THE EFFECTS OF
CORROSION, COLD
EXPANSION AND
INTERFERENCE FIT ON
THE FATIGUE OF
ALUMINIUM ALLOY
SPECIMENS
CONTAINING
FASTENER HOLES

ALEXEY NESTEROV

A thesis submitted in partial fulfilment of the
requirements of Kingston University for the degree of
Doctor of Philosophy

This research programme was carried out in
collaboration with QinetiQ, Farnborough

Moc36B5C kP

" KINGSTON UNIVERSITY LIBRARY

Acc. No.
> 013339(% pref | February 2006
THRESIS.PHPD

Class No.




The following figures have not been digitised at the request of the university:

Figure 1.2.1 p.20

Figure 1.2.2 p.21
Figure 1.23 p.22
Figure 1.24 p.22
Figure 1.25 p.22
Figure 1.2.6 p.23
Figure 1.2.7 p.23
Figure 1.2.8 p.25
Figure 1.3.1 p.27
Figure 1.3.2 p.28
Figure 1.3.3 p.32
Figure 1.3.4 p.32
Figure 141 p.37
Figure 1.4.2 p.39
Figure 1.4.3 p.39
Figure 1.4.4 p.40
Figure 149 p.48

Figure 1.5.5 p.53

Figure 1.5.8 p.56
Figure 1.5.10 p.57
Figure 1.5.14 p.63
Figure 1.5.17 p.64
Figure 1.6.1 p.65
Figure 1.8.4 p.92

Figure 1.9.1 p.109



ABSTRACT

One of the most vulnerable areas for the initiation and propagation of fatigue cracks in
aircraft structures is in the region of fastener holes. To reduce the incidence of fatigue
cracking a number of methods have been developed which introduce residual stresses or
induced stress fields at the fastener holes. Of these methods, two of the most widely
used in the aerospace industry involve the use of interference-fit fasteners or a
procedure for cold working the fastener holes. This investigation studies the effect of
these two technologies on the fatigue performance of specimens manufactured from
2024-T351 aluminium alloy. The effect of exposure of the specimens to corrosion
damage was also investigated.

Fatigue tests were carried out on flat plate specimens containing open plain holes and
open cold worked holes as well as on plain hole and cold worked hole specimens
containing interference fit pins. The fatigue crack growth in the specimens was
investigated under constant amplitude sinusoidal loading at a stress ratio of R=0.1 and a
frequency of 10 Hz. A proportion of the specimens were subjected to controlled
corrosion exposure prior to testing.

Crack Growth Rate (CGR) diagrams were constructed from these experimental results
and an analysis made of crack initiation, crack propagation rate and total life.

Crack Growth Rate models were developed based on the assumption that the
dependence of CGR vs effective Stress Intensity Factor (SIF) for this material are not
affected by residual stresses in the material. Crack opening stress distributions were
derived from experimental crack growth rate data which were also confirmed by
experimental data obtained by other investigators previously.

The beneficial effects of cold expansion and interference fit on fatigue performance
were confirmed in plain and corroded specimens. Cold expansion treatment combined
with the use of an interference fit fastener gave the greatest benefits in fatigue
performance for the specimens tested including improvements in both crack initiation
and propagation stages and in the total fatigue life. The effect of corrosion was found to
be detrimental for both cold worked and plain specimens but was less severe for cold

worked samples in comparison with plain untreated specimens.
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Nomenclature

a bore crack length

| Entrance surface crack length

Cy exit surface crack length

C Maximal of c; or c; surface crack length

N Fatigue life

r Radius of the hole

D Diameter of the hole

t Thickness of the specimen

2W Specimen width

G Remote stress

O ooy Applied Stress

Ornet Net stress

o} Local stress

Ores Residual stress

Omax Maximum stress

Gmin Minimum stress

o, Opening stress

Oy Effective stress

o, Yield stress

O Pretention stress

R Stress ratio

K K_ .K_.,AK Stress Intensity Factor, maximal and
minimal values and iys range

op Opening Stress Intensity Factor
K, AK,, Effective Stress Intensity Factor and its
’ range

AK,,, Range of Stress Intensity Factor from
Experiment

FoproughCracks Feomercrack Calibration functions for though and

corner cracks




C,m

Crack Growth Rate Diagram Parameters

and parameters of effective CGR diagram

of e
() Parametric angle
E Elastic modulus
v Poisson’s ratio
CX,CW Cold expanded, Cold Worked
COR Corroded specimen
Pl Plain Specimen
Inter Fit Interference Fit
SIF Stress Intensity Factor

CGR

Crack Growth Rate
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INTRODUCTION

The structures of modern aircraft are very complex assemblies of the most up-to-date
technologies, materials and design details. During its life it experiences an extremely
complex set of different influences: gust, manoeuvre, landing, taxiing, acoustic
loadings, extremes of temperatures, and a frequently hostile corrosive environment.
Moreover it must fly for many years in a condition which can be proven to be safe to
the airworthiness authorities. Weight is of paramount importance in the design of a
new aircraft as it determines the future balance between economic benefits and safety.
Hence the designer must aim to achieve the most optimal solution. The structure must
be light and at the same time as strong as possible.

Designing an aircraft for unlimited life i.e. keeping design stresses below the fatigue
limit leads to a severe weight penalty with subsequent considerable economic losses.
This encourages the design of structures which work under the highest stresses
possible, which may often lead to fatigue problems from the dynamic loading the aircraft
experiences in service. In fact nearly all civil transport aircraft currently in service
have developed some fatigue problems.

The National Research Council of Canada performed a study in 1984 on the fatigue
initiation sites for fixed wing aircraft accidents '. The percentage occurrence of fatigue
at different types of initiation site is shown in Table 1. The main initiation sites were
found to be threaded fasteners such as a bolt, stud or screw and holes such as those

Sor other fasteners.

Table 1 Initiation Sites for Fixed Wing Accidents.

Initiation Site %
Bolt, stud or screw 24
Fastener hole or other hole 16
Fillet, radius or sharp notch 13
Weld 12
Corrosion 10
Thread (other than bolt or stud) 7
Manufacturing defect 6
Scratch, nick or dent 6
Fretting 3
Others 3
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From the foregoing one may conclude that fatigue considerations play a very large
role in the design and operation of aircraft structures.

To avoid catastrophic failure and to predict fatigue life reliably there are special design
philosophies: Safe Life Design, Damage Tolerant Design and its subpart Fail Safe
Design.

The fatigue process may be characterized by the curve of crack length versus number of
cycle, shown in the Figure 1. Three stages of behaviour are depicted. In the first, the
repeated loadings cause an accumulation of damage leading to the initiation of a
fatigue crack. In the second, the fatigue crack propagates at a steadily increasing rate,
finally, catastrophic fracture occurs when the crack has grown to the size that is

"critical" for the final applied load.

incubation

crack length

initial crack length
assumed in damage
tolerant design

critical length

initiation crack

propagation

Fatigue life
Figure 1 The Fatigue process

For structures designed in accordance with Safe Life Design principles, it is expected that
there will not be any failures or cracks which can reduce the strength of the structure below
a required minimum during a pre-determined operating time. This method permits
operation of the structure without inspections. Normally, it is applied in those cases where
fatigue damage to some primary structural parts can lead to the crash of an aircraft, but
where this cannot be detected by periodical inspections during operation. Thus, this design
approach implies operation mostly during the incubation period shown in the Figure 1.
The decision about allowable operating time is determined by life calculations based on
the usual S-N curves and statistical analysis.

The failure rate established is usually not greater than one per 1000.

Normally, manufacturers are required to test representative structures to four times the

expected service life to demonstrate adequate fatigue life.
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In the damage tolerant design philosophy, one or more significant flaws are assumed to
exist in the structure (see Figure 1). Such flaws have been known to escape detection
during manufacture. They might be introduced by inadvertent damage during service,
or they might result from fatigue or stress corrosion. It is expected to limit the rate of
crack propagation so that the largest flaw missed at one inspection will not cause
catastrophic failure before one or more subsequent inspections are conducted. This
design approach includes the selection of materials and adjustment of operating stress
levels to achieve slow rates of crack growth. The analysis procedures depend heavily
on fracture mechanics considerations for predictions of crack propagation rates and
residual fracture strength.

If the structure is capable of experiencing failure of one or more primary members
without suffering catastrophic failure, the structure is considered to be “fail safe. ”

In effect, the inspection process, which is an essential element in this philosophy,
examines the structure for evidence of damage. Repairs are made or damaged structure
is reinforced to assure continued structural integrity. In this manner, the life of an
aircraft may be extended repeatedly as long as the necessary inspections and repairs are
economically justified.

For the design of a new structure, FOUR main parameters must be taken into account.
First, a material with appropriate crack growth and fracture toughness performance
must be selected. Second, the structural configuration and its influence on fatigue life or
crack growth behaviour must be determined. Third, appropriate analyses must
account for the cumulative effect of variable amplitude /oadings, and stress levels must
be chosen that provide long life. Finally, the thermal and chemical environment
encountered in service must be considered.

The illustrative diagram from Hardrath®, Figure 2, helps to achieve an Integrated
Program of Research for the development of improved technology for structural
integrity.

As indicated earlier, safe life analyses do not account for crack initiation, crack
propagation, and fracture. Thus, the elongated "bricks" in the rear stack extend over
these three phases of life. In practice, the empirical data from S-N diagram used in
analyses are derived from tests of small specimens carried to complete failure. The four
bricks in the stack represent the four major parameters that must be considered to

solve a design problem under this philosophy.

13



Major
parametal

Material

Configuration

Loading

RS
Environment @

Figure 2 Unified Fatigue and Fracture

On the other hand, the damage tolerant philosophy, represented by the front stacks of
bricks, acknowledges the existence of cracks, predicts their rate of growth, and
identities the conditions that lead to fracture. Usually this philosophy is not concerned
over how the crack was initiated. Thus, only one tall brick is shown, and it is labelled
"Assume a crack." In practice, non-destructive inspection procedures are employed to
determine whether cracks indeed exist but there may be cracks present below the
detectable limit of the inspection equipment since the sensitivity is often limited for
economic reasons. The same four major parameters: materials, configuration,
loadings, and environment must be considered in turn to achieve a damage tolerant
analysis and design.
Joints incorporating fasteners are a well established, reliable way of joining structural
elements. The present work concerns the specific aspect of the fatigue performance of
fastener holes where corrosion damage may occur. More specifically the fatigue
performance of fastener hole cold expansion, the use of interference fit fasteners, the
combination of the two processes and the effect of corrosion damage have been
evaluated. All the specimens tested in this investigation were manufactured from 2024-
T3 aluminium alloy plate.
Going back to design philosophies and basic knowledge on which they are established,
from the foregoing research problem definition, the present work contributes mainly to
damage tolerance philosophy. It implies research in fatigue performance, crack
initiation and propagation in fastener holes subjected to cold expansion, the application
of interference fit fasteners and the effects of corrosion damage.

14



The new knowledge obtained in the work can help to estimate the gain in fatigue life
and crack growth rate associated with cold expansion and interference fit fasteners, the
detrimental effects of corrosion and their combined influence on fatigue characteristics.
This information is of particular importance for regular inspection and repair
assignment and an accurate estimate of life extension obtained.

Fastener holes in joints, open holes (for drainage, inspections) are known to be major
potential sites for cracks to initiate and propagate in aircraft structures (see Table 1).
There are two obvious ways to delay crack initiation: reduce crack propagation rate
thereby extending fatigue life: use different materials and reduce stress levels.

However in aircraft structures these are not viable, particularly if the aircraft already in
service. There are alternative methods of reducing fatigue cracking at holes based on the
deliberate introduction of controlled localized residual stress fields adjacent to the
critical regions. Introducing an interference-fit fastener or cold working of fastener
holes are widespread technologies in the aerospace industry which use this effect to
improve the fatigue performance of structures.

It is frequently employed both at build and for subsequent repair schemes to enhance
fatigue endurance.

The benefits of cold expansion are to increase the fatigue endurance of a component
mainly due to a reduction in fatigue crack growth rates in the early stages of life ®_ This
reduction in growth rate arises because cracks have to grow through compressive
residual stress fields created by the hole cold expansion process. The residual stresses
are compressive in an annulus of material around the hole which extends for a few
millimetres from the hole. This compressive residual stress region is balanced by a
region of tensile residual stresses which extends for tens of millimetres away from the
hole. Although the tensile residual stress region extends over a much greater area than
the compressive region, the magnitude of these residual stresses is much smaller than
the compressive stresses @,

The use of an interference fit fastener will produce an improvement in the fatigue
performance as well, but the mechanism of this system is different from pure cold
expansion. Benefits in fatigue are attained by maintaining a tensile prestress around the
hole. This reduces the effective stress amplitude without appreciably affecting the

maximum stress. While tensile prestress is not beneficial, the reduced stress amplitude

prolongs fatigue life.
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The present work studies both technologies and considers their effect on the fatigue
performance of fastener holes in 2024-T351 aluminium alloy separately and in

combination.

The structure of the present work is given in Figure 3 3

THE EFFECTS OF CORROSION, COLD EXPANSION AND INTERFERENCE
FIT ON THE FATIGUE OF ALUMINIUM ALLOY SPECIMENS CONTAINING
FASTENER HOLES

J I I |

Theoretical Experimental Analytical Conclusions &
Part Part Part Recommendations
ALUMINUM 2XXX SERIES MATERIAL SPECIFICATION CRACK GROWTH & FATIGUE
LIFE ANALYSIS
THE COLD WORKING CRACK MEASURING
PROCESS TECHNIQUE DETERMINATION OF RESIDUAL
STRESS DISTRIBUTION AND
LEFM CONDITIONS OF FATIGUE CRACK GROWTH RATE
NALYSIS OF FATIGUE CRACK SPECIMENS TESTING MODELLING
A - Cold Expansion
SHAPES AT FASTENER HOLES - Load P DETERMlNdTlON OF OPENING
. Corrosion STRESS DISTRIBUTION FROM
STRESS INTENSITY FACTORS . Interference Fit EXPERIMENTAL CRACK
mierieren GROWTH RATE DATA AND THE
CRACK GROWTH RATE FATIGUE TESTS: CONSTRUCTION OF A CRACK
- Plain Specimens GROWTH RATE MODEL BASED
ANALYSIS OF REAL SURFACE - Plain Specimens with ONIT
CRACKS Interference Fit
- Corroded Plain Specimens
- CX Specimens
STRESS INTENSITY FACTOR - Corroded CX Specimens
FOR COLD WORKED HOLES - Pre Corroded CX Specimens
- Specially Corroded CX
INTERFERENCE FIT s with
Interference Fit
CORROSION - Corroded CX Specimens with
Interference Fit

Figure 3 Structure of the Thesis

This consists of sections covering theory, experimental work, analysis, and conclusions.
The theoretical section includes a short description of Al alloy 2024 and its’
applicability in the aviation industry, a review of the cold expansion process and
components associated with it (technology, residual stress, fatigue properties, etc.), the
application of LEFM to this area of research.

The experimental section includes a description of material specifications, crack
measurement methodology, of specimens testing conditions, test results and
observations.

