appeared to have taken place to a grain dia-
meter of around O.Iym. The original precipitate distribution 
was also found to be radically altered although some reflections 
in the SADP could be identified as corresponding to r\ phase 
(MgZn 2). The actual particle distribution was not however 
determined. A clearly deformed structure was also observed in 
the reamed case, (b) although, as demonstrated by the arced SADP 
(produced with the same sized diffraction aperture as (a)), 
the structure consisted basically of recovered subgrains of low 
misorientation rather than randomly oriented grains as in the 
previous case. The precipitate distribution also appeared 
relatively undisturbed . 

The microstructure adjacent to holes produced without lubricant 
was similarly investigated using TEM techniques: Here a more 
regular structure was produced (Fig. 4.2 3) again of ultrafine 
grains. Diffraction maxima were readily identified as corr-
esponding to aluminium and rv phase (Fig. 4.24). The r\ phase 
distribution was investigated using the micro-beam electron 
diffraction facility using a 20 & spot size (Fig. 4.25). 
Using a scanning beam (a) a diffraction pattern similar to 
the SADP was produced and micro-beam diffraction patterns 
from points (b) and (c) could be indentified as a < I I 2 > ^ 
zone axis and a <I2I3>^ zone axis respectively. Using this 
technique n phase was found to be distributed in the form of 
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Fig. 4.21. Optical micrograph of cross section through 
hole surface revealing deformed layer. 

Fig. 4.22. TEM bright fields with corresponding SADP's: 
Hole surface microstructure. 

(a) drilled hole. 
(b) reamed hole. 

(Holes bored to A.G.A.R.D. specification.) 
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Fig. 4.2 3. Hole surface microstructure produced by drilling 
without lubricant: TEM bright field with corres-
ponding SADP. 
(For SADP analysis see Fig. 4.24 on p.99.) 

Fig. 4.25. Microbeam electron diffraction analysis of 
second phase particles. 

(a) scanning beam pattern over entire area. 
(b) micro-beam pattern from-'.aluminium matrix 

(point (b)) =<II2>Al zone axis. 
(c) micro-beam pattern from particle (point 

(c) ) =<I2I3>ri zone axis. 
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comparatively large particles, principally at grain boundaries, 
a completely different distribution from that in the undeformed 
microstructure. 

The specimens produced by methods which did not involve the 
deburring operation were found to have highly damaged burrs 
at the hole corner (i.e. the intersection of the hole with the 
specimen surface) (Fig. 4.26). The burrs were often found to 
be cracked at many points around the circumference but, in 
many cases, were almost continuous such that they formed an 
integral part of the test piece. These burrs were completely 
removed by the deburring operation to be replaced by a rounded 
corner, radius =*200um, w i t h a high quality surface akin to that 
of the reamed hole bores. 

2.2 Fatigue Test Results. 
The results of the fatigue testing programme are summarised 
in Tables 4.1 to 4.V. Here, the number of cycles to failure 
is tabulated for each test, together with the peak applied 
stress, (Test piece codes used are as in Table 2.II). These 
results are then plotted in the form of S/N curves (i.e. peak 
applied stress versus log number of cycles to failure) (Figs. 
4.2 7 to 4.30). The data obtained for the various hole prepar-
ations is then plotted in a series of comparative curves in 
order to allow direct assessment of the effect of hole pre-
paration on fatigue life (Figs. 4.31 to 4.35). The S/N curves 
for the two A.G.A.R.D. hole qualities are shown in Fig. 4.31 
and clearly a great improvement in fatigue life was found 
to exist in the high quality case. The improvement was observed 
over the whole range of peak stress with a shift in fatigue 
limit ( peak stress for infinite life) from approximately 125 
to 170 MPa, measured to the middle of each scatter band. 
Since both the reaming and deburring operations were involved 
in the production of the high quality holes (type RD) no 
conclusions could be made from these results about the relative 
importance of the two processes. 

The effect of deburring was, however, demonstrated by the 
comparison of specimen type RD (A.G.A.R.D. high quality) with 
R and type DD with D (A.G.A.R.D. low quality) respectively 
(Figs 4.32 and 4.3 3). The deburring process was found to 
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Fig. 4.26. SEM observations of hole corner topography-
demonstrating the effect of deburring. 

(a) deburred hole. 
(b) non-deburred corner. 
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Table 4.1 Specimen Type D - A.G.A.R.D. Low Quality-
Testing Details. 

1 
Specimen 
Number 

Peak 
Stress 
MP a 

Number of 
Cycles to 
Failure 

Site of 
Crack 
Initiation 

A I 130 Ran on 
A 3 175 138 X IO3 Corner 
A 5 130 478 X IO3 Corner 
A 7 175 70 X 103 Corner 
A 9 130 Ran on 
A II 175 92 X IO3 Corner 
A 13 150 103 X IO3 Corner 
A 15 175 90 X IO3 Corner 
A 17 150 100 X IO3 Corner 
A 19 175 187 X IO3 Corner 
A 21 150 229 X IO3 Corner 
A 23 175 113 X IO3 Corner 
A 25 150 215 X 103 Corner 
A 27 175 84 X 103 Corner 
A 29 150 478 X 103 Corner 

All stresses shown are net mean section at hole. 
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Table 4.II Specimen Type RD - A.G.A.R.D. High Quality 
Testing Details. 

Specimen Peak Number of Site of 
Number Stress Cycles to Crack 

MPa Failure Initiation 

A 2 150 4.67 x IO6 Bore 
A 4 175 849 x 103 Bore 
A 6 150 Ran on 
A 8 175 Ran on 
A 10 200 251 x IO3 Bore 
A 12 175 16.3 x IO6 Bore 
A 14 200 575 x 103 Corner 
A 16 175 Ran on 
A 18 200 6.31 x IO6 Corner 
A 20 175 Ran on 
A 22 200 2.09 x I06 Corner 
A 24 175 Ran on 
A 26 200 3.98 x I0G Bore 
A 28 175 2.89 x IO6 Bore 
A 30 200 954 x 103 Corner 
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Table 4.Ill The Influence of Deburring on Life of Reamed 
Specimens, Testing Details. 

Specimen Specimen Peak Number of Site of 
Type Number Stress Cycles to Crack 

MPa Failure Initiation 

R B I 175 100 x 103 Corner 
R B 2 175 135 x I03 Corner 
RD B 3 175 93 x IO3 Corner 
R B 4 175 33 x IO3 Corner 
RD B 5 175 6.5 x IO6 Bore 
R B 6 175 229 x IO3 Corner 
RD B 7 175 Ran on 
R B 8 175 95 x IO3 Corner 
RD B 9 175 Ran on — . — 

R B 10 175 175 x IO3 Corner 

Table 4.IV Specimen Type R - Testing Details. 

Specimen Peak Number of Site of 
Number Stress Cycles to Crack 

MPa Failure Initiation 

B II 150 Ran on 
B 12 150 553 x IO3 Corner 
B 13 150 Ran on 
B 14 150 208 x IO3 Corner 
B 15 150 Ran on 
B 16 200 56 x I03 Corner 
B 17 200 64 x IO3 Corner 
B 18 200 39 x IO3 Corner 
B 19 200 105 x 103 Corner 
B 20 200 65 x IO3 Corner 
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Table 4.V Specimen Type DD - Testing Details. 

Specimen Peak Number of Site of 
Number Stress Cycles to Crack 

MPa Failure Initiation 

C I 175 Ran on 
C 2 200 526 x IO3 Bore 
C 3 200 684 x IO3 Bore 
C 4 175 Ran on 
C 5 200 345 x IO3 Bore 
C 6 200 2.16 x IO6 Bore 
C 7 200 103 x IO3 Bore 
C 8 175 155 x IO3 Bore 
C 9 200 2.27 x IO6 Bore 
C 10 175 Ran on 
C II 190 636 x IO3 Bore 
C 12 190 300 x IO3 Bore 
C 13 190 133 x IO3 Bore 
C 14 190 3.54 x IO6 Bore 
C 15 190 Ran on 
C 16 190 I.II x IO6 Bore 
C 17 225 94 x IO3 Corner 
C 18 225 98 x IO3 Bore 
C 19 225 54 x IO3 Bore 
c 20 225 248 x IO3 Bore 
c 21 225 98 x IO3 Bore 
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Fig-4-35 

Cycles to failure 

Comparison of S/N data, Specimen types DD and RD 
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have a marked beneficial effect on fatigue life in both cases 
with corresponding increases in fatigue limit. The effect 
was particularly marked in the drilled case (Fig. 4.33) with 
an increase from 130 to 180 MPa. Since results were obtained 
here from specimen batches produced at different times it was 
felt necessary to confirm the results by the deburring of 
reamed specimens from the same batch (Table 4.III). Once 
again, a large difference in life was observed at the peak 
stress chosen, 175 MPa, and deburred specimens were found 
to have lives similar to those in specimens of the same type 
in an earlier batch.(Table 4.II). 

Specimens of both drilled and reamed types which did not under-
go the deburring process showed more similar fatigue properties 
but some differences were noted, Fig. 4.34/ specimens of type 
D being slightly inferior to those of type R. 

Clearly since the deburring operation was found to dominate 
fatigue life any appraisal of the effects of bore surface 
preparation must be made by comparison of results obtained 
from deburred specimens. The results are shown in Fig. 4.35 
Fatigue lives were generally found to be similar in the two 
cases over the whole range of applied stress although specimens 
of type DD were found to show a small improvement in fatigue 
limit of around 10 MPa. 

2.3. Fractographic Observations. 
All fatigue specimens which failed were routinely observed 
under the optical microscope and the position of the crack 
initiation site recorded. A very clear difference in position 
was noted between deburred and undeburred specimens. In un-
deburred specimens fatigue cracks were found in all cases to 
initiate at the hole corner, i.e. the intersection of the 
hole with the specimen surface (Tables 4.1 and 4.IV). In 
the deburred cases cracks were found on a few occasions to 
initiate at the hole corner but the majority were found to 
initiate at a point along the hole bore (Tables 4.II and 4.V). 
In the case of specimen type RD bore initiation was found 
at low applied stress, but at the highest stress used, 200MPa, 
corner initiation was prevalent. 



- 115 -

Observation of crack initiation sites in the SEM demonstrated 
clearly the involvement of corner burrs in initiation in 
specimens type D and R (Fig 4.36 (a) and (b)). Fig. 4 .36 
(c) and (d) show a specimen which was observed without breaking 
open. It is apparent, particularly in the stereo pair#that 
the burr was notched prior to testing and that crack initiation 
subsequently occurred at this point. 

Fractographic observation of deburred specimens revealed quite 
different initiation behaviour and it was possible to determine 
the effect of hole surface quality on initiation. In the 
case of specimens type RD the initiation sites were generally 
found to be associated with large inclusions in the size range 
5 to 50ym (Fig. 4.3 7). In many cases particle debonding 
appeared to have occurred leading to the inclusion remaining 
intact on one of the fracture surfaces (Fig. 4.37 (b) and (c)). 
However in some cases cracking of particles was observed (d). 

Bore crack initiation in drilled specimens was not found to 
be associated with intermetallic particles. Here, multiple 
crack initiation was observed in approximately 25% of tests, 
this was rarely found in reamed specimens. Initiation sites 
were generally found to be associated with surface machining 
damage (Fig. 4.3 8$. This damage varied in appearance from 
apparent areas of folding and smearing, (a) and (c), to others 
which appeared to be particles of some kind embedded in the 
surface (b). No initiation sites were found which could be 
associated with subsurface intermetallics as observed in type 
RD specimens. 

While crack initiation did not appear to occur subsurface in 
type DD, in many cases a surface layer 10 to 50ym in depth 
was observed within which fracture morphology appeared to be 
quite different (Fig. 4.3 9). This layer was not observed 
adjacent to reamed hole surfaces. 

As mentioned earlier crack initiation occurred in the majority 
of deburred cases along the hole bore. However, in a limited 
number of cases initiation sites were found at the hole corner 
but the fractography was quite different from non-deburred 
cases (Fig. 4.40)-. The initiation sites were not generally 
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Fig. 4.36. SEM observations demonstrating the involve-
ment of corner burrs in crack initiation. 

(a) fatigue crack origin with associated 
burr, specimen type R. 

(b) as above, specimen type D. 
(c) specimen observed without breaking 

open, showing that a prior burr defect, 
arrowed, had resulted in initiation at 
that point. 

(d) stereo pair of area in (c). 
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Fig. 4.37. SEM observations of crack initiation in specimens 
of type RD. 

(a) initiation site associated with large 
inclusion. 

(b) detail of above. 
(c) debonded inclusion at initiation site. 
(d) cracked inclusion acting as site for 

initiation. 
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Fig. 4.38. Crack initiation sites in specimens of type 
DD, demonstrating the involvment of surface 
machining defects. 
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Fig. 4.39. Fractographic observations in region adjacent 
to initiation site in specimen type DD: Note 
differences in fractographic appearance in 
layer I0->-20iim in depth (arrowed) . 

Stereo pair of the above. 
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Fig. 4.40. Crack initiation at hole corner in deburred 
specimens 

(a) type RD. 
(b) type DD. 
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associated with any particular features but often showed a 
well defined surface lip with apparently subsurface initiation. 

2.4. Microcrack Growth. 
The use of the high resolution SEM facility allowed the 
measurement of crack growth rate, via striation spacing, to 
be carried out at very short crack lengths. It was possible 
to detect striations with as small a spacing as 0.04vim. By 
measuring these spacings at calibrated crack lengths (in the 
case of cracks initiated at the hole bore) it was possible then 
to relate the growth rate to stress intensity, via the stress 
intensity calibration detailed in Appendix I. Stress intensity 
was calibrated according to the maximum and minimum possible 
solutions given in Fig.AI in Appendix I. 2 different stress 
levels were chosen, 175 and 225 MPa, with both drilled and 
reamed surface preparations. 

In the crack propagation study, striation spacing data we.i-e 
obtained over accurately determined stress intensity ranges 
(AK) (at a stress ratio R of 0.1) for long cracks i.e. >Icm 
in length (Fig.5.51) and therefore crack growth rates could 
be predicted for short crack lengths by extrapolation. The 
predicted and actual growth rates were then compared via the 
calculation of 'normalised' crack growth rate, x, which equals 
the measured value divided by the predicted growth rate. These 
results were then plotted against crack length. The results 
are shown in Figs. 4.41 and 4.42 for both the maximum and 
minimum stress intensity solutions. Clearly at long crack 
length the normalised growth rate should tend to I, the fact 
that it was found to be somewhat less than I in the maximum 
case and greater than I in the minimum case can be attributed 
to inaccuracy in the stress intensity calibration at long 
crack lengths. In both cases however, the normalised crack 
growth rates showed a decrease at less than Imm, implying 
that cracks of lengths less than Imm were growing at rates 
lower than that predicted by linear elastic fracture mechanics, 
at least where striation spacing was taken as a method of 
growth rate measurement. The results did not show any vari-
ation with stress level. The specimen tested at 175 MPa peak 
stress showed identical results (within the large scatter) 
to those obtained from the specimen tested at 225 MPa. 
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3. DISCUSSION. 

3.I The Role of Hole Surface Topography in Fatigue Crack 
Initiation. 

The large differences in fatigue life observed between test 
pieces with corner burrs and those having undergone the 
deburring operation (Figs.4.32 ,4.33 ) would indicate that 
the deburring process has a dominating effect on crack in-
itiation. The deburring operation used was demonstrated by 
SEM observation to have two effects on the hole corner topo-
graphy: Firstly,the burrs were removed and secondly, a radiused 
corner was produced, radius equivalent to that of the cutting 
tool (-200ym), leading to a shape change at the corner. 

The change in shape fromright angle to radiused corner might 
be expected to have an effect on initiation via its effect 
on stress intensity at the tip of a microcrack. Consider 
a microcrack adjacent to the surface in the three different 
situations as shown in Fig. 4.43 . As calculated in Appendix 
I the crack tip stress intensity for the three crack config-
urations shown would be slightly different at equivalent 
crack lengths. This would be particularly the case between 
situations (a) and (c), (a) being higher owing to the influence 
of the two free surfaces on the crack. Situations (b) and (c) 
would be approximately equivalent, at least at short crack 
lengths where the radiused corner could be considered to be 
a plane surface. The result of this would be higher micro-
crack growth rates in situation (a) and therefore an overall 
reduction in fatigue life. It is possible to estimate the 
significance of the effect from the calculations in Appendix 
I: The maximum difference in crack tip stress intensity 
was calculated to be =*I2% between (a) and (c). It must also 
be emphasised that the effect would only be significant at 
very short crack lengths of the order of the corner radius 
(Fig. 4.44 ). Clearly at longer crack lengths the effect 
would be negligible. 

A method of appreciating the size of the effect could be to 
use the minimum defect size analysis of Talug and Reifsnider 
(59) discussed in 1.4. Here the equation employed was: 
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AK., =Aa, . /ira th lim e 

If defects of equivalent size are considered present in the 
two situations and the 12% increase is taken into account 
in assessment of A IT , clearly a maximum reduction in ACT, . th 2 1lm 
of around 12% could be expected. Reductions in have 
been observed to be from ^I75MPa to I30MPa i.e. of the order 
of 30%. Hence the reduction in fatigue limit is very unlikely 
to be produced simply by a change in specimen shape. 

The reduction in fatigue life must therefore be associated 
with the corner burrs themselves. This conclusion is ceri 
tainly consistent with fractographic observations since crack 
initiation was found to occur exclusively at the hole corner 
in specimen types R and D. The burr involvement in initiation 
might be considered surprising since the burrs are not an 
intergral part of the specimen itself but are regions of 
material attached to the corner. As noted in the SEM studies, 
however, burrs were found to be almost continuous around the 
hole corner and contained various defects (Figs.4.26,4.36 ). 
A situation could then be visualised as shown in Fig.4.45 
where the burr is attached over a significant length at the 
hole corner. The burr would in such circumstances be, to 
some extent, load bearing and hence a concentration of stress 
would be developed at the central notch in the burr shown. 
Such burr defects could act as extremely damaging sites 
from a fatigue viewpoint, since as shown in Fig. 4.26* they 
were found to be equivalent to extremely sharp notches in 
many cases, notch root radius being a dominating factor as 
demonstratedby Pearson. Also, as demonstrated by Forsyth and 
Bowen (57), the orientation of such surface defects must be 
of great importance. Hence burr defects aligned approximately 
perpendicular to the stress axis would be most effective in 
causing a reduction in fatigue life. 

Since the burrs produced at the hole corners were a result 
of the hole bore finishing operation some difference in 
initiation behaviour might be expected between test piece 
types R and D. A small difference was noted (Fig.4.34 ) 
reamed test pieces showing a slight improvement in fatigue 
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properties presumably due to a reduction in the average size 
of the burrs. 

In the case of deburred test pieces, types DD and RD, only 
a small difference in fatigue life was observed, the drilled 
(DD) showing a small improvement. Since crack initiation 
in those reamed (RD) was found to occur at intermetallic 
particles below the hole surface the surface topography it-
self can be considered to have no significant effect on in-
itiation. In the drilled case, however, initiation was found 
to occur generally at the hole bore and here topography must 
be taken into consideration. Crack initiation sites appeared 
to be associated with the coarse markings attributed to 
smearing and folding, running approximately perpendicular to 
the finer circumferential grooves (Fig.4.38 ). These markings, 
owing to their geometric alignment, approximately perpendicular 
to the load axis, would be expected to act as prefered sites 
for crack initiation, due once again to the high elastic 
stress concentration developed. In fact the circumferential 
markings, observed on both drilled and reamed surfaces, 
would under the loading conditions used here, be expected to 
have little effect since they are aligned along the load axis. 
Hence the reaming operation, with resultant removal of the 
coarse transverse markings would be expected to inhibit 
bore initiation as generally observed. Crack initiation 
would then be transferred to the next most damaging defects, 
still under the influence of the elastic stress concentration 
factor due to the circular hole. In this case these were 
found to be most commonly intermetallic particles near to 
the surface. 

It is perhaps rather surprising that test piece type DD showed 
slightly superior fatigue performance to RD, since the reaming 
operation removed the damaging surface smears. In order to 
explain this effect it is necessary to consider the influence ' 
of the boring operation on subsurface damage. 

3.2 The Role of Subsurface Microstructural Damage in Fatigue 
Crack Initiation. 

3.2.1 Deformation Structure. Forsyth (32) in his earlier 
studies of hole drilling used microhardness measurements 
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to observe the increase in hardness in the layer adjacent to 
the hole (Fig. 4.1 ). In the present work similar observations 
were in general agreement with those of Forsyth. In the 
drilled case an approximately two-fold increase in hardness 
was observed adjacent to the hole bore, decaying to the bulk 
value at around 40um depth. Optical metallography also 
revealed this deformed layer. In the reamed case a less well 
defined layer was found. The reaming operation removed MD.25mm 
from the drilled hole surface and hence the original deformed 
layer, produced by drilling, must be completely removed by this 
operation. The small increase in hardness at the surface must 
therefore be due to the deformation occurring during reaming. 
It is felt that the reduction in the extent of deformation 
is a result of the lower feed rate and depth of cut involved 
in the reaming operation. 

The surface layer TEM observations allowed the marked surface 
hardening to be related to deformation structure. Particularly 
in the case of unlubricated drilling operations evidence was 
found for a great increase in surface temperature during 
drilling (Fig. 4.23). The r\ precipitate distribution was 
found to be quite different from that in the original alloy 
and was typical of a structure heated to a temperature greater 
than that necessary for n phase dissolution followed by cooling. 
This dissolution and re-precipitation reaction would by 
necessity have to occur extremely rapidly,and by reference to 
the ternary equilibrium diagram Fig. 3.1 , surface temperatures 
of approximately 500°C would be necessary for such a process. 
The random orientation of grains of extremely small size 
(MD.Iym diameter) observed at the surface must imply a process 
involving complete recrystallisation. The recrystallised 
grains w^re found to be completely free of dislocation debris': 
Using the earlier studies of deformation structure during hot 
working, reviewed by Jonas et al (36) as a reference, the most 
likely deformation process must be one of dynamic recovery 
during deformation followed by static recrystallisation, in-
volving a very high density of sites for nucleation. The grain 
size produced is much smaller than any observed during con-
trolled high strain rate deformation studies and must imply 
the development of an extremely high dislocation density 
during deformation giving many sites for the nucleation of 
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recrystallisation. It would be impossible to predict the 
strain rates involved, but as detailed in the Literature 
Review, strain rates as high as 5xI0l+s"1 have been postulated 
to occur under machining conditions. The development of a 
structure of this type can therefore be predicted. 

All drilling and reaming operations carried out to standard 
specifications involved the use of a drilling lubricant. 
This clearly had some effect on the surface layer microstructure 
as demonstrated by the TEM observations. The drilled hole 
surface microstructure appeared to be basically similar to 
that produced without lubricant but was less well defined. 
An equiaxed, ultrafine, grain structure was again found which 
must imply a recrystallisation process. Tsuchida et al (38), 
as discussed earlier, concluded that lubricants reduced 
friction and hence surface layer heating, a finding which is 
in accord with the present findings: n phase, while apparently 
present in the surface layer was not found in the form of 
coarse particles as in the unlubricated case, which is con-
sistent with lower surface temperatures during drilling. 

Forsyth (32) attributed the large increase in hardness at the 
surface of a drilled hole to a reduction in grain (subgrain) 
size, by applying'a Hall-Petch type of equation of the form: 

H = H o 

Where H q and K1 are constants and d = grain diameter. 
H being related to a., the lattice friction stress in the o , 1 
true Hall-Petch equation: 

a = a.+Kd~^. y i 

In order to apply this equation the assumption must be made 
that A^(i.e. Hq) is negligible in comparison to the effect 
of grain size, whereupon: 

H = K'a~h. 

A reduction in grain size from -O.Iym would then result in a 
7 fold increase in hardness, somewhat larger than the two 
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fold increase observed. It is believed however, that the 
ultrafine grain structure is confined to a very narrow layer 
at the hole surface, the true hardness of which could not 
be assessed, even using microhardness techniques. Forsyth 
made the further assumption that hardness is proportional to 
yield stress: If such an assumption is made here a yield 
stress in the surface layer of -900MNm 2 would be expected, 
far greater than could be produced by normal hot working 
routes and obviously a result of high strain, high strain 
rate, deformation occurring during drilling in the surface 
layer. 

Adjacent to the reamed holes, a less severe deformation 
structure was found, consistent with the smaller increase 
in hardness in the surface layer. The reaming operation 
clearly involves less microstructural damage over a region 
only ^IOym in depth at the hole bore. 

As discussed in the Literature Review, the amount of strain 
necessary to crack large intermetallic particles can be as 

\ 
low as 3 to 5% (45). In the present situation strains at 
least an order of magnitude higher than this must be involved 
and any intermetallic particles lying within 50ym of the 
hole bore would be expected to be fractured or debonded during 
boring operations. Cracked particles were in fact noted 
adjacent to both drilled and reamed holes, supporting this 
view (Figs.4.19 , 4.37). 

3.2.2 The Relationship Between Surface Deformation and Crack 
Initiation. As detailed in the Literature Review, 

there are three areas which may be of significance here: 
(a) The formation of crack nuclei by intermetallic 

cracking or debonding. 
(b) The inhibition of microcrack growth due to the 

presence of deformation structure. 
(c) The influence of the residual stress distribution 

produced as a result of surface layer deformation 
which may promote or inhibit crack initiation 
depending on its nature (tensile or compressive 
in the hoop direction) and its stability. 
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It is now proposed to discuss these factors T-;ith reference 
to the features of the deformation structure discussed earlier, 
and possibly explain the differences in crack initiation 
behaviour between the two deburred test piece types (DD and RD). 

The observation of intermetallic particle initiation in most 
reamed test pieces manifestly demonstrates the involvement 
of these large inclusions in crack initiation. Initiation 
occurred via particle debonding in many cases although cracked 
particles were also observed. The theory of crack initiation 
at particles proposed by Chang et al (4 9) involves firstly 
the formation of dislocation pile-ups by cyclic plasticity 
giving rise to particle cracking. This stage may not be 
necessary in the case of particles lying within the deformed 
layer due to precracking during deformation. The second stage 
of microcrack development in the alloy matrix may however 
remain a necessary stage, although as shown in Fig.4.19 pre-
cracking was found to extend beyond the particle into the 
matrix in some cases. Such precracked particles would appear 
therefore to be particularly damaging sites from a crack 
initiation viewpoint. 

