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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
70I0 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 IOO 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
with deburred specimens, containing both drilled and reamed
holes, showing only small differences in life and fatigue
limit. Metallographic studies have been made 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 micro-
scopy to study the fracture surface topography and deformation

structure associated with crack growth. Such studies have



- III -

been made on specimens of 70I0 T76 tested in environments

of laboratory air (50% relative humidity), dry oxygen and

dry argon (<IO ppm H,0 ). Test frequencies of 0.2, IO and
IO0 Hz have been employed at stress ratios (ratio of minimum
to maximum stress) of 0.I, -0.3 and 0.5 at a stress intensity
range (AK) between 6 and 3oMum™¥?. Tests have also been
carried out under a simple programme load sequence of varving
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 {0OII} 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 {0II} planes. The band structure and crystallographic
crack plane have been found absent in dry environments and a
hydrogen embrittlement mechanism, due to reaction of water
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 which

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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List of Commonly Used Symbols and Abbreviations.

All percentages referred to in alloy composition are weight

percent unless otherwise stated.

LEFM = Linear elastic fracture mechanics

cT = Compact tension

TEM = Transmission electron microscope (microscopy)

SAbP = Selected area diffraction pattern

SEM = Scanning electron microscope (microscopy)

HRSEM = High resolution scanning electron microscope(micrdscopy)
EPMA = Electron probe microanalyser (microanalysis)

HVEM = High voltage electron microscope (microscopy)

Kt " = Elastic stress concentration factor

K = Crack tip stress intensity

AK "= Stress intensity range

Kmax = Maximum stress intensity

AKth = Threshold stress intensity range

KC = Fracture toughness

KIC = Plane strain fracture toughness

LT = Long transverse grain axis

g = Stress(in crack initiation studies stresses are guoted

as net mean section)

%1im = Fatigue limit

Aglim = Stress range at fatigue limit

oy = Yield stress

o) = Crack front shape correcticn facter

a = Crack length

a, = Preexisting flaw size

da/dn = Cyclic crack growth rate

PH:O = Partial pressure of water vapour

Pc = Critical water vapour pressure for full environmental
enhancement of growth rate

= Cyclic frequency

Car = Thecretical tensile strength(tensile stress required
for cleavage at crack tip)

Tor = Theoretical shear strength(shear stress regquired
for shear at crack tip via dislocation mciion)

v = Surface energy

b = Burgers vector
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PART I. INTRODUCTION.




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



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 may 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 intecrated

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 td
two 'new generation' 7000 series alloys 70I0 and 7050. Both
alloys have been developed from the viewpoint of optimising
fracture touchness 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.



Some of the problems of fatigue cracking which relate :specifically
to aircraft have been reviewed by Forsvth (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 wvarious
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
70I0 and to study the initiation of cracks from these holes.

By this route it may 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 minimum to
maximum stress) and, with the development of linear elastic
fracture mechanics, to maximum crack tip stress intensity

(Kmax) and stress intensity range (AK). Data collected from
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 materials 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 anlmmd?@wetool 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) was used for surface observation on a fine scale, via

the use of shadowed surface replicas. However, with HRSEM

0 .
resolution of around 30 A such techniques are no longer neces-



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 'TEMSCAN' 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 micro-
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.

While 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. 1In the present
study, metallographic techniques, principally electron optical
ha&e 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

70I0 but the commonly used alloy 2024 is also investigated.

A table of the mechanical properties of this alloy is also
given in Appendix II. In order to integrate the metallographic
results with 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



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 measur-~
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
nmicrostructures of the alloys used, particularly 70I0, are
investigated in some detail. Such a study is particularly
important in the case of 70I0 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.




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 70I0 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.I. The
surface roughness of each hole was measured at this stage using

a 'Talisurf' stylus type machine. I5 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 2I 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', 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.III.

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



e | Flg 21

Crack initiation test piece design

5.1cm
.
)
Thickness
=5mm
Hole @ 6.5mm drilled
6.35mm reamed

£ 1.27¢cm :

(8]

S .

~ 0.635cm

f

0.635¢cm




Table 2.I 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. with an approximate feed rate
of 0.08mm/rev.

(IT) Finish hole with a 6.35mm (0.25") reamer at
II00 r.p.m. with an approximate feed rate
of 0.2mm/rev.

(III) 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.II

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.IIT

Number of Specimens

Specimen Batch D R DD RD

A I5 - - I5
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drilled without lubricant in order to observe the effect of

lubricant on surface metallography.