The analytical includes general analysis of the test results: crack growth rates and
fatigue life, derivation residual stresses, opening stresses and crack growth rate
modelling.

Finally, the section covering conclusions and recommendations summarises all
analytical results and makes recommendations on the practical application of these

results to obtain the best fatigue performance in real structures.
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1 THEORETICAL SECTION

1.1 ALUMINIUM 2024

The discovery by a German metallurgist in 1911, that aluminium alloyed with copper
could be made stronger than mild steel paved the way for aluminium framed and
skinned aircraft. The use of these Duralumin alloys as they became known, enabled
some of the aerodynamic forces to be carried by the stressed skin of the wings and
fuselage. This resulted in very efficient airframes. Most of the aircraft in World War II
were aluminium alloy stressed skin designs. Remarkably, the early aluminium alloys
developed in the 1930s (2024) and 1940s (7075) are still used extensively today.
Al-Cu-Mg “Duralumin” (Al-3.5Cu-0.5Mg-0.5Mn) first widely used age hardening alloy
(discovered accidentally in 1906 by Alfred Wilm). These alloys are normally roll clad
with pure Al or Al-Zn to protect against corrosion. Alloy 2024 is perhaps the best
known and most widely used aircraft alloy.

High strength aluminium alloys are used extensively in the wing structure and account for
more than 75% of the total wing weight. Experience has shown that the alloys and

tempers listed in the Table 2 offer adequate resistance to corrosion damage and fatigue

cracking.

Table 2 Aluminium alloys used in Construction of Current Airbus Outer Wing

Box Structure.

Component Aluminium Alloy
Upper Skin 7150-T651

Upper Stringers 7150-T651

Lower Skin 2024-T351

Lower Stringers 2024-T351

Front Spar 7010-T7651

Rear Spar 7010-T7651

Ribs 7010-T7651

Figure 1.1.1 shows the design criteria in different fuselage areas for the A3XX if made

of the conventional skin material 2024.
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Figure 1.1.2 Stressed skin method of construction used in the fuselage of the Airbus
A340

Figure 1.1.2 above shows the method of construction of the Airbus A340 fuselage
comprising circumferential frames, longitudinal stringers and skins. All these
components are fabricated from aluminium alloys. A new series of aluminium alloys
have recently been developed by material scientists which contain the element lithium.
These alloys are lighter and stiffer than existing alloys, and are now finding use on the
latest aircraft designs.

Figure 1.1.3 below shows the actual proportion of structural materials used in the
Boeing 747, which first flew in 1969, and the latest Boeing 777 which had its first flight
on the 12" June 1994. Aluminium alloys constitute by far the biggest proportion of
structural mass of most modern aircraft, with steels, titanium alloys and structural

composites all accounting for approximately 10%.
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Figure 1.1.3 Structural materials mass distribution on the Boeing 747 and 777

The aluminium-copper alloys of the 2024 series are very strong and are therefore used
for structural purposes, but the additional strength achieved is to the detriment of other
properties.

These alloys require solution heat treatment to obtain optimum properties. In the
solution heat-treated condition, mechanical properties are similar to, and sometimes
exceed, those of low-carbon steel. In some instances, precipitation heat treatment
(aging) is employed to further increase mechanical properties. This treatment increases
yield strength, with an attendant loss in elongation. The effect on tensile strength is not

as great.

1.2 THE COLD WORKING PROCESS

The term ‘cold working’ is applied to any process that results in plastic deformation at a
temperature that does not affect the microstructural changes produced by the working.
Swage autofrettage ¥, split sleeve cold expansion, solid sleeve cold expansion ©

interference fit fasteners 7

L

, stress coin hole expansion method @, roll peening ® stress

(10)

wave riveting ”, shot peening and roller burnishing " are some examples of cold-

working processes.

Coldworking fastener holes is a mechanical method of strengthening metallic
components by retarding crack growth around the hole. Cold expansion of fastener
holes is an extensively used technology employed in both new build and in structural
repairs to improve the fatigue performance of fastener holes.

The technique is based on developing a residual stress field surrounding the holes by the
use of an oversized pin which is pulled through the hole, resulting in localised plastic
deformation and the subsequent development of compressive residual stresses around
the hole after the procedure. The new compressive stress field effectively decreases the
stress concentration around these holes when the material is submitted to tensile cyclic

loading, and therefore, the fatigue life and damage tolerance is enhanced.
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The method consists of drawing an oversized pin through the fastener hole, which is
inserted from one side and removed from the other. There are two main pin types, the
most common using a tapered pin or mandrel, but sometimes a ball shaped pin is used
instead Y. During the process the mandrel provides elastic and plastic deformation, but
when this mandrel is totally removed, the deformed region springs back, placing the
plastically deformed region into a state of residual compressive stress. Typical stress

distributions are shown in Figure 1.2.1.

Figure 1.2.1 Typical radial and tangential stress distribution in a hole subjected to

cold expansion ?

The peak tangential stress is usually, about equal to the compressive yield stress for the
material. The compressive residual stress zone extends to a distance between one radius
to one diameter from the edge of the hole. Extending beyond this point a tensile zone of
lower magnitude is found (2 The residual stresses arising from cold expansion in the
radial direction are entirely compressive with a distribution as shown in the diagram.

above.
From the use of this technique, the compressive residual stress field surrounding the

hole substantially increases fatigue life, by approximately 3 to 10 times or more {2,

This success is due to the reduced applied stress ratio at the hole, leading to a lower

stress intensity factor and an increase in crack growth life.
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Fatigue and crack growth life are improved due to the consequent reduction in the
effective tensile stresses at the hole periphery. If a crack develops at the hole and starts
to propagate, the residual stresses reduce the effective stress intensity factor as
illustrated in Figure 1.2.2%% and hence reduce the crack growth rate.

Currently the most widely used method of cold expansion uses a pre-lubricated split
sleeve between the mandrel and the hole. It is believed that, with the split sleeve
method, there is less surface damage to the hole, because direct mandrel contact is

avoided and more uniform and greater compressive stress is obtained which further

increases fatigue life.

Figure 1.2.2 Schematic representation of the effect of cold-working on crack tip

stress™ in terms of Stress Intensity Factor.

1.2.1 SPLIT SLEEVE PROCESS

The cold expansion method most widely used in the aircraft industry is the split sleeve
process developed by the Boeing Commercial Aeroplane Company in the early 70s and
now marketed by Fatigue Technology Incorporated of Seattle @9,

The diagrams from Figure 1.2.3 to Figure 1.2.7, show the cold expansion procedure.
The process development, whether using split sleeve or not, is always the same. In the

sequence below, a split sleeve is utilised to expand a hole in a plate.
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Figure 1.2.3 After selecting a mandrel to obtain the required interference, a pre-

lubricated split sleeve is slipped onto the mandrel attached to the hydraulic puller unit
(12.

Figure 1.2.4 The mandrel and sleeve are inserted through the hole 2.

Figure 1.2.5 When the puller unit is activated the mandrel slides down and the hole is

expanded 4
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Figure 1.2.6 Finally, the sleeve is removed and discarded ",

Figure 1.2.7 Now the hole is ready for reaming to obtain the final size a2,

On removal of the mandrel the elastically deformed material relaxes and exerts
compressive tangential stresses on the plastically deformed region at the edge of the
hole. The main difference between the split sleeve cold expansion method used in this
research programme and solid sleeve cold expansion is that in the first method the split
sleeve is removed then the hole is reamed before the fastener is fitted whereas in the
second method the sleeve can be left in place when the fastener is fitted.

However it is important that whichever cold expansion process is used, the edge
distance is sufficient to allow the plastic deformation to be constrained within material
which has not exceeded the elastic limit.

If the compressive stresses are sufficiently large the compressive yield stress may be
exceeded and reverse yielding may occur. This has the effect of reducing the net
residual compressive stresses slightly.

Cassat '” shows that cold expansion using a sleeve gives a bigger improvement in
fatigue performance than that produced by shot peening and roller burnishing. Several
investigators have found life improvements in split sleeve cold expanded specimens

comparable to that found for solid sleeve cold expanded specimens ()
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1.2.2 LUBRICATION

This is a critical element in all cold expansion processes. Pre-lubrication prevents
galling of the hole wall during the expansion process. Furthermore the mandrel slides
along the inside of the sleeve which has a molybdenum-disulphide lubricant on its

as)

diameter (both surfaces). It has been shown that improper sleeve lubrication may

lead to axial sliding of the sleeve in the hole during cold expansion process.

1.2.3 DEGREE OF COLD EXPANSION
The degree of cold expansion (Ery) is usually expressed as percentage of the initial
hole diameter. For the split-sleeve process the equation used is:

(D, - D)

1

x100% = E ), (121

With D: initial hole diameter and D,: mandrel diameter.

As shown, this is a relationship between the initial fastener hole diameter and the
maximum mandrel diameter. However, the final hole diameter is not the same as the
mandrel diameter because the plate springs back giving a final diameter in between the
initial hole diameter and the mandrel diameter.

At the end of the process the final hole diameter D; will be given by:
D, =D, +(D, — D,)x RE = D, (1+ Ey, x RE) (1.2.2)

RE is the retained expansion and is generally = 60% for aluminium alloys

The optimum percentage of interference required between mandrel and hole depends
basically on the material to be expanded. For aluminium it is from 4% to 5% of mandrel
interference, but for steels it is from 5% to 7% 2,

Figure 1.2.8 (®) depicts the typical relationship between the fatigue life for split sleeve
cold expanded specimens and the applied expansion. Fatigue life improvement is not
usually achieved unless the hole is expanded beyond the tensile yield strain of the
material (typical yield strains of structural alloys correspond to expansions of 0.5 to 1%
of the initial diameter). Further expansion results in significant fatigue life improvement
until the onset of axial plastic displacement of the material. This is usually indicated by

excessive surface upset surrounding both ends of the hole.
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Figure 1.2.8 Effect of applied expansion 1%,

Fatigue Technology Inc recommends that the hole expansion should be between 2% and

5% for most materials. 4% is recommended by FTI for aluminium alloy specimens with

a hole size of 6.335mm as used in this investigation.

1.2.4

BENEFITS' '’

Coldworking offers many benefits to the acrospace industry. These benefits include:

Coldworking reduces rate of crack growth: by retarding the crack growth rate,
coldworking extends the life of a component. Research results from Finney®,
Ozeltin and Coyle ®V and Pell et al. ) produced fatigue life enhancement
factors from two to seven.

Coldworking reduces unscheduled maintenance: by increasing the overall
fatigue strength of components the probability of premature failure is
significantly decreased.

Coldworking allows increased time between inspection intervals: by decreasing
the probability of premature failure, time between scheduled inspections can be
increased.

Coldworking reduces maintenance costs: the combination of increased fatigue
life and fewer inspection intervals will reduce the overall maintenance costs.
Repair of original components: the increased fatigue life will minimize fatigue
problems between inspections. This increases the probability that original
components can be repaired and reused. The need for redesigned components
will be reduced.

Aircraft readiness is improved.: less downtime, due to less scheduled and

unscheduled maintenance,
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1.3 RESIDUAL STRESSES

1.3.1 DEFINITION

Residual stresses are the consequence of the plastic deformation of a body in relation to

its free state. The residual stresses are present ¥ in the body when no external load is

applied.

The total residual stresses at any point in a body are the resultant of the superposition of

three kind of residual stresses:

1. macro-stresses (first kind), homogeneous across many grains of the material, which
are in equilibrium within the whole body;

2. micro-stresses (second kind), nearly homogeneous in microscopic areas (within a
grain or part of grain in the material), they are in equilibrium across a number of
grains;

3. inhomogeneous stresses (third kind) across submicroscopic areas which are in
equilibrium across small parts of a grain.

The residual stresses obtained in a tube by cold expansion have been defined by Potter

and Grant and are shown in Figure 1.3.1 Qo) Initially when the mandrel is in the hole,

the hoop stress around the hole is tensile.

If ideal plastic behaviour is assumed as the hoop stress increases up to the yield stress it
reaches a maximum value and a plastically deformed zone (elastic-plastic boundary p)
forms around the hole. This elastic-plastic boundary was investigated by Ozdemir and is
shown in Figure 1.3.2%Y, When the mandrel is removed the surrounding material which
remains in the elastic range tries to return to its original dimensions thereby creating
compressive stresses around the hole. Figure 1.3.1 shows that the hoop stress is most
compressive at the edge of the hole.

It can be seen that secondary yielding occurs when the yield stress in compression is
exceeded at the edge of the hole. The residual radial stress is zero at the edge and attains

negative values between the hole and the outer surface of the tube.
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Figure 1.3.1 Hoop and radial stresses (a) with cold expanding mandrel inserted, (b)
after removal of mandrel. R is the radius of the hole, x is the distance from the hole,
O is the residual stress and 0y is the yield stress @9 exceeded at the edge of the hole.
The residual radial stress is zero at the edge and attains negative values between the

hole and the outer surface of the tube.
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Figure 1.3.2 Residual hoop and radial stresses evaluated for ideal —plastic material
behaviour and Tresca yield criterion (open-end case) where the inner (hole) radius a=
5mm, the outer (cylinder) radius b = 20 mm and the elastic-plastic boundary = 10 mm

(Smm away from the hole)(z b

1.3.2 DETERMINATION OF THE RESIDUAL STRESS DISTRIBUTION

Various techniques have been developed and used to determine the residual stress
distribution; these could be divided into three groups: experimental, numerical and

analytical approaches.

1.3.21 EXPERIMENTAL MEASUREMENT OF THE RESIDUAL STRESSES

The experimental techniques include the X-ray diffraction, neutron diffraction, Sachs'
cutting method, photo-elastic and optical strain measurement. In general, accurate
results can be achieved by using the experimental techniques as demonstrated by many
published results @ 224 25 2627, 2825, 30,31, 32 -

There are three main methods of characterising the residual stress field around cold

5’ 3 " A , . .
(5. 35 3637, 38 39) o peutron diffraction “

worked holes Y. First, there are X-ray
methods. They can be used non-destructively (as well as destructively) and involve
the measurement of the elastic strain resulting from the presence of residual stresses.

The second method measures stresses by mechanically or chemically removing
material, and recording the subsequent dimensional changes (reviewed in “).The

most well known is Sach’s boring technique ()
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Third, there are methods outlined by Hauk “Y which measure some stress dependent
physical property, for example, ultrasonic sound velocity or magnetic properties

Ogden @) Lonsdale 9, strain gauge methods (% 3% 4 4 4. 50) holography ©", laser

(s2, 53, 54) (52, 53, 54)

interferometry and Moir¢ interferometry.
It should be pointed out that none of these methods measure residual stress directly
but only measure the magnitude of physical quantities which depend on stress. In
converting these physical quantities into stress inevitably some information is lost,
often due to simplifying assumptions concerning the application on the method, the
nature of the stress distribution and the material properties. In addition constraints on
time, cost, and equipment limitations mean that compromises have to be made in

developing measurement procedures.

X-ray Diffraction method:

This is a non-destructive method and consists of measuring components of strain
directly from changes of lattice spacing in the crystal structure. As interatomic distances
are proportional to stress they are considered as small gauge lengths.