Intermetallic particle damage would be expected, bearing in 
mind the observations of surface deformation, to be more 
prevalent in the drilled case and certainly such particles 
were observed. It is rather surprising therefore that in-
itiation at particles was only observed in reamed specimens 
and not in drilled. Two possible explanations can be pro-
posed: Firstly that more damaging sites for initiation exist 
at the drilled hole bore, or secondly, that particle initiation 
is inhibited in some way. Crack initiation in drilled specimens 
was, as discussed earlier, found to occur at surface machining 
marks and hence these must be the most damaging sites adjacent 
to drilled holes. However, the overall fatigue performance 
was not found to be influenced greatly by the presence of these 
surface flaws and in fact showed a slight improvement in 
fatigue limit. By implication some other factor must be 
inhibiting crack initiation adjacent to drilled holes. It 
is argued that the important factor is the inhibition of 
microcrack development due to a combination of deformation 
structure and resultant residual stresses. General 



- 138 -

opinion expressed in the literature is that cold working 
and deformation structure per-se has no effect on fatigue 
behaviour since the prior strains involved are very low 
compared to those involved in crack initiation and growth. 
However, as demonstrated earlier, the surface layer strains 
involved in drilling are enormously high and the very marked 
increase in flow stress would be expected to inhibit dis-
location motion.% 

Residual stresses developed in the surface layer must also 
be taken into consideration. Leverant et al (53), for example, 
found a marked effect of compressive residual stresses on 
microcrack development from shot peened surfaces. Underwood 
et al also noted that this effect persisted to a much greater 
depth than expected (Fig. 4.10 ). Forsyth (32) considered 
that residual stresses might be removed due to relaxation 
during cycling but Leverant et al believed that this would 
only be so if the yield stress, including the residual effect, 
was exceeded at the surface during cycling. This would be 
most unlikely in this case of cycling in tension, assuming, 
of course, a compressive residual stress. 

Tsuchida et al (38), as detailed in Fig.4.5 , found that 
compressive surface residual stresses were only produced 
by machining processes involving well lubricated cuts and 
a low cutting speed, with a low feed rate and depth of cut 
also having some effect. During the drilling operation 
used here it would be very difficult to predict the residual 
stresses: The drill rotation speed of 2000 rpm is equivalent 
to a cutting speed of approximately 4Im/min, a low cutting 
speed in comparison to those employed during turning by 
Tsuchida et al. However, the depth of cut can be considered 
to be very large and surface heating, believed to give rise 
to tensile residuals by Tsuchida et al, was in evidence. It 
is argued however/ that unlike turning operations there may 
be another stress consideration; that of expansion of the 
hole during drilling (Fig.4.46 ) giving rise to tensile 
strains in the hoop direction in a similar manner to that 
produced during coining operations. This would of course 
give rise to compressive residual stresses. The fatigue 
life results would certainly imply a reduction in microcrack 
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development rate adjacent to drilled holes and it is felt 
that surface compressive residual stresses must have a role 
to play in this process. 

Metallographic evidence indicating an influence of the deformed 
layer on the early stages of crack growth was found on the 
fracture surface (Fig. 4.39 ). The fracture surface was 
found to exhibit a different morphology in a surface layer 
approximately 50ym in depth, exactly equivalent to the depth 
of the deformed layer. No such region was observed adjacent 
to reamed holes. Compressive surface stresses under some 
circumstances can lead to subsurface initiation duet ito the 
presence of a subsurface tensile residual. Subsurface in-
itiation was in fact observed by Forsyth (32) adjacent to 
drilled holes but no clear evidence for it was obtained 
here. 

3.3 The Growth of Short Cracks. 
Using the HRSEM short crack (<Imm in length) growth rates 
were investigated via striation spacing. The growth rates 
were then related to crack tip stress intensities using the 
calculations in Appendix I. Using the long crack data obtained 
as part of the propagation study normalised crack growth 
rates were calculated in a manner similar to that of Talug 
and Reifsnider (59). Rather surprisingly, it was found, 
even using the minimum possible AK calibration (giving the 
maximum possible crack growth rate) that normalised crack 
growth rates decreased at short crack lengths to values as 
low as 0.3 (Figs.4.41 , 4.42). This means that the measured 
crack growth rates are lower than those predicted by the 
use of L.E.F.M. analysis and long crack growth rate data. 
This observation is in opposition to the earlier studies 
of Talug and Reifsnider and also Pearson (60) who noted 
increases in crack growth rates at short crack lengths over 
those predicted. 

There are three possible explanations for the discrepancies 
between results: 

(a) The use of striation spacing data gives a 
difference in crack growth rate from that de-
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termined optically (as by Pearson) at short 
crack lengths. 

(b) The effect is a real one and crack growth rates 
are reduced below those predicted by L.E.F.M. 

(c) The calibration of stress intensity breaks down 
at short crack lengths. 

The observations made in the crack propagation studies indicate 
that while discrepancies do exist between striation spacing 
and macroscopic crack growth rate there is no systematic 
effect which would lead to striations giving an underestimate 
of true rate at short crack lengths. In fact at AK<IOMNm 
the range of importance here, striation spacings were found 
to give an overestimate of macroscopic rate as measured 
optically. 

In the present study crack growth rates have been measured 
along a growth direction approximately perpendicular to the 
hole bore. Pearson however, measured optically the rate of 
growth of cracks at the base of a shallow notch along the 
specimen surface, i.e. along a direction at right angles 
to that in the present study. The analysis of stress intensity 
carried out by Shah (64) indicated an increase in AK along 
the specimen surface and hence crack growth rates along the 
hole bore would be expected to be somewhat greater than into 
the bulk. It is argued that at very short crack lengths 
this effect may be particularly marked. Crack growth rates 
measured along the surface might therefore be expected to be 
somewhat higher than those into the bulk. While this effect 
may explain the discrepancies between the present work and the 
previous studies of, for example, Pearson/it cannot success-
fully predict why normalised crack growth rates of less than 
one have been found. 

Crack growth in the surface layer may be influenced by 
surface compressive residual stresses, even to a considerable 
depth, as demonstrated by Underwood et al (54) . The micro-
structural studies conducted in the present work indicate 
that any residual stress distribution is likely to be very 
different in the drilled and reamed specimen types. The fact 
that crack growth rates at short crack lengths were identical 
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(within experimental scatter) would indicate that the re-
idual stresses are not of significance. (This result does 
not invalidate the earlier proposal of inhibition of micro-
crack development due to residual stresses since much 
shorter crack lengths, of the order of the depth of the 
deformed layer, are involved in that case). 

The results obtained from the drilled specimens were from 
tests carried out at 22 5MPa peak net mean section stress: 
Assuming a K^ of approximately 2.3 (Fig.4.14) this implies 
a maximum surface stress of >500MPa, which is somewhat in 
excess of the yield stress. It could be argued therefore that 
surface yielding results in a reduction in AK (Fig. 4.47 ). 
Unfortunately, results obtained at net peak stress of l75MPa 
could not be subject to such an effect so it is unlikely 
that surface yielding is the controlling factor. 

The third, and perhaps most likely, explanation of the effect 
is that the stress intensity calibration breaks down at these 
short crack lengths. It is notable that the calibrations 
for AK in Appendix I are based upon solutions which make use 
of ratios of, for example, crack length to hole diameter (62). 
Such ratios allow the solutions to be applied both to short 
and long cracks in various specimen configurations, but it is 
possible that they are only valid in comparatively long 
crack situations. The break down of L.E.F.M. analysis may 
therefore explain the present results. It is worth noting 
that while previous workers used basically similar methods 
to calculate AK for short cracks they were concerned with 
crack growth from surface notches rather than from the centre 
notch (circular hole) involved here. 

Discrepancies of this kind clearly imply that the method of 
minimum defect size analysis to predict fatigue limit must 
be used very carefully. However, the changes in normalised 
crack growth rate observed here and previously never exceed 
a factor of ^3, the lowest value observed here being 0.3 
and the highest by Talug and Reifsnider 1.2. Hence the use 
of the equation: 

th = A C T l i m / ^ 
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may have some validity. It is possible to test the equation 
using inclusion initiation in specimen type RD as an example: 
The fatigue limit Ac;li:n was here approximately I55MPa 
lim = I70MPa at R =0.1). Kence using a threshold of around 
2MNm"3//2 (a very approximate value from Kirby and Beevers 
(61)) 

2 = 170/ira hence a ~ 40ym. e e 

Intermetallic particles, which acted as sites for initiation 
in these specimens were found to range in size from 10 to 
IOOym, so clearly this simple approach can give an estimate 
of the initial defect size assuming the particle to be equi-
valent to a crack. 

3.4 Technological Significance. 
The basic fatigue testing data obtained here show that the 
deburring operation has the controlling influence on fatigue 
life and that the reaming operation is superfluous. In fact 
the drilled and deburred test pieces (DD) showed a slight 
improvement over (RD). Hence under the loading conditions 
employed here the ideal hole preparation process is one of 
drilling followed by deburring. It must be emphasised however, 
that these results strictly only apply to situations where 
the drilling direction is perpendicular to the primary load 
axis in alternating tension. It is likely however, that the 
deburring operation would be beneficial under all loading 
conditions. Leverant et al (53) demonstrated that, under 
loading conditions employing large compressive stresses, 
'shake down' of compressive residual stresses was observed. 
If the assumption is made therefore, as seems likely, that 
there is a residual stress involvement in the inhibition of 
initiation adjacent to drilled holes, there might be a de-
gredation of performance in drilled specimens, under com-
pressive applied loads. Further tests would be necessary to 
check this effect. 

From the viewpoint of aircraft manufacture the apparently 
ineffectual reaming process (with possible qualification of 
compressive loading conditions) could be removed from hole 
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preparation: At present bored holes in critical or high 
load situations are often reamed, with the aim of inhibiting 
fatigue crack initiation. The present results indicate that 
this is unnecessary. 

The deburring operation, while giving significant improvements 
in properties, may be difficult to apply in certain situations: 
Many holes are bored through several components clamped to-
gether, or in configurations were access to the rear surface 
of the component is impossible. Hence deburring would not be 
possible without the dissassembly of many components. At 
the present time it is not possible to deburr internal faces 
of components where access is precluded: It may be possible 
however, to develop machine tools to conduct such operations, 
the great improvement in fatigue properties would certainly 
make such a development worthwhile. 



PART 5. CRACK PROPAGATION STUDIES. 
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THE MICROSCOPIC MECHANISMS OF FATIGUE CRACK PROPAGATION 
IN HIGH STRENGTH ALUMINIUM ALLOYSr:LITERATURE REVIEW. 

I.I Introduction 
Fatigue fracture has been studied for a great number of years 
using various increasingly sophisticated metallographic 
techniques. Zappfe and Worden (66) were amongst the earliest 
workers to make such an investigation using optical metallo-
graphy and noted various stages of crack growth, one deliniated 
by regular surface markings, which were called striations, 
and one earlier apparently striation free stage. Forsyth 
and Ryder (67,68) investigated the fracture surface in more 
detail and introduced the terms 'Stage I' and 'Stage II' to 
describe the first and second stages,the first being defined 
as crack growth on planes of high shear stress and the 
second as growth on planes of high tensile stress. Stage, 
I was shown by these workers to be associated generally 
with initiation and the formation of slip bands prior to 
cracking. Under mode I loading, stage II was found to 
consume most of the fracture and it is this stage that is 
of principal concern here. 

Forsyth and his coworkers, Ryder and Stubbington (69,70, 
71) found that test environment had great influence on 
crack growth, particularly moist environments in the case of 
the Al-Zn-Mg alloys used in their studies. Their early 
evidence has led to a large number of different models to 
explain the manner in which a fatigue crack grows and the 
influence of the test environment on that growth. The 
mechanisms fall roughly into two categories, those involving 
a ductile mode of crack extension and those in which crack 
growth occurs in a partially brittle manner. An even larger 
number of mechanisms have been put forward to explain the 
formation of fatigue striations, which are particularly 
well marked on the fracture surfaces of aluminium alloys. 
In the following sections the two crack extension modes 
are discussed, together with an appraisal of striation 
formation processes. 
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I.2.Ductile Crack Propagation 
Forsyth and his coworkers noted that under corrosive test 
conditions stage II crack growth occurred on crystallographic 
planes. They proposed therefore that under these conditions 
crack extension must include a cleavage component. This 
suggestion did not receive a great deal of early support 
since most workers could not believe that the aluminium 
alloys studied could fail by cleavage under any circumstances. 
One of these early critics was Laird (72 ) who proposed that 
a 'quasi-cleavage1 mechanism might operate in which dis-
location motion leads to crack advance, with slip system 
symmetry leading to crystallographic crack planes. 

This type of model was further developed by Pelloux (73) 
who considered a fully plastic notched single crystal to 
represent a crack tip. He developed a theory for crack 
propagation based upon an alternating shear process, in 
which as work hardening occurred on a single slip system 
at the crack tip, shear was transferred to an opposite, 
similar, slip system, (Fig. 5.1). Using this basic premise 
Pelloux predicted that a crack would tend to follow an Cioo} 
or {011} crack plane in an F.C.C. metal with an <0II> crack 
tip direction. He supported his theory with an etch pitting 
experiment on fracture surfaces of aluminium alloys 
tested in laboratory air. 

More direct evidence for alternating shear mechanism has 
since been provided by Neumann and his coworkers (74,75 ). 
In situ observation was made of crack propagation in single 
crystal copper and Fe 3wt% Si using both light microscopy 
and SEM. Polished specimens were used and slip activity was. 
observed via surface slip steps. In these rather elegant 
studies clear evidence was presented to demonstrate the 
alternating shear process, and crystallographic studies 
were also made. It was shown that in copper a macroscopically 
flat fracture surface could only be obtained with an {001} 
crack plane and a {110} crack tip direction - supporting 
Pelloux1s earlier theory. 

I.2.I The Influence of Test Environment. A critism often 
levelled at the ductile growth model, is that it cannot 
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adequately explain the increase in crack growth rates in 
corrosive environments. Three suggestions have been made 
to explain the effect: (a) Interference with otherwise 
reversible slip by surface oxidation, (b) Prevention of 
crack tip rewelding. (c) Bulk oxide interference with slip 
processes. 

The suggestion that a reversible slip process was responsible 
was originally made by Pelloux (73). He proposed (again 
using the notched single crystal analogue) that as crack 
opening occurred a crack tip profile as shown in Fig. 5.2 
was produced. Pelloux then suggested that in vacuum slip 
could occur in the opposite direction during crack closure, 
(Fig. 5.2(a) ). In air however the oxidation of the newly 
formed fracture surfaces prevented the reversal, leading to 
enhanced crack growth rates (Fig. 5.2(b)). In aluminium 
alloys it has clearly been demonstrated by Grosskreutz (76 ) 
that slip character can be markedly altered by surface 
oxidation. Here, surface slip band formation during cyclic 
loading was found to be much enhanced by surface oxidation; 
many dislocation dipoles were observed close to the specimen 
surface and the explanation proposed was that oxidation of 
the emerging slip steps prevented slip reversibility. This 
evidence has been taken to lend support to the Pelloux model. 
However Grosskreutz in a further study (77) found that the 
mechanical properties of the surface film, already present 
on the specimen surface, were very much improved in vacuum, 
Young's Modulus being enhanced by a factor of 4. His 
explanation for this phenomenon was that adsorbed water 
vapour weakened the film in laboratory air leading Grosskreutz 
to believe that his earlier results might have been explicable 
by this film strengthening rather than by slip step oxidation. 

A mechanism for crack growth rate enhancement in moist 
environments was suggested by Hartman (78) based upon the 
changes in elastic properties of the oxide film and was 
supported by the findings of Grosskreutz detailed above. 
Wei (79) was, however of the opinion that the oxide film, 
being only a few monolayers in thickness, could not possibly 
have a significant effect and he therefore discounted the 
theory. 
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The second explanation for environmental enhancement of 
growth rate which overlaps rather with the slip reversibility 
suggestion, implies that partial rewelding of the crack 
surfaces can occur during the compressive part of the fatigue 
cycle in vacuum and that surface oxidation may prevent this 
if tests are carried out in air (80). 

The early work of Wadsworth and Hutchings (81) demonstrated 
that surface oxidation could have an effect on crack growth 
rates, in this case in pure copper, and some more recent work 
by Fuhlrott and Neumann (82) lent some support to a rewelding 
model: Fatigue tests were carried out on pure copper in both 
air and vacuum and it was found that holding times in 
compression reduced the crack growth rate in vacuum but 
had no effect in air. 

Critics of-this mechanism have included Laird and Smith 
(83) who noted that inert gases such as nitrogen were as 
effective as vacuum in reducing crack growth rates, although 
they believed that adsorption of an inert gas would have an 
effect if rewelding were occurring . More recent evidence 
obtained by Bowles (84) showed that under normal loading 
conditions (i.e. without large compressive stresses) the 
crack faces produced in a high strength aluminium alloy 
made contact only at a very few discrete points. A re-
welding process seems unlikely to play a significant role 
therefore in most circumstances. 

The third model, also based on surface oxidation and pro-
posed by Shen et al (85)/ involves the possibility that 
surface oxidation affects dislocation escape from the surface 
during crack opening. They suggested that the inhibition of 
the alternate shear process enhanced the formation of voids 
and cavities ahead of the crack, as blunting was inhibited/ 
thereby increasing crack growth rates. Cavity formation 
was originally proposed by Wood et al (86) and has been 
observed using TEM techniques in pure aluminium (87) and 
therefore remains a possible explanation. There is however 
no evidence in the case of high strength aluminium alloys 
to suggest that void formation can occur near the crack tip 
except where these voids are associated with large inter-
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metallic particles (57 ) . 

In conclusion the available evidence suggests that these 
mechanisms of environment influenced crack growth have some 
relevance in explaining for example the effect of oxygen 
on copper (81) and dry oxygen on aluminium alloys (88). 
However these mechanisms do not adequately account for the 
dramatic effect of water vapour on fatigue crack growth in 
aluminium alloys. 

A number of workers have studied this effect, for example 
Bradshaw and Wheeler (88) / and water vapour has been found 
to enhance crack growth rates by up to a factor of 10 ( 78) . 
For a rewelding/slip interference mechanism to explain the 
effect the ad hoc suggestion must be made that the greater 
thickness of oxide formed by the reaction of moist air with 
the newly formed crack surfaces ( 89) leads to more complete 
rewelding/slip interference than the thinner oxide layer 
formed by dry oxygen. This suggestion does not seem to 
have gained great support and as a number of workers have 
pointed out, the initial rates of reaction, which may well 
be of greatest importance, have been found to be approx-
imately equal in pure aluminium (90) . Bradshaw and Wheeler 
(88 ) also found that water vapour in suspension in nitrogen 
was equally effective in increasing crack growth rates as 
moist oxygen - this would not be expected if oxide layer 
thickness were the controlling factor. Clearly the ductile 
cracking mechanisms while explaining concisely some environ-
mental effects break, down in their explanation of the effect 
of water vapour. 

1.3 The Influence of Water Vapour on Crack Propagation: 
1.3.1 Combined Fracture Mechanics Surface Chemistry Studies: 
In order to determine the effect of water vapour on crack 
propagation in a quantitative manner, and thereby qualify 
the mechanism of crack growth, a number of workers have 
carried out studies in which crack propagation was studied 
under carefully controlled conditions of environment, stress 
intensity, and test frequency. 

Wadsworth and Hutchings (81) were amongst the earliest 
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workers to carry out such studies and demonstrated that 
only gaseous species which reacted with the crack surface 
have any effect and that gold was unaffected. They also 
found, rather suprisingly, that water vapour and oxygen were 
similar in their effect on aluminium alloys. However a 
number of years later Hartman and Jacobs (91) pointed out 
that Wadsworth and Hutchings had measured total pressures 
of laboratory air, rather than the partial pressure of 
water vapour, to specify the effect of water vapour and 
therefore the marked effect was masked. Hartman and Jacobs 
and also Broom and Nicholson (92) were able to detect the 
marked effect of moist air in increasing crack growth rates 
and the latter noted in fact that dry oxygen had little 
effect on endurance while laboratory air reduced it by a 
factor of 5. They concluded therefore that water vapour 
was the only component of normal laboratory air affecting 
endurance and suggested a mechanism involving the diffusi®n 
of hydrogen ions, produced by surface reaction, into the 
region ahead of the crack. 

Bradshaw, and later Bradshaw and Wheeler (93,88) continued 
these studies in a more carefully defined manner, since 
they measured crack growth rates rather than endurance and 
also controlled water vapour partial pressure and test 
frequency. They found that if crack growth rate at constant 
AK was plotted against partial pressure a characterisic S 
shaped curve was produced, see Fig.5.3> with a certain 
pressure above which no further environmental enhancement of 
growth rate was observed. They found that Pc depended on AK 
and was in fact related to crack growth rate, ( Fig.5.3(b)) a 
critical crack rate existing equivalent to each critical 
pressure. Pc was found to be dependent on test frequency 
a 100 fold increase in test frequency resulting in a 100 
fold increase in Pc. Bradshaw (93) originally suggested 
that Pc represented a pressure at which surface creation 
rate during crack growth was equivalent to surface coverage 
rate by gaseous species (assuming monolayer coverage). 
However adsorption rate calculations carried out. by Bradshaw 
gave an under estimate of Pc of IO3. Snowden (94) accounted 
for this discrepancy by considering the crack to be a capill-
ary; capillary flow was therefore considered to limit the rate 
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of supply of gaseous species to the crack tip. Bradshaw, 
however, carried out similar calculations and considered 
capillary effects to be negligible; he suggested that 
perhaps multiple adsorbed layers were necessary. 

The discrepancy between observed and theoretical pressures 
was reduced by Achter (95) who modified the adsorption 
calculations; Bradshaw had considered the time available 
for adsorption in one cycle to be 1/2f where f=cyclic 
frequency. The factor of two was included as no new crack 
surfaces were considered to be produced during crack closure. 
Bradshaw termed this value 'exposure' and made use of it in 
calculations of Pc, along with the area of crack surface 
exposed during this period which was determined from growth 
rate. Achter modified these calculations by making the 
premise that adsorbed species could only have an effect if 
they were adsorbed while the crack was actually growing 
and that adsorption must occur onto the surface up to a 
distance of one atomic spacing behind the crack tip. His 
calculations yielded an equation for Pc of: 

Pc=2 x IO1* da torr 
dn 

at 100 Hz where da/dn = growth rate in cm/cycle. This was 
modified by Horden (96) to give: 

Pc=2 x IC2 da f. 
dn 

where f = cyclic frequency. Bradshaw and Wheeler's 
experimental observations gave: 

£c=4 x 102 da f. 
dn 

These theoretical calculations reduced the discrepancy 
therefore and as Achter pointed out his calculations were 
based on a sticking coefficient of unity: This has been 
shown by Jona (90) to be a large over estimate: for example 

— 2 

values as low as 10 have been observed. The conclusion 
made by both Bradshaw and Wheeler, and Achter,was that 
rate of adsorption appeared to be related to crack growth 
rate enhancement and therefore the action of surface layers 
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was deemed responsible rather than some other bulk process 
such as the hydrogen ion diffusion suggestion of Broom and 
Nicholson. Bradshaw and Wheeler cited their evidence that 
at high frequencies (100 Hz) crack growth rates were equal 
to those at low frequency (at sufficiently high water vapour 
pressures) to emphasise this point. 

All of the studies reported so far have based their adsorp-
tion rate calculations on purely theoretical considerations: 
Recently, however, using Auger electron spectroscopy (AES) 
and X-ray photo electron spectroscopy (XPS) it has been 
possible to actually monitor the rate of reaction of water 
vapour with a clean metal surface. Such a study in an 
aluminium alloy (22I9-785I) has been made by Wei et al 
(97). The reaction results are shown in Fig.5.S. The 
exposure required for a normalised oxygen Auger signal of 
I.0 which signifies the completion of the surface reaction 

— z 

was found to equal 10 pa.s. (I torr^I33pa.s.). Wei et al 
also monitored crack growth rates in a similar way to 
Bradshaw and Wheeler and obtained results as shown in Fig. 5. 
-here the critical exposure (pH20/2f) 8x10 xpa.s. This 
discrepancy cannot be explained by sticking coefficients 
since Auger results accounted for this factor. Wei et al 
reverted to the capillary flow explanation and made some 
sophisticated calculations based on Knudsen flow parameters. 
They obtained an expression for P„ _ at the crack tip of: 2 

dp = K.dO F.(Po-P) 
dt "V dt V 

A B 

P = pressure of gas at the crack tip 
Po = external pressure 
F = Knudsen flow parameter 
0 = extent of surface reaction 
K = constant 
V = a control volume related to da 

dn 
Part A of the equation relates to surface reaction rate 
and part B to the rate of supply. Clearly if d^ = 0 or became 

dt 
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negative then environmental enhancement of crack growth 
would cease due to insufficient available species. Using 
various realistic values of the constants in their equation 
Wei et al succeeded in fitting their model to the experi-
mental results with some accuracy. 

The conclusion from all the fracture mechanics/surface 
chemistry studies carried out to date appears to be that 
the two factors controlling environmental enhancement of 
growth rate are surface reaction/adsorption rate and 
probably transport of species along the crack. 

1.3.2 Surface Reactions. In the previous section reference 
has been made briefly to various possible mechanisms of 
environment sensitive cracking: Before discussing these in 
any more detail it is proposed to give a brief summary 
of the likely crack tip reactions. 

In a dry oxygen environment the standard oxidation reaction 
occurs leading to the formation of alumina (Al^C^j. Booker 
(89) noted that this layer was limited to a few angstrflms 
in thickness at room temperature. The thickness of the o 
surface layer increased to 50-I00A in the presence of 
water vapour in small quantities, in which case the reaction 
was thought more likely to be: 

2A1+3H20 + A1203+6H. (89). 

In the presence of greater concentrations of water vapour 
the production of hydroxides and hydrated oxides has been 
found possible viz: 

2A1+2H20 + 2A10(OH)+2H. 

followed by: 

2A10(0H)+2H20 A1 20 3.2H 20. 

Obviously the production of large thicknesses of oxide 
and hydroxide found in moist conditions must involve 
migration of ionic species through the film.' As Mott ( 98) 
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pointed out, very large thicknes ses of oxide could only be 
3 + 

produced by anodising where Al ions must pass through the 
film and electrons were removed via the external circuit. 
Mott therefore was of the opinion that at room temperature 
the reaction proceeded almost exclusively via this route. 
This suggestion was taken up by, for example, Montgrain, 
Scamans and Swann (99) / who proposed at the surface oxide 
film, the reaction: 

2A131_+6H20 A1 20 3,3H 20+6H +. 

3+ 
For this reaction to proceed Al ions must have passed 
through the film leading to a build up of electrons at 
the metal-oxide interface. Draley and Ruther (100) 
proposed that protons then migrated through the film to 
recombine with electrons giving atomic hydrogen. According 
to Montgrain, Scamans and Swann this recombination could 
occur at the interface or some distance into the bulk, 
leading to a build up of hydrogen in the metal matrix 
(Fig.5.6); a fact which may be of great significance in 
explaining environmental cracking, as discussed later. 
A number of workers have carried out studies of stress 
corrosion cracking (S.C.C.) and corrosion fatigue under 
conditions of both anodic and cathodic polarisation. 
Since some of these studies are discussed in detail later 
it is useful to note at this stage the modificationuof 
surface reactions under polarisation. 