I.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 was 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 70I0 T76 plate.

Futher metallographic studies were made on specimens of a
compact tension (C.T) design (Ffg.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 70I0 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 with 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 IOO Hz and at a constant load. A ratio of
minimum to maximum stress or stress ratio (R) of O0.I was used
for all tests. Peak stress levels were chosen to give fatigue
lives for the various specimen types in the range I0° cycles

to infinity. The stress .levels 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. Fatique Test Stress Levels According to

Specimen Type.

Peak Specimen Code

Stress MPa D R RD DD
I30 3 - -- -
I50 5 5 2 -
I75 7 6 II 4
I90 - - -= 6
200 - 6 6 6
225 - - -- 5

All stresses shown are net mean section at hole.



to greater than 3xI0’ 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 70I0 T76 and 2024 T3, as detailed earlier, were provided
in a tested condition. Here test frequencies of 0.2 and IO Hz
had been used at stress ratios of 0.I, 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 which 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 was 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 he 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 O to IO00 ppm H,O. The gas was flushed through the system
for at least 24 hours prior to testing.

Fatigue tests were again carried out using the Amsler Vibra-
phore resonance fatigue machine, operating at IO0O 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 IO ppm was maintained at all times.
Stress levels were chosen in order to give a fatigue life,

in a laboratory air environment, of approximately I0° cycles.
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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 grbwﬁh retardation effects caused by
large reductions in stress, the peak stress levels chosen
differed by omly n20%. The initiation type centre notched
specimens were used and two peak stress levels were chosen

as 270 and 230 Mpa (net mean section stress) with a constant
minimum 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 IO Hz.
The output from the load cell was monitored with an oscillo-
scope to ensure responses in applied load level were according

to the programme.

3. Optical Metallography.

3.I. 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 Ium diamond
paste, followed by etching in a solution of I.5% HCl 2.5%HNO;
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 plafe 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 was 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 microscope. This
allowed a load as low as 5g to be 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 number (V.P.N.). In order to re-
solve the changes in hardness with distance from the hole

bore, taper section specimens were manufactured as shown in

Fig. 2.7. The drilled plate was cut to produce a semi-
cylindrical hole-bore region and this was thenvground at a
very shallow angle (6<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 O.5um diamond paste.
In order to test the possible hardening effect of mechanical
polishing, control specimens were electropolished lightly in

a solution of 30 vol% HNO; in CH3 ;OH 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.I. General.
(a) Scanning Electron Microscopy. The scanning electron

microscope (SEM) was 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
was carefully investigated. A JzCL JSM 35 SEM operating at
25 KV was employed for most of these observations. Some use
was 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 70I0 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 70I0, 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 water quench. Thin foils were prepared
by electropolishing using a Struers 'Tenupol' jet polisher.
A solution of 30 vol% HNO; in CH3OH was used at a temperature
of -209C and a voltage of IS5 to 20V. Observations were con-
ducted in a Philips EM30I TEM operating at IOO' KV,

(c) Electron Probe Microanalysis. Mechanically pol-
ished specimens of 70I0 plate were 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 were made
in a Cambridge Microscan 9 instrument equiped with 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 quali-
tatively determined.

4.2, Special Techniques.

4.2.I. 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 JEQOL I20CX TEM-
SCAN. The optimum resolution obtainable using secondary
electrons was specified as 30 R. stereo microscopy was found

to be particularly informative eliminating many possible

ambiguities in observation .

It was 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 was 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 O.5mm
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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 water with 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 Technigues. In order to observe the deform-

ation structure adjacent to the surface of a bored hole thin
foil specimens were prepared by the technigue 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-
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 IOO KV. In order to in-
vestigate the complex structures found in these specimens

it was found informative to employ the micro-beam diffraction
facility available on the TEMSCAN. Here an electron probe,
diameter of 20 & can be produced,allowing electron diffrac-—
tion information to be obtained from areas of less than 500 R
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 most successful, allowed electron
transparent areas to be obtained directly adjacent to the
fracture surface. The technique illustrated in Fig. 2.I0
involved initially the spark machining of 3mm disc type
Vspecimens 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 micro-

scope.