From

nA=2d Sin6

where

20 = angle between incident beam and reflected beam

d = interplanar spacing

A = wavelength of neutrons

n = integer

By differentiating the equation, it can be seen that any change in lattice spacing
corresponds to a change in the angle @b,

Ad
£=——o
d

Only residual stresses of the first and second kind can be calculated using this method.

AO= tand édi with

Because the X-ray wavelength results in very small penetration depth (less than 100
microns in most metals), only the near surface strains can be obtained. To study the
changes in stresses in the thickness of a specimen layers of material may be removed
and the strain data recorded. The X-ray method then becomes a destructive method.

Several researchers have used this method (% 36 57 to measure stresses in the surface of

(76, s8) (35-39)

slices cut from autofrettage tubes and in the area around cold worked holes
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Neutron Diffraction method:

This method is also non-destructive and works like the X-ray method by measuring
changes in interatomic distances. Neutron diffraction is the only technique where strain
measurements can be taken within the section without material removal.

This technique is not widely available and is rather expensive compared to the X-ray

method.

Sach’s Boring technique:

Mesnager in 1919 ® proposed a technique to identify the longitudinal, tangential and
radial residual stresses in bars and tubes. Sachs modified this method in 1927. It
consists of a destructive method which is limited to cylindrical bodies where only the
radial residual stresses change and not those in the longitudinal and circumferential
directions. The process consists of removing layers of material from the inner diameter
of the cylinder and using strain gauges to measure the hoop and longitudinal strains.

Using the Sachs equation o, (transverse), ce (hoop), o, (radial residual stress) are

defined as follows:
A
A)=E'{(4,-A)—-A
. ()= { (4= 32}

-5l

out)= {4, 2 U2 A)o ]

Ay: original cross section

A: instantaneous hole area

A : transverse strain component in Sachs equation

@ : hoop strain component in Sachs equation

E: Young’s Modulus

v: Poisson’s ratio

E’: (E/1- V)

However the measurements of the strains becomes difficult near the outer surface and

here results can only be obtained by extrapolation. Buhler in 1952 & changed the

30



position of the strain gauges to the inner surface of the hollow tube instead of on the
outer surface and obtained data for the strains near the outer surface.
Later in 1991, Herman & Reid “? used the Sachs cutting technique to determine the

stress distribution around a cold worked hole, using a spark erosion technique.

1.3.2.2 NUMERICAL ANALYSIS OF RESIDUAL STRESS DISTRIBUTION

The numerical approach typically employs the finite element methods (FEM), which
have been shown to be efficient for determining the residual stress distributions. The FE
codes as ABACUS, ANSYS, PATRAN, NASTRAN and others are employed to
evaluate the influence of plane stress and plane strain conditions.

To carry out FE simulation of the cold expansion process with or without split sleeve it
is necessary to fulfil the following requirements:

e To specify geometry, dimensions of the parts and tools involving in the process
and create their 2D or 3D models.

e To specify mechanical properties of materials from which the parts and tools are
made. To describe the elastic behaviour Young’s Modulus and Poisson’s Ratio
are required and to define the plastic behaviour Yield Strength, Ultimate Tensile
Strength and maximum Elongation must be known..

e To describe the surfaces which will be in contact with each other and the contact
behaviour.

e To specify all the boundary conditions (displacements and constraints) and loads
applied to the model.

e To define the mesh of the different components which take part in the
simulation.

Developing of computers and software mainly determine progress in FE analysis.
Investigations during the last 10 years describe the simulation of the residual stress
distributions especially for the mid-thickness range, i.e. neither plane-stress nor plane
strain conditions ®% * 3% et6b & 64 6 An example of 2D FE simulation and the
prediction of residual stress distribution is given in the work of M. Priest & others %
Figure 1.3.3 taken from 30 compares FE predictions with experimental X-ray data for a
cold expanded hole in a specimen manufactured from Al 2024-T3 (the same material
used here). They found that close to the hole edge at the exit face, the predicted
tangential residual-stress distributions from FEA compared particularly well with the
experimental X-ray measurements. However, the application of uniform displacement
of the hole edge in the finite-element model does not allow differentiation between the

entrance and exit faces. As a result, the finite-element model overestimates the
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magnitude of the residual stress at the entrance face. A more sophisticated finite-
element analysis is therefore required in order to evaluate differences between stress

distributions at the entrance and exit faces.

Figure 1.3.3 Comparison between X-ray measurements and integrated finite-element

predictions 6o

More recent work presents 3D simulation models of the process and permits prediction
of the 3D residual stress field (¢ 7% The Figure 1.3.4 from work of Pavier & other®”
demonstrably illustrates the difference in residual stress distribution in the entrance side,

mid-thickness and the exit side in comparison with 2D simulation.

Figure 1.3.4 Normalised residual stresses calculated using the 3D FEA of cold

working: tangential residual stresses 66)
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This work ©®® demonstrates not only 3D finite element analysis but also the interaction
and redistribution of the residual stress with applied load for a crack emanating from a
cold worked fastener hole.

The finite element analysis is carried out with more sophisticated material models
allowing isotropic and kinematic hardening, and the Bauschinger effect. Unfortunately,
there are very few works on the subject with experimental proof of the validity of their
analysis.

1.3.23 ANALYTICAL SOLUTIONS

Compared with numerical or experimental techniques, the closed-form solutions often
provide a simpler and faster method to acquire residual stress distributions, because
neither special equipment nor tedious calculation is needed in the analytical techniques.
More importantly, relatively good results can be obtained, if the solution obtained is
based on adequate assumptions and theory. With the development of the cold-expansion
technology, a number of such models have been developed, such as those developed by
Hsu and Forman “®, Rich and Impellizzeri ?, Chang ®®, Ball ®* ™ and many others 7"
713) The accuracy of these published close-form models have been verified directly by
either experimental measurements or numerical calculations or indirectly by fatigue life
results.

Poolsuk and Shape @ have re-evaluated the work of Mann and Jost 7 in plane stress
conditions. They observed that some parameters such as yield criteria, reverse yielding
behaviour and work hardening properties can affect the distribution prediction. They
also defined the importance of the elastic-plastic boundary for the design and spacing of
the hole location. For the prediction of residual stress in thick section metal specimens,
Pell et al ™ have used the constraint condition where the approach to such calculations
is similar to those needed in the autofrettage of a cylinder. Clark @ has used these
observations to predict fatigue crack growth from a cold expanded hole in a thick
section aluminium alloy component.

Compared to the efforts in FEM or experimental measurement, these close-form models
are simpler to use in assessing the beneficial effect of cold expansion. They can be very
useful when combined with a computer program for fatigue crack growth life
prediction, which is especially helpful at the component design stage.

While good agreement between fatigue test results and predicted lives was found by
some researchers using the closed-form models (23,24, 25, 61, 69, 70, ™, disagreements were
also experienced by many others % 7-2%2%.30.32.33)

A short review of some analytical models was taken from Z.Wang & X.Zhang™.
33



Four closed-form solutions are selected for this review, i.e. two plane-stress models,
by Hsu and Forman ©®) and Ball (70), and two plane-strain models, by Rich and

(69) 23)

Impellizzeri *”’ and Chang

The common issue among these solutions is how to model the reversed loading (or
unloading) due to the mandrel removal. The notion that the yield limit of metals in
reversed loading can be different from that in monotonic loading was first proposed

by Bauschinger in 1886. For most engineering alloys, the reverse yield stress (o,)is
a fraction of the tensile yield stress (o, ); this is the so-called Bauschinger or kinematic
hardening effect. Assuming a linear hardening, this effect may be demonstrated for a
one-dimensional problem ) The yielding in tension will lower the reverse yield
strength so that:

(0—-a)=120,

where « is the "kinematic shift" of the centre of the yield surface. As a result of this
shift, with the initial yield limit o, being fixed, the reverse yield stress decreases and
the uniaxial stress o increases. In many studies, the shift of the yield surface centre is
defined by:

da = pde” (0 p<1)

where B is a Bauschinger effect related parameter. This depends on the material type,
stress state and the magnitude of applied plastic strain. § = 0 simulates isotropic
hardening; B = 1 mimics kinematic hardening. For most engineering alloys, mixed
hardening describes cyclic loading conditions better, therefore 0 < # < 1 for cyclic
plasticity analysis.

Models based on plane-stress theory

The Hsu-Forman model ©® was developed by extending the Nadai theory 7V taking
account of work hardening effects. The main assumptions were: (a) material
behaviour followed the Ramberg-Osgood relationship; (b) yielding was governed by
the Miscs-Hencky criterion; (c) elastic unloading for mandrel removal, hence no
reverse yielding.

The Ball model ®* ™

unloading and, therefore, creating a reverse yielded zone. In the Hsu Forman model,

extends the Hsu-Forman theory by including elastic-plastic

Budiansky's solution (**) was only used for the loading step, but in Ball's model it was
applied for both loading and unloading steps of the cold-working process to generalize

the solution and to include any potential reverse yielding. Parameter # was introduced
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to account for the Bauschinger effect. Ball and Lowry evaluated their theory against
some X-ray diffraction measurements for a 6.35-mm-thick 2124-T851 aluminium
specimen @9 which showed good agreement. They verified the model further by
comparing the predicted fatigue life with fatigue test results where good agreement was
achieved.

Models based on plane-strain theory
1 (69)

The Rich-Impellizzeri mode is a modification of the elasto-plastic solution of Sachs
(*") by including the elastic deformation of the mandrel. The model also assumed elastic
unloading following the mandrel removal. The authors validated their theory against
some test results for two alloys.

Chang's model was developed based on the elasto-plastic solution of a pressurized
thick-walled cylinder of Sachs ®V. It assumed perfectly plastic material, plane-strain
condition under uniform pressure at the hole edge, and Mises-Hencky yield criterion.
Residual stress distribution was computed for a 12.7-mm-thick 2024-T851 aluminium
plate with a cold-worked hole and then used for predicting fatigue crack growth in the

plate. Good correlation with test data was obtained.

Residual stress calculation

Residual stress distributions described by the four models given above were calculated
for a simple dog-bone specimen with a cold-worked hole in the centre as shown in
Figure 1.3.5. The specimen was made of 2024-T351 aluminium alloy having a width of
25 mm, thickness of 6 mm and hole diameter of 6.35 mm. The original Rich-
Impellizzeri and Ball models were modified to account for the Bauschinger effect for
this aluminium alloy. For the modified Rich-Impellizzeri model a reverse yield stress
value equal to 60% of that in tension was assumed. For Hall's model, kinematic
hardening (B = 1) was assumed for this alloy. The work hardening index » in the

@) was assumed to be equal to 2.7 for the Hsu-Forman and

original Budiansky relation
Ball models. The differences in the theoretical predictions simply reflect the theoretical
treatment of residual stresses adopted by different researchers.

Figure 1.3.5 also shows that the residual tangential stress distributions can be divided
into three regions (A, B and C). Region A is at the vicinity of hole edge having
compressive tangential stress and a reverse yield zone, region B is transitional between

compression and tension with elasto-plastic stresses, and region C is the elastic region.
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Figure 1.3.5 Residual stress distributions calculated by four different closed-form

models.

1.4 FATIGUE BEHAVIOUR OF COLD EXPANDED HOLES

Many experimental results reveal that the cold expansion process, used in manufacture
of aircraft structures significantly improves the fatigue life of the assemblies. The most
common explanation of this is the reduction in the load cycle amplitude around the
bore, which delays crack initiation. Hence the beneficial effect has been proved
experimentally.

Philipps ®” tested open holes and holes with net fit and interference fit fasteners. He
found a fatigue life improvement factor of 7.5 for a cold worked 2024-T851 aluminium
alloy. Several other investigators have found fatigue life improvement factors resulting
from cold expansion of between 5 and 10 (582 Buch and Berkovits® obtained a
fatigue life improvement factor of 12 for cold expanded lugs under manoeuvring
loading in 7075-T6 and 5 for 2024-T3 lugs. Jongebbreu and de Konig G7 tested cold
expanded 7075-T73 and 7079-T6 lugs with a commuter aircraft loading spectrum. They
observed fatigue life improvement factors ranging up to more than 10.

Ball and Doerfler ®¥ conducted a series of constant amplitude fatigue crack growth
tests of specimens from 2124-T851 (with and without cold working) in which the
effects of a single compression overload and of fully reversed loading on cold work life
improvement were investigated. Half of the specimens were cold worked to provide

4% expansion. Tests performed at a stress ratio of R= 0.1 (no compression) and a
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maximum stress of 25 ksi ( 175 MPa) revealed that the fatigue lives of cold worked
specimens were 5 to 7 times as long as the life of the non-cold worked specimen.

To assess the contribution of a compressive overload, test specimens were subjected to
a single compressive stress cycle (-25 ksi) ( -175 MPa). For the non-cold worked
condition, application of the compressive overload caused a slight acceleration in
crack growth rate and, therefore, a slight reduction in crack growth life. However, for
the specimens with cold worked holes, the compression overload had a significant
impact on fatigue life. The tests that included the -25 ksi ( -175 MPa). compressive
stress had about half of the life of the two tests that did not (see Figure 1.4.1).

Figure 1.4.1 Constant amplitude fatigue crack growth results -effect of one

compressive cycle on cold worked holes (R=0.1). @3}

Test results with non cold worked specimens are presented for comparison, and from
these results it can be seen that while the compressive load applied to specimens
significantly reduced the advantage of cold expansion, it did not completely eliminate
it. The life improvement ratios dropped from 5 to 7 down to about 2.5.

The results of the four fully-reversed (R=-1.0) fatigue tests are presented in Figure
1.4.1 These tests had the same maximum stress as the tests at R=0.1 but with a much
lower R, the resulting fatigue lives were much shorter. The existence of the
compression loading reduced the benefit of cold expansion. The fatigue lives of the
cold worked specimens were approximately 2 times as long as the lives of the non-cold
worked specimens.

Grandt and Potter ®® used Philipps®?, Crews® and their own results to compare the

experimental and theoretical values for optimum interference level as a function of hole

size.

KINGSTON UNIVERSITY LIBRARY 37



However, Chandawanich 19 also suggested the existence of an optimum degree of cold
expansion. He observed that the fatigue life does not increase continuously with an
increasing degree of cold expansion ®”. 4% expansion has been reported ® to result in
the maximum fatigue endurance in aluminium alloys.

For 7075-T6 specimens J. Schijve and F.A. Jacobs ® also observed an increase in the
fatigue life and the optimum hole expansion was found to be between 4% to 6%. She
Gong-Fan et al ® found that the fatigue life increased by a factor of between 2.75 and
5.1 for 7075-T6 specimens expanded by 3.6%. This optimum degree of cold work is
related to the yield stress of the material (see below) since the maximum compressive

residual stress is limited by the yield strength.

141 FACTORS AFFECTING THE FATIGUE BEHAVIOUR OF COLD
EXPANDED SPECIMENS
Yield stress

Jongebreur and de Konig ¢”

showed that lower yield stress gave lower compression

hoop stresses at the edge of the hole. Shijve & al ®

showed in Figure 1.4.2, assuming
that the maximum compressive stress at the edge of the hole was equal to the yield
stress, that higher residual stresses can be generated in higher strength material. The
figure also shows that the superposition of compressive residual stresses and tensile
residual stresses gives a total stress distribution which is compressive at the edge of the
hole for higher yield stress values.