Under conditions of anodic polarisation electrons produced 
3 + 

by the reaction Al Al +3e are carried away by the external 
circuit and therefore the anodic reaction is preferred and 
hydrogen evolution is suppressed. Alternatively under 
cathodic conditions electrons are provided, promoting the / 
hydrogen evolution reaction: 

H 20 -»• OH~+H+. H ++e H. 

In the stress corrosion literature enhanced crack growth 
rates under anodic conditions have been attributed to 
increased dissolution at the crack tip by a number of 



- 160 -
Fig- 5-6 

Metal Oxide Water 

Al > Afae" A l 3 ^ 

H+ 

0= 0 = 

H+ 

Species Transport and Reactions at 

The Metal-Oxide-Water Interface 

FROM DRALEY AND RUT HER (100) 



- 161 -

workers and have formed the basis for the anodic dissolution 
models for S.C.C. Since hydrogen evolution is ideally 
reduced,hydrogen embrittlement has been discounted. 
However,corrosion reactions at the crack tip have been 
found to lead to acidification of the solution and enhanced 
hydrogen evolution (101). Conversely,cathodic polarisation 
has been found to reduce crack growth rates, a fact which 
has again been made use of in arguments against hydrogen 
embrittlement. However, Bernstein and Thompson (I02)found 
that cathodic polarisation reduced the permeability of 
hydrogen through the metal matrix and suggested therefore 
that while hydrogen evolution was enhanced, the penetration 
of hydrogen ahead of the crack was inhibited. Further 
evidence has also been provided which shows that crack tip 
conditions may be very different from those at the surface 
of a polarised specimen: Ataye and Pickering (d03) and 
Harris and Pickering (104) found, for example, that it was 
possible to detect Fe ions in crevices during cathodic 
charging of iron specimens. They also noted hydrogen 
evolution under similar circumstances if specimens were 
anodically polarised. 

The conclusion which must be made from these studies is 
clearly that great care must be taken in assessing data 
obtained concerning crack growth under electrically polar-
ised conditions. 

I.4 Brittle Crack Propagation 
I.4.1 Experimental Evidence: As mentioned earlier,Forsyth 
and his coworkers (70) proposed a cleavage involvement in 
stage II crack propagation in an Al-7.5%Zn-2.5%Mg alloy 
in salt solution. They used both etch pitting and back 
reflection Laue techniques and observed a general fracture 
plane close to {001} ; since specimens polished back from 
the fracture surface were used,the actual plane of separa-
tion could not be accurately determined. These proposals 
did not receive a great deal of support initially but more 
recently crystallographic fracture facets have been observed 
in aluminium alloys under conditions of both liquid metal 
embrittlement and transgranular S.C.C. For example, an 
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(OOI} fracture plane was noted in gallium wetted single 
crystals of pure aluminium by Westwood et al (105) . An 
{01l}fracture plane was however observed in an AI-5%Zn-
2.5%Mg alloy tested under sustained load in an aqueous 
NaCl solution by Bursle and Pugh (106). Here a surface 
trace analysis was used to predict the fracture plane 
from fractographic observations. A good deal of evidence 
exists in both of these cases to suggest cleavage failure. 

A {Oil} fracture plane has also been found for fatigue 
crack growth in 7075 T6 under laboratory air conditions by 
Bowles and Broek (107). Their observations were made using 
a TEM technique hence crystallographic evidence was limited 
to electron transparent areas which owing to the specimen 
preparation technique were approximately parallel to the 
general plane of fracture. More significantly, Bowles 
and Broek noted regularly spaced deformation bands extend-
ing below the fracture surface, separated by areas of low 
dislocation density. Their original conclusion was that 
these bands were produced as dislocations rearranged into 
subgrains during deformation at maximum load. Bowles (84), 
however, in a more recent study has reinterpreted his 
earlier results and suggested that the deformation band 
structure was a result of brittle/ductile transition occurr-
ing during each cycle and caused by environmental inter-
action. This conclusion was supported by Wanhill (108) who 
carried out a similar study under vacuum test conditions 
and found no such band structure; here an almost continuous 
dislocation network was observed below the fracture surface. 

Any cleavage component in fracture would imply that less 
plastic deformation must accompany crack growth,resulting 
in a smaller plastic zone at the crack tip at the same 
stress intensity (AK). Petit et al (109) showed that the 
plastic zone was almost twice as large in vacuum as in 
laboratory air at the same stress intensity providing 
further convincing evidence for an environmentally in-
fluenced cleavage component in fatigue crack growth. 

1.4.2 Theoretical Considerations. The principles under 
which normally ductile materials might fail by cleavage 
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have been developed by a number of workers, notably Kelly 
et al (110) and Rice and Thomson (III): Kelly et al suggested 
that a crack can propagate by cleavage if R, the ratio of 
the normal stress (-A) to the applied shear stress (T) (R=G/T) 

is greater than the ratio of the theoretical tensile stress 
(aCR) to shear strength (^CR)- term 'theoretical' 
refers to perfect crystals. The physical basis of the 
theory is that as a crack is loaded it will propagate by 
cleavaqe if a__ is achieved at the crack tip at a lower 
applied stress than that required for dislocation motion 
and shear Clearly a decrease in the ratio 
can potentially lead to a ductile/brittle transition. 

Rice and Thomson were in dispute with the consideration 
detailed above. They disagreed particularly with the 
implication that if the applied shear stress at the crack 
tip exceeds then crack propagation occurs by shear. 
They proposed that a crystal can only shear if T c r is 
exceeded across an entire plane running through the' crystal. 
They therefore put forward a more sophisticated model for 
cleavage crack propagation involving the stability of dis-
locations at the crack tip. The basis of this model is 
that there exists a distance from the crack tip, at 
which a straight dislocation is under conditions of unstable 
equilibrium. If e c is less than the core radius of a dis-
location then dislocations are spontaneously emited from 
the crack tip and the shear mode of crack propagation is 
found exclusively. A simple expression for was obtained: 

ec -^b/IOy 

:= shear modulus 
b. = Burgers vector 
y = surface energy 

By calculating e^ for a range of materials Rice and Thomson 
were able to show that if dislocations have a high core 
radius and u /y is low i.e.<7.5 +10 then cleavage cannot 
occur- the genera-1 situation in F.C.C. metals such as 
aluminium. They did however introduce the possibility 
that environmental reactions or elemental segregation 
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could lead to a reduction in y and a ductile/cleavage 
transition. 

Since a C R in the Kelly et al model is also related to y 

by a form of Griffith equation the two models are similar 
in their predictions of embrittlement effects. Mechanisms 
based on a reduction in y have however been criticised in 
the past since surface energy is known to contribute only 
to a small extent to the total fracture energy in most 
ductile materials. The total work to fracture designated 

by Irwin (112) (in plane strain) is known to be of the 
order of I0 3J/m 2 while y is around IJ/m2. In the termin-
ology of Orowan (113) G_ =2y +V1 where 17 is a plastic work IC P p 
term. It has been argued that a reduction in y even to 0 
could have little effect on However if the physical 
processes occurring are considered, a reduction in y to 0, 
i.e. a reduction in bond strength to 0, must lead to the 
complete absence of any plastic work, y and W must be 
considered as dependent upon one another not exclusive. 
Such dependence has been proven in the case of steels, 
embrittled by metallic impurity segregation: Me ahon and 
Vitek (114) showed that a 95% reduction in fracture tough-
ness was acheived by a reduction in cohesive energy of only 
10%. Clearly,therefore,a fairly modest change in bond 
strength can lead to a very large change in work to fracture 
demonstrating that while plastic deformation must accompany 
brittle fracture the amount of such deformation and hence 
the energy absorbed during fracture is critically dependent 
on surface energy (y). 

1.4.3 Embrittlement Due to Environmental Interaction. The 
principles under which normally ductile materials can fail 
in a brittle manner is clearly well established from a 
theoretical viewpoint. Any embrittlement mechanism can 
involve a lowering of y via bond strength, as predicted 
by both theoretical models, or possibly by an increase in 
TnT3, the shear flow stress, via a dislocation locking 
reaction. The embrittlement theories developed based on 
these principles fall into two broad categories: Those 
involving surface adsorption and reaction alone, and those 
involving penetration of some species, notably hydrogen, 
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into the lattice ahead of the crack. The mechanisms have 
been investigated experimentally by a large number of workers 
both in their relation to S.C.C. and fatigue, and reference 
must be made to the literature referring to both areas in 
their discussion. 

I.4,4. Embrittlement Via Dislocation/Corrosion Product 
Interaction. Embrittlement has been attributed to an increase 
in flow stress, due to an interaction between dislocations and 
corrosion product, in a relatively small number of studies, 
for example that of Stoltz and Pelloux (115). Mechanistically 
they proposed that corrosion of the crack surfaces as they 
were exposed inhibited dislocation escape from the surface, 
preventing crack blunting and leading to cleavage failure. 
The mechanism can be related back to a reduction in a P D / T P T J LR L.K 
in the Kelly et al model via an increase in In fact 
this mechanism overlaps with those discussed earlier in which 
dislocation/oxide interaction was thought to lead to enhanced 
growth rates via void formation ahead of the crack. Stoltz 
and Pelloux attempted to confirm their proposals using a 
test in which the specimen polarisation was reversed every 
few load cycles. Tests were carried out on the commercial 
alloy 7075 in a 3.5% NaCl solution. These tests showed that 
under cathodic polarisation crack propagation rates were much 
reduced and the crack followed a plane approximately perpen-
dicular to the stress axis. Under anodic conditions crack 
growth rates were increased and a fracture plane was followed 
which was not perpendicular to the stress axis, a fact which 
was attributed to cleavage. Since anodic polarisation was 
thought to promote the dissolution reaction and cathodic 
polarisation hydrogen evolution, Stoltz and Pelloux discounted 
hydrogen embrittlement mechanisms, which are discussed later. 
However as discussed earlier in the section 1.3.2 the electrode 
potential at the crack tip may be very different from that at 
the specimen surface and the effect of cathodic polarisation 
on hydrogen permeation may also be important. Great care 
must therefore be taken in the interpretation of these results. 

r.4.5. Hydrogen Embrittlement Mechanisms. The liberation of 
hydrogen at a crack tip under any conditions where the H + 

reduction reaction is possible has formed the basis of a great 
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deal of debate concerning the significance of hydrogen as an 
embrittling agent. The general principle is that hydrogen 
interacts with interatomic bonds at the crack tip leading to 
intergranular decohesion or trangranular cleavage. Hydrogen 
embrittlement appears to be recognised as a likely contribu-
tory factor in both S.C.C. and corrosion fatigue, (see recent 
reviews by Bernstein and Thompson (H6)and Duquette ' (:ii7)) there 
is however no consensus about the actual mechanism by which 
this occurs. Two general mechanisms have been postulated, 
one based on the adsorption of hydrogen at- the crack tip 
and the other involving bulk embrittlement via hydrogen 
penetration into the lattice ahead of the crack. 

Hydrogen embrittlement by adsorption is based on the premise 
that atomic hydrogen, liberated by crack tip reaction, is 
adsorbed onto and interacts with strained bonds at the crack 
tip (Fig. 5.7). The mechanism which was originally proposed 
a number of years ago by Petch and Stables (IIS) is thought 
to be continuous; as a bond at the crack tip breaks another 
is exposed, adsorption takes place and the process is repeated. 

The mechanism has gained a great deal of support in the 
corrosion fatigue literature since, unlike bulk embrittlement 
processes, it does not involve penetration of hydrogen into 
the matrix. The rates of reaction and transport of water can 
therefore be the only embrittlement controlling factors. As 
discussed earlier in section 1.3 J. the results of the fracture 
mechanics/surface chemistry studies are consistent with these 
factors being rate controlling. 

In a recent studytBowles (84) attempted to prove that a 
hydrogen embrittlement mechanism was operative during crack 
propagation in aluminium alloys in moist air environments and 
that this occurredvia an adsorption process: His experimental 
technique involved cycling in frequency blocks at frequencies 
of 0.01 and 20 Hz consecutively. A test environment of IOp.p.m. 
water vapour in air was used (=PH20 =7.6x10"3 torr). A 
simple calculation based on the critical pressure data obtained 
by Wei et al (97) (Fig. 5 . 4 ) yields the result that in this 
atmosphere at the AK levels used,crack propagation at 0.01 Hz 
ought to occur in a 'brittle' manner, while at 20 Hz little 
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environmental effect should be observed. It would be expected 
therefore that if a surface reaction mechanism such as any of 
those involving shear mode cracking or the Stoltz/Pelloux type 
were operative, an increase in frequency from 0.01 -»• 20 Hz 
would result in an immediate change in fracture mode. Bowles, 
however, found that the change was not immediate and that a 
transition band of characteristically 'brittle' cracking was 
found before loss of environmental influence. The band was 
found to be ^I.7vim wide in 7075 T6 and to be independent of 
the number of cycles at the low frequency and stress intensity. 

Bowles surmised that his results could be explained by one 
of two effects: he suggested that diffusion of hydrogen ahead 
of the crack during the slow cycles could lead to the transient 
band, but since the band width was independent of the number 
of slow cycles he dismissed this idea. (If a large number 
of low frequency cycles were applied then there WQiildLbe 
available more time for hydrogen diffusion to occur ahead 
of the crack.) His final explanation put forward to explain 
the transient band behaviour involved surface diffusion of 
hydrogen: Bowles calculated that while surface diffusion of 
water was insufficiently fast to keep pace with the crack at 
20 Hz hydrogen would be able to achieve this at crack growth 
rates of up to 0.4ym/cycle; higher than that observed in his 
tests. He therefore suggested that hydrogen, produced during 
the low frequency cycles diffused along the crack surfaces 
causing embrittlement via adsorption until it was used up, 
reaction and water transport rate being insufficiently fast 
to generate sufficient hydrogen to render the process con-~ 
tinuous. 

A number of workers have been critical of the adsorption or 
'stressorption' mechanism both in its application to S.C.C. 
and fatigue. Some of this criticism has been fundamental in 
nature. For example, Thompson and Bernstein (116) in a recent 
review state; "for hydrogen to effectively embrittle a material 
it must be present in the host lattice; there is no unequi-
vocal evidence that surface hydrogen is an embrittling agent." 

Experimental evidence which cannot be readily explained by 
an adsorption mechanism has been provided by Seamans (113) 
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in intergranular and Bursle and Pugh (IOS) in transgranular 
S.C.C. of aluminium alloys. In both studies regular arrest 
markings or striations were observed which suggested that 
crack propagation was discontinuous under constant load. 
Clearly an adsorption mechanism implies a 'bond by bond' 
embrittlement process which, these authors claimed, would 
be likely to give discontinuous propagation only on an atomic 
scale. They therefore proposed a bulk embrittlement mechanism 
in which an embrittled zone existed ahead of the crack 
through which the crack propagated, followed by blunting, 
arrest and re-embrittlement. 

In fatigue,several studies involving crack propagation under 
varying load cycle wave shapes have provided some results which 
cannot easily be reconciled with an adsorption mechanism. 
For example, Barsom (120) in his studies of corrosion fatigue 
crack propagation in high strength steels found that load 
dwells at maximum tensile load had no effect on crack growth 
rate. Selines and Pelloux (121) quantified the effect of wave 
shape on crack growth in aluminium alloys and found that 
growth rates were dependent upon the rise time of the cycle. 
They therefore concluded that embrittlement was dependent on 
the time during which plastic deformation was occurring at the 
crack tip during each cycle. They were unable to relate the 
time dependence to an adsorption process, unless, they 
suggested, some kind of film rupture process was involved. 
The results of Barsom are also of interest here because it 
must be the case that if the crack is maintained at the 
maximum stress intensity (Kmax)and adsorbing species such 
as hydrogen are available then the embrittlement process 
should continue and the crack should continue to grow. This 
is clearly not the case and one of the fundamentals of fatigue 
is of course that if load is held at K<K (or KTCrir, in the C lbLL 
case of corrosion fatigue) crack growth does not continue. 

Fracture mechanics studies of the effect of cyclic frequency 
on crack growth in aluminium alloys by Bradshaw and Wheeler (88) 
demonstrated that under fully.embrittled conditionsAi.e. at gas 
pressures above P , cyclic frequency had comparatively little c 
effect on growth rate. This further supports the earlier 
wave shape results, since,one would expect that if an 
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adsorption embrittlement mechanism is operative then during 
the time that the crack tip stress intensity is greater than 
some critical cleavage value crack growth should be continuous, 
for example, at one half the frequency at the same K m a x the 
crack growth rate ought to be doubled. 

In conclusion, while a good deal of evidence exists to support 
an embrittlement mechanism based purely on adsorption, in par-
ticular the coordinated fracture mechanics/surface chemistry 
studies reported earlier, there are several features of crack 
growth both in S.C.C. and corrosion fatigue which are not 
readily explicable. These studies which have noted discon-
tinuous cracking and no load dwell dependence, tend to suggest 
some mechanism which involves crack growth through an embrittled 
zone, followed by blunting and crack arrest. 

Embrittlement via hydrogen actually dissolved in the metal 
matrix was originally proposed by Troiano (122) and has attracted 
a great deal of research attention in subsequent years. A 
comparatively recent development of this theory was provided 
by Oriani (12 3): He postulated that in regions up to a few 
atomic radii from the tip of a crack, a region in which inter-
atomic bonds are subject to a considerable elastic strain, 
atomic hydrogen collected and reduced the cohesive strength 
below the applied tensile stress. A situation then existed in 
which transgranular cleavage or intergranular decohesion 
could occur. 

Direct evidence that precharging specimens with hydrogen can 
lead to intergranular brittle failure has been provided by a 
number of workers: For example by Guest and Troiano (124) who 
cathodically precharged specimens and Christodulou and Flower 
(125)who thermally precharged Al-Zn-Mg alloy specimens by 
exposure to superheated steam. The results of these studies 
are difficult to explain by a mechanism other than one in-
volving hydrogen predissolved in the matrix. 

Predissolved hydrogen can also have similar effects on fatigue 
as discovered by Smith, Jacko and Duquette (126) They found 
that cathodic precharging had a significant effect on the 
fatigue life of specimens of 7075 T6 and high purity Al-Zn-Mg 
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alloys. This reduction in life was partially recovered by 
an intermediate annealing treatment suggesting some solid 
solution effect. Since surface finish has a great effect 
on fatigue life careful steps were taken to eliminate corro-
sion induced surface pits. The results should therefore be 
valid although it would have been more directly informative 
to measure crack growth rates rather than fatigue life. 
Once again, however, the results are difficult to explain 
by any mechanism other than one involving bulk embrittlement; 
failure in this case was however predominantly transgranular. 

In their early studies of fatigue in aluminium alloys Forsyth 
and his coworkers concluded from metallographic observation 
that in moist environments crack extension occurred by an in-
itially brittle process followed by blunting. This conclusion 
has been backed up by the more recent studies of Bowles (84): 
Bowles made use of a plastic crack infiltration technique 
which clearly demonstrated that initial crack extension was 
accompanied by very little plastic deformation and that 
blunting then occurred leading to a blunted crack at maximum 
crack opening. These studies together with those reported 
earlier of discontinuous cracking in transgranular S.C.C. 
all suggest that the crack grows through an embrittled zone 
ahead of the crack, a model in fact proposed by Bursle and 
Pugh (106) to explain discontinuous cracking in S.C.C. 

From the fracture mechanics viewpoint Selines and Pelloux 
(121) were able to relate overall crack growth rates to their 
component parts by 

If a two stage process is considered involving an initial 
brittle phase, followed by blunting this interpretation is j _ 
a most useful one: -x— mechanical was taken to be the crack 
growth rate in dry argon, and therefore was not thought to 
involve any environmental effect. 

In conclusion therefore it seems that a number of experimental 
observations suggest a two stage brittle-ductile transition 

da . , da -3— total = corrosion + an an mechanical dn 

dn 



- 172 -

process occurring during each increment of crack growth 
involving the formation of an embrittled zone directly ahead 
of the crack; the embrittled zone being a result of hydrogen 
concentration. In order for such a mechanism to operate 
however it is necessary to describe the process by which 
hydrogen is transported into and collects in this region. 

1.4.6. Hydrogen Transport and Distribution. The main 
criticism levelled at the application of a bulk embrittlement 
mechanism to fatigue has centred around hydrogen transport. 
For a bulk embrittlement mechanism to occur it must be possible 
for hydrogen to be transported ahead of the crack at a rate 
equal to that of crack growth. In the case of intergranular 
S.C.C. in aluminium alloys grain boundary hydrogen diffusi-
vity, which is relatively high, has been invoked to explain 
the effect and it has been shown that crack growth rates can 
be related to diffusion rate r(l2 7) The crack path in the 
case of fatigue in commercial alloys is, however, predominantly 
transgranular and here the mechanism is more difficult to apply 
since lattice diffusion of hydrogen in aluminium is extremely 
low (128,129). 

Van Leeuwen (127)and also Montgrain Scamans and Swann (99) have 
assumed that diffusion rates of hydrogen in aluminium can be 

h 
described simply by (X=(Dt) ) at room temperature (X=diffusion 
distance, D=diffusivity, t=time). These workers were however 
involved with grain boundary diffusivities. A number of 
workers have measured the diffusivity of hydrogen in aluminium 
but vast discrepancies exist between the results. Two often 
quoted diffusivities are those of Eichenauer and Pebler(l28), 
D=0.21 exp (-I0900/RT) and Ransley and Talbot (129), D=I.I2xIO"5 

exp (-33500/RT). Both groups however measured diffusivities 
at temperatures of the order of 500°C and all data for room 
temperature has been obtained by extrapolation from high 
temperatures. Such extrapolations give diffusivities of I0~8 

and 10""19 cm2/sec. Bowles for example obtained a value of 
2x10"16 cm2/sec by extrapolation of data obtained by Eborall 
and Ransley (130) Clearly while the actual diffusivity may 
lie within this vast range at room temperature the actual 
mobility of hydrogen cannot be stated with any accuracy. 
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Christodoulou (13 Ij wasable to make an estimate of hydrogen 
diffusivity at low temperatures (120 C) by measurement of 
pre-exposure embrittlement times, which were taken to represent 
the time for penetration of hydrogen through the specimen 
thickness. His calculations yielded a diffusivity of around 
10"8 cm 2sec - 1, the upper limit of the high temperature extra-
polations, and his results were in agreement with earlier 
studies by Ells and Evans (132) However as discussed by 
Shewman (133) grain boundary diffusion has been found to dominate 
the overall diffusion rate.particularly at low temperatures and 
hence, low temperature hydrogen diffusion data is likely to 
be an estimate of grain boundary hydrogen mobility rather than 
lattice diffusion within the grains?which is more appropriate 
here. 

Using the above data it is possible to estimate the distance 
which hydrogen might diffuse during one load cycle. Using 
the two extremes of diffusivity and the simple X=(Dt) r e -
lationship these distances can be tabulated for various cyclic 
frequencies. 

Table 5.1 . 
X 

D=I0~19 cm2s"1 D=I0" "8 cm2s~1 

f Hz t s cm & cm lam 
0.01 100.0 10"8 1.0 10"3 10.0 
0.1 10.0 10" 9 0.1 10"1* 1.0 
1.0 1.0 io-10 0.01 I0~5 0.1 

10.0 0.1 io-111 0.001 iow6 0.01 
100.0 0.01 10"12 0.0001 10" 7 0.001 

Clearly since cyclic growth rates are of the order of 0.1 
Iym/cycle D would have to be increased by at least a factor 
of 100 in order for hydrogen to penetrate ahead of a crack 
growing at a frequency of 100 Hz, even assuming the upper 
limit of diffusivity. It therefore appears that a bulk 
embrittlement mechanism involving simply lattice diffusion 
of hydrogen is quite impossible,a conclusion which has also 
been reached by Bowles (84). 
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If a bulk embrittlement process is taking place, then some 
more rapid mechanism of hydrogen transport must be operative. 
The most likely possible mechanism appears to be one of dis-
location transport: The concept that hydrogen can be trans-
ported by dislocations was first put forward by Bastien and 
Azou (134). They proposed that hydrogen could be swept in 
Cottrell Atmospheres in a similar way to carbon in iron. 
Bastien (135) then progressed to show that the rate of dis-
location transport could be related to experimental data on 
the strain rate and temperature dependence of S.C.C. in steels. 
This correlation,which was obtained as long ago as 1951, 
originally attracted very little attention and only recently 
has the possible significance of dislocation transport been 
realised. 

Evidence has appeared in recent years which demonstrates that 
dislocation transport is operative in aluminium and its alloys. 
For example Foster, Jack and Hill (136) found that the points 
of exit of tritium from precharged pure aluminium specimens 
were related to regions of plastic deformation. They found 
that under straining an effective diffusivity of up to 105x 
higher than that found by extrapolation of the high temperature 
data was acheived. Further investigation by Donovan (137) 
eliminated the possibilities of anomolous effects due to local 
heating or deformation induced release of surface adsorbed 
hydrogen and made the suggestion that dislocation transport 
might be of importance in the environmental cracking of 
aluminium alloys. 

A quantitative relationship between hydrogen embrittlement 
and dislocation transport has been developed by Tien et al 
and Tien, (138,139,140). They developed the Cottrell Atmosphere 
model of hydrogen transport and attempted to calculate the 
dislocation velocity above which hydrogen atoms are dumped 
and transport cannot occur. They proposed an equation to 
give this critical velocity V : 

KT 
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where D„ = hydrogen diffusivity and F the critical force 11 C 
on the dislocation due to the presence of hydrogen above 
which hydrogen is dumped. F was calculated to be =E^/30b 
where E^ = the hydrogen binding energy and b the Burgers vector. 
Using these equations Tien and his coworkers progressed to 
calculate the maximum hydrogen penetration distances during 
different periods of plastic deformation. Rather than meas-
uring absolute distances they calculated the ratio of dis-
location enhanced distance to that predicted by random walk 
diffusion and the results are shown in Table 5. II for various 
materials. Their calculations showed that the enhancement, 
X /X_ (X = dislocation transport distance. X = random walk C D C D 
diffusion distance ) was approximately given by X c/X D=I0 2/tp 
where t = the duration of plastic deformation for D =10"10 cm 2/ 

P H 
second (an intermediate estimate of diffusivity of hydrogen 
in aluminium). In the case of fatigue t^=I/f where f = cyclic 
frequency and therefore X c/X D=I0 2 f-^. So for no dislocation 
enhancement of hydrogen penetration a cyclic frequency of 
around 10k Hz is implied. 

Clearly the possibility that dislocation transport could 
lead to enhancement of hydrogen penetration ahead of the crack 
is a real one although since all quantitative assessments 
involve the lattice diffusivity of hydrogen in aluminium, 
which is basically unknown at room temperature,the actual 
magnitude of the effect cannot really be estimated. From 
a more physical viewpoint Tien et al have discussed some of 
the possible implications of dislocation transport: They 
suggested that appreciable transport can only occur via mobile 
dislocations and that as dislocations become tangled and form 
networks hydrogen may be dumped and may build up in inter-
stitial sites in significant quantities, and may also seg-
regate to particles, grain boundaries etc. 