After removal, the fracture surface was coated with a thin
lacquer and preparation then proceeded in a manner similar
to that used for hole surface specimens.. The lacquer was
found to adhere extremely strongly to the fracture surface
during polishing but could be removed almost completely by
acetone dissolution. Hence it was 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 IOO KV. Some specimens were however
not electron transparent at IO0O KV 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 was 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 were
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+0.3mm thickness and were 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 pointof 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 opague.

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.I2 and pumping of solution was
effected by the rotation of a magnetic stirrer. A solution
of 30 vol% HNO: in CH3;OH was again used at a temperature of
-20°C and I5 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 was stopped and the specimen

removed.

The third method of preparation involved ion-beam thinning.
Specimens were thinned in an Ion-tech 'Super Microlap' 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 AEI 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 Vv2->3um
maximum 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%HNO;
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 {IOO} 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 made 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 HRSEM 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 ALUMINIUM
ALLOYS CONTAINING ZINC, MAGNESIUM AND COPPER:-LITERATURE REVIEW.

I.I Introduction.

As already mentioned, the alloy 70I0 has only recently been
developed and hence little microstructural information is
available. A moderately detailed study was 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 (IO), 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.0*IOum diameter particles produced during casting
(b) Intermediate 0.05+0.5um diameter particles precipitated
during homogenisation and sclution treatments, and during
hot working at temperatures between 400 and 500°cC.
(c) Precipitates 0.0I+0.5um produced during ageing.

I.I.I IntermetallicParticles 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 (I2). Di Russo and Buratti (I3) found
that in the alloy 7I75 second phase particles consisted of an
Al-Fe-Si intermetallic compound together with Al;Cu;Fe with
smaller amounts of Mg,Si. In the alloy 7050, an alloy very
similar in composition to 70I0, another phase containing copper
and possibly magnesium 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 (I2)

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 decochere
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 was 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 70I0 thereby reducing iron and silicon levels
Also zirconium 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 ZrAig in a
body centred tetragonal form (8). This reaction takes place
at 661°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 (IO) 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

70I0 the most important reaction is that which produces ZrAl,
in a metastable cubic form. This phase was found by Ryum (I4)
to be simple cubic a=4.088 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 spnerical
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
(IT). Smaller particles of this type, less than O.5um diameter,
were found by Hahn and Rosenfield (II) to be more resistant ta
cracking and therefore to be less important in limiting

toughness than the much larger iron, copper and silicon rich
particles.
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The solubility of copper in the alloy at scolution treatment and
homogenisation temperatures is considerable (Fig. 3.I) but is
somewhat lower than in pure aluminium at this temperature

and such heat treatments often occur close to the a+S (CuMgdl,)
phase field boundary. It is possible therefore that S phase
can be stable at these temperatures and therefore be retained.
Peel (I5) and Singh and Fleming (I6) 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 6 (CuAl:;) via magnesium
diffusion but Peel could find no evidence of this. It seems
likely therefore that fully heat treated material contains
large, ~O.I+IOum, particles of S phase produced by transforma-

tion of the eutectic colonies.

I.2. Precipitation During Ageing.

I.2.I. 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 (I7):

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 (I8). They quoted a temperature of 150°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 70I0 used in the present work,
T76, involves heating to the final temperature, 170°C at a

rate not exceeding IOOC/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 much of this evidence

is confused: Thomas and Nutting (IS) proposed the sequence

Super Saturated Solid Solution = G.P zones =+ n' > n(MgZn,)

This presumably can only apply to alloys whose compositions lie
within the ao+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 MgsAlg predominates

(b) Mg:Zn 6:I+3:7 Mg3Zn;Al, (T) predominates at least at high
temperatures

(c) Mg:Zn 2:5+I:7 MgZn, (nj predominates

(d) Mg:Zn <I:IO0 Mg,2ny predominates

Since many commercial alloys, for example, 70I0, lie at the
transition between regions regions (b) and (c) the possibility

of the formation of T phase must be considered.

The generally accepted seguence 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 who termed the phase. 'X'.
T phase itself has been found to predominate at temperatures
greater than ZOOOC (8) and is therefore not likely to form in

most commercial ageing treatments.

The most commonly observed transformation during ageing is that
to n(MgZn,) via an intermediate n'. The circumstances under
which n' is found have been in some dispute. Graf (2I) and

Auld and Cousland (22) stated that n' was not found in alloys
lving within the a+T phase field at the ageing temperature:

Prior to their work there had been some confusion on this point.
Gj3nnes and Simensen (23) observed the transformation from G.P
zones to n' to n via electron diffraction and observed the fading
of n' reflections with the progression of the transformation to n.
n' has been found to form extremely rapidly (2I) even at 75°¢C

and often masks the presence of G.P zones.