Effect of hole geometry:

According to Philipps ®?, Mann et al o) fatigue life is not affected by the edge margin
when it exceeds 1.75 times the hole diameter or by hole spacing when it is at least equal
to three times the hole diameter. Jongebreur and de Konig ©” also found that the
development of the compressive tangential stress area was affected by the distance
between the hole and the edge such that smaller edge hole distances produces smaller
compressive stress areas.

The hole deformation is non-uniform during the cold expansion process due to the
presence of the split in the sleeve, which has a tendency to open up when the mandrel

passes through. Ozelton and Coyle 9 have defined this non-uniformity of plastic

deformation as the “pip” (Figure 1.4.3).
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Figure 1.4.2 Qualitative pictures of residual stresses after cold work and stress due to

external load®.

Figure 1.4.3 Hole configuration after split sleeve cold working éD,
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They observed that primary shear cracks may appear at the pip location. In most cases,
a final ream is carried out to remove the majority of cracks. It has been observed ®? that
the position of the split in the sleeve played an important part in the residual stress
distribution and thus in the fatigue performance. Figure 1.4.4. ®® shows the hoop
stresses versus the distance from the edge of the hole from X-ray measurements on the
outlet face and Sachs measurements at mid section. It can be seen that the more
compressive areas are at the split sleeve position for the outlet face and at 90° from the
“pip” at mid thickness. The areas with the lowest compressive residual stresses are at
180 ° for the outlet side and for the mid section. It is therefore important that this region

does not coincide with the position of crack initiation.

Figure 1.4.4 Variation of residual stress distributions with angular location @2,
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Effect of material thickness
(55)

Sharpe noted that the fatigue life of the specimen can be reduced when large
amounts of coldworking damage the hole.

R Cook @ %? found that the fatigue performance of a thick aluminium alloy specimen
was higher than that for thin specimens due to the compressive residual hoop stresses

being higher in the centre of the thick specimens than near the specimen surface.

R.Cook ©? observed that reaming of holes after cold expansion reduces the fatigue

endurances (for 2% expansion) since it leads to residual tensile stresses at the edge of
the hole. These stresses reduced the residual hoop stress value induced by cold
expansion ®?. He noted that this effect became less marked with increasing expansion

level (4% or 6 % cxpansion).

Cold working of precracked holes:
The beneficial effect of cold working of holes containing pre-existing cracks has been

noted by Petrak et al © and Jongebreu et al ®7. Shijve et al ® concluded that completely
removing small cracks prior to cold expansion will give a significant improvement in
fatigue life.After repairing cracked holes (re-drilling, reaming and cold-working),
Kobler ® found that for a stress amplitude equivalent to 10 % of the maximum yield
stress, the crack propagation life was increased by up to 6 times. On the other hand,
Philipps ®2) noted that the fatigue performance for precracked holes was similar to that
of uncracked specimens. Pell et al 44 did not notice any difference in fatigue life for

uncracked and cracked holes (to a crack length of 0.75 mm) in thick section material.

Effect of temperature

There are instances where components are used at elevated temperatures. For example
during supersonic flight the speed of Concorde reaches 2.05 Mach and temperatures
arising from aerodynamic heating are anticipated to be in the range 100-130°C. For
aluminium alloys creep and relaxation mechanisms become active at this temperature.
Furthermore, the proposed supersonic transport aircraft, currently in a development
stage, will be required to fly at a speed as high as Mach 2.4, thus giving rise to
temperatures of 160°C and higher 9, The fatigue life improvement of cold expanded
fastener holes is attributed to the presence of compressive residual stresses induced

through cold expansion. Exposure to elevated temperature can give rise to residual
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stress relaxation ©9

and could therefore significantly affect the fatigue life.
Nevertheless, depending on the applied temperature and loading conditions the
beneficial effects from cold expansion can still be retained ®”. It is important to
examine whether fatigue life improvement from cold expansion is still retained at
elevated temperatures.

In paper ®® results from residual stress measurements and fatigue crack growth tests are
reported and presented below. All measurements and tests were carried out on
aluminium alloy (Al 2650), an alloy developed for advanced supersonic transport (AST)
applications. Residual stress measurements were made on specimens containing holes
after cold expansion and after exposure to various temperatures and loading conditions.
A series of fatigue crack growth tests were carried out using plates containing plain
holes and cold expanded holes in Al 2650.

Results revealed that residual stress relaxation occurred as a result of exposure at
150°C. The magnitude of relaxation was shown to be dependent on the level and the
sign of externally applied load. Fatigue crack growth tests have been carried out at 20°C
and 150°C for both cold expanded and non-cold expanded conditions. Fatigue crack
growth rates in specimens containing cold expanded fastener holes were affected
significantly by elevated temperature exposure. Depending on the exposure time and
loading conditions the fatigue life improvement was found to be between one and
greater than 10 for tests at 20°C.

The measurements for the test conditions are shown in Figure 1.4.5. Only hoop residual
stresses for @ =90° are shown.

This angular position corresponds to the position for crack growth in fatigue loading
and hoop stresses are the most relevant for fatigue crack growth. Results demonstrate
that indeed residual stress relaxation occurred close to the hole edge. The maximum
compressive residual hoop stress relaxed by about 80 MPa. In the case of exposure to
high temperature even greater relaxation occurred. The most detrimental case was the
application of compressive loading at 150°C. This is not unexpected since externally

applied compressive stresses are superimposed on compressive residual stresses that

arise from cold expansion.
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Figure 1.4.5 Hoop residual stress distribution for various loading and temperature

conditions

1.4.2 CRACK INITIATION AND PROPAGATION IN COLD EXPANDED
SPECIMENS

9 observed that cracks initiate on one

For non cold worked specimens, Chandawanich
side of the hole at 90° from the tensile loading axis. He also noted that additional cracks
were initiated on the other side of the hole. At initiation these two cracks did not
necessary form throughout the full thickness of the material. Su and al ®* observed that
90% of the cracks were found at the bore and were semi-elliptical in form. Forsyth and
Powell 7® also noted that crack growth was faster along the bore of a hole than along
the radial direction.

For a specimen with a coldworked hole, fatigue cracks initiate almost simultaneously on
diametrically opposite sides of the hole U5 The cracks seemed to initiate more

©%.%) and at the inlet side > ' of the split sleeve

frequently from the corner of the hole
expanded holes. Cracking on the mandrel exit side was less common O Cracks
starting at the edge of the hole from the inlet side were found to propagate through the
thickness of the specimen before growing along the surface to failure %,

R.Cook @? observed that cracks initiate with equal probability on the mandrel inlet face
and outlet face. However like Pell et al ™ and Clark ™® he found that cracks grow

faster on the inlet side than on the outlet side. This is probably due to the residual
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(153D " As crack

compressive hoop stresses being smaller at the mandrel entrance side
initiation is induced by cyclic shear stress, Schijve and al ® underlined the effect of the
compressive residual stresses on the retardation of crack growth.

Finally R. Cook also found that fatigue life improvements due to cold expansion are
mainly due to an increase in the duration of the crack propagation phase. Colon and
Reids ™ also proved by theoretical analysis that cold expansion improves the fatigue
life by retarding the crack growth. In comparison to non cold expanded specimens, the
crack growth rates of cold expanded specimens are lower and their fatigue lives are
longer 192,

The influence of the stress ratio on crack propagation in cold expanded specimens has
been investigated by Torr (19) He found that a change from a positive stress ratio to a
negative stress ratio reduced the rate of crack propagation. The effect of applied stress
has been demonstrated by Petrak and Stewart ®, They found that low stresses retard

fatigue cracks more than higher loads.

1.4.3 EXPERIMENTAL AND PROMISING COLD EXPANSION
TECHNOLOGIES FOR IMPROVING THE FATIGUE PERFORMANCE OF
HOLES

The effects of concurrent cold-expansion and ring-indentation on the growth of
fatigue cracks emanating from circular holes

This work ' describes a more efficient method for obtaining fatigue life enhancement
of a structural member with fastener holes. Residual stresses were induced onto
premachined holes using a ring-indentation process near the fastener hole combined
with cold-expansion.

The specimens made from 6061-T6 aluminium alloy with drilled and reamed holes were
cold-expanded with a tailor-made mandrel. The hole surface was protected from excess
pressure imparted by the mandrel by the use of split sleeves. Finally the process of
plastic indentation was performed. Ring punches with a thickness of 0.5 mm were
indented around holes. Three types of ring punch, with average diameters of 9.7
(specimens A), 12.7(specimens B) and 16.7 (specimens C) mm, were used as illustrated
in Figure 1.4.6. The indentations were located in the region of the elastic-plastic
boundary around cold-expanded hole. Three different indentation pressures, 980, 1080
and 1180 MPa were arbitrary chosen and applied.
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The Figure 1.4.7 (a) shows the residual stress distribution around a hole resulting from a
combination of cold-expansion and ring-indentation. The indentation pressure for the
three specimens was 1180 MPa. It can be observed that a complex residual hoop stress
field are introduced around a hole by ring-indentation after hole cold-expansion. The
combined process provided a significant increase in the compressive residual stresses in
the region immediately adjacent to the surface of the hole compared with that from
cold-expanded hole alone. The optimum position of ring-indentation was produced by
the indentation located in the region of the elastic-plastic boundary around the cold-
expanded hole (type B), giving the biggest increase of compressive residual stress at the
hole boundary. On the other hand, when the indentation is placed very near to the hole
or far away from the hole, its effect becomes weak.

Figure 1.4.7 (b). shows the effects of different degrees of indentation pressure on the
residual stress field. The indentation was located in the region of elastic-plastic
boundary around the cold-expanded hole using the B-circular ring. It can be seen that
the maximum hoop stresses and residual stresses increase as the relative indentation
pressure increases, but when a 980 MPa indentation pressure is applied its influence
becomes weak.

The growth of the radial cracks from the specimen holes is shown in Figure 1.4.8 (a). It
was found from the figure that the lowest pressure (980 MPa) creates little difference in
the fatigue data over cold-expansion, but when the indentation pressure is increased, this
is reflected in crack growth. However, if a comparison is made between (CX, type B,
1080MPa) and (CX, type B, 1180MPa) specimens, the total fatigue life of the (CX, type
B, 1180MPa) specimen is longer. Consequently it can be clearly discerned that the
retardation of crack is more clearly presented as the relative indentation pressure
increases. This phenomenon is related to the distribution of compressive residual stress
around a hole in Figure 1.4.7 (b) and crack growth is further retarded with increasing

compressive residual stress.
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Figure 1.4.7 Effect of punch location on the distribution of residual hoop stresses —

(a); Effect of indentation pressure on the distribution of residual hoop stresses - (b)

The fatigue crack growth rate vs crack length for non-worked, cold-expanded and
combination-worked specimens is shown in Figure 1.4.8 (b). Three specimens have
about same crack growth rate at a crack length of 3 mm. At longer crack lengths, the
growth rate of cold-expanded specimens is higher than that for non-worked specimen,
while at smaller crack lengths a lower growth rate is obtained from combination-worked
specimens. In particular, the retardation of growth rate is more clearly presented when
the crack had grown into the indentation area. A possible explanation of this
phenomenon in crack growth rate is the distribution of compressive residual stress
inside the indentation area. The boundary between the residual compressive and tensile
stresses occurs at about 3 mm from the hole edge, as shown in Figure 1.4.7 (a). On the
other hand, when the crack passes through the indentation area the growth rate increased

rapidly.
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Figure 1.4.8 Crack growth curves —(a); Fatigue crack growth rates - (b)

Thus, it has been demonstrated that the adoption of a combined process can provide a
significant improvement in fatigue life for a specific fastener configuration. The fatigue
crack retardations are observed after the application of the method, and the retardation

effect is, indeed, far greater than that obtained with cold-expansion alone.

Cold expansion with tapered pin and mating split sleeve with taped bore

Authors of the work “* reports of new cold expansion method with tapered pin and
mating split sleeve with tapered bore.

Using a tapered pin and inserting it from one side of the hole and removing from the
other side results in uneven (and thus poor) residual stress distribution through the plate
thickness at the hole surface. This is found to occur whether or not a parallel-walled
split sleeve (i.e., one having a constant wall thickness) is used. It is found that using a
tapered pin creates less compressive tangential residual stress locally at the pin entrance
face compared to the mid-plane and exit face of the plate at hole edge. The lower the
compressive residual stress created at the entrance face it is more vulnerable to early
crack initiation and propagation in that region when the holed plate is subjected to
cyclic loading.

To avoid a non-uniform tangential residual stress distribution, resulting from using a
ball or tapered pin (either with or without parallel sleeve), a new method of cold
expansion is proposed which uses a tapered pin with a mating split sleeve having a
tapered bore (Figure 1.4.9). With this method a tapered pin is pushed by a
predetermined amount into a mating split sleeve (which is initially located in the hole)

to achieve a desired amount of radial expansion and then withdrawn. The tapered pin
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and sleeve bore angle that was used had a total angle of just under 4° and was chosen so

that a standard tapered reamer could be used.

Figure 1.4.9 Cold expanding a hole using a tapered pin with a mating tapered split

sleeve, (1%

Having a tapered pin with a mating taper bored sleeve requires a greater pushing force
compared to using a ball or tapered pin directly, or even using a sleeve with a parallel
wall thickness, as radial pressure is applied across the full depth of the hole rather than
locally. However, this force is necessary if the hole is to expand and spring back uni-
formly through the complete plate thickness and result in a much more even distribution
of compressive tangential residual stress.

This reasoning has been supported by the results of a theoretical study using a
multicomponent, three dimensional, finite element model with elastic/plastic non-linear
material simulation (The tangential residual stress distribution in the presented novel
method is much more uniformly distributed, as shown in Figure 1.4.10 . , whereas in the
parallel sleeved method the tangential residual stress at the entrance face is less
compressive than at other planes (as shown in Figure 1.4.11). In the specimens that
were cold expanded by a tapered pin with parallel split sleeve, all fatigue cracks started
from the hole edge at (or near) the entrance face. However, with the specimens treated
using the newly proposed cold expansion method, cracks started at random locations—

at the hole edge of the entrance and exit faces or even far from the hole edge.
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This shows that the vulnerable region around hole edge was strengthened due to the
compressive tangential residual stress formed by cold expansion treatment and thus
cracks tried to initiate from micro-structurally weak regions away from the hole

location.

1.5 ELEMENTS OF LINEAR ELASTIC FRACTURE MECHANICS
(LEFM)

It necessary to know some elements of linear fracture mechanics to be able to predict
the crack growth and crack growth rate through the area subjected to cold expansion.
Stress Intensity Factor is one of the most important parameter for the prediction and the
basics of LEFM given below lead up to its explanation.