1.5. Fractographic Features. 
Fatigue striations, which are particularly well defined in the 
case of aluminium alloys, have received a great deal of research 
attention since they yield important information about the 
mechanisms of crack growth. They are also of great technologi-
cal importance since they can give an assessment of local crack 
growth rate and can therefore play an important part in the 
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Table 5.II. Penetration Depth Ratios for /u£ vs. Dislocation 
Sweep-in Transport of Hydrogen in Fe and Ni 
Based Alloys. 

T(sec) f V X D V X D 

Fe-Base Ni-Base 

Ihr ICPH 4.4 x 1011 4.4 x IO2 

60 ICPM 1.8 x 1011 1.8 x IO2 

I IHz 2.4 x IO3 2.4 x 101 

2 x IO"2 60Hz 3.0 x IO2 3.0 x 10° 
I x IO""3 IKHz 7.4 x IO1 7.4 x IO"1 

I x I0-lf IOKHz 2.2 x IO1 2.2 x 10"1 

Dtr-IO"'6cm2s1 N D H-IO~ 1 0 cm2?' 

After Tien (138) 
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investigation of in service fatigue failures ( 2 ) . In the 
subsequent sections it is proposed to discuss some of the 
numerous mechanisms which have been put forward to predict 
their formation and also to' discuss some of the more general 
features of fatigue fractures in aluminium alloys. 

I.5.I. Mechanisms of Fatigue Striation Formation. A very 
large number of mechanisms have been proposed to describe 
the formation of fatigue striations. Most of these mechanisms 
have been based on ductile, shear mode, mechanisms of crack 
propagation, and only a few have included the possibility 
of brittle crack extension. It is obvious that striation 
formation must involve plastic deformatioft so many of the 
mechanisms are also reconcilable to a brittle/ductile crack 
propagation mode. 

The first mechanism put forward to explain the formation of 
fatigue striations, that of Forsyth and Ryder (68), did in 
fact involve such a brittle/ductile transition process: The 
striation profile proposed is shown in Fig.5.8 and involves 
the formation of flat fracture facets by brittle growth 
separated by raised portions, marking regions of plastic 
deformation. The ductile markings were proposed to mark the 
limit of crack extension in one cycle and striation spacing 
was therefore believed to be directly related to cyclic crack 
growth rate. 

In subsequent work Stubbington (70) and Forsyth (71) noted 
the presence of striations of two different profiles in the 
case of Al-Zn-Mg alloys: The first, type (A) was observed 
to be of sawtooth profile with the second, (B), similar to 
that originally proposed by Forsyth and Ryder but in fact 
a mirror image, the fracture surface being traversed by slots 
rather than ridges (Fig.5.9 ). The latter were found to be 
more prominent on corrosion fatigue fractures and were there-
fore termed brittle. This type of striatiofi was alsa found 
on crystallographic fracture facets, (70)/ which were taken 
as evidence for cleavage, as discussed earlier. Sawtooth, 
type A, striations were found on non crystallographic areas 
of fracture and were therefore described as 'ductile'. It 
was suggested that both types of striation might occur 



Fig 5 -8 

Striation profile as suggested by Forsyth and 
Ryder[68] Brittle fracture is indicated at A 
with ductile fracture at B 

Fig-59 

Striation types A and B as visualised by 
Stubbington [69] 
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together on a single fracture surface, in adjacent areas as 
represented diagrammatically by Stubbington (70), (Fig.5.9 ). 

The influence of test environment on striation formation in 
aluminium alloys has been demonstrated by a number of workers. 
For example Meyn (I4Z) found that fatigue striations were not 
apparent on vacuum fatigue fractures. His evidence was not 
however regarded as conclusive: Ritter and Wei (179) were able 
to observe striations on the fracture surfaces of Ti 6%A1 4%V 
tested in vacuum and suggested that the resolution of Meyn1s 
electron replica observation technique would be insufficient 
to detect striations at the crack growth rates involved. Later 
Wanhill (108), using electron replica techniques was able to 
resolve some surface markings on vacuum fatigue fractures so 
the possibility exists that striations are not purely an 
environmental effect. It should be noted however that the 
markings observed by Wanhill were very different in profile 
from those found on specimens fractured in laboratory air. 

A number of striation formation mechanisms have been proposed 
based purely on shear modes of crack growth. The first of 
these, which does not imply any environmental influence on 
striation formation was the widely accepted plastic blunting 
process (P.B.P.) as proposed by Laird and Smith (83) and 
later refined by Laird (72). The model was based on obser-
vations of high strain fatigue crack growth in pure metals 
such as nickel and is simple in concept: Fig.5.10 . The 
basis of the process is that work hardening at the crack tip 
during crack opening prevents the reversal of dislocation 
motion during closure leading to the double eared notch 
profile at minimum load. The model has the advantage that 
it can predict the formation of striations in non crystalline 
materials such as polymers but it has been criticised in its 
application to metals in that in its simplest form it does 
not involve any crystallographic considerations. Laird 
in his development of the model did however suggest that 
cracks may follow {001} planes in F.C.C. metals owing to the 
symmetry of slip systems at the crack tip-; a proposal similar 
to those of Pelloux (73) and Neumann (74) discussed earlier in 
section 1.2. Further criticism has been levelled at the 
model from an environmental viewpoint since clearly even if 
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( a ) 
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Schematic representation of the plastic blunting pro-cess of fatigue crack propagation in the Stage II mode: (a) zero load; (b) small tensile load; (c) maximum tensile load of the cycle; (d) small compressive load; (e) maximum com-pressive load of the cycle; and (f) small tensile load in the succeeding cycle. The double arrowheads in (c) and (d) signi-fy the greater width of slip bands at the crack in these stages of the process. The stress axis is vertical. 
Striation Formation as visualised by Laird[72] 

1 CYCLE Fig-5-11 

AFTER LOADING 

AFTER UNLOADING 

AFTER LOADING 

Striation Formation as visualised by Schijve[40] 
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striations are present in vacuum they are very different 
from those found in laboratory air. 

The Laird and Smith model of striation formation obviously 
most easily relates to the formation of type B striations, 
using the Stubbington terminology. Hertzberg (14 3) claimed 
however that all striations found on fatigue fractures of 
engineering materials at realistic crack growth rates (i.e. 
not high strains) were of a sawtooth profile, type A, and 
that any results to the contrary were a shadowing artifact 
of the electron replica techniques used. He then suggested 
a possible mechanism for the formation of this type of stria-
tion based upon the assumption that the two striation flanks 
were parallel to two operative slip systems at the crack tip 
i..e. segment of {III} planes. In such an orientation the over-
all fracture plane could, he suggested,^e a {001} with the 
striation flanks at ^55° to it. The mechanism was not de-
veloped in great detail but presumably the alternate acti-
vation of the two operative slip systems was thought to be 
responsible for striation formation. 

A model for the actual deformation processes occurring at the 
crack tip leading to the formation of type A striations was 
suggested by Schijve (40) Fig.5.11, who believed that crack 
tip resharpening occurred during crack closure. His suggestions 
formed the basis of the mechanisms developed by Pelloux (73) 
and Bowles and Broek (107) As discussed earlier Pelloux 
considered crack propagation to occur by an alternating shear 
process and crack surface oxidation to lead to growth rate 
enhancement in oxidising atmospheres. The striati-on formation 
process developed by Pelloux was similarly based around crack 
surface oxidation. The prevention of reversal of slip on 
planes passing through the crack tip due to oxidation, was 
postulated to lead to slip on a number of parallel systems, 
Fig.5.2 , giving rise to striation formation. In vacuum, 
the lack of oxidising species was taken to prevent this 
process leading to the non occurrence of striations in vacuum. 
With reference to his model of fatigue crack growth,Pelloux 
predicted that the striations would lie along <II0> directions. 

Experimental evidence for this kind of mechanism has been 
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provided by Neumann (74) in pure copper single crystals. The 
crack tip profile was observed during loading and unloading 
at high plastic strain and shapes very similar to those predic-
ted by Pelloux were observed. Clearly such studies in commer-
cial aluminium alloys would be quite impossible and supportive 
evidence has been limited to crystallographic studies using 
etch pitting techniques <73,10$ and the TEM studies carried out 
by Bowles and Broek (107): As mentioned earlier Bowles and Broek 
noted a fracture plane close to {011} using TEM techniques. 
They also noted using shadowed replicas,that slip steps were 
to be found on the leading edges of striations (type A)( (Fig. 
5.12) and developed the Pelloux model to describe this. They 
also found using the TEM that subgrain bands lay approximately 
below the peak and leading edge of the striations and ascribed 
this to deformation occurring during crack closure. 

This mechanism has the advantage that supportive evidence 
exists in its application to high strength aluminium alloys 
while that of Laird has only been actually proven at relatively 
high plastic strains in 'model' materials such as pure nickel. 
Common to both metals is the assertion that the striation for-
mation occurs during crack closure, but the Bowles and Broek 
mechanism can only successfully predict the type A striation 
profile and Lairds's only type B. 

A totally different view has been taken of striation formation 
by Tomkins (144) and Tomkins and Biggs (145). They studied 
striation formation in pure aluminium and various polymers 
at very high plastic strains using light microscopy. They 
proposed a mechanism which is fundamentdly different from all 
the others. The mechanism is summarised in Fig.5.13. It 
involves plastic flow on shear bands as the crack is loaded 
leading to the formation of the double eared notch shown. 
If work hardening is exhausted before maximum crack opening 
displacement is reached, fracture can occur at the crack tip 
leading to a repeat of the process and the formation of a 
secondary striation. This implies that more than one striation 
might form in one cycle although Tomkins and Biggs stated that 
the first striation would be much more apparent. Evidence was 
presented in their publications to suggest the occurrence of 
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this process during low cycle fatigue at high plastic strain 
in the materials investigated. Tomkins and Biggs did not 
however claim that this mechanism could be applied to the 
high cycle fatigue regime. 

Such a mechanism has been applied to high strength aluminium 
alloys by Wanhill ((108). He studied fatigue crack propagation 
in 2024 and 7075 alloys in air and vacuum. Using a programme 
load sequence and electron replica techniques to investigate 
the fractures he was able to relate a heavy type B striation 
to a large tensile load excursion, he therefore invoked the 
Tomkins and Biggs model. He also developed the model to in-
clude environmental effects: Wanhill proposed that in labora-
tory air adsorbed species promoted stage 2 of the Tomkins and 
Biggs model - fracture at the tip of the blunted crack - while 
in vacuum this tended not to occur leading to a sequence shown 
in Fig.5.I4and much reduced growth rates. Wanhill observed 
complex ripple markings on vacuum fatigue fracture surfaces, 
the formation of which he explained by this process. 

Wanhill's application of the model has received a certain amount 
of criticism^particularly from Laird and De la Veaux (146) 
They invoked the evidence of McEvily (147) that the slot in 
the type B striation was produced during crack closure. Once 
again, however, this evidence was obtained by observing crack 
growth in model systems in the high plastic strain range and may 
not be applicable. 

Recently, observation has been made by Bowles of the crack tip 
profiles produced during crack growth in high strength alumin-
ium alloys using a crack infiltration technique. The results 
obtained are in agreement with the predictions of Laird, that 
crack closure leads to the formation of the double eared 
notch. 

In conclusion, there seems to be no general consensus about 
the mechanism of striation formation and the profile of the 
striation produced. Most mechanisms are based around obser-
vation at high plastic strains, where the effect of any en-
vironmental process may be reduced. Two types of striation 
have been observed but no mechanism has been found which can 
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successfully predict the formation of both types and the 
circumstances under which they are produced. 

1.5.2. General Features. A recent study has been made by 
Forsyth and Bowen (57) of the general fracture surface appear-
ance produced during stage II crack growth in laboratory air 
environment in the commercial AL-Zn-Mg~Cu alloy 7178.At AK=5MNm~3/2 

R=O.I a network was found of approximately normally oriented, 
flat facets with each facet corresponding roughly to a grain. 
At slightly higher AK (^7MNm~3//2 ) this structure gave way to 
a series of parallel markings running along the direction of 
the crack growth and termed'river markings.* Structures appar-
ently similar to this were also observed by Cina and Kaatz .(148) 
who described them as 'ridges'. They were unable to resolve 
striations on these ridges and hence attributed their formation 
to a mechanism of crack growth not involving striation formation. 
Forsyth (71) in his earlier studies attributed the formation of 
fracture facets to crystallographic fracture in the case of 
corrosion fatigue, striations were however resolved on these 
facets. With increasing stress intensity, (Ak>IOMNnT3/2 ,R=O.I). 
Forsyth and Bowen noted that intermetallic particles began to 
be incorporated in the fracture surface. This involvement 
showed itself first by the appearance of chevron markings with 
intermetallics lying at the point of the chevron. This was 
followed at higher stress intensity by isolated fracture regions 
associated with the particles. These were not however believed 
to be regions of ductile tearing, rather regions of fatigue 
crack growth under conditions influenced by the presence of the 
particle. 

Ductile dimples formed by fibrous tensile failure in the region 
of intermetallics was noted at AK>20MNm~3^2 (R=O.I). These 
dimples and voids were found to be much deeper than the irre-
gular plateaux produced at lower AK but were linked by regions 
of cyclic crack growth. 

1.6. The Influence of Metallurgical Variables. 
I.6.I, Precipitate Distribution. In the previous sections, 
a broad outline has been given of the mechanisms of fatigue 
crack growth in aluminium alloys under mildly corrosive con-
ditions. The possibilities of crack growth involving both 
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shear and cleavage components have been noted, and clearly 
dislocation motion has a significant part to play. It may 
be entirely responsible for crack growth or be involved via 
plastic blunting of an initially brittle crack and/or dis-
location transport of hydrogen. 

As detailed in Part 3, high strength aluminium alloys such 
as 7010 and 2024 contain in their normal heat treated condi-
tion small (<0.Iym) coherent or semi-coherent particles 
produced by precitation hardening. These particles are prin-
cipally n' and n (MgZn^) in the case of 7000 series alloys 
and GPB zones and S (CuMgAl2) in 2000 series alloys. The 
conditions under which peak strength can be acheived in these 
alloys have been extensively detailed, see for example Fine 
(!49)for a recent review. While very large increases in yield 
strength have been achieved by age-hardening it has been found 
that increases in fatigue endurance are .relatively modest 
(Table 5. I I I ) . For example the ratio of ultimate tensile stress 
(U.T.S) to fatigue endurance limit (unnotched) increases dra-
matically with ageing in 7075. Compare for example the alloy 
5086 in cold worked condition: While having a much lower 
tensile stress, in terms of fatigue properties the two are 
identical. The poor ratio has been found to be particularly 
the case in peak aged materials such as 7075 T6. The explan-
ation for this has generally been that when precipitate part-
icles are small glide dislocations can cut particles during 
plastic deformation. While this may be a condition resulting 
in high yield stress it leads to a low rate of work hardening 
since dislocations can continue to pass through cut particles. 
Thus deformation is localised into groups of a few active 
slip planes and bands are formed, a condition described as 

' planar slip1. 

This effect has been investigated in fatigue by a number of 
workers, both from the point if view of crack initiation and 
the cyclic stress-strain response. In the early work of 
Stubbington and Forsyth (42 ) the localisation of slip and 
formation of cyclic slip bands was found to be prevalent in 
peak aged Al-Zn-Mg ternary alloys and was inhibited by over-
ageing. Slip band formation was found to lead to the prod-
uction of extrusions and intrusions on the specimen surface 
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Table. 5.III. 

YS TS FL FS/TS 
Precipitation 2024 0 11000 27000 13000 0. 48 
Hardened T3 50000 70000 20000 0. 29 

T4 47000 68000 20000 0. 29 
7075 0 18000 33000 17000 0. 51 

T6 73000 83000 23000 0. 28 

Work 5083 0 21000 42000 22000 0. 52 
Hardened 5083 H32I 33000 46000 22000 0. 48 

5086 0 17000 38000 21000 0. 55 
5086 H34 37000 47000 23000 0. 49 

EL = fatigue limit 
TS = tensile strength 

From Fine (149) 
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which were a precursor to crack initiation. Hence the poor 
endurance limit of peak aged material was attributed to slip 
band formation. The cyclic stress-strain response has also 
been related to slip band formation by Sanders and Starke (155) 
Here a reduction in cyclic yield stress was found during the 
cycling of peak aged alloys, whereas underaged alloys in part-
icular exhibited cyclic hardening. This effect was shown 
to be associated with the formation of slip bands. 

The actual process of cyclic slip band formation has been 
attributed to two possible effects. Firstly, as noted earlier 
precipitate cutting was found in peak aged material and Forsyth 
and Stubbington suggested that the repeated cutting of particles 
during cycling led to their falling below the critical size 
and to their resolution. Hence softened bands were formed 
and strain was further localised. The second possibility, 
suggested by Lynch and Ryder (150) was that local overageing 
might occur due to dislocation enhanced diffusion. In the 
Al-Zn-Mg-Cu alloy 7050, a recent rather interesting study of 
this process has been carried out using differential scanning 
calorimetry (DSC) by Papazian et al (J51). These workers 
discovered that in an underaged condition precipitate dissolution 
was found to occur during cycling with no evidence for over-
ageing. In an overaged condition however the alloy exhibited 
limited further ageing during cycling with no apparent reversion. 
It was concluded therefore that in the overaged condition the 
n(MgZn2) particles could not be sheared. 

As mentioned previously most fatigue studies of the formation 
of slip bands and interaction of precipitates with dislocations 
have centered around crack initiation and cyclic stress strain 
response. However some workers have attempted to relate these 
processes to stage II crack propagation. For example, Lynch 
(152)suggested that plastic deformation around a stage II 
fatigue crack might also involve precipitate resolution and 
slip localisation, thereby leading to increased crack growth 
rates in alloys containing shearable precipitates. In fact 
Lynch proposed that glide on intersecting slip systems at the 
crack tip gave rise to the formation of a precipitate free 
slip band on a bisecting plane ahead of the crack and hence 
to crack growth on this plane. Clearly these suggestions 
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are based around a ductile mode of crack growth and hence the 
precipitate reversion enhancement of crack growth would be 
expected in dry environments. Lin and Starke (154), however, 
found that decreasing the Cu content in an Al-Zn-Mg-Cu alloy 
and producing a microstructure of readily shearable precipi-
tates (see Part 3 for a discussion of the influence of copper 
on precipitation) gave rise to a reduced crack growth rate 
under dry conditions. These workers believed that slip band 
formation led to crack branching thereby explaining the effect. 
Hence the validity of a theory of crack growth rate enhancement 
due to precipitate cutting would appear to be in some doubt. 

The influence of the planar slip tendency on mechanisms of 
embrittlement has received a good deal of attention in relation 
to S.C.C. but most of this work has been concerned with dis-
location pile-up leading to crack initiation (153) which is of 
no concern here. In fact the beneficial effect of copper 
additions on S.C.C. in Al-Zn-Mg alloys has been attributed to 
this process. 

In a recent study Lin and Starke (154) showed that copper content 
had the effect of reducing fatigue crack growth rates in moist 
environments. Hence they were of the opinion that the formation 
of intense slip bands at the crack tip associated with precipi-
tate cutting gave rise to an increase in the dislocation 
transport of hydrogen ahead of the crack; dislocations moving 
more easily within the slip bands. Hence the possibility of 
precipitate distribution involvement in the embrittlement 
mechanism itself is a real one. 

1.6.2 Large Inclusions and Grain Structure. The large inter-
metallic inclusions found in commercial high strength aluminium 
alloys are well known to influence fracture toughness as dis-
cussed in Part 3. They have also been found to have some effect 
on fatigue crack propagation: Sanders and Starke (155) , for 
example, found that in the case of 7050, heat treatments 
resulting in large (-IOym diameter) particles of S(CuMgAl2) 
increased fatigue crack growth rates. Albrecht et al (156) 
also noted a similar effect due to chromium rich particles in 
the alloy 7075. The plate-like particle morphology was con-
sidered important in this case. Broek (157) concluded, however 
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that their effect would only be appreciable at high AK where 
particles were associated with ductile tearing. This would 
be expected from the fractographic observations of Forsyth and 
Bowen discussed earlier, since particles were often incorporated 
into fracture at high AK. Broek's conclusion that at inter-
mediate AK large inclusions would have little effect was 
supported by his own experimental results and also those of 
El Soudani and Pelloux (158). 

Forsyth and Bowen found that grain size had little effect on 
growth rates in laboratory air in the alloy 7178 and their 
findings have been generally supported by other workers. 
Changes in crack propagation behaviour have been attributed 
to grain shape in some circumstances: For example, Lynch and 
Ryder (150) discovered that cracks followed an intergranular 
path in a high purity Al-Zn-Mg ternary alloy with an approxi-
mately equiaxed grain structure. However, exclusively trans-
granular cracking in the transverse direction was noted in a 
commercial alloy of elongated grain structure. The change in 
failure mode was attributed to the tortuous crack path that 
would have been necessary for an intergranular crack path. 
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2. EXPERIMENTAL RESULTS. 

2.1. Introduction. 
The majority of results which have been obtained concern 
crack propagation in 7010 T76 with a laboratory air environment 
(relative humidity approximatly 50%) and at a stress ratio (R) 
of 0.1. It is therefore proposed to detail the observations 
made of fracture under such conditions,followed by an appraisal 
of the effect of loading conditions and test environment. 
The results obtained from 2024 T3 are also presented here. 

2.2. General Fracture Appearance. 
The observations made of the fracture surfaces at low magnifi-
cation in the SEM are summarised in Figs.5.15 and 5.16. Both 
stress intensity and grain structure were found to have an 
effect on the fracture appearance: At low stress intensity 
range, AK<I0MNm"3/^2, particularly in the case of the centre 
notched specimen types, the surface appearance was one of 
elongated facets running along the direction of crack growth. 
These facets were admixed with less regular areas of fracture 
with increasing AK and large intermetallic particles (>I0um 
diameter) became increasingly evident on the fracture surface. 
These regions, as the maximum stress intensity K approached j max 
Kc- (^35MNm 3 / 2), were in turn interspersed with regions of 
ductile tearing. At AK-2 6MNitT , however, (Fig. 5.15(c) the 
greater proportion of the fracture surface consisted of^RcyS^J 
fatigue fracture delineated by striations rather than ductile 
dimple fracture. The faceted structure v/as by this stage 
completely absent. Facets were found to be influenced greatly 
by grain orientation, (Fig.5.16 ): The crack growth direction 
in the initiation type centre notched specimens was both trans-
verse to and along the long transverse (L-T) grain axis 
(Fig.5.17). Abrupt changes in the faceted structure were 
observed along lines corresponding to the planar grain bound-
aries, which, as discussed in Part 3 (2.1.), were found to be well 
marked. In the case of the C.T design specimens crack growth 
occurred along the L-T direction and the structure was less 
well marked. In all cases the overall plane of fracture was 
approximately perpendicular to the load axis, excluding final 
shear failure which occurred at an angle of about 45° as 
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Fig. 5.15. General appearance of fracture surfaces, 
laboratory air failure, R=O.I. Centre notched 
speaimen type. 

(a) AK (mean) = 6MNm~3//2 . 
(b) AK(mean) = I6MNm"3^2. 
(c) AK (mean) = 25MNm"3y/2 . 

Crack growth directions arrowed. 

\ 

Fig. 5.16. The influence of grain structure on general 
fracture appearance. AK-I5MNm" . R=O.I. 

(a) crack growth along L.T. direction C.T. 
design specimen. 

(b) crack growth along S.T. direction, 
centre notched specimen. 

Crack growth directions arrowed. 
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expected. No effect of test frequency was observed on the 
fracture appearance. 

2.3. High Resolution Fractography. 
The high resolution (HRSEM) studies were based around the 
observation of fatigue striations. In the vast majority of 
cases,striations were of one of two types, quite different 
in appearance. Type A (Fig.5.18) were found to be of a saw-
tooth profile with slip steps on the leading edge (i.e. the 
edge facing away from the crack origin). The opposite edge 
was found to be generally featureless under all circumstances. 
Type B striations (Fig.5.19)•consisted of essentially parallel 
fracture facets separated by parallel sided slots. The inter-
striation facets were apparently smooth and featureless. 

Fatigue striations were not found to cover the whole of the 
fracture surface, even under conditions where stable crack 
jumps would not be expected (i.e. K <<Kr ). Areas were max 
found to be free of any markings even at high tilt angles 
where any topographic contrast would be maximised. Striation 
free regions were found adjacent to areas of well marked 
striations (Fig.5.20). No evidence was found to suggest 
contact of opposing fracture surfaces and associated fretting. 

Striations of types A and B were found over the whole range 
of AK and at all test frequencies employed. The types of 
fracture facet upon which the two types were observed were 
found to differ however. Type A striations were generally 
found to occur only on irregularly shaped facets and were 
particularly well marked on areas inclined at a steep angle 
to the overall plane of fracture (Fig.5.20). Stereoscopic 
observations showed the featureless edge of the striations 
to be approximately perpendicular to the viewing direction 
while the edge delineated by slip markings was at a steep 
angle to it. It must be emphasised, however, that type A 
striations were not found exclusively on these steeply angled 
facets. While type B striations were also observed on regions 
of this type they were found to occur,to the exclusion of 
type A,on the elongated facets described earlier (Fig.5.21). 
Each facet was found to be covered with type B striations which 



- 197 -

Fig. 5.18. Type A fatigue striations with stereo pair 
of corresponding area HRSEM image. 
Crack growth direction arrowed. 

i 

Fig. 5.19. Type B fatigue striations with stereo pair of 
corresponding area HRSEM image. 
Crack growth direction arrowed. 
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Fig. 5.20. Typical area of type A striations with stereo 
pair of corresponding area, HRSEM image. Note 
also upper, striation free, region. Crack growth 
direction arrowed. 

Fig. 5.21. Typical area of type B striations with stereo 
pair of corresponding area, HRSEM image. Crack 
growth direction arrowed. 
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were often separated by regions of tearing along the facet 
boundaries. 

Striations were generally observed to lie perpendicular to the 
overall crack growth direction. Rotations of up to 30° were 
observed in some cases between adjacent areas of fracture 
(Fig.5.22). Striation fronts were often found to be curved, • 
giving the impression, especially in the type B case, of a 
curved fracture surface. Careful stereoscopic observations, 
however, showed the inter-striation regions to be planar 
and parallel to one another, the striation slots themselves 
being curved. The inter-striation regions were often at an 
angle to the overall plane of fracture such that a staircase 
structure was developed as shown schematically in Fig.5.23. 