The formation of S phase,CuMgAl, during ageing has been suggested
in alloys containing less than 2% Cu (24) but studies by Peel
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(I5 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 O.5%Ag alloy by Sen and West (26). While
it appears that this ageing sequence would not be expected in
70I0 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 proracation 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
(r18) and therefore P.F.Z. width can be minimised by low initial

temperatures.

I.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). 1In many alloys zones,have been found to
be replaced by n' 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' as hexagonal

a=4.96 &, c=I14.02 2. oOther workers have however proposed

a=4.96 R, c=8.6 &. 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 Mg,Zni; Al and an orientation .
relationship:

n'(a). (00.I)n'//{III}Al, (1I0.0)n'//{II0}Al
More recently however Chou (30) proposed a second variant:
n'(b). (I0.0)n'//{I00}JAL, (00I)n'//{0II}Al

GjYnnes and “Simensen (23) found the particles to be of plate
morphology with the long axis coherent. Auld and Cousland (23)
confirmed this and quoted a maximum size 303by 100+200 & coherent
on {III} planes as expected.

The structure for n, the final phase,was found by Auld and
Cousland (22) to be hexagonal a2=5.16 R, c=8.5 &. Nine different
orientation relationships have been observed (§8,23) and two
morphologies noted:

(a) (I2-0)n//{1I1}al, (00-I)n//{IIO0}Al Rods
(b) (I2-0)n//{IIT}Al, (30-2)n//{IIO}Al Rods
(c) (x2-0)n//{1I1}al, (20-I)n//{I2I}Al Rods
(d) (I2-0)n//{IITI}Al, (I0-4)n//{110}Al Rods
(e)  (00-I)n//{III}Al, (I-00)n//{IIO}Al Plates
(£) (00-I)n//{II1}al, (II-O)n//{IIO0}Al Plates
(9) (I0-0)n//{I00}Al, (00-I)n//{0II}Al Platés
(h) (I12-0)n//{1I2}Aal, (00-I)n//{31I}Al Rods
(i) (12-0)n//{001}lAl, (00-I)n//{II0}Al Plates

Note that the only n variants of orientation relationship equi-
valent to n' are n(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 70I0 Peel (I5)
noted after an overageing treatment akin to T76 the presence of
mostly n(a) and n(f) variants plus possibly n(e).

Thackery (20) initially discovered the phase 'X' which was later
found by Auld and Cousland (22) to be an intermediate to T, and
was therefore termed T'. They proposed a hexagonal structure

a=I9.1II R, c=28.04 &. The.orientation relationship was found
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to be:
(00-I)T'//(IITI)Al, (IO-O)T'//(II2)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=I4.02 &. It is not proposed to go into any detail here
however since its occurrence is not to be expected in 70I0,
see reference (8) for details.

S phase (CuMgAl,) which is found in the alloy 2024 (9 ) and
may form in Al-Zn-Mg-Cu alloys such as 70I0 is orthorhombic
a=4.0I R, b=9. 25 R, c=7.I5 R (25). An orientation relationship

has been suggested for low temperature transformation:
(Ioo)s//{100}Al, (0I0)S//{021I}Al, (0OI)S//{02I}Al

(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 CuMg4yAl, with
Mgs;Zni;Al,; (T), CuMgAl with MgZn, (n), and CugMg,Als with MgZan.
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.I. 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+-800um 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 50um x 80Oum,
both in the rolling direction ané perpendicular to it. The
optically resclvable 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-+IOum 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 cduring

heat treatment.

2.2 Intermetallic Particles.
2.2.I. Large Inclusions. Large intermetallic particles, IO+

IOOum 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 Mg:5i and 21,CuFe, ,

as observed by Di Russo and Buratti (I3) in 7I75. ©No Al-Fe-Si

or Cu-Mg-Zn intermetallics of the types observed by these authors
in 7I75 and 7050 were founcd. Also there did not appear to be
evidence of CuMgAl,(S) or Culal,(6), as suggested in similar alloys
by Peel (I5) 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 ZrAl;during 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.
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2.2.2. Small Intermetallics Present Prior to Ageing. 1In order