Most of the material for this section has been compiled from refs(10s 106 107)

1.5.1 STRESS ANALYSIS OF CRACKS

The fracture of flawed components may be analyzed by a stress analysis based on
concepts of elastic theory. Using modifications of analytical methods described by
Westergaard %, Irwin ) published solutions for crack-tip stress distributions
associated with the three major modes of loading shown in Figure 1.5.1. Note that these
modes involve different crack surface displacements.

Mode I. Opening or tensile mode, where the crack surfaces move directly apart.

Mode II. Sliding or in-plane shear mode, where the crack surfaces slide over one

another in a direction perpendicular to the leading edge of the crack.
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Mode 111. Tearing or antiplane shear mode, where the crack surfaces move relative to

one another and parallel to the leading edge of the crack.

Y

Mode | Mode II Mode IlI

Figure 1.5.1 Basic modes of loading involving different crack surface displacements.

Mode I loading is encountered in the overwhelming majority of actual engineering
situations involving cracked components. Consequently, considerable attention has been
given to both analytical and experimental methods designed to quantify Mode I stress-
crack-length relations. Mode II is found less frequently and is of little engineering
importance. One example of mixed Mode 1-11 loading involves axial loading (in the Y
direction) of a crack inclined as a result of rotation about the Z axis Figure 1.5.3

Even in this instance, analytical methods '"* show the Mode I contribution to dominates

B> 60°

the crack-tip stress field when can this be lowered. Mode III may be regarded as

a pure shear problem such as that involving a notched round bar in torsion.
For the notation shown in

Figure 1.5.3, the crack-tip stresses are found to be

UI:
T—— l__u.
Te
L+
a.
K, = 0 sin’ /72
K, = 0 sin Bcos fy/ma 3]
X
4
Figure 1.5.2 Crack inclined B degrees Figure 1.5.3 Distribution of
about z axis. Mode I dominates when stresses in vicinity of crack tip

B>60°
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It is apparent from Eq. ( 1.5.1) that these local stresses could rise to extremely high

levels as 7 approaches zero. As pointed out earlier, this circumstance is precluded by

the onset of plastic deformation at the crack tip. Since this plastic enclave is embedded

within a large elastic region of material and 1s acted upon by either biaxial (0'1 + ay) or

triaxial (o;+ay+0'z) stresses, the extent of plastic strain within this region is
suppressed. For example, if a load were applied in the Y direction, the plastic zone
would develop a positive strain £, and attempt to develop corresponding negative
strains in the X and Z direction, thus achieving a constant volume condition required for

a plastic deformation process (sx +e,+€, = 0) . However, o, acts to restrict the plastic

zone contraction in the X direction, while the negative &, strain is counteracted by an
induced tensile stress o,. Since there can be no stress normal to a free surface, the
through-thickness stress o, must be zero at both surfaces but may attain a relatively
large value at the mid-thickness plane. At one extreme, the case for a thin plate where
o, cannot increase appreciably in the thickness direction, a condition of plane stress

dominates, so
o,=0 (1.5.2)

In thick sections, however, a o, stress is developed, which creates a condition of

triaxial tensile stresses acting at the crack tip and severely restricts straining in the z

direction. This condition of plane strain can be shown to develop a through-thickness

stress
o, ” v(ax + ay) (1.5.3)

The distribution of o, stress through the plate thickness is sketched in Fig. 8.6 for

conditions of plane stress and plane strain.
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Figure 1.5.4 Through-thickness stress 9= in (a) thin sheets under plane-stress state

and (b) thick plates under plane-strain conditions.

An important feature of Eq. ( 1.5.1) is the fact that the stress distribution around any
crack in a structure is similar and depends only on the parameters » and €. The
difference between one cracked component and another lies in the magnitude of the
stress field parameter K, defined as the stress-intensity factor. In essence, K serves as a
scale factor to define the magnitude of the crack-tip stress field. From Irwin's paper we

see that
K=f(o,a) (1.5.4)

where the functionality depends on the configuration of the cracked component and the
manner in which the loads are applied. Many functions have been determined for
various specimen configurations and are available from the fracture mechanics literature
(110, 1, 112 113 Golutions for plate with crack are shown in Fig. 8.7 for both commonly
encountered cracked component configurations and standard laboratory test sample
shapes, where the function is defined by Y(a/W).
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Figure 1.5.5 Stress Intensity Factor solutions for plate with crack '

Consistent with Eq. ( 1.5.1), the stress-intensity factor is most often found to be a
function of stress and crack length. The solution for the centre-cracked panel, however,
deserves further comment here. Accurate stress-intensity-factor solutions in polynomial
form for this configuration were reported by several investigators with the results shown

(13 noted that these polynomial

graphically in Figure 1.5.5 (c) More recently, Feddersen
expressions could be described with equal precision but much more conveniently by a

secant expression with the form

K=ovra-, /secﬂ%V (155)

Crack Emanating from a Round Hole

These configurations (Figure 1.5.6) is commonly found in engineering practice
(especially in aircraft components, which contain many rivet holes) since cracks often
emanate from regions of high stress concentration.

These cases are the most relevant for crack configurations observed in present test and

will be considered later in details in Section 1.7 Stress Intensity Factors
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Figure 1.5.6 Complex crack configurations, (a) Crack emanating from hole; (b)
semielliptical crack at hole; (c) quarterelliptical corner crack emanating from

through-thickness hole.

1.5.2 CRACK INITIATION

Metals are crystalline in nature, which means atoms are arranged in an ordered manner.
Most structural metals are polycrystalline and thus consist of a large number of
individual ordered crystals or grains. Each grain has its own particular mechanical
properties, ordering direction, and directional properties. Some grains are oriented such
that planes of easy slip or glide are in the direction of the maximum applied shear stress.
Slip occurs in ductile metals within individual grains by dislocations moving along
crystallographic planes. This creates an appearance of one or more planes within a grain
sliding relative to each other. Slip occurs under both monotonic and cyclic loading.
Figure 1.5.7 (a) shows an edge view of coarse slip normally associated with monotonic
and high stress amplitude cyclic loading. Under lower stress amplitude cyclic loading
fine slip occurs as shown in Figure 1.5.7(b). Coarse slip can be considered an avalanche
of fine movements. Slip lines shown in Figure 1.5.7 appear as parallel lines or bands
within a grain when viewed perpendicular to the free surface. Both fine and coarse slip
are studied with prepolished, etched specimens using optical and electron microscopy

techniques.
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Forsyth 19 ysing electron microscopy, showed that both slip band intrusions and
extrusions occurred on the surface of metals when they were subjected to cyclic loading.
Slip band intrusions form excellent stress concentrations, which can be the location for
cracks to develop. This slip is primarily controlled by shear stresses rather than normal
stresses. The higher the shear stress amplitude or the larger the number of repetitions,
the greater the slip.

Plumbridge and Ryder " and Thomson and Wadsworth '® have examined fatigue
crack initiation phenomena and found that cracks mainly initiate at the metal surface
(unless weak micro structural interfaces act as nucleation sites). It is at the metal surface
that the stress concentration is the greatest, the surface grains are less constrained than

the interior crystals thus slip more readily, and it is also subject to the effects of the

atmosphere.
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Figure 1.5.7 Slip in ductile metals due to external loads. (a) Static (steady stress (b)

Cyclic stress.

Fatigue cracks initiate in local slip bands and initially tend to grow in a plane of

maximum shear stress range. This growth is quite small, usually of the order of several
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grains. As cycling continues, the fatigue cracks tend to coalesce and grow along planes

of maximum tensile stress range. The two stages of fatigue crack growth are called

stage I and stage 11 (116

|

Loading direction

\ Free surface

Figure 1.5.8 Schematic illustration of Figure 1.5.9 Schematic of stages I and
the deformation at a fatigue crack tip I transcrystalline microscopic fatigue
during one loading cycle ™. crack growth

Fatigue crack growth is shown schematically as a microscopic edge view in Figure
1.5.9, where a fatigue crack initiates at the surface and grows across several grains
controlled primarily by shear stresses, and then grows in a zigzag manner essentially
perpendicular to, and controlled primarily by, the maximum tensile stress range. Most
fatigue cracks grow across grain boundaries (transcrystalline) as shown; however, they
may also grow along grain boundaries (intercrystalline) but to a much lesser extent. Slip
line progression, similar to that in Figure 1.5.9, precedes the fatigue crack tip vicinity as
the crack grows across the material.

Figure 1.5.8 ™" shows the deformation at a fatigue crack tip during one loading cycle.

It may be assumed that crack nucleation can start from the first load cycle, the crack can

propagate at each successive load cycle and as seen previously a microcrack may
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initiate from the slip band. Ashby and Jones “** have shown that for a typical
engineering material containing defects, the crack will advance and link with the defect,
increasing the rate of crack growth.

The fatigue mechanism in high strength or brittle metals may not contain slip band
formations. Microcracks are often formed directly at discontinuities, such as inclusions
or voids, and then grow along planes of maximum tensile stresses.

Fatigue crack growth is shown schematically as a microscopic edge view in Figure
1.5.9, where a fatigue crack initiates at the surface and grows across several grains
controlled primarily by shear stresses, and then grows in a zigzag manner essentially
perpendicular to, and controlled primarily by, the maximum tensile stress range. Most
fatigue cracks grow across grain boundaries (transcrystalline) as shown; however, they
may also grow along grain boundaries (intercrystalline) but to a much lesser extent.

The mechanism of fatigue described above is summarized schematically in Figure

1.5.1042Y,

Figure 1.5.10 Schematic representation of the fatigue process''*

Slip occurs first, followed by fine cracks that can be seen only at high magnification.
These cracks continue to grow under cyclic loading and eventually become visible to

the unaided eye. The cracks tend to combine such that just a few major cracks grow.
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These cracks (or crack) reach a critical size and sudden fracture occurs. The higher the

stress magnitude, the sooner all processes occur.

1.5.3 CRACK PROPAGATION AND CRACK GROWTH RATE

Typical constant amplitude crack propagation data are shown in Figure 1.5.11. The
crack length, a, is plotted versus the corresponding number of cycles, N, at which the
crack was measured. As shown, most of the life of the component is spent while the
crack length is relatively small. In addition, the crack growth rate increases with

increased applied stress.
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Figure 1.5.11 Constant amplitude crack growth data taken from present work

Starting with crack initiation, cyclic loads are applied and the resulting change in crack
length is monitored and recorded as a function of the number of load cycles. Many
monitoring techniques have been employed, such as the use of a calibrated travelling
microscope, eddy current techniques, electropotential measurements, compliance
measurements, and acoustic emission detectors. The fatigue crack growth rate is

determined from such a curve either by graphical procedures or by computation. From

these methods, the crack growth rates resulting from a given cyclic load are (d%N)
1

and (ai%w)2 when the crack is of lengths a,, and a,, respectively. It is important to

note that the crack growth rate most often increases with increasing crack length. It is
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most significant that the crack becomes longer at an increasingly rapid rate, thereby
shortening component life at an alarming rate. An important corollary of this fact is that
most of the loading cycles involved in the total life of an engineering component are
consumed during the early stages of crack extension when the crack is small and,

perhaps, undetected.
Values of log(da/dN) can be plotted versus log(AK), for a given crack length, using
the equation

AK =K, ~K,.=AoJmaf(g) (15.6)
where Ao is the remote stress applied to the component.

A plot of log da/dN versus log AK, a sigmoidal curve, is shown in Figure 1.5.12.

Log(da/dN)

Log(AK)

Figure 1.5.12 Three regions of crack growth rate curve

This curve may be divided into three regions. At low stress intensities, Region I,

cracking behaviour is associated with threshold, AK,, , effects. In the mid-region, Region

I1, the curve is essentially linear. Many structures operate in this region. Finally, in
Region III, at high AK values, crack growth rates are extremely high and little fatigue

life is involved. These three regions are discussed in detail in the following sections.

Region II
Most of the current applications of LEFM concepts to describe crack growth behaviour

are associated with Region II. In this region the slope of the log(da/dN ) versus
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log(AK) curve is approximately linear and lies roughly between 10° and 107

in./cycle. Many curve fits to this region have been suggested. The Paris 42 equation,
which was proposed in the early 1960s, is the most widely accepted. In this equation
ia—:C(AK)m (15.7)
dN

where C and m are material constants and AK is the stress intensity range K, —K,...

The material constants, C and m, can be found in the literature and in data books.
Values of the exponent, m, are usually between 3 and 4.

The crack growth life, in terms of cycles to failure, may be calculated using Eq. ( 1.5.7).
The relation may be generally described by

da

22 (K

=/ (K)

Thus, cycles to failure, N, may be calculated as

“ da (1.5.8)

~Jr(x)

N,

where a,, is the initial crack length and a, is the final (critical) crack length. Using the

Paris formulation,
o (1.5.9)

di
N, = J.—-a—m-
; C(aK)
Because AK is a function of the crack length and a correction factor that is dependent

on crack length [see Eq. ( 1.5.6)], the integration above must often be solved

numerically. As a first approximation, the correction factor, f ( g), can be calculated at

the initial crack length and Eq. ( 1.5.9) can be evaluated in closed form.
As an example of a closed form integration, fatigue life calculations for a small edge-

crack in a large plate (see Figure 1.5.5) are performed below . In this case the correction

factor, f(g), does not vary with crack length. The stress intensity factor range is

AK =1.120ma (1.5.10)

Substituting into the Paris equation yields
da _ c(112a0ra ) (1.5.11)
dN

Separating variables and integrating (for m +2) gives
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N —aj da _ 2 1 ) (1.5.12)
! a C(112AO'\/7E)M (m_2)C(112A0.\/;)m ai(m—Z)/Z aﬁﬁm—2)/2

Before this equation may be solved, the final crack size, af a , must be evaluated. This

may be done as follows:

AK = Aoraf (g)

1k 2_1 K 2 (1.5.13)
Y of(g)| =|1.120,,

For more complicated formulations of AK, where the correction factor varies with the

crack length, g, iterative procedures may be required to solve for a, in Eq. (1.5.13)
It is important to note that the fatigue-life estimation is strongly dependent on g, and
generally not sensitive to a, (when g, <<a ). Large changes in a, result in small

changes of N, as shown schematically in Figure 1.5.13.
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Figure 1.5.13 Effect of final crack size on life

Region |

Region I of the sigmoidal crack growth rate curve is associated with threshold effects.
Below the value of the threshold stress intensity factor, K, fatigue crack growth does
not occur or occurs at a rate too slow to measure. (The smallest measured rates are

larger than approximately 2.5 107 mm/cycle. This corresponds to the spacing between

atoms in most metals.)
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The fatigue threshold for aluminium alloys is usually between 1.7 and 6 MPa+/m . The

fatigue threshold is dependent on the stress ratio, R,R =0, /0. as well.

The threshold value may be of use when a part is subjected to low stress levels and a
very large number of cycles. A good example of this would be power trains that operate

at very high speeds.

Region III

In Region III, rapid, unstable crack growth occurs. In many practical engineering
situations this region may be ignored because it does not significantly affect the total
crack propagation life.

The point of transition from Region II to Region III behaviour is dependent on the yield
strength of the material, stress intensity factor, and stress ratio. Forman's equation (123)
was developed to model Region III behaviour, although it is more often used to model
mean stress effects. This equation,

da __ C(AK)" (1.5.14)
dN  (1-R)K,-AK

. . da
predicts the sharp upturn in the N versus AK curve as fracture toughness is

approached.