Using the high resolution fracture surface matching technique 
it was possible to observe the correpondence of striations 
on opposing fracture surfaces. Matching areas were obtained 
showing striations of types A and B and the rather surprising 
results are reproduced in Figs.5.2 4*5. 26. Type B striations were 
often found to match with their own kind (Fig.5.24) although 
opposing faces did not normally show equal amounts of striation 
topography, striated regions matching almost striation free 
regions in many cases. Type A striations were not necessarily 
found to correspond to the same type of striation on the 
opposite fracture surface (Figs. 5.25, 5. 26) . In fact in this case 
type A striations on fracture surface (a) were found to corres-
pond to type B striations on fracture surface (b). It would 
be impossible to state that this was exclusively the case 
since only a limited number of corresponding areas were ob-
served. 

Further confirming the interelation between profiles an inter-
mediate type of striation was also observed on a very few 
occasions, (Fig.5.27). Here features corresponding to both 
types of striation could be found, the 'type B' slot corres-
ponding to the trough in the type A striation. 

2.4. TEM Observations. 
Observation in TEM of type I thin foils yielded information 
about both the crystallography of fracture and the deformation 
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Fig. 5.22. General area of striations showing striation 
front curvature and rotations between adjacent 
areas. 

i 
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Fig.5-23 
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Fig. 5.24. High resolution fracture surface matching of 
type B striations. 

(a) matching areas. 
(b) detail from the central portion of each. 

(The pair of micrographs on the right hand side 
of the page are printed in reverse in order 
to facilitate matching of images.) 
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Fig. 5.25. High resolution fracture surface matching of 
striation types A and B. Matching areas, 
regions of interest arrowed. 

Detail from arrowed regions in upper micro-
graphs showing type A striations on surface 
(a) corresponding to type B striations on 
surface (b). Crack growth directions arrowed. 
(Stereo pairs of these regions are shown in 
Fig. 5.26.) 
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Fig. 5.26. Stereo pairs of regions in Fig. 5,25; crack 
growth directions arrowed. 

< 

Fig. 5.27. HRSEM image with corresponding stereo pair 
showing an intermediate type of striation 
with features relating to both types A and B. 
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structure associated with crack growth. The basic observations 
are summarised in Fig.5.28. A highly regular structure of 
bands of deformation separated by regions of low dislocation 
density was observed. The deformation bands were found to be 
highly imperfect and consisted basically of recovered subgrains. 
Rotational Moire fringes were visible in many cases (Fig.5.28(b), 
and a simple analysis of the fringe spacing yields subgrain 
rotations of less than 1°. These observations were supported 
by the electron diffraction data which showed arcing of re-
flections. In all cases selected area diffraction patterns 
(SADP's) produced with the foil in an untilted condition 
showed a zone axis close to <011>. The surface of the thin 
foil must be expected to be approximately perpendicular to the 
electron beam in this situation so these results imply a 
fracture surface close to {Oil} in electron transparent areas. 
The line of intersection of the deformation bands with the 
foil surface was found in the majority of cases to be close 
to the <III> direction. This was not, however, the case 
exclusively and <I00> and <0II> directions were observed 
together with apparently non-crystallographic directions. 

The deformation bands were found to be separated by regions 
of low dislocation density with a visibly undisturbed precip-
itate distribution. Extensive tilting produced no evidence 
of substructure in these regions. The precipitate distribution 
also appeared to be unaltered within the deformation bands 
since with the bands tilted out of contrast no regular change 
in precipitate distribution was evident. 

The band structure was particularly well revealed by high 
resolution dark field microscopy (Fig.5.29). By tilting 
about the line of intersection of the bands with the foil 
surface it was possible to obtain more information about the 
nature of the bands. With the foil untilted the bands were 
found to present a relatively narrow image and by tilting, this 
image could be broadened until the band images overlapped. 
Tilting in the opposite direction allowed the band images to 
be decreased in width slightly although difficulties were 
experienced in maintaining suitable contrast under these 
conditions. The deformation bands were found therefore 



- 212 -

Fig. 5.28. TEM observations carried out on plane section 
(type I) thin foil specimen. 

(a) bright field micrograph showing regular 
deformation band structure. Specimen 
untilted ( A K - l 5 M N m " , R=O.I). 

(b) detail of the above with corresponding 
SADP. (Zone axis -<OII>) 
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Fig. 5.29. TEM observations of deformation band structure 
carried out at different specimen orientations. 

(a) bright field micrograph with corresponding 
SADP, specimen untilted. (Zone axis ^<011>) 

(b) high resolution dark field (HRDF) of same 
area, specimen untilted, reflection arrowed 
in SADP. 

(c) HRDF and SADP, specimen tilted I5°c.w. 
about an axis approximately parallel to 
the trace of the bands in the foil plane. 

(d) as above, specimen tilted 5°a.c.w. 

< 
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to be of width around O.Iym in the case of an inter-band 
spacing of 0.3ym. The bands appeared to be somewhat irregular 
in thickness however and ran through the foil at an angle to 
the surface of greater than 60°. 

More details were obtained concerning the dislocation structure 
by the observation of type II, cross section, thin foil 
specimens in the HVEM operating at 500 kV. Very limited areas 
of electron transparent material were produced in electro-
polished specimens, but it was possible to examine material at 
distances of less than Iym from the original fracture surface, 
(Fig. 5.30). The deformation bands were again visible, extending 
only to a limited distance of around Iym below the fracture 
surface. No information was obtained,from electropolished 
specimens,of crack tip dislocation structures, the overlapping 
of fracture surfaces merely giving the impression of a crack 
termination in Fig. 5.30(f>). In terms of electron transparency 
the ion-beam thinning preparation technique was much more 
successful. The fracture surfaces were again preserved, but 
unfortunately a great number of artifacts were produced 
(Fig. 5.31). Apparent overageing during thinning was found 
(compare the precipitate size here with Fig. 3.7 ) and sub-
stantial heating during thinning would appear to have 
occurred. Account must be taken of this therefore in inter-
pretation of substructural information. The deformation bands 
could not be observed, presumably owing to thermally induced 
recovery. A region of subgrains was observed to extend to a 
distance of approximately 0.5ym ahead of the crack (at AK= 
I4MNm~3//2, R=0.1) . This region would imply the presence of an 
area of high dislocation density in the original unmodified 
state. 

2.5. Combined HRSEM and TEM Observations. 
By observation of type I thin foils in the HRSEM and TEM modes 
it was possible to obtain information both about surface topo-
graphy and underlying substructure and crystallography. Un-
fortunately areas showing marked surface topography are by their 
nature unlikely to give suitable thin areas for observation and 
the success rate of this technique was extremely low. However, 
it was possible to obtain this type of information from areas 
showing a number of different surface topographies. 
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Fig. 5.30. Observations of cross section (type II), 
thin foil specimens prepared by electropol--
ishing. HVEM bright fields at 500Kv, (AK 
-l4MNm~3/^2 , R=0.1.) 



0-2nm 
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Fig. 5.31. Observations of cross section (type II) thin 
foil specimen prepared by ion-beam thinning, 
section through crack tip. HVEM bright field 
500Kv with corresponding SADP from region -Iym 
diameter, adjacent to crack tip. 
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The deformation band structure was found to exist over areas 
showing no apparent striations on the surface and, for example, 
the area in Fig.5.28 was such a region. The relationship 
between the deformation band structure and striation topo-
graphy in the case of type A striations is shown in Fig.5.32 . 
The deformation bands which, in this example, intersected the 
surface approximately along a <III> direction,were found to 
lie directly below the leading edge of the striations, i.e. 
the edge angled away from the fatigue crack origin. The fracture 
surface as shown in the stereo pair was approximately perpen-
dicular to the electron beam in this case. The deformation 
band-striation relationship in the case of type B striations 
is shown in Fig.5.33. Here, the deformation bands, visible 
in TEM, were observed directly ahead of the slots visible in SEM. 
The bands again intersected the surface along a <III> direction 
in this particular case. Further observations in thicker 
specimens showed that the bands extended beneath the striation 
slots but were not observed on the opposite side of the slot 
from that shown in Fig.5.3^ under any circumstances. In both 
cases therefore the deformation band structure was found to be 
related directly to the fatigue striations as shown schematically 
in Fig.5.34 . 

As noted earlier the band structure was found to be extremely 
regular in all the electron transparent areas. The only 
exception to this was in areas containing intermetallic part-
icles, which, as well as disturbing the striation topography, 
gave rise to a break up of the band structure in their vicinity 
(Fig.5.35). In this case it can clearly be seen that as the 
crack approached the intermetallic the deformation structure 
became less regular and was accompanied by a correspondingly 
irregular fracture surface in a region up to approximately 
2ym ahead of the particle. It is notable that the particle 
appeared to exert an influence on the deformation structure 
only over a very limited length of crack front, the band 
structure in adjacent areas being relatively undisturbed. As 
expected the band structure returned to the regular pattern 
as soon as the crack had propagated beyond the particle. 

2.5.1.Crack Growth at High and Low Stress Intensity Ranges. 
Crack growth in the region AK 20MNHT3/2 was readily investigated 
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Fig. 5.32. Combined TEM/HRSEM observations on plane 
section (type I) thin foil; region exhibiting 
type A striation topography. 

(a) HRSEM image, crack growth direction i 
arrowed. 

(b) TEM bright field, at IOOKv, of corres-
ponding area with SADP, specimen untilted. 
(Zone axis -<OII> .) 

(c) Stereo pair of area in (a) (rotated 
90° a.c.w.) 

< 
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Fig. 5.33. Combined TEM/HRSEM observations on plane 
section (type I) thin foil;region exhibiting 
type B striation topography. 

(a) TEM bright field, IOOKv, with corres-
ponding SADP, specimen untilted. (Zone 
axis -<OII> .) 

(b) HRSEM image of corresponding area, crack 
growth direction arrowed. 

(c) Stereo pair of area in (b) (rotated 
90° c.w.). 

< 
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Fig. 5.35. Combined TEM/HRSEM observations on plane 
section (type I) thin foil; region containing 
a large inclusion incorporated in to the 
fracture surface. 
Series of TEM bright, fields, IOOKv, with 
corresponding SADP from region -Iym diameter, 
directly beneath the inclusion, specimen 
untilted. Crack growth direction arrowed. 

Corresponding HRSEM image showing disturbance 
of striation topography. 
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fractographically since fatigue striations were found to be 
extremely well marked. Both types of striation were observed 
and a commonly observed feature was the formation of secondary 
cracks corresponding to type B striations as shown in Fig.5.36. 
Great changes in striation topography were noted between 
adjacent areas and relatively striation free areas were 
observed. Abrupt topographical changes were often found to 
be associated with grain boundaries, arrowed in Fig.5.36. 

-Type I thin foil observations were much more difficult at high 
AK, since, owing to the extremely rough fracture surface, thin 
areas were rarely produced. An example of such an area is shown 
in Fig.5.37. The deformation band structure under these cond-
itions was found to be basically unchanged. The bands were 
extremely well marked and somewhat irregular in width. The 
fracture plane remained, however, close to {Oil}., Clearly 
the width of the deformation band image must depend on foil 
thickness but,by observing foils of similar thickness to those 
of lower AK fracture in the same orientation,it was noted, 
qualitatively, that the deformation bands were considerably 
wider when related to those of the lower AK fractures. 

In the very low stress intensity range (AK<IOMNm~3//2 ) diffi-
culties in striation observation were encountered in SEM since 
striation topography was not well marked and spacing was very 
small. In fact very high tilt angles were necessary in order 
to observe the striations. It is significant, however, that 
they were found to be present (Fig.5.38(b)). They appeared 
to be somewhat irregular in nature on many facets, as shown 
here, and it was impossible to determine the striation profile. 
The spacing of these markings was, however, found to be con-
sistent with extrapolation of striation spacing data obtained 
at higher AK and can therefore be considered to be true 
striations rather than some kind of slip markings. 

It was not possible to observe striations of spacing less than 
o 

400 A observed here although the spatial resolution of the 
HRSEM is theoretically an order of magnitude higher than this. 
This may,however, be simply a result of the vertical height 
of striation features falling below -the resolution limit rather 
than the non-occurrence of striations. 
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Fig. 5.36. SEM image of region exhibiting type B striations 
at AK-25MNm 3//* . Note striation splitting in 
central region and abrupt change in striation 
topography at grain boundaries (arrowed). 
Crack growth direction also arrowed. 

Fig. 5.37. TEM observations of deformation band structure 
at high AK ( 2 7MNm""3 ̂  ) . Series of TEM bright 
fields, 100Kv, with corresponding SADP, specimen 
untilted. (Zone axis ^<0II>.) Crack gr'Ovjth 
direction arrowed. 
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Fig. 5.33. TEM and HRSEM observations (not corresponding 
areas) of striations and deformation band 
structures at low AK ( ^ 6 M N i r T , R=O.I). 

(a) plane section foil, TEM bright field, 
IOOKv, with corresponding SADP. (Zone 
axis ^<OII>)-Crack growth direction 
arrowed. 

(b) HRSEM image of striations. Crack growth 
direction arrowed. 
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The TEM observations of type I foils yielded information about 
the nature of the deformation band structure although the 
bands were difficult to resolve since the lattice distortion 
due to the bands appeared to be slight. Ill defined bands 
were however observed as shown in Fig.5.38(a) with a line of 
intersection with the fracture surface of <OII> in this case 
and, once again, an approximately {Oil} fracture plane. The 
band spacing was found to be around 500 corresponding 
approximately to the striation spacing at equivalent AK 
(- 6MNm~3 /2 ) . 

2.6. The Effect of Stress Ratio. 
Type I thin foils were prepared from specimens tested at stress 
ratios of R=+0.5 and R=-0.3. These were examined to investigate 
the effect of peak stress intensity ( K

m a x ) o n the deformation 
band structure. The deformation sub-structures observed were, 
however, consistent with fracture at similar AK at R=0.I 
xather than at similar K ^ . For example, Fig.5.3 9 shows a region 
of fracture at R=-0.3 AK=25MNm 3 2, K =I9Mm" 3 /' 2. The structure max 
observed here can be compared to Fig. 5.40 which shows fracture 
at R= o. 5 AK=I2.MNm"3/2 , K =25MNm~ 3/2 . Despite K being max max 
somewhat lower in the former, the deformation bands clearly 
show evidence of more deformation accompanying crack growth. 
Peak stress intensity would therefore appear to have little 
effect on the band structure. The overall crack plane crystall-
ography was also found to be unaffected, being close to {Oil} 
in both cases. The two types of striation were observed on 
the fracture surfaces produced at both R=0.5 and -0.3. Stria-
tions were found to be consistent with those observed at R=0.I 
at equivalent AK. Hence, well defined striations were rarely 
observed at R=0.5, since large areas of ductile tearing were 
found at AK-I5MNm" as K approached K (-35MNirf 3 ) . max C 

2.7. Programme Load Tests. 
HRSEM observations of type B fatigue striations produced using 
the simple load programme showed conclusively that each striation 
was related to one load cycle (Fig.5.41). Striation slots 
showing a narrow image (arrowed) were found to occur in pairs 
separated by groups of three wider striation slots. The 
narrow striation slot images were found to be followed by 
correspondingly narrow inter-striation regions, while the 
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Fig. 5.39. Deformation band structure associated with 
crack growth at R=-0. 3 AK-25MNm~3//2 , K , max 
I9MNm"3 . HVSM bright field image at 500Kv 
with corresponding SADP, specimen untilted. 
(Zone axis ^<OII>). 

t 

Fig. 5.40. Deformation band structure associated with 
crack growth at R=0.5, AK-l2MNm"3//* , K -i max 
25MNm 3/2 . HVEM bright field, 500Kv with 
corresponding SADP, specimen untilted. 
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Fig. 5.41. HRSEM observations of type B striations 
produced during crack growth under programme 
loading conditions. Narrow striation images 
and crack growth direction arrowed. 

< 

Fig. 5.42. Deformation band structure produced during 
crack growth under programme loading conditions. 
TEM bright field, 200Kv, with corresponding 
SADP, specimen untilted. (Zone axis -<OII>.) 
Ill-defined bands and crack growth direction 
arrowed. 
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groups of three well defined striations were followed by broad 
interstriation regions. These observations can be readily-
related to the load programme (Fig.2.6 ). 

It was also possible to conduct thin foil observations on 
type I thin foils prepared from these specimens and here the 
effect of varying AK was again apparent (Fig.5.42): Well 
defined deformation bands were observed in groups of three, 
separated by pairs of ill-defined bands (arrowed). Quite 
evidently therefore, deformation bands can be related to AK 
and are formed on a cycle by cycle basis. It was not possible 
to obtain electron transparent areas showing a clear relation-
ship between deformation bands and surface striations but 
Fig.5. 43 shows an HRSEM image corresponding to Fig.5.42 . The 
narrow striation images appear to correspond to the ill-
defined bands and vice versa. 

2.8. Fatigue Crack Growth in the Alloy 2024 T3. 
A similar but less rigorous HRSEM and TEM study was made of 
crack propagation in 2024 T3 using a laboratory air environment, 
a stress ratio of 0.1 and a frequency of 0.2 Hz. The type I 
thin foil observations showed a deformation band structure 
similar to that observed in 7010 T76 with a crack plane once 
again close to {Oil} (Fig.5.44). The trace of the deformation 
band in the foil surface was also found to be along a number 
of crystallographic and non-crystallographic directions, as in 
7010 T76. A number of differences in structure between 2024 T3 
and 7010 T76 were, however, observed: 

(a) A greater degree of overall deformation appeared 
to be associated with crack growth at approximately 
equal AK. The electron diffraction data showed 
obvious diffraction reflection streaking in low order 
reflections. Patterns produced with the same .sized 
selected area aperture in 7010 did not exhibit such 
streaking even at very high AK (c.f. Fig. 5.37). 

(b) The deformation band structure was generally less 
regular than that observed in 7010 T76. 

(c) Small intermetallic particles, many of which were 
present in this alloy, were found to be incorporated 
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Fig. 5.43. HRSEM image of area corresponding to Fig. 5.42. 
Narrow striation images and crack growth 
direction arrowed. 
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Fig. 5.44. Plane section (type I) thin foil observations 
of crack growth in a laboratory air environ-
ment in the alloy 2024 T3. AK^25MNnT3/2 , R=0.I. 
TEM bright field, IOOKv, with corresponding 
SADP, specimen untilted. (Zone axis-<011>>. 
Crack growth direction arrowed. 

( 

Fig. 5.45. HRSEM images of typical striation topographies 
found on fracture surfaces of the alloy 2024 
T3. 

(a) type A striations, AK^l2MNm"3//2 , R=0.I. 
(b) type B striations, AK~20MNnT3y/2 , R=0.I. 

Crack growth direction arrowed. 



< 1 0 0 > 
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in the fracture and appeared to be associated with 
irregularities in the band structure (Fig.5.44 ). 

The HRSEM studies (Fig.5.45 ) confirmed the influence of inter-
metallics on crack growth. Both types of fatigue striation 
were observed but both were found to be less regular with 
evidence of a great deal more plastic deformation accompanying 
crack growth. Impressions in the- fracture surface, produced by 
incorporation of intermetallics were clearly visible at all 
times even at low AK (Fig.5.45(a). 

2.9. Etch Pitting Studies. 
Selected area diffraction studies, whilst providing evidence 
of a crack plane close to {01l),were not sufficiently sensitive 
to determine accurately the actual plane of separation and were 
limited to electron transparent areas. These observations of 
crack plane crystallography were therefore extended by the use 
of the etch pitting technique. Previous workers have reported 
that the etchant used attacked {001} planes and hence square 
pits would be expected on an {001} surface and rectangular pits 
with sloping bases on an {Oil} surface (Fig.5.46). Combined 
HRSEM/TEM observations of etched thin foils has allowed pit 
shape to be compared to electron diffraction data (Fig.5.47). 
In the case of an {Oil} foil surface,etch pits were found to 
be approximately square in shape but had sloping bases. The 
edges of the pits were found to be crystallographic and of 
<0II> and <I00> as expected. Pits on {001} planes were also 
square in section but showed parallel sides and hence had a 
different depth profile from pits on {Oil}. 

The results.of these observations demonstrated the difficulty 
which might be found in distinguishing {001} and {011} pits 
since both were approximately square in shape in two dimensions. 
Stereoscopic techniques were therefore used for all observations 
of etch pits on fracture surfaces in order that the pit depth 
profile could be determined. The results of these observations 
are shown in Figs.5.48 and 5.49. Some areas of irregular etchant 
attack were found particularly at high AK. However, many areas 
showed etch pits which were of the shape shown in Fig.5.48, 
an area showing no apparent striation topography. These pits 
are clearly characteristic of {011} when observed stereos 
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Fig. 5.47. Combined TEM/HRSEM observations of etched 
thin foil specimen. 

(a) HRSEM image showing pit profile. 
(b) corresponding TEM bright field, IOOKv, 

with SADP, specimen untilted. (Zone 
axis -<OII>.) 

< 

Fig. 5.48. Etched fracture surface. HRSEM stereo pair 
showing {Oil} pits. 
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Fig. 5.49. Etch pitted fracture surfaces showing the 
two striation profiles. 

(a) type! B striations. 
(b) type A striations. 
(c) stereo pair of area in (b). 

Crack growth direction arrowed. 

4 
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scopically. All pits observed were found to be of this type 
although the profile was not in all cases as clearly defined. 
Pits were observed on areas showing both type A and type B 
striation profiles (Fig.5.49). In the case of type B striations 
pits were found over the whole surface in various orientations 
with respect to the striations, indicating a range of striation 
directions. For: example, Fig. 5.. 49 (a) shows an approximate <III> 
striation front; this was in fact the most commonly observed 
direction. In the case of type A striations {011} pits were 
found to occur only on the trailing edges of the striations 
(Fig.5.49(b), i.e. the areas showing no evidence of slip 
activity. Once again various rotations of pit relative to 
striation were observed although an approximately <III> 
direction was found to be most common. 

2.10.Measurement of Crack Growth Rate From Striation Spacing. 
The striation spacing results obtained from C.T. design 
specimens were plotted versus AK and are shown in Fig.5.50. 
At low AK where fatigue striations were not often clearly 
apparent deformation band spacings obtained from TEM observa-
tions were also used. At low AK,striations were generally 
found to give an overestimate of the macroscopic crack growth 
rate, assuming cycle by cycle growth. At low to medium AK 
(I0-*-I5MNnT3/2 ) average striation spacing was found to approxi-
mate to macroscopic growth rate. At higher AK, however, a 
great discrepancy was observed between the two, striation 
spacing generally underestimating crack growth rate. 

Plotting the results on a log scale (i.e. log da/dn v log AK) 
reveals a slope for striation data of approximately 2. Hence 
striation spacing can approximately be given by the equation: 

Striation Spacing = const.AK2 (Fig.5.51) 

2.11.Crack Growth in Dry Environments. 
Crack propagation was studied in dry argon and oxygen environ-
ments, both containing less than 10 ppm water vapour at a test 
frequency of 100 Hz. The general fractographic appearance 
was found to be quite different from laboratory air tests 
in both cases (Figs. 5.52 , 5.53 The faceted 
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Fig. 5.52. Fractographic observations of crack growth 
in a dry oxygen test environment. 

(a) general fracture appearance 
AK-IIMNm~3//2, R=0.1. 

(b) general fracture appearance 
AK-^.MNm""3^2 , R=0.1 

(c) detail from (b) showing region of 
striation like features. 

(d) stereo pair of striation like features 
in (c) . 

Crack growth directions arrowed. 

< 
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Fig. 5.53 Fractographic observations of crack growth 
in dry argon test environment. 

(a) general fracture appearance 
AK . N =I5MNm~ (mean) 

(b) striation like features at high AK 
(-2 7MNm~ 3/2) 

< 

Fig. 5.54. TEM observations- of plane section (type I) 
thin foil, specimens prepared from 'dry' 
fractures. 

(a) dry argon test environment TEM bright 
field, IOOKV, with corresponding SADP 
specimen untilted. (Zone axis-<011>.) 

(b) dry oxygen testenvironment TEM bright 
field, IOOKV, with corresponding SADP, 
specimen untilted (Zone axis-<III>.) 
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structure observed in laboratory air tests was found to be 
absent at low AK and the roughness of the fracture surface 
was found to be much higher. 

Only at high AK (>25MNm ) could any features be observed 
which could be considered striations (Fig.5.52 (c))and as shown 
in the stereo pair these coarse markings were found to be 
far less regular than striations previously observed and of 
no particular profile. No differences in fractographic appear-
ance could be distinguished between oxygen and argon environment. 

Type I thin foil observations, (Fig.5.54) also revealed a com-
pletely different structure from that found in laboratory air 
fractures and once again no differences could be found between 
the two dry environments. Fracture planes did not follow any 
crystallographic orientation and even in areas where an {011} 
surface was observed (Fig.5.54(a)) no dislocation band structure 
could be found. The microstructure generally appeared to be 
one of uniformly high dislocation density. 
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3. DISCUSSION OF RESULTS. 

3.1 Introduction. 
It is proposed here to carry out a discussion of the exper-
imental results in relation to those obtained in previous 
studies reported in the literature. The discussion is broken 
down into five major parts: In the first, a mechanism of 
cyclic crack growth is developed, taking into account envir-
onmental considerations. In the following four sections the 
basic mechanism is discussed in relation to, (a) the formation 
of fractographic features, (b) the overall mode of failure, 
(c) the influence of loading conditions on crack growth and 
(d) the importance of metallurgical variables. 

3.2 The Mechanism of Crack Growth. 
3.2.1 The Crystallographic Fracture Plane. In the preceeding 
section results were presented which demonstrated the fatigue 
crack path in laboratory air to be in many areas crystallographic 
in nature. Both selected area electron diffraction and micro-
etch pitting techniques demonstrated a fracture plane close 
to {Oil} in all areas of crystallographic fracture. Under 
'dry1 test conditions no single crystallographic plane was 
found to lie close to the plane' of fracture. 

A number of other workers have made observations of crystall-
ographic fatigue crack growth in aluminium alloys (70,73,107) 
and under conditions of stage II crack growth the most commonly 
observed fracture planes have been {001} and {Oil}. In alloys 
similar in composition to 7010 and 202 4 an {001} fracture 
plane has been exclusively observed by Pelloux (73) and 
Stubbington (70), both workers using etch pit observations 
and Stubbingtcn also employing a Laue back reflection X-ray 
technique. Bowles and Broek (107) used an etch pitting 
technique similar to Pelloux and observed an {001} fracture 
plane in 7075 T6, but,using electron diffraction,an {Oil} 
plane was found in most electron transparent regions. There 
appears therefore to be some agreement and some discrepancy 
between the present work and previous studies since here an 
{Oil} plane was observed using both electron diffraction and 
etch pitting techniques. 
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There are two possible explanations for the differences 
between results obtained in the various studies, the first 
involving the limitations of the etch pit and Laue techniques 
and the second involving alloy texture. The observations 
made by Stubbington were carried out on electropolished 
fracture surfaces and hence it is possible that the actual 
plane of separation was not accurately determined. No such 
explanation is possible in the case of Pelloux's and Bowles 
and Broek's etch pitting studies, since here the actual 
fracture surfaces were used. Shadowed transmission replicas 
were however made in both cases to allow observation of etch 
pit shape and, as demonstrated in the present work by the 
high resolution SEM observations (Fig. 5.48 ), the etch pits 
produced were approximately square in two dimensions, even 
on {Oil} surfaces. Careful stereoscopic observation of the 
pit base was necessary to differentiate {001} and {Oil} pits. 
It is possible therefore that {Oil} pits, the three dimen-
sional shape of which would be impossible to determine 
accurately from shadowed replicas, were mistakenly identified 
as {001} in previous studies. This could certainly explain 
the rather surprising discrepancy in the results of Bowles 
and Broek between electron diffraction and etch pit data. 