to observe the intermetallic particles present prior to ageing,
70I0 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 200/um?,
clusters being of the order of 2um across. Analysis of selected
area diffraction data obtained from within clusters revealed
reflectionswassent with the cubic, coherent,form of ZrAl, (I4).
The particles were in fact morphologically similar to those
observed by Ryum (I4). The fine distribution of cubic ZrAl;,
particles is consistent with the ageing reaction at 450+500°C.
The Zr additions in 70I0 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; but were consistent with S phase (CuMgAl,).
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 (I5) 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
guench. 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,Precipitaté 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, IO0->400 R in
diameter, while others were elongated in the <IIO> directions.
Particles were found to be 30-I00 R in thickness. Grain boundary
precipitates were considerably larger ranging in length from
500-I500 K. Precipitate free zones were found to range in width
from 500 & for a sub-boundary to I500 ! for a high angle grain
boundary.

The precipitate types were identified by rigorous analysis

of <0O0I> 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 ZrAl;
were also obtained. A number of other reflections were 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 (23) 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 (I5) in a high purity Al-Zn-
Mg-Cu quaternary alloy of similar composition and heat treatment.
to 70I0 T76. The n particle morphologies also appear to corres-
pond to the observations of Gjannes and Simensen. They found
that n(e) and n(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 micrcztructure cf this allerr 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, ~0.5um, intermetallic particles, irregular in shape,

in a matrix of moderately high dislocation density, presumably

due to 'stretching' processes carried out on the alloy plate.



Fig. 3.7 Precipitatedistribution in 70I0 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, <OOI> 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 70I0.

No attempt was made to identify the medium sized (0.I-0.5um)
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 Cu,FeAl;, Cu;Mn;Aly , (Fe,Mn); SiAl;, or Mg,Si (9).

2.4, Texture Determination.
The X-ray pole. figures obtained for 2.5 cm 70I0 plate both

in the rolling plane and perpendicular to it parallel to the
rolling direction are reproduced in Fig.3.I0. 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 {IIO}
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 (II0) and (III) directions. A likely texture
is therefore a (IIO)(II2). This has been found to be 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

would bhe found.
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PART 4. CRACK INITIATION STUDIES.
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I.FATIGUE CRACK INITIATION FROM BORED HOLES-:LITERATURE REVIEW.

I.I. 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. 1In 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.

I.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.

I.2.I. 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 40um (Fig. 4.I). 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 (n2um diameter) subgrain
structure was 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, which 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 wvalue of around I50 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 treatiseson 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 IOO m min~!, strain rates of the order of IO%sec”™! were

produced in the surface layer of the work piece. Their results
referred to a 0.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 achie ved 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 speeds.

cutting of low carbon iron at I83 m min~
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 1is

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 recrystalliisation. 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.

I.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 distribution.

Their investigations centred around a 0.45%C steel, (UTSv

700 Mm~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 guanti-
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 'coining' operations, in which an oversize mandril

is inserted, deforming the surface layer in tension in the

hoop direction. Rich 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 mm oversize mandril into
a 6.35 mm hole, a surface residual hoop stress of -558 MNm™ 2
would be produced in the case of 7075 T6, yield stress =483 MNm™*.
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 inhikited, the
stresses calculated here are probably therefore an overestimate

of the situation at the surface of a bored hole.

I.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.I. 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 O0.I mm 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 (4I).
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 was 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 Iuym 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. 3owies and Schiijve (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 22I° T85I. 1In 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. KXung and Fine found that in

2024 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 guantified 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 was considered to occur when
a critical elastic strain energy was achieved 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 = Ca + Ca
1
DWm(T DW? (T

efr To)’ efe~ 00’

Where: Ci, C; and To are material parameters
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W
D

m is a constant related to the mode of particle fracture angd

particle width

maximum slip distance - related to grain size, see Fig. 4.7

ranges from m=I for simultaneous fracture of the whole particle
to m=3 for initial fracture at a localised site.
= the effective shear stress on a particle taking such

T
eff
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/YW 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.

I.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 number of workers

have studied these effects, mostly in combination, and for a

variety of different materials.

3enson (5I) 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>IO" where 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 of
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%Al 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 distribn+ion was un-
changed, since the crack could have no effect on compressive
residual stress, (Fig.4.I0). At maximum load however the
residual stress was considered to redistribute as :shown in
Fig.4.10(a ), leading to the maintenanceof 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
nheavily cold worked stecimens. Little effect of cold work
was found on fatigque properties, an observaticn 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

(vIOO%) 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' and be removed during cycli<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>