Region III is of most interest when the crack propagation life is on the order of 10°
cycles or less. At high stress intensities, though, the effects of plasticity start to
influence the crack growth rate because the plastic zone size becomes large compared to
the dimensions of the crack. In this case, the problem should be analyzed by some
elastic-plastic fracture approach such as the J-integral or the crack-tip opening

displacement (COD) methods.

1.5.4 CYCLIC STRESS CONTROLLED FATIGUE

Most of material of this section was derived from book of R.W. Hertzberg, Deformation
(105)

and Fracture Mechanics of Engineering Materials

Many engineering components must withstand numerous load or stress reversals during
their service lives. Examples of this type of loading include alternating stresses
associated with a rotating shaft, pressurizing and depressurizing cycles in an aircraft
fuselage at takeoff and landing, and load fluctuations affecting the wings during flight.

Depending on a number of factors, these load excursions may be introduced either
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between fixed strain or fixed stress limits; hence, the fatigue process in a given situation
may be governed by a strain- or stress-controlled condition.
One of the earliest investigations of stress-controlled cyclic loading effects on fatigue

life was conducted by Wohler 2

, who studied railroad wheel axles that were plagued
by an annoying series of failures. Several important facts emerged from this
investigation, as may be seen in the plot of stress versus the number of cycles to
failure (a so-called S-N diagram) given in Figure 1.5.14. First, the cyclic life of an axle
increased with decreasing stress level and below a certain stress level, it seemed to
possess infinite life—fatigue failure did not occur (at least not before 10° cycles).
Second, the fatigue life was reduced drastically by the presence of a notch. These

observations have led many current investigators to view fatigue as a three-stage

process involving initiation, propagation, and final failure stages (Figure 1.5.15).
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Figure 1.5.15 Fatigue

Figure 1.5.14 Wohler's S-N life depends on relative

curves for Krupp axle steel

extent of initiation and
(125)

propagation stages.

When design defects or metallurgical flaws are present, the initiation stage is shortened
drastically or completely eliminated, resulting in a reduction in potential cyclic life. For
many years, laboratory tests have been conducted in bending (rotating or reversed

flexure), torsion, pulsating tension, or tension-compression axial loading. Such tests
have been conducted under conditions of constant load or moment.

Standard definitions regarding key load or stress variables are shown in Figure 1.5.16

and defined by

c.—0,.. o o
— _ — Zmax " min = Zmax =
Ao =0, — Onins0s = ,O =—1% min o — Zmin
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Figure 1.5.16 Nomenclature to describe test parameters involved in cyclic stress

testing.

Most often, S-N diagrams similar to that shown in Figure 1.5.14 are plotted, with the
stress amplitude given as half the total stress range. Another example of constant load
amplitude fatigue data for 7075-T6 aluminium alloy notched specimens is shown in

Figure 1.5.17.

Figure 1.5.17 Constant load amplitude fatigue data for 7075-T6 aluminium alloy

notched specimens (0.25-mm root radius)"*

Note the considerable amount of scatter in fatigue life found among the 10 specimens
tested at each stress level. The smaller scatter at high stress levels is believed to result
from a much shorter initiation period prior to crack propagation. The existence of scatter
in fatigue test results is common and deserving of considerable attention, since
engineering design decisions must be based on recognition of the statistical character of
the fatigue process. The origins of test scatter are manifold. They include variations in
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testing environment, preparation of the specimen surface, alignment of the test machine,
and a number of metallurgical variables. With regard to the testing apparatus, the least
amount of scatter is produced by rotating bending machines, since misalignment is less

critical than in axial loading machines.

1.6 ANALYSIS OF FATIGUE CRACK SHAPES AT FASTENER
HOLES

Fatigue cracks in aircraft commonly initiate from stress concentrations such as fastener
holes in mechanically fastened joints. There are a number of ways how fatigue cracks
may propagate from the hole through the material. The crack front shape depends on
many factors. The main factors are: the geometry of the hole and aircraft detail, loading
conditions, the properties of the material, the presence of residual stresses and so on. In
the present work the most common and simple example of aircraft structure was taken —
a plate of Smm thickness containing a central hole and subjected to tensile loading. In
addition the specimens were subjected to various forms of treatment (cold expansion
and interference fit) and simulation of real conditions of operation (cyclic tensile
loading and corrosion). All of these factors definitely influenced the crack front shape
and its propagation. Many publications are available which provide information about
the types of crack which initiate and grow from a hole. Despite the many possibilities of
crack propagation, normally, in cases like ours one has to deal with three types of
cracks: though thickness cracks, corner cracks, and semielliptical cracks. The cracks
may be asymmetrical and may change their shape during the propagation. All of these
types are of course a simplification of the real situation. For instance, G. Clark 127 ,

described a photo of a crack with complicated crack front shape as shown below in

Pell’s paper :

Figure 1.6.1 Fracture surface of specimen tested by Pell et. al.”” ; the specimen
contains a cold expanded hole. The crack is longer at the entry side of the specimen,

and displays pronounced asymmetry.
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Numerical simulation techniques are employed for the detailed investigation into cases
like this as these predictive methods are not confined by shape constraints('?> 13 130,

Most of the engineering methods dealing with the fatigue growth calculation for part-
through planar cracks reduce the problem from one with an infinite number of degrees
of freedom to one with two degrees of freedom. This reduction is usually achieved by
assuming the front of propagating cracks during the fatigue process has a simplified
shape. The experimental fatigue growth laws, which relate the range of stress intensity
factor to the crack growth rate and are usually obtained from standard small specimens,
are then applied independently to two characteristic points of the assumed crack shape.
Such predictive procedures involve two considerations. First, the shape of propagating
cracks during fatigue growth needs to be properly assumed from a large amount of
experiments focusing on the study of crack shape development. Second, a wide range of
stress intensity factor (SIF) solutions of good accuracy should be obtained by either
numerical or experimental means. During the investigations carried out by several
researchers [ 13 134 18] for fatigue growth studies of corner cracks emanating from
holes, the shape assumption method has been used. Most of the investigators assumed
that the front of growing cracks is of the quarterelliptical shape. Detailed investigation
into crack front shapes of corner cracks was conducted by A.F. Grandt and D.E.
Macha®. They presented detailed data which describe fatigue growth, including shape
changes, of corner cracks at holes. Their investigation was based on a series of fatigue
tests, conducted by Snow ', with transparent specimens. In their concluding remarks
they reported: “...prior to penetration through the rear surface, the flaw growth is
slightly faster along the bore of the hole and maintains a shape which is modelled fairly
well by a quarter ellipse. After penetration, the crack grows rapidly along the rear
surface in an apparent attempt to reach a symmetric through-thickness configuration.”
They made a comparison between assumed part-clliptical and natural fatigue crack
shapes for corner and through-cracked holes, Figure 1.6.2. It follows from the figure
that elliptical function are very compatible with the shape of a natural corner crack and

can be used for predicting the size of a bore crack from knowledge of the size of

surface crack .
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Figure 1.6.2 Comparison of part-elliptical and natural fatigue crack shapes for

corner and through-cracked holes

In some cases the shape of the crack front may conform adequately to a geometrical
shape for which a solution exists, e.g. a quarter-elliptical corner flaw, however, in many
cases the crack fronts may be irregular and not conform to standard solutions.

Authors of the next source ®* reported an analysis of the results of residual static
strength tests of loaded pin-lug specimens containing fatigue cracks, using linear elastic
fracture mechanics. In the group of 34 specimens concerned there was a wide variation
of cracked area, crack asymmetry, and crack front shape (see Figure 1.6.3 a -Failure
section of specimens showing cracked area and failing load, b — Methods of defining
crack length(see Figure 1.6.3 a).

Two situations were envisaged. In one it was postulated that only one face of the lug
could be observed and that the engineer would assume through-cracks of the lengths so
observed. In the other case, both faces of the lug could be observed. In this latter event
the engineer could either base his analysis on the average of the two observed surface
crack lengths (one such pair of measurements on each side of the pin hole) or he could
take the longest crack length on each side of the pin, irrespective of the face on which
the crack was evident. Summarising, calculations of K were based on five differing

concepts of the significant crack length parameter. Using the concepts listed below, a
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“crack length” measurement was obtained for the cracking on each side of the hole, to

provide values of a,, and a, for use in the calculation of
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Figure 1.6.3 a -Failure section of specimens showing cracked area and failing load, b

— Methods of defining crack length This picture is distorted

the stress intensity factor. The crack length concepts are illustrated in Figure 1.6.3 b.
The analysis was performed on the basis of five different assumptions regarding the
definition of crack length with a curved or irregular crack front. The definitions of
length included maximum distance from the pin centre-line to any point on the crack
front, average distance from the centre-line to the crack front and average length of the
cracks observable on the flat surfaces of the lug measured from the pin centre-line
(considered separately on each side of the hole).

The results of the analysis showed that the above methods of definition of crack length
generally resulted in comparatively small differences in predicted values of crack tip
stress intensity factor. However, the predicted values of K at failure did not agree well

with measured values of K_ for the material concerned. The errors were generally such

that a conservative (safe) estimate of residual strength would be made in engineering

prediction except at very short crack lengths.

1.7 STRESS INTENSITY FACTORS

To predict crack-propagation life and fracture strength, accurate stress intensity factor
solutions are needed for these crack configurations. But, because of the complexities of

these problems as outlined above, exact solutions are not available. Instead,
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investigators use approximate analytical methods, or engineering estimates, to obtain
the stress intensity factors.

Through thickness cracks with a straight crack-front, quarter elliptical corner cracks at a
hole and semielliptical cracks at a hole were the most relevant types of crack shapes in
the case of the experimental work carried out here..

The through thickness crack is one of the best known and widely used cases of crack
propagation and the SIF solutions represented in many papers are approximations of the

(162) solution (for examples see Section 1.7.1)

Bowie
A brief survey of solutions for corner cracks at a hole presented below was taken from
work of X.B. Lin, R.A. Smith *9.

Many efforts (139-157) have been made during the past two decades to evaluate the stress
intensity factor for corner cracks emanating from fastener holes. Table 3 briefly
summarizes in chronological order, the main features of most of the studies relating to

this problem.

Table 3 Summary review of SIF for corner cracks at fastener holes

Reference Crack geometry | Load Method Main results

McGrwan and | Single 1/4- | Tension Photoelasticity + K, K,

Smith 3% elliptical crack numerical analysis

Shah (' T) Single and | Several loads Approximate K along crack
double 1/4- analytical method front

elliptical cracks

Smith el al. ™" Single 1/4- Photoelasticity KaKc

elliptical crack

Kullgren et al. ™ | Single 1/4- | Remote tension | FE alternating | K along  crack
elliptical crack method front
Kullgren and | Single and | Several tension | FE alternating | K along  crack
Smith 1) double 1/4- | loads method front
elliplical cracks
Raju and Newman | Double 1/4- | Remote tension | Finite element | K along crack
a4 elliptical cracks | and bending method front (nine points)
Rudd etal.™® | Double 1/4- | Remote tension Approximate K: equation
clliptical cracks analytical method
Grandt and | Single 1/4- | Crack face | FE alternating | K along  crack
Kuligren 49 elliptical crack | pressure method front
Grandt and | Single 1/4- | Crack face | FE alternating | K along  crack
Kullgren " elliptical crack pressure method front
Heath and Grandt | Single 1/4- | Remote tension | FE alternating | K along crack
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elliptical crack

load

[ elliptical crack method front (seven
points)
Schijve ® Single  actual | Remote tension | Fatigue tests K along crack
shape  =;single front
1/4-elliptical
crack
Atluri and | Single 1/4- | Pin-load FE alternating KA, KC
Nishioka % elliptical crack method
Newman and Raju | Single and | Remote tension | Fitting to results of | Equation for K
asy double 1/4- | and bending Raju and Newman | along crack front
elliptical cracks ** (any point)
Berkovits and | Single parabolic | Not specific Slice synthesis | KA,KC
Prinz **? crack method
Perez et al. ™ Single 1/4- | Crack face | Weight function K, K,
elliptical crack pressure
Shin TXIS5) Single and | Remote tension Fatigue tests K along crack
double actual front
shape /4-
elliptical cracks
Vainshtok and | Single 1/4- | Not specific Weight function K along crack
Varfolomeyev"*® | elliptical crack front
Guo *? Single 1/4- | Biaxial and pin- | Approximate analysis | K equation along

crack front

A variety of methods have been used to estimate the SIF values, such as approximate

analytical analysis, finite element (FE), weight function, photoelasticity, and fatigue

tests. Corner cracks were mostly assumed to have a quarter-elliptical crack front in

numerical investigations, because the propagating cracks actually observed in

experiments approximate to a quarter-elliptical shape. However, a different crack front

shape, a parabolic shape, was also analyzed by Berkovits and Prinz 152 who thought

that the parabolic profile might be a better approximation than the quarter-ellipse,

according to the results observed in their fatigue tests. Single or two symmetric corner

crack configurations with different limited geometry parameters, i.e. depth ratio (% ) ,

aspect ratio (% ) and radius ratio ( % ) , as shown in Figure 1.7.7, were analyzed

usually according to the needs of the investigators. Approximate equations relating the

SIF of the single crack to that of the double crack configuration were also proposed by

Shah 14 and Schijve ), by which the application of these limited results can be

widened. The loads applied to the crack geometry, as shown in Table 3, varied from
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remote tension and bending to more complex crack face pressures, with different
gradients along the plate surface or along both the plate and hole surfaces; the latter can
allow the SIF to be evaluated readily for complex loads, like residual stresses.

The SIF solutions were usually given by investigators at least at both end points of the
crack front, as seen in Table 3. More SIF values were also reported by many
investigators at several interior points of the crack front. However, it should be noted

(153)

that K, and K, in Table 3 actually denote the average stress intensity factors

associated with the hole and plate surface directions, respectively. The SIF results were
mostly presented in figure or table formats. For convenience, Newman and Raju (s
fitted equations to the SIF results obtained mainly by their finite element analyses on a
series of double crack configurations *Y. These equations are similar to those they
reported for surface cracks in plates, and can be used to calculate the SIF value at any
position along the crack front for a single crack or for two symmetric quarter-elliptical
corner cracks located at circular hole edges, provided that the crack geometry calculated
is within its specific range.

Lin and Smith employed in their paper “*® both a “quarter-point displacement” and J-
integral methods to evaluate the SIFs for two symmetric quarter-elliptical corner cracks
at the root of fastener holes in finite thickness plates under remote tension. These two
methods employ different principles, although they are both constructed on the basis of
linear elastic fracture mechanics (LEFM).

Newman and Raju ' used three dimensional finite element analyses to calculate the
Mode I stress intensity factor variation along the crack front for a quarter-elliptical
corner and semi-elliptical surface cracks at a hole subjected to remote tensile loading.
These solutions were used in the present work for SIF calculation (see Sections 1.7.2,
1.7.3)

The SIF solutions for relevant crack types are given in the sections below.