The 7010 plate was found to be heavily textured with {ill} 
planes approximately parallel to the overall plane of fracture. 
This could have a profound effect on the occurrence of {001} 
and {Oil} fracture planes: Assuming that the plane of fracture 
would tend to be as close to the overall plane of fracture 
as possible, i.e. at 90° to the tensile stress axis, {011} 
planes generally would make a minimum angle of -35° to the 
overall plane, {001} planes however would make a minimum 
angle of -55°. , Hence if both {001} and {Oil} planes are 
potential fracture planes the {Oil} planes would be expected 
to be most commonly observed. This observation of {Oil} due 
to texture would be particularly marked in the case of electron 
diffraction observations since, cwing to the foil preparation 
technique (Fig.2.10} only areas approximately parallel to 
the overall plane of fracture would be expected to be electron 
transparent. 

The observation of a crystallographic fracture plane in fatigue 
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has been attributed to both cleavage fracture (70) and to a 
quasi-cleavage process involving the operation of slip 
systems symmetrically disposed about the crack tip (73). 
Both {001} and {011} fracture planes can be explained by 
the quasi-cleavage model of Pelloux, since they possess 
the appropriate symmetrical elements. However, the model 
implies that the fatigue crack tip must also follow a crystallo 
graphic direction of <0II> in both cases. Pelloux used etch 
pit evidence to support his model but the more accurate 
electron diffraction techniques used in the present work were 
not in agreement with his results: The trace of the deformation 
band in the foil surface was clearly shown to be parallel 
to the striation front and this was not found to lie along 
any unique crystallographic direction. The most commonly 
observed direction was close to <III> (Figs. 5.28, 5.32, 5.33) 
although <I00> , <0II> and non crystallographic directions 
were also found (Figs. 5.37,5.38). The etch pitting observa-
tions were also consistent with this, the <III> direction being 
most commonly close to the crack front direction (Fig . 
5.49). Crack fronts were found to. be curved in many cases 
(Fig. 5.22) (assuming that striations mark the crack front) 
and clearly the maintenance of a crystallographic crack 
front in such circumstances would not be possible without a 
curved, i.e. non-crystallographic, crack plane. 

This evidence would appear to invalidate the simple model of 
Pelloux for the formation of a crystallographic fracture plane 
by the operation of two symmetrically disposed slip planes 
at the crack tip: According to this model the crack front 
direction must at any time be the line of intersection of 
the two active slip planes in the fracture plane (Fig.5.55). 
If the crack front were to rotate from <0II> then unequal 
slip would have to occur on the 4 systems at the crack tip 
in order to maintain an <0II> fracture plane. Since the crack 
plane in this model would only follow <0II> by virtue of slip 
system symmetry, however, it would seem more likely that the 
fracture plane would change in order to accommodate the new 
crack front direction. Since the TEM observations prove that 
this is not the case, a ductile shear mode of crystallographic 
failure would appear to be invalid. 
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Further evidence against a shear mode of crystallographic 
fracture has been obtained by the observation of fractures 
produced in dry oxygen and argon environments. Here, fracture 
was not found to follow any crystallographic plane. Since 
this mode of crack propagation must be purely the result of 
shear, according to the Pelloux model, some kind of crystallo-
graphic dependence would be expected. Rewelding has been 
proposed to give rise to bifurcation of the crack front in 
vacuum but in an oxygen environment it is not thought that 
substantial rewelding could occur, a suggestion supported by 
Laird and Smith (83). 

It is felt that the observation of {011} fracture planes is 
more easily reconciled to a mode of failure involving cleavage, 
since here crack plane and crack front direction are not 
necessarily related. As discussed in 1.4.1 crystallographic 
failure has been observed under various conditions of envir-
onmental cracking in aluminium alloys and strong evidence 
has been presented to support transgranular cleavage (105, 
106). Transgranular cleavage has also been recently observed 
in Al-Zn-Mg alloy specimens pre-exposed to water vapour by 
Christodoulou(131) . It would not seem unreasonable therefore, 
to expect a cleavage component in fatigue crack growth under 
moist conditions. The fracture planes observed in previous 
studies have included {001} (105) and {Oil} (106). The occur-
rence of cleavage on planes other than those close packed 
(i.e. {ill} ) has however been challanged by Laird (72) on 
surface energy grounds. However,theoretical calculations by 
Burton and Jura (159) have shown that the surface energies 
of {001} and {Oil} planes are not markedly higher than {III}. 
In fact y{lll}:y{001}:y{01l} = 1:1.6:2.5. The observations 
of crystallographic failure in aluminium alloys on {011} and 
{=001} planes which have been attributed to cleavage would 
not therefore seem unreasonable. 

In summary therefore it is argued that the observation of a 
crystallographic plane of fracture in moist test conditions 
offers strong supportive evidence for a crack growth mechanism 
involving a cleavage component. 

3.2.2 Crack Tip Deformation. It is proposed here to discuss 
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the formation of the deformation band structure and its possible 
significance. In the present work several important features 
of band formation have been noted: 

(a) The bands were only found under moist test conditions, 
laboratory air in this case. 

(b) They corresponded directly to fatigue striations in 
areas in which these features were observed,but were 
also found in areas of crystallographic fracture 
showing no striation topography. 

(c) The bands appeared to extend only to a very limited 
distance below the fracture surface (^Iym). 

(d) The trace of the band in the foil surface lay along 
a variety of crystallographic and non-crystallographic 
directions, approximately <III> being most commonly 
observed. 

(e) The programme load tests demonstrated quite clearly 
that the deformation bands were formed on a cycle by 
cycle basis at some stage during each load cycle. 

Using these observations as a basis it is possible to suggest 
processes occurring at the crack tip which might lead to 
band formation. Previous observations have been made of 
similar structures formed in 7075 T6 (84,107) and two possible 
mechanisms of formation have been suggested: Firstly that the 
bands might form by spontaneous recovery at some critical 
amount of crack tip strain, possibly due to deformation occur-
ring during crack closure (107). The second proposed mechanism 
is that their formation is due to a brittle/ductile transition 
occurring during each increment of crack growth (84). 

The idea that deformation bands are simply a closure effect 
is difficult to reconcile to conditions at the crack tipc. 
Clearly the degree of strain involved in blunting the crack 
at maximum load (such blunting has been demonstrated by Bowles) 
must be equal to or greater than deformation during closure, 
since work hardening during opening must restrict deformation 
during closure. The premise could be made that since the crack 
may be advancing during opening and stationary during closure 
the plastic flow is more concentrated during closure. How-
ever, Bowles has proven that initial crack advance is accom-
panied by little or no plastic deformation and hence blunting 
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must be limited to the later stages of opening only. It 
would be expected therefore that evidence of this deformation 
in the form of dislocation debris would be observed in thin 
foil studies. 

The suggestion of Bowles of a brittle/ductile transition 
occurring during each increment of growth is more easily 
reconciled to the experimental observations,in particular 
the extremely regular nature of the bands and the abrupt 
change in dislocation density; the regions between bands 
showing no evidence of recovered substructure. The absence 
of the bands under dry conditions would also appear to support 
this premise. Under these conditions regions of low disloca- '> 
tion density are not produced and hence these regions are 
clearly a result of the environmental influence. 

The observation of both cross section and plane section thin 
foils demonstrated that the bands were very limited in their 
extent. At Ak^I5MNm"3/^2 (R = 0.1) the bands appeared to be 
around O.Iym in width and extend to a distance of less than 
lym below the fracture surface. The bands can be related to 
the overall plastic zone size (rp) via one of the equations 
developed to describe this: Under plane strain conditions 
Lankford et al (160) specify: 

rp(0=0) = (I-2y)2K2 

2-rray2 

Where: 
9 = angular direction across the plastic zone relative to the 

crack plane 
ay = yield stress 

Various numerical solutions, discussed by Lankford et al, give 
a maximum for rp at 0-70° of: 

rp - O.I5(K/ay)2 

rp 0=0 is often found to be the maximum. In the case of 
fatigue the situation is even further complicated by the 
presence of the reverse or cyclic plastic zone, concerned 
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with deformation occurring during crack closure: Rice (161) 
used a superposition technique to calculate the reverse plastic 
zone size in which yield stress (ay) was replaced by twice 
its original value to account for work hardening (Fig.5.56). 
Under fully reversed loading (R=0) he calculated: 

rp cyclic ^ %rp monotonic 

To account for stress ratio K has often been replaced by max 
AK giving for example the equation: 

rp cyclic = I__ 
6ir 

AK 
l^Y J 

Using these equations the approximate monotonic and cyclic 
plastic zone sizes can be calculated as shown in Table 5.IV. 
Clearly the deformation bands cannot possibly account for 
the total amount of plastic deformation occurring ahead of 
the crack. It is well known however,that while the plastic 
zone size marks the overall extent of the region of plastic 
strain ahead of the crack tip ,the degree of cyclic strain 
varies very greatly within the plastic zone. Hahn et al 
(162)/ for example, studied plastic strains ahead of a propa-
gating fatigue crack in Fe 3%Si and were able to represent 
the cyclic strain history within the plastic zone as shown in 
Fig.5.57. Three distinct regions were observed: A microstrain 
region (£p<10 3) which was related to the overall plastic 
zone size, a region equivalent to the cyclic plastic zone 
size, 10 3<Aep<I0 1 (Aep = plastic strain), and a region 
of extremely high strain I0"1<Aep<I which could be related 
to the crack opening displacement. This region was found 
to extend to a distance ahead of the crack equivalent to 
about half the crack opening displacement, equal to around 
10 x da/dn, in this material. This region, if present in 
aluminium alloys would be expected to be around I to 2\im 
in width ahead of the crack tip and hence would be somewhat 
more extensive than the deformation bands. In fact,the regions 
of recovered subgrains observed ahead of the crack in the 
modified, ion-beam thinned, cross section specimens may be 
a mark of this region. 
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Table 5.IV. Plastic Zone Size Calculations. 

K max AK(R=0.I) rp monotonic (urn) rp cyclic (ym) 
max 

K max AK(R=0.I) 
min max 

rp cyclic (ym) 
max 

8 7.2 5 43 II 
10 9.0 7 68 18 
12 10.8 10 98 26 
16 14.4 19 174 47 
18 16.2 24 220 59 
24 21. 6 43 392 105 
30 27.0 66 612 164 
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It is felt that the deformation bands are produced by dislo-
cation emission from the crack tip itself during the blunting 
phase, where, according to Hahn et al, plastic strains of 
the order of unity would be expected. The true width of the 
deformation band would in this case approximately mark the 
limit of crack extension during the blunting phase,as shown 
in Fig.5.58. The actual width if the deformation band could 
be considered to be equivalent to the extent of crack exten-
sion under dry conditions, the low dislocation density regions 
being equivalent to the environmentally influenced portions. 
The two component growth equation invoked by Selines and 
Pelloux (121) could be applied: 

— total = — corrosion + — mechanical 
dn dn dn 

This would imply a non-environmental growth rate equivalent 
to approximately one qyarterof the total (i.e. the ratio of 
deformation band width to spacing). Selines and Pelloux 
presented evidence to support such a visualisation of corro-
sion fatigue crack growth in aluminium alloys and certainly 
if a two stage process as invoked in the present work is 
involved then such a visualisation is a useful one. 

3.2.2(a) Crystallographic Considerations. Deformation bands 
and (where appropriate) fatigue striations were found to lie 
along a number of crystallographic directions, most commonly 
close to <EII> . However non-crystallographic directions 
were observed in some cases and since striations often appeared 
to be curved the crack tip direction cannot be exclusively 
crystallographic. However,rotations in crack front direction 
across grain boundaries did occur and hence some kind of 
crystallographic influence on crack front direction would 
appear to exist. 

The most likely mechanism of control of crack tip direction is 
one involving slip system orientations dur ing fch e blunting 
phase of the cycle, similar in concept to the Pelloux ( 73 ) 
model of crack growth although in this case it is felt,as 
discussed earlier, that the crack plane is controlled by the 
cleavage crack growth segment rather than by slip system 
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symmetry. The Pelloux mechanism specifies however that the 
crack tip direction must be a line of intersection of the crack 
plane and the active slip planes(Fig.5.55) which implies an 
exclusively <0II> crack tip direction in the case of an 
(Oil}.crack plane. Such a mechanism would seem most unlikely 
from fractographic observation alone since, as only one such 
direction exists in any one {Oil} plane,large rotations in 
crack front direction would be expected across grain boundaries 
of up to 90°. Angles of around 30° were the maximum observed 
in the present work. The Pelloux model is however based 
upon a single crystal analogue in which shear on two {III} 
planes throughout the crystal is proposed to lead to crack 
growth. In a polycrystallineaggregate this is clearly quite 
impossible and it is proposed therefore that the crack!.tip > 
direction need not be a line of intersection of slip planes 
and crack plane . A more appropriate consideration would 
be one of the actual slip systems at the crack tip. 

The slip system symmetry for a crack on an (Oil) plane is 
shown in Fig.5.55. Four slip systems can give displacements 
leading to crack extension and opening and these have an equal 
Schmid factor (assuming that the (Oil) plane is perpendicular 
to the stress axis). Addition of all four Burgers vectors 
gives a total displacement perpendicular to the ( o i l ) direction 
in the (Oil) crack plane and hence,as predicted by the Pelloux 
model,equivalent amounts of slip on each of the four systems 
would give an (Oil) crack tip direction. 

In a real situation of a polycrystallineo^gregate the position 
must however be considerably more complicated: On a macro-
scopic scale the overall crack plane tends to be perpendicular 
to the axis of maximum tensile stress and the crack front 
follows a certain direction, governed by fracture mechanics 
considerations and the tendency to minimise overall crack 
area. On a microscopic scale there also exist the further 
constraints of {Oil} crack plane and crack front continuity 
from one grain to the next. Hence the symmetrical situation 
visualised by Pelloux would seem most unlikely. Unequal 
slip on a number of slip systems at the crack tip must therefore 
be expected. Consideration of cross-slip may also be of 
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importance: McEvily and Boettner (I63)> for example,, observed 
that crack propagation in C U M A I alloys of low stacking fault 
energy (S.F.E.) was characterised by a linear crack front 
while in high S.F.E. materials such as aluminium alloys curved 
striations were found. 

Within this complex situation of unequal slip there may exist 
certain crack front directions which are minimum energy sit-
uations. This may explain the apparent tendency towards a 
crystallographic crack front, most commonly of <III>. The 
<III> crack tip direction can for example be described by the 
activation of only two slip systems at the crack tip: The 
equal operation of only slip systems (I) and (3) in Fig.5.55 
would give a total displacement in the (2Il) .direction and 
hence a crack direction perpendicular to this of (ill) . 
This may explain the observed crystallographic crack front 
tendency although it must be emphasised that the overall 
situation regarding crack tip dislocation activity must be 
more complex. 

3.2.3 Environmental Considerations. The evidence presented 
in the preceding two sections is strongly supportive of a 
crack growth mechanism, in a laboratory air environment and 
at test frequencies up to 100 Hz, involving initially cleavage 
mode crack extension followed by blunting. In dry oxygen 
and argon environments the mechanism appears to be completely 
different involving only dislocation motion. With reference 
to the studies, of, for example, Bradshaw and Wheeler (38), 
discussed earlier, it is clear that the change in water vapour 
content from <10 ppm to ^50%RH involved in the present work 
would be expected to markedly effect the crack growth rate, 
little environmental influence being observed at 10 ppm H2O 
at a frequency of 100 Hz, with a full environment effect in 
laboratory air at all frequencies employed. 

From the mechanistic viewpoint, the absence of both crystallo-
graphic fracture and deformation bands in dry atmospheres 
obviously demonstrates that cleavage is environmenta lly induced, 
a conclusion which is in agreement with the recent findings 
of Bowles (84). No differences were observed in growth 
mechanism between dry oxygen and argon environents, so clearly 
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surface oxidation per se cannot be the factor leading to 
the change in fracture mode and so the Stoltz and Pelloux 
(115) type of mechanism can be discounted- The occurrence 
of the ductile/brittle transition is of great interest since 
the implication is that during each load cycle the mode of 
crack extension changes. Several mechanisms of environmentally 
induced embrittlement have been proposed, as discussed in 
1.4.2. Clearly the actual operative mechanism must be 
able to predict this transition: If an adsorption mechanism 
of embrittlement is applied, such as that of Bowles, the 
transition is not readily predicted, together with various 
effects involved with, for example, stress wave shape as 
detailed in the earlier discussion. 

The formation of an embrittled zone ahead of the crack due to 
hydrogen penetration in to this region offers a more plausible 
explanation of the effect. Taking the simple approach that 
hydrogen reduces a . while T remains unchanged (assuming OLTL U C1T ̂  U 
the Kelly et al (110) model) then the mechanism can be visual-
ised as shown in Fig.5. 59. 

An exactly similar mechanism has been proposed to explain 
transgranular S.C.C. in aluminium alloys by Bursle and Pugh (106) 
and has been supported by the recent accoustic emission studies 
of Beavers and Pugh CE6$ in a Cu-Sn alloy. The presence of an 
embrittled zone due to hydrogen penetration has been postu-
lated in both cases and Beavers ana Pugh found that the crack 
velocity during cleavage extension was extremely high, possibly 
I05cm/s. 

The overall crack velocity observed in their studies was 
however found to be very low MD.Iym/s with crack jump distances 
of several ym. In the present work tiie embritt lenient 
effect has been observed at test frequencies upto 100 Hz and 
as shown in Table 5.1, the depth of hydrogen penetration during 
one cycle (i.e. in 0.01s) by lattice hydrogen diffusion is a 
maximum of 10 Hence the embrittled zone width of up to 
0.5ym cannot possibly be explained by lattice hydrogen 

diffusion. 

The formation of an embrittled zone via lattice diffusion 
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also implies that the embrittled zone width would be determined 
purely by diffusional considerations and would therefore be 
unaffected by stress intensity. This is quite clearly not 
the case since, with increasing crack growth rates, the width 
of the embrittled zone was found to increase. 

It is argued that both the width of the embrittled zone and 
its dependence on stress intensity range may be explicable 
by a growth mechanism involving dislocation transport of 
hydrogen. As shown in Table 5.II Tien (138) gave predictions 
for the enhancement of hydrogen penetration distance, due to 
dislocation transport, during various periods of cyclic strain. 
His calculations did not refer to hydrogen in aluminium but, 
according to the model, X^/X (the enhancement of penetration) 
was proportional to D . Hence the model can simply be extended ri 
to cover the range of possible D^ for aluminium alloys at room 
temperature. As discussed in 1.4.6 the likely range is 10 19 

<D H<IO~ 8cm 2s~ 1. Using Tien's approximation of equal binding 
energy and Burgers vector for different materials the model 
gives results as shown in Table 5.V. . Clearly at D = 10 19 

H 
cm2s 1 no enhancement of diffusion distance is possible even 
at extremely low cyclic frequency and an embrittlement mech-
anism involving hydrogen penetration would be quite impossible. 
At a high diffusivity of 10 8cm2s however,considerable 
enhancement of penetration is predicted and the formation of 
a brittle zone of up to MD.Iym in width could be explained 
at test frequencies up to I KHz. Clearly the assumptions made 
in this model do not allow the dislocation transport mechanism 
to be quantitatively tested but it would appear that an em-
brittled zone of the width observed in the present work at 
frequencies up to 100 Hz would be possible provided D^ >10 10 

cm2s It is believed that the factor of major importance 
here is the maximum dislocation velocity for hydrogen trans-
port (V^) which is related to the binding energy between dis-
location and hydrogen atom. Provided this velocity is not 
exceeded dislocation transport distances can clearly be related 
to the distances which transporting dislocations move rather 
than to a time dependent factor. This view would appear to 
be supported by experimental observations in the present work, 
since according to the Tien model Xca t (i.e. al/f) and hence 
a much narrower embrittled zone would be expected at high 
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Table 5.V. Possible Hydrogen Penetration Distances Due to 
Dislocation Transport. 

Cyclic 
Frequency 

D=IO~19 cm2s~1 

V X D 

D=IO" 10 cm2 s~1 

X C / X D X. 
D=IO" 8 2 — 1 cm • s 1 

x c/xD X, 

ICPH 
ICPM 
IHz 
60Hz 
IKHz 
IOKHz 

1.32 x I0-1 

5.40 x I0~2 

7.20 x 10"3 

9.00 x I0_Jf 
2.20 x 10"" 
6.60 x 10"5 

4.4 x IO2 

1.8 x IO2 

2.4 x IO1 

3.0 x 10° 
7.4 x 10""1 
2.2 x 10"1 

I.06cm 
0.50cm 
9.60ym 
0.I5ym 
9 & 

4.4 x IO3 

1.8 x IO3 

2.4 x IO2 

3.0 x IO1 

7.4 x 10° 
2.2 x 10° 

I06cm 
5. 5cm 
960ym 
15.Oym 
0.09ym 
88 & 

Based on the Model by Tien (138) 

X̂ , = Dislocation transport distance 
X D = Bulk diffusion distance 
X_ = 4/D t. (equation used by Tien) 
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frequency. This has not been qualitatively observed, the 
embrittled zones being of approximately the same width at 
equivalent AK over the whole frequency range employed. 

Since hydrogen must be produced by reaction of water vapour 
with the newly exposed surfaces at the crack tip, initial 
transport can only occur via dislocations escaping from this 
region. These dislocations would appear to be those involved 
in the formation of deformation bands. The extent of deform^ 
ation bands may therefore be related to the depth of the em-
brittled zone. The deformation bands are however composed of 
trapped dislocations and further mobile dislocations must 
therefore be involved in the final transport of hydrogen into 
the region ahead of the crack leading to embrittled zone form-
ation. This secondary transport must be of importance since, 
as demonstrated by the thin foil studies,the deformation 
bands lie on planes of high shear stress at an angle to the 
crack plane, and slip on these systems would tend to transport 
hydrogen away from the crack tip region. As. discussed earlier 
the deformation bands do not define the limit of dislocation 
activity within the plastic zone and hence such secondary 
transport is possible. Reverse motion of dislocations during 
crack closure may also play an important role in increasing 
the hydrogen concentration in the crack tip region. The 
overall process may be as visualised in Fig.5.60. The possible 
relationship between embrittled zone width and crack tip dis-
location activity is an interesting one: Certainly the number 
of hydrogen atoms transported and the depth of penetration 
must be related to the number of mobile dislocations and 
hence to plastic strain. The experimental observation that 
the embrittled zone width depends on AK is clearly in agreement 
with this. 

Despite the possible limit to embrittled zone size due to crack 
tip dislocation activity, there must exist a frequency above 
which the dislocation velocity exceeds the critical value 
and dislocation transport does not occur. With reference to 
Table 5. V a frequency of the order of 10k Hz would be implied, 
using the Tien model. Clearly this frequency is well out-
side the range of present study and also those of Bradshaw 
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and Wheeler (88) and Wei et al (97) discussed in 1.3. Crack 
growth rate measurements at very high frequencies have been 
carried out by Hockenhull and Monks (165). Here, tests were 
carried out on specimens of RR58 in laboratory air and water 
environments at frequencies of 100 Hz and 20KHz. The fatigue 
lives of specimens tested in both environments were found to 
increase at high frequency and crack growth rates were appar-
ently reduced. This effect could be attributed to reductions 
in hydrogen transport distance, but, at frequencies of this 
magnitude, reaction rate and water vapour transport kinetics 
may be of importance, even in high water vapour pressure 
environments such as those studied by Hockenhull and Monks. 
The equation developed by Bradshaw and Wheeler (88) (at much 
lower test frequencies) to describe experimental observations 
of the influence of water vapour pressure may be applicable: 

P = 4.0 x 102da.f c — 
dn 

(See 1.3 for details.) 
At I00%RH at 20°C P u - -17.5 Torr and hence the critical growth ' ri 2 U _ 
rate for full environmental influence =5.6 x 10 6 cm (=0.05]im) 
at f=20 KHz. Hence it is clear that at high test frequencies, 
even in pure water environments,limitation on reaction and 
water transport rates may be controlling the rate of crack 
growth as well as the removal of dislocation transport of 
hydrogen and the two effects may not therefore be experimentally 
separable. 

In conclusion the factors influencing the hydrogen concentration 
in the crack tip region are complex and it is not possible to 
propose a quantitative mechanism of embrittlement. The ex-
perimental observations are however most readily explained by 
a process involving the dislocation transport of hydrogen. 

3.3 Fractographic Features. 
3.3.1 General Features. The formation of flat fracture facets, 
most clearly defined at low AK, can be simply described as 
further supportive evidence for the occurrence of crystallo-
graphic fracture on {Oil} planes. The facets are evidently 
not continuous across grain boundaries, and facet angles 



- 279 -

differ between adjacent grains, the planar grain boundaries 
being particularly clearly defined on the fracture surface 
owing to this. However, in the case of the centre notched 
specimen types they were observed to be almost continuous, 
even across grain boundaries, with only small changes in 
facet angle. This would not be expected in a material of 
random grain orientation. As described in Part 2 section 2 
however, the 2.54cm alloy plate was found to be heavily tex-
tured with {III} planes lying approximately in the overall 
plane of fracture, and {011} planes lying therefore at an 
angle of around 30° to it (Fig.3.10). Crack growth on {011} 
planes would therefore lead to facets at an angle of 30° to 
tihe overall fracture plane. In order to maintain the overall 
crack plane approximately perpendicular to the load axis 
cooperative growth on symmetrically disposed {Oil} planes 
would be expected, leading to the formation of a 'roof top1 

structure, with facet intersections lying along the direction 
of crack growth. This could be visualised as shown in Fig. 
5.61. Such a structure is consistent with those experimentally 
observed' (Fig.5.15) although small regions of ductile tearing 
have been found to link facets in some cases (Fig.5.62). 
Similar structures have previously been observed in aluminium 
alloys by, for example, Forsyth and Bowen (57) and Cina and 
Kaatz (148). Cina and Kaatz in fact attributed the formation 
of facets (described as 'ridges' in their study) to a low 
AK growth mechanism not involving the formation of fatigue 
striaticns, This is clearly not the case, striations being 
readily observed on these facets in the present study (Fig. 
5.21). 

The gradual disappearance of the faceting with increasing AK 
is believed to be related to plastic zone size (Fig.5.63). 
As AK increases large intermetallics become incorporated within 
the plastic zone and qffect the stress distribution ahead of 
the crack. They may become cracked or debonded forming a micro-
crack ahead of the crack front. This may lead to deviation 
of the crack path, resulting in incorporation of the micro-
crack into the overall fracture plane. Such effects as this 
are likely to lead to transfer of crack growth to {011} planes 
more steeply angled to the fracture surface leading to a 
break down of the faceted structure. The crack growth mechanism 
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is still believed to be one of cyclic crack growth- however, 
even in regions very close to intermetallics as demonstrated 
in Fig. 5.35. 

At still higher AK, K close to K ^substantial areas of max c 
ductile tearing were found to be prevalent giving a typical 
ductile dimple failure appearance. Small regions of crystallo-
graphic fatigue crack growth were observed nevertheless,-
up to the point of final failure. The overall sequence of 
crack growth would therefore appear to include faceted fatigue 
crack growth, followed by irregular fatigue crack growth and 
finally dimple rupture. 

In the C.T. design of test piece the faceted structure was 
found to be less well marked . Two possible explanations 
exist: Firstly the long transverse growth direction may mask 
the effect since the crack growth direction is along the I. 
planar grain boundaries in this case. Secondly, and it is 
believed, most probably, the effect is due to a reduction in 
texture strength in this type of specimen: The centre notched 
specimens were prepared from 2.5 cm 7010 plate while the 
C.T. design specimens were from 7.5 cm plate. The thick 
plate texture was not determined but since initial billet 
sizes were similar the amount of hot rolling involved in the 
7.5 cm plate preparation would be correspondingly reduced. 

3.3.2 Fatigue Striations. In the present work two basic types 
of fatigue striation were observed, one of sawtooth profile 
( type A using the Stubbington (70) nomenclature), and another 
consisting of deep slots separated by parallel featureless 
regions of fracture (type B). The plane section foil TEM 
observations, in which striations were related to underlying 
substructure, demonstrated that the basic crack growth 
mechanism was the same in the two cases. This finding is 
not in general agreement with many earlier observations, 
for example, those of Stubbington (70), in which type A was 
believed to be associated with a ductile fracture mode and 
type B with a brittle failure. 

In earlier studies, clear distinction between the two striation 
types was often not possible since facilities for high resolution 
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stereo imaging, as used in the present study, were not available. 
* 

On the basis of these observations, a number of mechanisms 
for striation formation were proposed, as discussed in I.5.I, 
which cannot successfully predict the formation of both striation 
types. Clearly the mechanism of striation formation must be 
able to predict the formation of both types, be consistent 
with the observation of crystallographic fracture and the brittle 
/ductile transition, and must also allow for the non-occurrence 
of resolvable striations in some areas. 

The crystallographic evidence, based on electron diffraction and 
etch-pit studies,demonstrated that in the case of both striation 
types segments of fracture were found on {Oil} planes, as summar-
ised in Fig.5.64. In the case of type B striations the simplest 
mechanism to describe their formation is as shown in Fig.5.65. 
This mechanism is in fact basically similar to the plastic blunt-
ing process (PBP) of Laird ( 72 ), except that a brittle component 
is included in the regions between the striation slots. The 
Tomkins and Biggs (145) type of model could be applied to explain 
features of this type but their mechanism implies plastic de-
formation in the early, rising load, part of the cycle which, 
previous evidence suggests, is not occurring in this case (84). 
The regions between the slots would, according to the model as 
shown here be expected to be crystallographic and this is 
supported by electron diffraction and etch pit data (Figs.5.33, 
5.49). 
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during crack closure by a mechanism similar to that of Pelloux 
(73) or Bowles and Broek (107) (see Figs.5.2 and 5.12 for details). 
These models cannot possibly be reconciled to a crack growth 
process involving cleavage since they imply a peak to peak 
relationship between opposing fracture faces (Fig. 5.66a). In 
the case of a cleavage mode of fracture the regions of brittle 
crack growth must be parallel to one another on opposing fractures 
A mechanism involving cleavage must therefore involve the 
matching of fracture faces, perhaps as visualised by Stubbington 
(70) (Fig. 5.66b). Such a visualisation could be related to 
present crystallographic observations since using the etch pit 
technique both a crystallographic and non-crystallographic face 
were observed (Fig. 5.49). More detailed fractographic obser-
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vations, however, revealed evidence which invalidates this 
possible model: The type A striation profile, (Fig. 5.18) is 
of one featureless face (shown to be crystallographic by etch 
pitting) and one delineated by slip steps. The featureless 
face was in all cases found to be the trailing edge of the 
striation, i.e. the face angled towards the origin. If this 
information, which is supported by the earlier observations 
of Bowles and Broek, is applied to a visualisation involving 
matching fracture faces (Fig.5. 65 (c)) ' a most unlikely situation 
is depicted of the featureless faces matching those delineated 
by slip markings. 

The HRSEM observation of matching fracture surfaces (Fig. 5.25) 
has provided information which suggests that at least in some 
circumstances a mechanism may be operative which does not lead 

/ 

to the formation of type A striations on opposing fracture 
surfaces. In this case type A striations on one surface were 
found to correspond to type B striations on the other. It 
is suggested that a process of the type shown in Fig. 5.67 
may operate in order to produce this striation topography. The 
mechanism remains basically similar to that shown in Fig. 5.65 
except that brittle fracture occurs at the tip of one of the 
crack tip notches (a) rather than between the two. The non 
symmetrical crack tip would, when loaded,lead to fracture at 
point (a) since the stress intensity developed at this point 
would be higher than at (b) since notch (b) extends beneath 
the crack itself and stress relieving at the notch tip would 
be expected. 

This mechanism can explain several of the observed fractographic 
features: 

(1) The mechanism can predict the simultaneous production 
of both striation profiles. 

(2) The regions of crystallographic fracture are parallel 
and hence the process is consistent with a cleavage 
involvement in fracture. 

(3) The face delineated by slip steps on the type A face 
is always the leading edge of the striation (i.e. 
the edge angled away from the origin). 

(4) The 'type B1 fracture face shows a staircase structure 
with each of the parallel crystallographic regions 
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vertically displaced from its neighbour. Such 
regions were frequently observed (Figs. 5.21, 5.23). 

The occurrence of the intermediate type of striation observed 
in Fig. 5.27 may be also explicable by such a process: A general 
striation formation mechanism could be visualised as shown in 
Fig. 5.68. Hence the intermediate striation type could be pro-
duced by a process similar to that shown in (b) . 

It is felt that the operation of such a mechanism as detailed 
above could explain the circumstances in which the two types 
of striat'ion are found: In the symmetrical case the overall 
crack plane must be close to an {Oil}, while in the non symmetri-
cal case it is possible for the crack to follow a plane other 
than {Oil} while retaining cleavage segments on that plane. In 
a situation therefore where the {Oil} plane most favourably 
orientated is not at 90° to the load axis, the type A or inter-
mediate striation may be produced. Another possible situation 
occurs where the crack is tending to deviate onto a steeply 
inclined plane due to local inhomogeneity in the stress dis-
tribution, for example, in the proximity of an intermetallic 
particle. Hence type A striations would tend to be found more 
commonly on steeply inclined regions of fracture-; fractographic 
observations support such a suggestion. 

! 

The occurrence of steeply sloping regions of fracture was found 
to be dependent on stress intensity, a fact which may be attri-
buted to the increasing plastic zone size, as discussed in 3.3.1. 
Hence type A striations might be expected to be more common 
at high AK; it would however be quite impossible to prove this 
statistically. Their occurrence on steeply sloping facets may 
explain some earlier observations (71) in which type A striations 
were rarely found on corrosion fatigue fractures in, for example, 
NaCl solutions. Here the plastic zone size would be much smaller 
than in laboratory air and steeply sloping regions of fracture 
would be rarely observed. This may explain the earlier delin-
eation of the two striation types as 'brittle' and 'ductile'. 
It must be emphasised however that type A striations were not 
exclusively observed on steeply sloping regions. 

Many areas of fracture delineated by deformation bands, i.e. 
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areas of cycle by cycle growth rather than tearing, were found 
to be striation: free. Also in areas showing striations the 
vertical height of the striation topography varied greatly 
between adjacent areas (Fig.5.36 ). Hence some account must 
be taken of this in the mechanism of striation formation. Two 
possibilities exist: Firstly the crack may remain open during 
load reduction, no plastic deformation occurring, or secondly 
plastic deformation occurs almost exclusively on the opposite 
fracture face and hence little or no evidence remains. Dia-
grammatically the two possiblities can be represented as in Fig. 
5.69 . The possiblity that crack closure does not occur in 
certain areas is an unlikely one, since, even under tensile 
mean load conditions, there exist ,at minimum load, considerable 
compressive residual stresses in the region around the crack tip 
(Fig. 5.70) (166). Also as shown in Fig.5.69 some evidence 
of crack blunting would be expected on the surface and in fact 
a mechanism of striation formation during stress corrosion 
cracking has been proposed giving a similar fracture topography. 
(167). It is believed that the second explanation of asymmmetric 
blunting is the most likely. In fact, as demonstrated by the 
fracture matching experiments, while type B striations match 
one another in certain areas, areas showing equivalent topography 
are very rare. Clearly symmetrical blunting at the crack tip 
would only be possible if equal amounts of slip on slip systems 
on the two sides of the crack occurred. As discussed earlier 
such situations are considered rare and hence the mechanism 
involving asymmetric blunting would appear a likely one. 

At high AK in particular, many areas were found to show striation 
splitting (Fig. 5.36). Here a secondary crack was found to 
extend from the base of each type B slot. It is believed that 
this effect may be a result of considerable tensile stresses 
across the fracture surface built up at high AK.. Hence as 
tensile load is applied limited secondary crack growth occurs 
from the striation base (Fig. 5.71). This effect has been 
observed previously (115) particularly on corrosion fatigue 
fracture surfaces and hence some environmental influence would 
be expected on this secondary growth, 

The environmental influence on striation formation was clearly 
demonstrated by the observation of 'dry' fractures which showed 
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no evidence of surface markings which could be considered to be 
striations of either profile detailed earlier. Some surface 
markings were found in a few isolated areas which were similar 
to type A but much less regular (Fig.5.52). These markings 
appear to be very similar to the features described by Wanhill 
(108) as 'complex ripple markings' produced on vacuum fatigue 
fractures of 7075 T6. Wanhill, together with other workers, 
for example, Pelloux (73) and Bowles and Broek (107) was of 
the opinion that the non occurrence of striations in vacuum 
was due to a surface oxidation effect. However the controlling 
factor would appear to be specifically water vapour, since 
surface oxidation would still be expected.(90), in the case of 
dry oxygen atmospheres. It is believed that the change in crack 
growth mechanism which leads to the non occurrence of striations 
is the removal of the cleavage component in crack growth. In 
other materials, striations have been observed under conditions 

I 

where a cleavage component in crack growth is quite impossible. 
An example would be the observations of striations in pure copper 
single crystals made by Neumann (74). In this material cleavage 
cannot be involved and a striation mechanism as described here 
could not be applied. It is argued however that the highly 
regular, extremely well marked, striations observed in aluminium 
alloys under moist conditions are concerned with the cleavage 
involvement in crack growth. 

3.3.3 The Relationship Between Crack Tip Deformation Structure 
and Fatigue Striations. The prediction of the brittle/ 

ductile transition during each increment of growth, discussed 
earlier, must imply that the deformation bands are formed in 
all cases at the same stage during each load cycle. Hence the 
deformation bands must show a constant relationship to fatigue 
striations and must correspond on opposing fracture surfaces. 

Constant spatial relationships to both types of striation were 
observed and these relationships are consistent with the mech-
anism of striation formation proposed in the previous section. 
A simple visualisation of this is shown in Fig. 5.72. Bowles 
and Broek (107) made similar observations to those in the present 
work and were of the opinion thst deformation bands were exclu-
sively a result of the deformation, occurring during crack 
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closure, resulting in striation formation. Certainly this 
is a possibility and the positions of the deformation bands 
relative to striations could be considered consistent with 
such a suggestion. 

As discussed in detail earlier however, deformation bands 
were found in areas showing no evidence of striation topo-
graphy and it is felt that the regular nature of the bands 
is a result of the brittle/ductile transition rather than 
simply a closure effect. There is however, almost certainly, 
a contribution made to deformation band formation by disloca- <> 
tion motion occurring during crack closure. 

Striation formation clearly involves dislocation motion on 
slip systems at the crack tip and hence crystallographic 
considerations must also be taken into account in this case, 
in particular to explain the non symmetrical deformation 
postulated earlier for type A striation formation: A simple 
two dimensional representation of a crack can be considered 
as shown in Fig.5.73 , with two groups of slip systems,(a) 
and (b), symmetrically disposed about the crack tip. In case 
I the two groups of systems are subject to equal shear stress 
while in case II the shear stress on group (a) is much greater 
than on group (b). As shown in the simple model a non sym-
metrical profile is thus developed at the crack tip at maxi-
mum load. Clearly the model is a gross over simplification 
and cannot successfully predict the shape developed by plastic 
deformation occurring during closure which must involve the 
activation of other slip systems. However, the model can 
predict the development in case II, of an overall crack plane 
approximately perpendicular to the local of maximum 

^Weat- stress while maintaining {Oil} fracture segrtierats. 

3.4 The Influence of Loading Conditions on Crack Growth. 
The crack growth and striation formation mechanisms discussed 
so far have been based upon the observations carried out 
at a stress ratio of 0.1 at constant load amplitude. However 
further observations were made of fractures produced at stress 
ratios (R) of +0.5 and -0.3 and also under a simple load 
programme. It is now proposed to discuss these results in 
order to further develop the crack crro-.-th mechanism. 
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3.4.1 The Effect of Mean Stress. Perhaps the most significant 
result to be produced by observation of fractures at different 
stress ratios was that of the effect on the deformation band 
structure. The mean stress, and corresponding K , was c ^ max 
found to have virtually no effect upon the fracture appearance 
in terms of deformation band structure and band/striation 
spacing. These results indicate that the amount of deformation 
involved in, and size of, each crack growth increment is 
controlled by AK rather than K 2 max 

In order to explain these observations it is necessary to 
consider the factors controlling plastic strain at the crack 
tip. Rice (161) carried out an analysis of the situation 
and considered that a stable shear stress/plastic strain 
hysteresis loop was developed within the reversed plastic 
zone as shown on Fig. 5.74. According to this model the amount 

of strain following a load reversal,AT, is independent of the 
maximum amplitude of the ^ 0 0 P >

T
m a x ' Rice therefore believed 

that the amount of plastic deformation within the crack tip 
plastic zone would be controlled by AK rather than K . The L u max 
observations of deformation band structure would appear there-
fore to be consistent with such a visualisation, implying 
that the basic cyclic crack growth mechanism is itself con-
trolled by AK rather than K * max 

A number of crack growth laws have been proposed which relate 
crack growth rate to AK (see Rice (161) for details). Generally 
these laws give a relationship of the form: da/dn a AKn , 
where n=2 in many cases. These laws have been based on 
analytical approaches, of the kind made by Rice (161) and 
also on experimental observations of crack opening displace-
ment (C.O.D.) which is itself related to the amount of plastic 
deformation at the crack tip. The view that the deformation 
bands are a result of dislocation activity in this region 
immediately adjacent to the crack tip would therefore appear 
consistent with the(C.O.D.) concept. There does of course 
exist a stress ratio (R) effect on the overall crack growth 
rate in aluminium alloys as studied by Pearson (168) and 
Rhodes et al ( 4 ): Pearson found that R had little effect 
in alloys of high fracture toughness but in low toughness alloys 
crack growth rates at high positive R increased rapidly at 
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high AK. Pearson in fact developed an equation to predict the 
effect in aluminium alloys 

d a = 1 . 9 x I C T 1 1 K c ( A K ) 2 

dn ((I-R)K C - A I< ) ^ 

Where: 
K c = critical stress intensity for stable crack growth 
K̂ , = K.J.£ in plane strain 

Hence as AK approaches (I-R)K^ crack growth rates would rapidly 
increase. Both Pearson and Rhodes et al related the stress 
ratio effect to a contribution of ductile tearing to fracture, 
dependent on the proximity of K to K n. In terms of fracto-max l 
graphic observations this approach is certainly consistent with 
the present observations: At high R large areas of tearing were 
observed with an extremely rough fracture surface even at 
comparitively low AK. The fracture appearance is greatly 
influenced by the presence of large intermetallics, many of 
which were observed on the fracture surface: At high positive 
R, the increased size of the monotonic plastic zone leads to 
the incorporation of many more such particles into the fracture' 
than at comparative AK at R=O.I. In fact,well marked striations 
and heavy deformation band structures were impossible to observe 
at R = 0.5, fracture at high AK being dominated by tearing. 

3.4.2 - Programme Loading. The programme loading tests yielded 
some interesting results which can provide further information 
about the mechanism of crack growth. The first, and perhaps 
most significant result which has been considered in alx the 
previous discussion, is that fatigue striations and deformation 
bands are produced on a cycle by cycle basis, one striation 
and one band per cycle. This was found to be the case at all 
stress intensities observed and no evidence could be found 
for the Tomkins and Biggs (145) type of mechanism where sub-
siduary striations would be expected to follow each primary 
striation leading to more than one striation in each cycle. 

The overall relationship between deformation bands, striations 
and striation spacing is represented schematically in Fig. 
5.75 together with the applied load programme. The significant 
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facts are that the well marked striations and heavy deformation 
bands correspond to one another and lead the broad crack 
growth increments. The relationship between bands and striations 
is in accord with the previously discussed mechanism since 
both are related to ithe amount of plastic deformation occurring 
during crack blunting and closure. However this has been assumed 
to occur at the end of each load cycle, brittle crack extension 
occurring during initial loading of the crack. A mechanism 
involving striation and deformation band formation at the be-
ginning of each cycle would be very difficult to relate to 
the present observations and would be also contrary to the l 
plastic casting results of Bowles (84) and the striation 
observations of Laird and De la Veaux (146) . 

Striation splitting and secondary cracking, as discussed earlier, 
has been observed in local areas at high AK and could perhaps 
explain the fractographic results. The width of each striation 
image would then depend on the subsequent load cycle which 
would determine the amount of secondary cracking. However, 
this process would imply that in this case a broad striation 
image would not correspond to a heavy deformation band; the 
deformation band being determined by AK in one cycle and the 
striation image by that in the following. 

The third possibility is that the amount of plastic deformation 
during blunting and closure, and hence the width of the striation 
slot image (type B) and the weight of the deformation band, 
is related to AK during each cycle and that the striation 
spacing is not. This would imply the proce-ss. shooofN Fig. 
5.76 (assuming the simple case of symmetrical type B striations). 
Hence the size of the first crack growth increment at lower AK 
stage 4, is related to AK for the previous load cycle. This 
interpretation has the advantage that it can be related to 
previous mechanisms of striation formation and deformation 
band formation. Such delays in crack growth rate modification 
with reduction in AK have been previously observed, for example 
by Hertzberg (143) who found a delay in the modification of 
striation spacing upon reduction of load levels. The first 
few striations at the lower load level being more widely spaced 
than those following. Delays in response to increases in 
AK have not been generally noted but it must be emphasised 
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that in no earlier studies of crack growth in commercial 
aluminium alloys has it been possible to relate striation 
slot image width to slot spacing. Apart from Hertzberg's 
studies, most crack growth retardation and programme load in-
vestigations have involved very large changes in AK leading 
to significant modification in macroscopic growth rate over 
a large number of cycles (see for example the studies of 
Hardrath (169)). Observations of striation topography under 
programme loading have been made by Schijve and these have 
been interpreted by Wanhill (108) as evidence for the Tomkins 
and Biggs mechanism. However, as discussed by Laird and De la 
Veaux (146), these observations are subject to several different 
interpretations and no unambiguous conclusions can be made. 

This delay effect would be expected to occur if a mechanism 
of the type proposed here is considered: The mechanism involves 
the. format ion of a brittle zone via dislocation motion at the 
end of one load cycle, through which the crack propagates 
during the following load cycle. Hence, the width of the em-
brittled zone would be expected to be controlled by the applied 
AK in the first cycle. In order to be conclusive here it is 
felt that more tests using different load programmes would be 
necessary but the present results appear to be consistent with 
the embrittled zone formation process. Certainly any adsorption 
embrittlemersX mechanism would imply an immediate response to 
changes in AK. 

3.5 The Relationship Between the Cyclic Crack Growth Mechanism 
and Crack Growth Rate. 

The results of the programme load tests have proven that fatigue 
.striations, and similarly deformation bands, are produced on 
a cycle by cycle basis and hence their spacing gives a measure 
of the local crack growth rate. In the case of C.T. design 
specimens, macroscopic growth rates, as measured optically, 
had previously been measured by Rhodes (170) and hence it was 
possible to compare the growth rates as measured by the two 
routes (Fig. 5.50). Macroscopic andmicrcscopic crack growth 
rates were found to correspond only over a narrow range of 
AK, deviations being particularly marked at AK>20MNm~3/2, at 
R = 0.1. Other considerations must therefore be of importance 
in assessment of the overall failure mode. 
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A large scatter of striation/deformation band spacings was 
observed at all values of AK. It is felt that this effect 
must be attributable to local variations in AK along the crack 
front. The striation/deformation band spacing was found to 
approximately follow a relationship : 

da 
dn 

a (AK) 

local 

Analyses of fatigue crack growth have on many cases been related 
to the crack opening displacement (C.O.D.) (171,172). Such a 
relationship yields an equation for crack growth rate of the form: 

da = C 
dn 

AK 

Where: 
C = constant 
E = Youngs Modulus 

The present results for microscopic crack growth rate would 
therefore appear to be consistent with this analysis. 

The overall crack growth rate cannot however be attributed 
totally to such a process: Recently Rhodes et al ( 4 ) have 
developed a relationship to predict crack growth rates taking 
into account both the cyclic mechanism discussed above and 
contributions from ductile tearing mode of fracture as pre-
dicted by stable crack growth resistance or 'R' curves. A 
relationship of this type can predict the observed underestimate 
of overall crack growth rate provided by striation spacing at 
high AK. The fractographic observations at high AK (Fig. 5.15(c)) 
would appear to be consistent with this since large regions of 
ductile tearing were observed on the fracture surface in the^ 
present work. The combined operation of two mechanisms, the 
tearing mechanism being prevalent at high AK would appear to 
be an appropriate visualisation of the total crack growth 
process. 

The close correspondence between average microscopic and macro-
scopic crack growth rates at intermediate AK provides, it Ls felt, 
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further circumstantial evidence for a cyclic growth process 
involving one increment of crack growth, as defined by striation 
or deformation band spacing, per cycle. Tomkins (173) in a 
recent study of crack growth in 304 stainless steel was of the 
belief however that striations were somewhat more complex: 
He found that two types of striation were produced, a coarser 
striation pattern being superimposed over an array of fine 
striations. The fine striations were found to correspond to 
macroscopic crack growth rate at intermediate AK. The coarse 
striations gave a general overestimate of growth rate. Tomkins 
related his observation to the Tomkins and Biggs model of stria-
tion formation (detailed earlier) to predict the formation of 
the two striation types. In this model one fine striation is 
not necessarily formed during each load cycle. While striation 
patterns of the type observed by Tomkins, of type B striations 
showing different slot widths, have been observed in the present 
study, these were by no means a commonly observed feature. All 
the evidence obtained in the present work would suggest the form-
ation of one striation in each load cycle. 

At low stress intensities ciOMNm""3^2 only a very limited number 
of striation observations were possible in the present work. 
Striation and deformation band spacings measured did however 
give a general overestimate of crack growth rate. This observa-
tion is consistent with the recent studies of Tomkins (173) and 
Kirby and Beevers (61), the latter in the aluminium alloy 7075. 
While this may be a real effect great care must be taken in the 
interpretation of microscopic observations of growth in this 
regime: Both in this part of the present study and in the obser-
vations of short crack growth in Part 4, it was not possible to 
resolve striations of less than 0.04ym spacing. Despite the 
resolution of the HRSEM being of an order of magnitude higher 
than this it is felt that the non-observations of finer stria-
tions was due to the ir vertical separation falling below the 
resolution limit. Deformation band observations, although not 
limited by resolution, were also found to be difficult due to 
very low misorientation between bands and matrix. 

If a hypothetical situation as shown in Fig.5.77 is new con-
sidered, a biased result would be obtained fcr average stria-

* JI % p̂ -Lon spacing: At all stress intensity ranges below AK only 
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Fig- 5-77 

Possible "real" situation 

Illustration of the Possible Biased 
Average Striation Spacing at LowAk 
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observation of striation spacings giving an overestimate of 
macroscopic growth rate would be possible. 

It is felt that this resolution limit has not been given suffi-
cient consideration in earlier observations of crack growth at 
low AK. For example, Cina and Kaatz (14 8) quote the nonoccur-
rence of striations at low AK. Also Kirby and Beevers (61) quote 
an average striation spacing of 2.5um in 7075 at a macroscopic 
growth rate of 0.Olym/cycle. The present results would indicate 
that such a striation spacing is a vast overestimate of the 
real situation. 

Despite these possible instrumental limitations there do appear 
to be some indications in the literature, as in the present 
work, of an overestimate of macroscopic growth rate at low AK 
provided by striation spacing measurements. For example, Tomkins 
(173) showed a pronounced deviation between striation spacing 
and growth rate in 304 stainless steel which could not obviously 
be covered by resolution limit problems. Tomkins believed that 
the deviation was due to the formation of one striation over a 
number of load cycles. Similar proposals have been made by Kirby 
and Beevers. There must also exist, however, the second possi-
bility of crack growth in bursts over several hundred cycles 
followed by periods of arrest. 

At low AK, approaching A K ^ , crack growth rates have been found 
to be highly dependent on environment and stress ratio (i.e. 
K ). Kirby and Beevers ( 61 ) observed a well defined max 
threshold under vacuum test conditions but crack growth in 
laboratory air was found to occur at AK<AK^^ (in vacuo) and 
growth rates were highly dependent on K m a x« Lindigkeit et al 
(174) investigated the occurrence of a vacuum threshold and 
concluded that in age-hardened aluminium alloys threshold 
occurred when the maximum plastic zone size fell below the grain 
size of the alloy (Fig. 5.78). At A K > A K ^ these workers believed 
that activation of slip systems in secondary grains during open-
ing prevented full reversal of slip during closure. At AK 
<AKtk reversed slip was proposed to occur repeatedly with 
cycling until the dislocation back stress equalled the friction 
stress leading presumably to inhibition of crack growth. 
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It is interesting to relate these observations of threshold 
behaviour to the present mechanism. In the mechanism proposed 
earlier crack growth under moist conditions involves shear 
and cleavage components, while in vacuum shear is exclusively 
involved. The amount of local crack tip dislocation emission 
has been found to be reduced with decreasing AK, very weak 
deformation bands being observed at low AK-6MNm , R = 0.I. 
Perhaps unfortunately, this minimum AK investigated lies approx-
imately at the maximum of the threshold transition region invest-
igated by Kirby and Beevers in 7075 (Fig. 5.79). These workers 
found that vacuum threshold occurred at approximately AK = 4 M N m ~ . 
According to the present mechanism and that of Lindigkeit et 
al at AK<AKt^(in vacuo) dislocation emission from the crack tip 
would be expected to cease thereby preventing crack growth in 
vacuum. In moist conditions the dislocation transport of 
hydrogen would also be prevented and hence the brittle/ductile 
process of crack growth would not be possible. However, the 
macroscopic crack growth rates involved here are very small 
(<100 &/cycle) and hence lattice diffusion of hydrogen would 
be sufficiently fast (see 1.4.6.) for a purely cleavage mechanism. 
Such a mechanism was proposed in fact by Kirby and Beevers to 
explain their results. Lindigkeit et al also put forward a 
purely stress corrosion type reaction to explain their observa-
tions of crack growth in NaCl solution at AK<AKt^(in vacuo). 
Intergranular crack growth was involved in their studies but 
the conclusion reached,that with increasing AK (>AKt^(in vacuo)) 
dislocation transport of hydrogen began to occur, displacing 
the S.C.C. mechanism, is in complete agreement with the present 
proposals. 