1.7.1 THROUGH CRACKS

For straight fronted cracks from a hole penetrating through the specimen thickness
(Figure 1.7.1). the following two equations were used to obtain the mode I stress

intensity factor K;
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Figure 1.7.1 Straight fronted crack

e Grandt’s equation "*

K,=0J£[ i +F3] sec(ﬁf_)

F, +c/r 2w

(1.7.1)

F, =0.6865; F, = 0.2772; F, = 0.9439

where the values are applicable where %

is less than 10.

e Newman’s equation "’ ( an equation fitted to Bowie’s numerical results"?),

.
K, = oVmcF(2) sec[%) (L.7:25)

Newman's calibration factors for an asymmetric crack are

F,(1)=0.707-0.184+6.55%" —10.542 + 6.854' (1.7.3)

And for a symmetric crack

F.(1)=1-0.151+3.464" -4.174" +3.582" (1.7.4)

where

r

P
r+c.

Both solutions contain a correction function for width of the specimen sec[EﬂC—J . The

Figure 1.7.2 and Figure 1.7.3 present both of the suggested solutions. It is clear that
they have fairly small disagreement and both can be used for further data processing.
Newman’s solution was selected since it agrees within * 2% of the numerical values

given by Bowie, whereas Grandt’s is within +3%.
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1.7.2 SEMIELLIPTICAL CRACK AT A HOLE

Mode I Stress Intensity Factors K, given in *”

Two-Symmetric Surface Cracks — The empirical stress intensity factor equation for a
two-symmetric semi-elliptical surface crack at the centre of the hole in a finite plate

subjected to tension is shown in Figure 1.7.4.

ac>1

Figure 1.7.4 Semi-elliptical Surface Crack at hole

(1.7.5)

&razs%§5z9{<L05srrszAR+cyhr<ai—§és¢s§é'

The function Fy, was chosen as

a\2 2 (1.7.6)
F, =| M, +M2[?] +M3(7J 8182834 w
a/ <1
For 4
M, =1, (1.7.7)
£ 0.05 (1.7.8)
2= %
011+[9]
(&
.| 829 (1.7.9)
I %
023+(9)
C
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(aj“ (1.7.10)
_\t)

1+0.3584 +1.4254% -1.5784% + 2.1564* (1.7.11)
&2~ 1+0.082
Where
1 (1.7.12)
/1 - C
1+ ;cos(0.9¢)

The function 83 is given by

a ) (1.7.13)
g, =1+0.1(1- cos¢)2(l ~ 7)
The function f,and fv are given by
2 Y (1.7.14)
e = [(ﬁ) cos® ¢ +sin” ¢:|
C
(1.7.15)

{2 ]

where n=1 is for a single crack, n=2 is for two-symmetrical cracks, and the hole is

located in the centre of the plate

y>1
For 7/ €

(1.7.16)
M, ==
a

The functions M, M, , and S are given by ( 1.7.8)-( 1.7.9) and ( 1.7.15)

2 b (1.7.17)
fi= [(—Z—) sin? § + cos® ¢:|
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(1.7.18)

fw= [sec(%)se{ 4(;/ (2_rc-; Z;)nc % )]Vz

Effects of plate thickness and crack shape.

Figure 1.7.5 - Figure 1.7.6 show the distribution of boundary-correction factors, Fsh,

and stress intensity factor K, along the crack front for two symmetric semi-elliptical

%)
cracks at a hole. The effects of crack size (/t on the distribution of boundary-

correction factor, Fy, , and accordingly stress intensity factor K along the crack front

%)
for different crack shapes characterised by (/c are shown in Figure 1.7.5. It is shown

that the F and K, maximal values are reached at a parametric angle equal ¢=%

%) )
(90°) regardless of the relations (/t , characterised crack size and ¥ €’ characterised
crack shape.

%)
The effects of crack shape (/C at different crack sizes on the distribution of boundary-

correction factors are shown in Figure 1.7.6. Here we can also see that the Fy, and K|

maximal values are reached at ¢ =<90°.

Therefore we can make ¢ ~90° for our further K calculation
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Figure 1.7.6 Distribution of Stress Intensity Factor along crack front semielliptical

surface cracks at hole (continued)

1.7.3 QUARTER-ELLIPTICAL CORNER CRACK AT A HOLE

Mode I Stress Intensity Factors K, given in 1%

Two-Symmetric Corner Cracks — The empirical stress intensity factor equation for a two-symmetric
Quarterelliptical Corner Crack at a hole in a finite plate) subjected to tension is shown in Figure

1.7.7.

Figure 1.7.7 Corner Crack at a hole and coordinate system used to determine parametric angle
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(1.7.19)
Kl =0 ”chh(£9gazaLaia¢)
0 ct twWw

o 0.23%32,%<1,0.SS%31,(r+c)/W<0.5,0S¢S%-

The function Fe was chosen as

2 4
a a (1.7.20)
F, = I:Ml +M2(7) +M3('t‘) :'glg2g3f¢fW
a/ <1
For 4
M, =1.13- 0.09(3) (1.7.21)
C
(1.7.22)
M, =-0.54+ 0.89
02+2
(4
24 (1.7.23)
1 a
0.65+— ¢
4
2 (1.7.24)
g =1+ [0.1 + 0.35(5)(5) }(1 —sing)?
ant
_ 1+0.3584+1.4254% -1.5782° +2.156* (1.7.25)
82" 1+0.1342
where
1 oloe
A= . (1.7.26)
1+~ cos(0.85¢)
R
The function 53 is given by
(1.7.27)

&= (1 + 0-043)[1 +0.1(1 - cosg)’ [0.85 + 0.15@)% }

The function f,and So are given by
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b7 (1.7.28)

Jo = [(ﬂ) cos® @ +sin’ ¢]
c

1.7.29
fw= seC( < )Sec xQ2r+nc) |a & (17:29)
Y 2w 4W —c)+2nc\ t
For % >1
( 1.7.30
M, =< 1+0.043) (1.7.30)
a\ a
¢\ (1.7.31)
M, =02 —)
\a
c\ (1.7.32)
a
2 (1.7.33)
g =1+ [0.1 + 0.35(5)(2) }(1 —sing)’
a
1+0.3584 +1.4254% -1.5782% +2.1561° (1.7.34)
527 1+0.1322
_ 1 (1.7.35)
1+ Ecos(0.85¢)
r
1.7.
g, = (1.13 —0.092)[1 +0.1(1 - cos g)* {0.85+0.15(%)%} (1.7.36)
c\? i (1.7.37)
fe= [(—— sin? ¢ + cos’ ¢]
a)
1.7.
_ sec(——ﬂ—r—)sec 7(2r + nc) \/E % (1.7.38)
fr = \2W 4W —c)+2nc\t

Effects of plate thickness and Crack Shape - Figure 1.7.8- Figure 1.7.9 show the distribution of

boundary-correction factors, Fon , and stress intensity factor K, along the crack front for two
" %
symmetric quarterelliptical corner cracks at a hole. The effects of crack size [’ on the
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distribution of boundary-correction factor, Fo, , and accordingly stress intensity factor K, along

%)
the crack front at different crack shapes characterised by (/c are shown in Figure 1.7.8.

It is shown that the Fo and K, maximal values are reached at a parametric angle equal ¢ = %

) %)
(90°) regardless of the relations (/t characterised crack size and ¥ €/ characterised crack shape.

%)
The effects of crack shape (/c at different crack sizes on the distribution of boundary-correction

factors are shown in Figure 1.7.9. Here we can again see that the Fop and K, maximum values are

reached at $=90°.

Therefore we can assume ¢ = 90° for further K calculations.
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1.7.4 COMBINED APPLIED SIF ACCORDING TO NEWMAN’S SOLUTION FOR A SEMI-
ELLIPTICAL CRACKAT A HOLE AND A SUBSEQUENT THOUGH CRACK

The SIF for a semi-elliptical surface crack at hole was considered in chapter 1.7.2. The SIF
distribution along a semi-elliptical crack front was given and the angle corresponding to the
maximum SIF was determined (290°). In Figure 1.7.10 the SIF function is shown for a semi-
elliptical crack corresponding to the parametric angle ¢~90° at which the SIF for semielliptical

crack K, reaches a maximum. Then, the crack transforms into a through crack in a very short time

and from that point the SIF is characterised by propagation of this crack front configuration.

Figure 1.7.10 Combined SIF function for a semi-elliptical crack and through crack versus crack
length
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1.7.5 SIF ACCORDING TO NEWMAN’S SOLUTION FOR A QUARTER-ELLIPTICAL
CORNER CRACK AT A HOLE AND SUBSEQUENT THOUGH CRACK

In this case, we have almost the same problem as above. The SIF function for a quarter-elliptical

corner crack reaches a maximum when the parametric angle ¢ ~90°. At this point the SIF function

according to Newman'’s or Grandt’s solutions model the process more accurately.

Figure 1.7.11 Combined SIF, function for a quarter-elliptical corner crack and a through crack
versus crack length

1.7.6 METHODS FOR COMPUTING CRACK GROWTH RATE
The tables containing crack length values g, and the corresponding number of load cycles N, are

used as initial data for crack growth rate determination.
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Secant method
The secant or point-to-point technique for computing the crack growth rate simply involves
calculating the slope of the straight line connecting two adjacent data points on the a versus N

curve. It is more formally expressed as follows:

(da) _ G4
dN J; " NN,

Since the computed rate is an average rate over the (a,,; — @;) increment, the average crack length,

a=(a,, —q ) / 2 is normally used to calculate AK

Herein the experimental data is not smooth and Crack Growth Rate Diagrams feature a high degree

of scatter.

Incremental Polynomial Method

The method for computing da "IN involves fitting a second order polynomial (parabola) to sets of
(2n+1) successive data points, where n is usually 3, 5 and 7. The form of the equation for best fit is
as follows:

2

where
. =C: N.. +N. _ N
Cyi 2 2

and 20221522 gre the regression parameters that are determined by the least squares method (that is,

minimization of the square of the deviations between observed and fitted values of crack length)

over the range a;_, <a<a,,,. The value g; is the fitted value of crack length at N;. The
parameters C,,C, are used to scale the input data, thus avoiding difficulties in determining the
regression parameters. The rate of crack growth at N, is obtained from the derivative of the above
parabola, which is given by the following expression:

The value of AK associated with this da "IN value is computed using the crack length, a:’

corresponding to V.
The Figure 1.7.12 shows a comparison of Secant and Polynomial methods of crack growth rate

estimation. It can be seen that Secant method gives the largest scatter in experimental points while a
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7-points Polynomial smoothes out scatter and clearly indicates the main trends of crack growth rate

changes. The 7-points Polynomial method will be used for computing crack growth rate in Section

2.4.
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Figure 1.7.12 Comparison of Secant and Polynomial methods of crack growth rate estimation

1.8 INTERFERENCE FIT

Herman’s article '® relating to the 3D stress distribution around cold expanded holes in aluminium
alloys was used for this analysis.

His representation of “Stress at full mandrel engagement™ was considered as if it was equivalent to
the stress distribution caused by an oversized fastener used for interference fit although in fact the

magnitude of expansion is about 3-4 times larger. The diagram (b) shows tangential tension stress

Yield Stress Tension
Tension e *m Hip
"@5 ———
Compression Compression Radial
(8) 3 (b) » © Compression
Stress after drilling tress at full Stresses afi
the hole into the plate mandrel engagement of cxpand.irtlc gr tr;'gl’oval

Figure 1.8.1 Events of cold expansion of fattener hole; (a) after drilling the hole into the plate,
(b) during the expansions and (c) after removal of expanding tool
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An article by Hardrath ' gives a similar picture of stress distribution for a bolt inserted into a hole

with interference fit. The stress notification o, is used hence, it probably means tangential stress.

3
LOOSE BOLT (S = 1)
2 INTERFERENC
STRESS, REN nE BOLT
%y
1
INTERFERENCE BOLT
R (S =0)
% . LOOSE BOLT
o7 (S=0)
0 |
.1 2 3
DISTANCE FROM HOLE, X

'R

Figure 1.8.2 Elastic stress distributions modified by interfenece-fit bolt

It is well known that the combination of cold expansion & interference fit gives a larger
improvement in fatigue life than either one of them undertaken separately although some authors
disagree with this..

However examining the diagrams representing the tension stresses caused by interference fit, there
seem to be some doubtful aspects. Is interference fit after cold expansion really so harmless. No
experimental work on the subject was found. Only some deliberations. These are discussed below.
This is a proposed summary of the differences between the two processes and their combined
effects..

It can be seen that in the case of interference fit only, tangential stresses are in tension, whereas
after cold expansion, radial and tangential stresses are in compression. Normally, considering the
residual stress distribution after cold expansion, we only take into account the tangential stresses, as
they are the most dominant for crack growth. But tensile tangential stresses caused by interference
fit may reduce the effectiveness of the preceding treatment of the hole. Undoubtedly, this is

arguable. However we do not have any evidence of the real final stress state after these combined

processes.
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Figure 1.8.3 Stress station on the side of of hole after interference fit and after cold expansion

1.8.1 SOME PUBLISHED POINTS OF VIEW ON THE SUBJECT

Grandt, A.F Jr, Potter,RM (1979), An Analysis of Residual Stresses and Displacements due to

Radial Expansion of Fastener Holes, Air Force Materials Laboratory, Wright-Patterson Air Force
Base, Ohio, Technical Report AFML-TR-79-4048. ©*)

The residual stresses obtained in a tube by cold expansion have been defined by Potter and Grant

and are shown in Figure 1.3.1. Initially when the mandrel is in the hole, the hoop stress around the
hole is tensile.

These diagrams show different levels of mandrel interference. In the case of bolt interference fit it
consists of 1-1.5% (in our case 1.37%!), i.e. much lower than from cold expansion (3-5%). It can be
seen from the figure above that the plastic/elastic boundary (the top ridge in the curves),
corresponding to a small level of interference, is close to the hole edge. This means that for

interference fit the material around the hole is mainly in the plastic zone.
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Figure 1.8.4 Hoop and radial stresses (a) with cold expanding mandrel inserted, (b) after
removal of mandrel. R is the radius of the hole, x is the distance from the hole, o is the residual

20

stress and o is the yield stress “”.exceeded at the edge of the hole. The residual radial stress is

zero at the edge and attains negative values between the hole and the outer surface of the tube.

C R Smith, Experimental Mechanics 5(8) 19A, 1965 '

A suitable analogy to the stress cycle at a point of concentration is the case where a large
deformation can be observed at the point representing the stress at the concentration. Such is the

example in Figure 1.8.5, where the cyclic stress at the concentration is represented by the stretch of

92



a rubber like cement joining two sections of a wooden board (Figure 1.8.54). The hole through the
centre accommodates a wooden dowel that is scarfed diagonally to allow wedging the two board
sections apart as shown in Figure 1.8.5B.

Tensile loads applied to both ends of the board cause the cement to stretch so that, for repeated
loading, the stress cycle at the concentration can be represented by the sine wave in Figure 1.8.5A.
Wedging the joint apart to a position equivalent to one half the amplitude of Figure 1.8.54 would
not effect maximum deformation, however, the minimum stress is one-half of the maximum stress:
the stress ratio, R, equals 0.5 with R the ratio of the minimum stress divided by the maximum stress.