As detailed earlier, the cyclic crack growth mechanism involving 
crack tip dislocation activity is largely independent of K m a x 

and depends on AK. The pure cleavage process, however, would 
be expected to depend on K and hence the K dependence max max 
observed by Kirby and Beevers in the threshold regime might 
well be exhibited by such a process. 

In conclusion it is argued that in total there are three >. 
mechanisms of environmentally enhanced fatigue crack growth. 

(I) The cyclic crack growth mechanism discussed in 
the present work, contributing to crack growth 
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at all AK>AKth(in vacuo). 
(2) A purely brittle crack growth mechanism operative 

in the regime AK<AKt^(in vacuo). 
(3) A ductile tearing process becoming increasingly 

important as K approaches K_. max 

3.6 The Influence of Metallurgical Variables on Crack Growth. 
The observations of fatigue crack growth in 7010 T76 have formed 
the basis of all the earlier discussion. It is now proposed to 
relate these observations to those made of growth in the alloy 
2024 T3. The influences of such metallurgical variables as 
intermetallic particles and texture are also noted. 

It is difficult to directly compare the results obtained in 
2024 T3 and 7010 T76 since there exist great differences in 
alloy composition and heat treatment. As noted earlier however, 
the basic mode of cyclic crack growth appears unchanged. 

Fatigue crack growth rates in 2024 T3 in laboratory air condi-
tions are well known to be lower than in 7000 series alloys 
in standard heat treated condition at equivalent Ai<. In vacuo, or 
in atmospheres of low water vapour content, the crack growth 
rates are not appreciably different but water vapour appears 
to have a greater influence on crack growth in, for example, 
7075 T6 than in 2024 T3 (108). In I.6.I a discussion is 
carried out of the effects of age-hardening on fatigue crack 
growth and the general conclusion is that the susceptibility 
of the microstructure to planar slip is of major importance. 
Lin and Starke (154) in fact invoked dislocation transport of 
hydrogen, arguing that the formation of intense slip bands in 
alloys containing shearable particles promoted hydrogen trans-
port. This argument is clearly appropriate if a mechanism 
such as that proposed in the present study is operative: The 
formation of deformation slip bands at the crack tip must be 
involved in the initial stages of hydrogen transport into the 
matrix. Any factor which promotes band formation is therefore 
likely to increase crack growth rates. Unfortunately the 
present results cannot provide any conclusive evidence here 
since the two alloys studied lie at opposite ends of the pre-
cipitation sequence, the T3 process involving natural ageing 
to produce very fine particles and T76 producing an overaged 
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structure of intermediate and final precipitates. Hence neither 
alloy would be expected to show a great planar slip tendency 
and no evidence was obtained to suggest particle dissolution 
or shearing within deformation bands. 1 

The deformation band structures observed in the two alloys were 
however different in some respects: The structure in the alloy 
2024 T3 was less regular showing evidence of more plastic 
deformation accompanying crack growth at equivalent growth 
with an apparent involvement of small (<Ium diameter) inter-
metallic particles in breaking up the bands. Dowling and 
Martin (175), for example, have studied the influence of small 
dispersoids of this size on slip band formation during straining. 
Their findings were that particles suppressed band formation 
and homogenised slip. The present observations of crack tip 
deformation bands would appear to be in agreement with these 
findings. It is felt that this disturbance of the deformation 
band structure may be contributory in reducing crack growth 
rates in 2024 T3. As shown in Part 3.2.1 these particles are 
present to a relatively high volume fraction and the effect 
may therefore be significant. 

The reduced strength level in 2024 T3 may also have an influence 
on the crack growth mechanism since x is lower in 2024 T3 crit 
than in 7010 T76: This factor may lead to a reduction in the 
width of the embrittled zone as shown in Fig. 5.80. In 
the alloy of lower strength the width of the embrittled zone 
would be reduced, even assuming an identical effect of hydrogen 
on a ^. . inthe two alloys. Hence the brittle component in crack cr it 
growth would be of less significance in 2024 T3 and overall 
growth rates would be reduced. (This assumes an equal contri-
bution from growth during blunting which would appear correct 
since growth rates in vacuo are approximately equal(I08)). 

Larger intermetallics, present in both alloys, were found to 
have an increasing role in fracture at high AK and at high 
positive R, giving rise to increases in crack growth rate 
via the ductile tearing contribution to fracture. This supports 
the evidence of Sanders and Starke (155) who found in the 
alloy 7050 that large S phase particles had a deleterious 
effect on crack growth resistance at high AK. The large inter-



(a) Embrittled zone 7010 T76 

(b) » » 2024 T3 

Fig-5 80. Possible Effect of Strength Level 
on width of Brittle Zone 
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metallics in the case of 7010 were, however, found to be prin-
cipally CuFeAl7 and Mg2Si (see Part 3.2 for details). At 
lower stress intensities large intermetallic particles have 
generally been considered to have little effect on overall 
crack growth rate (157,158). Observations of thin foil specimens 
in the present work were supportive of this view: In Fig.5.35 
the deformation band structure is only modified over a very 
limited distance as the crack approaches the particle and to 
the sides of the particle no effect is apparent. Hence the 

crack growth rate even in the locality of the particle 
was only modified very slightly. The contribution of the 
particles alone from static fracture would not be expected to 
have any effect in this case since the overall volume fraction 
of particles is low. Some small effect was observed by Sanders-
and Starke however, in 7050 containing >1 vol% S phase. 

The influence of alloy texture on crack growth has not been 
generally considered of any importance in aluminium alloys. 
In. h . c . titanium alloys the growth of fatigue cracks, found 
to occur on basal planes, has been found to be greatly influenced 
by texture as recently discussed by Beevers (176). The obser-
vation of growth on {Oil} planes in the present work might 
be expected to induce some textural influence: {Oil} planes 
are separated, unlike basal planes in h .c.p. materials, by a 
minimum angle of only 45° and hence in all orientations an 
{Oil} plane would always lie at a maximum angle of 22.5° to 
the overall fracture plane. Hence absolute grain orientation 
would have only a negligible effect. It is argued however, 
that the degree of texture may be of some importance: As noted 
in the discussion of fractographic features the heavily textured 
2.5 cm plate was found, particularly at low AK, to show a smooth 
'rooftop' fracture morphology. In the case of 7.5 cm plate the 
texture was believed to be somewhat reduced and less regular 
fracture surfaces were observed on specimens prepared from 
this material. As discussed by Forsyth and Bowen (57), any 
factor which increases the overall crack front length at a 
certain crack depth must reduce crack growth rates. Hence in 
this heavily textured material the shorter crack front length, 
produced by the much flatter fracture,might be expected to 
increase crack growth rates to some extent. 



PART 6. PROPOSALS FOR FUTURE RESEARCH. 
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6. PROPOSALS FOR FUTURE RESEARCH 

The crack initiation studies have proven that hole preparation 
techniques can have a significant effect on fatigue properties. 
These results are clearly of technological importance but 
in order to fully assess their significance further fatigue 
tests are necessary. For example, the possible effects of 
compressive loading have been discussed and tests in this 
area would be informative. It would also be most interesting 
to vary the machining conditions used, such as drill speed, 
feed rate etc., since these factors must all influence surface 
microstructure and topography and consequently have an effect 
on crack initiation. Such factors are not at present closely 
controlled in industrial practice,but if machining parameters 
were shown to influence fatigue life, further improvements 
in the fatigue performance of bored components might be possible 
by such controls. 

Residual stresses are another important area requiring further 
study: The present results indicate that residual stresses 
may have an influence on initiation, it has not however been 
possible to measure the residual stress distribution adjacent 
to the various hole types. The use of X-ray techniques to 
measure lattice distortion would probably be the only ex-
perimental route available. It is believed, however, that 
experimental difficulties might be encountered owing to the 
curved hole surface: Elastic strains in the hoop direction 
would not therefore lie in a plane. This, together with the 
small specimen size (assuming much larger holes were not ' 
employed) might preclude the use of X-ray techniques. If 
such studies were possible it would be most interesting to 
also investigate the possible 'shake down' of residual stresses 
during cycling. 

The observations of short crack growth have provided some 
results which are not in agreement with earlier studies and 
cannot be simply explained. Since the great proportion 
of the fatigue life of a component is taken up by crack 
nucleation and short crack growth further information in 
this area is clearly of vital importance. Measurements of 
short crack growth rate during testing are clearly very 
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difficult, except along the specimen surface, since commonly 
used methods such as compliance or potential difference 
measurement may not be sufficiently sensitive. The observation 
of fatigue striations in the HRSEM, within the limitations 
of the effective resolution limit of ^400 & might therefore 
prove of great value. 

Very few workers have conducted studies of crack growth using 
metallographic techniques of the type used here and there 
therefore remains a great deal of scope for future research:-
The present studies have been confined to two particular 
alloys, each in a single heat treated condition. It would 
be most informative to carry out similar studies in a series 
of aluminium alloys in different heat treated conditions: 
Many workers have reported that precipitate distribution 
has an influence on fatigue crack growth and thin foil obser-
vations of this might allow its. effect on the crack growth 
mechanism to be identified. Precipitate dissolution due to 
dislocation interaction has been postulated. In suitably 
aged specimens such effects could be investigated with relation 
to deformation band formation. This, so called 'coplanar 
slip' effect has often been invoked in environmental cracking 
and the present results indicate that it may have an important 
role, via the dislocation transport of hydrogen. Environmental 
factors could also be varied, for example, the techniques 
used here could be applied to more corrosive environments, 
such as NaCl solution in order to compare and contrast the 
crack growth mechanism under these conditions with that in 
laboratory air. 

To the authors knowledge no studies using TEM techniques of 
this type have been carried out in materials other than 
commercial 7000 and 2000 series aluminium alloys. The ob-
servation of other alloy systems would be most valuable: 
For example, Titanium alloys are well known to show crystallo-
graphic fatigue crack growth under certain circumstances, 
observations of the dislocation structures would allow com-
parison to be made between the crack growth mechanism in the 
two cases. Observations in other engineering materials 
subject to fatigue problems such as high strength steels, 
would also be interesting. 
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The high resolution fractography and TEM observations under 
simple programme load conditions yielded some interesting 
results concerning the possiblity of a delay in response 
of crack growth rate to change in AK. It was not, however, 
possible to be conclusive on the basis of the one programme 
used. Tests carried out with differing changes in load 
amplitude with varying numbers of cycles at each might allow 
some ambiguities to be removed. Tests at constant maximum 
load with varying minimum load might also prove valuable in 
the identification of the precise crack growth mechanism. 

A mechanism of crack growth involving dislocation transport 
of hydrogen must imply a change in crack growth mechanism at 
high test frequencies, since dislocation transport cannot 
occur if the dislocation velocity exceeds some critical 
value, related to strain rate. This frequency would appear, 
from available information, to exceed I01* Hz. Tests carried 
out in this frequency regime, combined with metallographic 
studies, might detect the presence of a transition frequency 
allowing the validity of dislocation transport to be proven. 
Water vapour partial pressures in the environment would also 
have to be carefully monitored since, as detailed earlier, 
this factor also influences crack growth mechanism. 

A very important area of fatigue crack growth is that at low 
stress intensity close to threshold. Some interesting results 
have been provided by other workers which suggest a change 
in, or at least a modification of, the crack growth mechanism. 
These changes have been found to be environmentally influenced. 
Metallographic studies using, in particular, TEM techniques 
might permit any change in mechanism to be identified there-
by allowing a greater understanding to be developed in the 
AK regime close to threshold. 

An area of the present study which, while providing valuable 
information, was not fully exploited, is that of crack tip 
cross section thin foil observations. Great problems were 
experienced in specimen preparation: The electropolishing 
techniques could, it is believed, prove successful if a 
sufficiently large number of specimens were available. Ion 
beam thinning was found to destroy the original microstruture 
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as a result of beam heating. It might be possible however, 
to avoid this by the use of a cold stage in the ion-beam 
thinner combined with an extremely low thinning rate. 
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CONCLUSIONS. 

Crack Initiation Studies. 

(1) The fatigue lives of test pieces containing bored holes 
are shown to be significantly influenced by the method 
of hole manufacture. 

(2) Corner burrs are found to be closely associated with 
crack initiation and their removal results in the greatest 
improvement in fatigue life. 

(3) The methods of hole bore preparation, drilling and de-
burring, are observed to result in differences in both 
hole surface topography and underlying microstructure: 
The drilling process gives rise to a hole surface of 
greater roughness, with evidence of smearing and folding, 
absent on reamed surfaces. Marked surface hardening is 
also found adjacent to drilled holes to a depth -40ym, 
and this is accompanied by a surface microstructure of 
ultrafine grain size. No such severly deformed layer is 
observed adjacent to reamed surfaces. 

(4) Despite the differences in bore surface topography and 
microstructure the methods of bore preparation are not 
found to exert a great influence on fatigue life in 
deburred specimens. 

(5) Crack initiation behaviour is quite different in the two 
cases, intermetallic particles being involved at reamed 
surfaces and machining defects at drilled. 

(6) The similar fatigue performance of the two specimen 
types is believed to be a result of the inhibition of 
microcrack growth in the region adjacent to the hole 
bore, due to the highly deformed layer. 

(7) The growth rate of short cracks (<Imm in length) as 
measured by striation spacing, cannot be successfully 
predicted by L.E.F.M. analysis. Cracks are observed 
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to grow more slowly than predicted in the direction 
perpendicular to the hole bore. 

Crack Propagation Studies. 

(1) Fatigue crack growth in laboratory air environments is 
crystallographically influenced with segments of fracture 
on {Oil} planes. This crystallographic growth becomes 
interspersed with progressively larger areas of ductile 
tearing with increasing AK. 

(2) A structure of regularly spaced deformation bands, 
separated by regions of much lower dislocation density, 
is observed below the fracture surface. The bands are 
produced during each load cycle, one per cycle, and 
exhibit a constant relationship to fatigue striations 
in regions in which these features are apparent. It 
is proposed that the deformation band structure is a 
result of a crack growth mechanism involving initially 
cleavage mode crack extension followed by blunting. 
The bands are believed to be a result of dislocation 
emission from the crack tip during blunting and do not 
therefore represent the limit of plastic deformation 
in the crack tip region. 

(3) The deformation structure is quite different in dry 
(<I0ppm H2O) argon and oxygen environments. A uniformly 
high dislocation density is observed, and the cleavage 
component of growth is therefore related to the presence 
of water vapour. 

(4) The crack growth process is best described by a mechanism 
involving the formation of a brittle zone ahead of the 
crack during each load cycle, through which the crack 
propagates during the following cycle. A hydrogen 
embrittlement mechanism is invoked, with dislocation 
transport of hydrogen involved in the transport of 
hydrogen ahead of the crack. 

(5) Two types of fatigue striation are observed under lab-
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oratory air conditions, both of which are absent in dry 
atmospheres. The first is basically of a sawtooth profile 
and shows one face delineated by slip markings and one 
featureless face which is a segment of an {011} plane. 
The second type consists of essentially parallel regions 
of fracture separated by deep slots. The inter-slot 
regions are also featureless and are segments of {011} 
planes,. Striations are clearly proven to be formed 
on a cycle by cycle basis, one striation per cycle. 

(6) Both types of fatigue striation occur in adjacent areas 
and can be produced simultaneously on opposing fracture 
faces. A mechanism is proposed to describe the formation 
of both types and to relate their formation to the basic 
crack growth mechanism. The occurrence of the two types is 
believed to be related to the relationship between {Oil} 
planes and the overall local plane of crack growth, the saw-
tooth type of striation therefore allows the crack to follow 
an overall growth plane at an angle to {Oil} while maintain-
ing segments of fracture on that plane. 

(7) The spacing of fatigue striations is related to the overall 
rate of crack growth over a wide range of AK (at R = 0.I), 
from to 30MNm . Striation spacing is found to give 
a large underestimate of crack growth rate, due, it is 
believed, to static crack jumps. At low AK striation 
spacing appears to give an overestimate of crack growth. 
Here crack arrests are invoked to explain the effect. 
Assuming a linear relationship between logio striation 
spacing and logio AK, striation spacing is proportional 
approximately to A K 2 . 
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Stress Intensity Calibration. 
In this section it is proposed to develop approximate stress 
intensity calibrations for the crack configurations observed, 
principally in the initiation type specimens, but also in the 
specimen type used in 'dry' tests. 

In the initiation studies,fatigue cracks were found to initiate 
along the hole or at the hole corner and to grow in the early 
stages as approximately semi-circular or quarter circular cracks 
respectively. It is therefore necessary to obtain stress inten-
sity calibrations for the two crack geometries in the actual 
specimen types used in the present study. There are two routes 
open in these calculations as discussed in Part 4. 
The first is to use two dimensional solutions which are readily 
available (see for example Rooke and Cartwright (62)). These 
solutions apply for straight fronted 'through1 cracks and it is 
then possible to adjust the calibration for crack front shape 
using correction factors, which are also available in the 
literature (see for example Sippel (63))-

The second route is to use direct three dimensional calculations. 
Such solutions are available for semi and quarter circular cracks 
eminating from open circular holes. These solutions are developet 
by complex analytical and finite element calculations, see for 
example Raju and Newman (65) and Shah (64). Unfortunately no 
solutions of this type are available for the specimen geometry 
used in the initiation studies, which has a rather high ratio 
of hole diameter to specimen width, d/w, of ^0.5. The sol-
utions can however be used to check the accuracy of the approxi-
mate, corrected two dimensional calculations. 

I. Corrected Two Dimensional Solutions. The two dimensional 
crack tip stress intensity solution for a crack in an infinite 
plate subject to a remotely applied stress a is given by: (Fig, 
A.1(a)) 

KQ=a/Fa (I) 



t 

(a) 

Fig-A-1 

(b) 

(c) 

(d) 
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Where: 
K0 = stress intensity factor 
2a = total crack length 

Using this as a basis; the stress intensity of a crack in any 
other circumstances (Ki) can be described by: 

Ki=Kj_a/rra (2) 
K 0 

Where Ki/K0 is known as the stress intensity correction factor 
or normalised stress intensity factor. The factors are not in 
all cases normalised to K 0 as given by equation (I), often a 
more appropriate equation is used. Such correction factors 
are tabulated by Rooke and Cartwright (62) for many different 
crack configurations. 

In the case of surface flaw two simple equations are possible, 
in the simple case of a plane section crack in a serai-infinite 
plate (Fig. A. 1(b): 

Ki=I. I2a/7ra (3) 

Directly adjacent to a stress concentration, for example a 
circular hole, the stress intensity can be approximated to: 

K=KtxI.I2a/ifa (4) 

Where: 
K^ = the elastic stress concentration factor 

The effect of K. diminishes however with distance from the hole t 
surface and hence a calibration based on this equation would 
give a large overestimate of X at all but the shortest crack 
lengths. The actual solution for the situation in Fig.A.1(c) 
given by Rooke and Cartwright for a circular hole 6.5mm in 
diameter in an infinite plate. All solutions are given as 
K/a rather than Ki/K0 as they refer to a specific situation of 
crack length and hole diameter. In this case however the re-
strictions of specimen size are not taken into account. Solution 
(I) in Fig.A.2 demonstrates the effect of the specimen back 
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surface, here a solution is given for a crack in a plate con-
taining a circular hole of diameter equal .to half the plate 
width. Another simple solution is also given where is 
considered to equal 2, i.e. the hole is simply considered to 
reduce the cross sectional area. (In fact K t=4.32 in this 
situation Fig. 4.14) 

K/ a =1.12x2. /fra (5) 

Hence this solution gives a minimum possible value for stress 
intensity at any particular crack length. 

All these solutions can be approximately corrected for the 
three dimensional situation of semi-circular crack front by 
using the shape factor <f>, given as 1.57 for such a shape by 
Sippel (63). 

K i = K i a / F a 

K04> 

Hence by dividing through the previous solutions which describe 
the situation in Fig.A.I by $ approximate solutions for 2 semi-
circular cracks can be obtained Fig. A. 3 . The actual solution 
for two semi-circular cracks is likely to be in this case between 
curves (I) and (2): Curve (I), based on the 2d through crack 
solution,is dominated, particularly at higher crack lengths, 
by the reduction in cross sectional area. This factor is of less 
importance in the case of a semi-circular or semi-elliptical 
crack since at equal crack lengths the area of a semi-circular 
crack is lower than the equivalent depth through crack. Similarl 
the K t = 2 solution, curve (2), gives an underestimate of stress 
intensity since no account is taken here of the effect of re-
duction of cross sectional area at long crack lengths or K^ at 
short crack lengths. 

2. Three Dimensional Solutions. It is proposed here to 
compare the 3d solutions computed by Shah (64 ) with the corrected 
2d solutions, to establish the validity of the use of the shape 
correction factor. The solution obtained by Shah shown in 7ia 417 
implies that stress intensity depends on the position along the 
crack front, being a maximum at the hole bore and a minimum at 
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90° to it. For (p-0° 45° and 90° solutions for K/a in a semi-
infinite plate are given in Fig. A. 4 . The solutions clearly 
approximate quite closely to the corrected two dimensional 
solution so the use of the crack front shape correction factor 
would appear to be valid at least at short crack lengths. At 
long crack lengths in finite plates the reduction-in area effect 
is likely to leadto some discrepancy however. 

utions developed so far have applied to two semi-circular cracks 
at the hole bore. It is however possible to use these solutions 
to calculate the stress intensity at the tip of quarter circular 
corner cracks, the situation in Fig.416(c£aridalso single cracks. 
The techniques used are detailed by Shah. 

The development of the solution from a semi-circular to a quarter 
circular crack is acheived using a front face correction factor 
Mp. This accounts for the influence of the front surface of the 
specimen on the stress intensity at a corner crack. 

for an elliptical crack of dimensions a and c, and is therefore 
equal to I+O.I2(I-^)2 for a quarter circular crack = 1.0075. 
Hence the effect is likely to be negligible and M̂ , cannot exceed 
I.12 under any circumstances. 

To convert the stress intensity calibration for two cracks to 
that for a single crack an equal area criterion has been used 
by Shah (6 4) 

This applies for two dimensional solutions where R = hole radius 
and L crack length. In the case of elliptical or circular crack 
fronts a similar equation is used: For example a semi-circular 
crack of length a has an area equal to a through crack of length 

Single and Quarter Circular Crack Solutions." All sol-

Mp=I.0+0.12fl- a 1 2 

2c 
This solution applies 

7ra2/2t (t = specimen thickness) hence: 
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K one 
crack 2R+2ira2/2t cracks 

2R+ira72t . K t w o two 

Similar solutions apply for quarter circular cracks. Examples of 
the use of these factors are shown for the specimen geometry used 
in the initiation studies in Fig.A.5 . 

4. Calibration of Stress Intensity for Specimen Type Used 
in Environmental Tests. The specimen type used here was basically 
similar to that in the initiation studies being of the centre 
notched type. In this case however the ratio of hole diameter 
to specimen width/d/w, was considerably lower, MD.I and hence 
'break through' of the crack to form a through crack occurred 
at a crack depth of around 2mm and at depths greater than this 
a simple 2d solution could be used. In fact at crack lengths 
greater than the hole diameter a simple solution for a centre 
cracked panel as shown in Fig.4.15 gives a close approximation 
to the actual situation. 
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APPENDIX II. 

• Table I. Chemical Composition and Mechanical Properties of 
7010 T76 and 2024 T3. 

Chemical Composition. 
Element Zn Mg Cu Zr Mn Cr Fe : : s i 
7010 wt% 6.20 2.50 1.70 0.14 <0.03 <0.05 <0.15 <0.10 

. 2024 wt% 0.25 1.50 4.40 0.60 <0.50 <0.50 

Mechanical Properties. (L-T direction) 
7010 T76 2024 T3 

2 
0.2% Proof Stress MNm 484 310 
Ultimate Tensile Stress MNm" 2 544 430 
Elongation % 12.1 7J3 
(E) Tensile Modulus GNm"2 74.3 72.0 
(K__) Plane Strain Fracture -36 =49 

— / Toughness MNm 3/2 

Table II. Chemical Composition of Other Commercial Alloys 
Mentioned in the Text. 

Series Zn Mg Cu Cr Zr Ni Si Mn 
7000 
7075 5.6 2.5 1.6 0.30 
7175 6vl 

6.8 
2.9 
2.7 

2.0 
2.0 

0.18 
0.30 

0.1 

6.2 2.25 2.3 — 0.12 
2000 -

2-219 — 1.6 6.3 — 0.18 1.0 — 

2618 — - 1.6 2.3 — — 1.0 0.18 
5000 
5083 4.45 — - 0.15 0.7 
5086 — 4.0 0.45 
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Table III. Commercial Thermowxetovical Treatments. 

The nature of commercial thermor*esJf\ortLcal treatments are delin-
eated by the prefix and first numbers as follows: 

T Tempers - thermally treated material. 
T3 Solution heat-treated and then cold worked,- naturally 

aged. 
T6 Solution heat-treated and then artificially aged,-

normally to peak strength. 
T7 Solution heat-treated and then artificially aged to 

a point beyond that of maximum strength. 
T8 Solution heat-treated, cold worked and then arti-

ficially aged. 
The second and possibly third and fourth number in the temper 
refer to the specific heat treatment. For example, the T73 
treatment, applicable to 7075, normally involves solution 
treatment followed by a two stage ageing process at I20°C 
and I70°C. 

The T76 heat treatment applied to 7010 involves solution 
treatment followed by heating to I70°C at a rate not exceed-
ing 20°C per hour, followed by 6-*I5 hours at that temperature. 

H Tempers - mechanical working. 
H4 35% cold reduction after full anneal. 
K6 55% cold reduction after full anneal. 
H8 75% cold reduction after full anneal. 

Further digits may be included to specify the nature of the 
working process. 