Changing the stress ratio from R = 0 (as represented in Figure 1.8.54) to R +0.5 can increase the
fatigue life of an aluminum-alloy structure from 5 to more than 100 times, depending upon the

magnitude of loading.

MAXIMUM i

5TRESS b7 | e
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Figure 1.8.5 Model illustrating behaviour of an interference fastener

Benefits in fatigue are due specifically to the interference between the tapered bolt and the hole,
maintaining tension prestress around the periphery of the hole. This reduces stress amplitude
without appreciably affecting the maximum stress. While tension prestress is not beneficial, it

reduces stress amplitude for a prolonged fatigue life.

1.8.2 ANALYSIS OF LOCAL STRESSES IN SPECIMENS AFTER COLD EXPANSION AND
INTERFERENCE FIT

Some thoughts about the contribution of interference fit and cold expansion to fatigue resistance are
presented below. . Oversize fasteners, such as taper locks (trade name) improve life to crack
initiation and decrease the rate of growth of small cracks. In cold work, the oversized pin is
removed, allowing the material beyond the plastically deformed region to elastically recover which
induces residual compressive stresses to a depth of 3-4mm below the surface of the edge of the

hole. In the case of interference fit the oversized fastener is left in, causing induced tensile stresses.
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An analysis of the interaction of applied stress with the stresses induced in a fastener hole caused by

different degrees of interference fit, cold expansion, and the combination of the two procedures is

given below. These considerations will be conducted with aid of o,(o,) diagram (relation of local

stress to applied) according to Broek’s '* method of local stress assessment after cold work or
interference fit treatment. Only one location is considered — the lateral edge of the hole along the
transverse centreline which is the most probable point for crack initiation. Only tangential stresses
are considered here.

Case I: Plate with a hole without interference fit

No interference fit

Figure 1.8.6 Plate with a hole without interference fit

. : Lo o
It is known that stress concentration factor for a hole & = % = 3. Subjecting the plate to applied

stress with o, =0, the local stress o, at the indicated point will be 3 times o, and the o 7 range

will be between 0 and o, =30,.

The bold straight line represents the stress concentration factor for a hole which is a transfer

function from applied to local stress.
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Broek’s simplified method of local stress analysis.

In order to simplify the explanation, consider a rectangular hole, as in Figure .
T Oa T 4
oy

] |-5t-| B
I L.

Figure 1.8.7 Representation of simlified model for local stress analysis

Gpn

If the applied stress varies between 0 and o, then the local stress cycles between 0 and o, (stress
concentration factor k = o,/ c,). Now put an oversize spring L in the hole l.
As the spring is too large (interference), there will be a pre-tension,stress o, at the edge of the

hole. Assuming elastic behaviour it can be established how the local stress will vary during cycling
of the applied stress. If the plate is stretched, the hole will stretch. Eventually the size of the hole
will be I+Al=L. Then the spring will be loose and it can be taken out. From then on the
behaviour will be as that of an open hole.

Some cases of local stress changes through cold expansion and interference fit will be considered

bearing Broek’s assumption in mind.
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Case II: Plate with a hole with low level of interference fit

Case |l Interference Fit with low level [opt ~0.5 Aojecal at open hole]

For elasticity
accounting elasticity of the pin

Infinite stiffness pin

Olocal max Glocal max

AGjocal off

>
S
>

Q
T
-
i
|

Q
g~
a
)
|
I
T

e

Capp Capp
Figure 1.8.8 Plate with a hole with low level of interference fit

Here are presented 2 cases: one for an infinite stiffness pin and the second with allowance for pin
elasticity.
According to Broek’s method, the pin can be represented by an elastic spring. In the case of an

elastic pin, point A is the point at which the hole is stretched to the state when the pin can be taken

out. i.e. o, level and some degree of elastic stresses, due to elastic pin deformation, will be

overcome. The point A is the point when the behaviour of the hole will be as that of an open hole.

Interference fit creates a pretension stress o, field around the hole (in the tangential direction!!!).

Suppose 7, =-§-a, . The applied stress cycle remains the same, hence, the max level of local stress

remains the same as in the previous case. On the other hand, the pretension stress o, , caused by a
pin with interference fit, does not allow the local stress to drop down as low as the o, level. It cuts

off the lower part of the local stress cycle and the Ao, range in this case will be between O on

and maximum local stress. The gain is obvious —a reduction of R.
As observed in the diagrams, the bold line representing the effective stress increases in slope

through o, to point A to the ), yna point. According to Broek, “Whether the line o,,- A is

straight or curved does not matter for the explanation”
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Case I1I: Plate with a hole with a high level of interference fit
Case lll Interference Fit with High level [opet >AGiocal @t Open hole]

Infinite stiffness pin For elasticity
account for elgstisity of the pin

A Olocal max = Oprt o i_ [Aclocal off
________ prt P2 ————f -

Olocal max at op hole Olocal max at op hole

Capp Capp

Figure 1.8.9 Plate with a hole with a high level of interference fit

The situation is the same as previously, but the pretension stress o, is more than the maximum

local stress caused by the applied stress.

Following the same logic as above, increasing the degree of interference fit increases the static O

level until exceeds the maximum local stress.

In the case of the infinitely stiff pin, under the applied load indicated, the local stress level will be
constant and equal to &,,. There will be no changes in stress. In the case of an elastically
deformable pin, the stress changes will only occur due to the elasticity of the pin. and the
surrounding material.

The bold line through ro,,, to point A then to point o,,,,,,, represents the effective stress factor
and shows the level of the maximum local stresses and their range. The point A at which stress is

equal t0 O, 1S SO called regaining point where the effective stress regains the value of an open

hole.
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Case IV: Plate with cold expanded hole

Case IV Cold Expansion

relieving point

Glocal max atop hole

AGjocal eff

Figure 1.8.10 Plate with cold expanded hole

As the initial stress before an external load is applied is compressive o, , the effective part of the
applied cyclic stress will only be the tensile part above zero.
It can be seen how the effective stress changes from o, to A (the relieving point). According to the

function, the gain is obtained through the reduction of the maximum level of local stresses.
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Case V: Plate with cold expanded hole and interference fit pin

This case is the most controversial and will be given exactly from Broek’s text

It is sometimes argued that the combination of cold work and interference gives an even larger
improvement. However, a simple assessment of the situation shows that in general this cannot be

so, as shown in Figure 9.28.
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Figure 1.8.11 Combination of cold work and interference. (a) Net positive effect; (b) Cancelling
of effects

The local stress range is effectively larger. Indeed if o,, = F, the two effects cancel completely

(Figure 9.28b). Hence, the combination is worse than either interference or cold work alone.
Claims that combinations are better are fortuitous. for which there can be two reasons (Figure
9.28):

(a). The range from zero in cold work is somewhat larger than with the combination (R = 0), but
the difference may be small in certain cases. If the interference reduces fretting (which it will) the
combination may give longer life.

(b). Figures 9.28 are not entirely true to nature because they are for elastic behaviour but plastic
deformation occurs locally.

Yet, it is fortuitous if the combination is better in a certain test. Whether it is or not depends upon
spectrum (plastic deformation at high loads), the material and the hardness of the interference pin
or bushing (fretting). It will be easy to show cases where the opposite is true. The foregoing
explanations, showing that the effects are due to opposite causes bears this out. Claims that cold

work and interference are basically the same, clearly are unfounded.
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Arguments for benefit of combinations of cold work and interference fit

Broek’s simplified way of representing the effects of cold expansion or interference fit on the local
stresses at the side of the hole under applied load is convenient and simple to understand. In each
case it indicates why fatigue life can be extended employing the technologies separately. However
in the case of a combination of the two treatments Broek’s analysis suggests an effect which
contradicts the experimental results.

Broek suggests the main advantage from the combined treatments may arise from the reduction in
fretting damage at the hole. However if this were true it doesn’t explain why the fatigue
performance for a plate containing a fastener hole is still improved by an interference fit fastener in

tests where the fastener is not subjected to load.

There are number of reasons which could explain this inconsistency.

Broek’s method accounts for the only one particular point —the side wall of the hole.

This analyzes the combined effects of residual stresses from cold expansion, plus the induced,
interference fit, stresses using linear superposition. However, the real picture requires a non linear
estimation.

The situation may be envisaged as follows:

The largest improvement in fatigue performance for aluminium alloys is achieved with a degree of
cold expansion between 4-5%, while interference fit fasteners typically achieve an optimum fatigue
performance at 1.5%. interference. This means that the compressive residual stresses from cold
expansion will be significantly larger in absolute terms than the counteracting pretension stresses
from interference fit. Moreover, the depth of the induced compressive stress zone due to cold
expansion is greater than the depth of the tensile strain zone from interference fit. Hence this tensile
stress zone from interference fit is surrounded by the zone of compressive residual stresses
remaining from cold expansion.

In addition, under applied load the hole will stretched in the longitudinal direction and contract in
the lateral direction. Owing to this deformation of the hole, an interference fit pin will offer
resistance and cause additional compressive stresses in the transverse middle section which lead to
further complex stress redistribution. Unfortunately, no publications accounting for the mutual
effects of cold expansion and interference fit on stress redistribution were found. On the other hand,

there are many papers confirming the beneficial effects of the combined treatments on fatigue life
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and crack growth rate and the work carried out at Kingston University shows clearly that the

combined treatment offers a large improvement in fatigue performance.

1.9 CORROSION

Corrosion is the gradual physicochemical destruction of materials by the action of the environment
(most frequently liquid or gaseous). The loss is irrecoverable.

A characteristic of metallic corrosion is the change of the metal to an oxidised state due to a
heterogeneous chemical or electrochemical surface reaction. At normal ambient temperatures an
electrochemical process will take place by anodic dissolution. For example, in moist air where a
thin film of water may form on the metal, an electrochemical process can take place, the thin film
acting as connecting the electrolyte is required. Metals first dissolve as ions and solid products may
or may not form by subsequent reactions.

At room temperature, the nature of any oxidising reactants is very important in the progress of
electrochemical corrosion. A number of methods are available for the prevention of corrosion in
metals. These include cathodic and anodic protection, surface coatings and the selection of

alternative alloys with higher corrosion resistance (e)

1.9.1 CORROSION RESISTANCE

Aluminium and its alloys are known to have good resistance to corrosion. When aluminium is in
contact with the oxygen, a dense impervious film of aluminium oxide (Al,03) forms on the surface
of the metal and protects it from further oxidation.

The corrosion resistance of the aluminium alloy depends on the existence and stability of this film.
The principal factors governing the corrosion resistance of the aluminium and its alloys are

described below.

1.9.2 ELECTRODE POTENTIAL OF ALUMINIUM OR ITS ALLOYS IN COMPARISON
WITH OTHER METAL ALLOYS

In reference '®, a table of dissolution potentials of metals and alloys in relation to a decinormal

calomel electrode in a solution of 53g/litre NaCl + 3g/litre H,O,, shows that apart from Magnesium

and Zinc, the common metals are cathodic to aluminium, hence aluminium could corrode in

heterogeneous combinations. This can only predict the risk of galvanic corrosion and cannot

forecast the actual corrosion susceptibility which may depend on other factors.
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1.9.3 THE EFFECT OF HEAT TREATMENT

Aluminium alloys are used both in the cast and wrought conditions. Their mechanical properties
can be improved by precipitation hardening. These treatments govern not only the distribution and
the importance of the alloy constituents, but also the level of the residual stresses in the component
which are very important for corrosion resistance. The development of T7 two stage tempering
treatments to avoid intergranular corrosion and improve resistance to stress corrosion cracking of

Al-Zn-Mg-Cu alloys is a good example.

1.94 THE EFFECT OF PH

For pH values from 4.5 to 8.5, the alumina film is stable in water (Pourbaix diagram 69y Hence the
corrosion resistance of aluminium is higher at pH values between 4 and 9. At these pH values the
aluminium forms an oxide or hydroxide layer.

In more acid or basic environments the alumina film is unstable and can dissolve in as AI>" and
AlO? respectively.

Three zones can be defined:

- the corrosion domain: the metal is subjected to corrosion; no electrochemical
equilibrium state can be reached;

- the passivity domain: the metal and the electrolyte will form from their respective
elements a layer, so-called passive layer, which will protect the metal against the
medium aggression;

- the immune domain: the metal is not subjected to any aggression from the medium.

The Pourbaix diagram supposes that the metal is pure aluminium and that the solution it is
immersed in only contains ions of this metal. However, any modification of either the metal or the

solution can affect the diagram and hence the corrosion characteristics.

1.9.5 TYPES OF CORROSION

1.9.5.1 ATMOSPHERIC CORROSION

Most of the aluminium alloys have a good resistance to atmospheric corrosion. This may vary from
one geographic location to another depending on weather factors (precipitation, temperature
changes) and environment (urban and industrial pollutants and proximity to water). Three types of
atmospheric corrosion can be distinguished:

e Dry atmospheric corrosion: in the complete absence of a film of moisture on the metal

surface,
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e Moist atmospheric corrosion: in a relative humidity of less than 100%, which proceeds
under an extremely thin, invisible film of electrolyte formed on the surface by capillary
action, adsorption or chemical condensation. A typical example of moist atmospheric
corrosion is the rusting of iron in the absence of direct contact with water,

e Wet atmospheric corrosion: in a relative humidity of 100% and direct moisture contact
(droplets of condensed moisture/ presence of film of moisture on the surface visible to the
naked eye).

It is extremely difficult in practice to differentiate between these three types of atmospheric
corrosion and gradual transition from one to another is possible. Wet atmospheric corrosion is
similar to the complete immersion of the metal in an electrolyte and is caused by local microcells.
The surface condition has been shown to influence the critical humidity. Critical humidity is the
level at which a drastic increase in the rate of atmospheric corrosion takes place (moist atmospheric
corrosion) (161 Vernon found that this critical humidity is determined by the formation of a
continuous, condensed film of moisture resulting from hydration of salts, corrosion products or
other films that might be present on the surface or from capillary condensation. Critical humidities
observed were lower than 100%, leading to a transition from a purely chemical mechanism of
corrosion to a much more intensive electrochemical mechanism. Dry atmospheric corrosion
produces the deterioration of the metal by chemical mechanisms involving the reaction of gaseous
agents.

1.9.5.2 ATMOSPHERIC CORROSION IN HIGH PURITY WATER:

The rapid formation of a protective film on the surface of aluminium alloys rapidly inhibits any

further reaction occurring with water. The amount of metal dissolved by the water is negligible.

1.9.5.3 ATMOSPHERIC CORROSION IN NATURAL WATER:

Several factors control the corrosive effects of natural water on aluminium such as:
- water temperature,

- pH conductivity,

- corrosion potentials and pitting potentials of the specific alloys,
- presence /absence of heavy metals,
1.9.5.4 ATMOSPHERIC CORROSION IN SEAWATER:
3xxx, 5xxx and 6xxx alloys are more resistant to seawater than the 2xxx and 7xxx series aluminium

alloys containing copper.
It has been found (7) that the corrosion rate is increased by decreasing temperature, pH and flow

velocity and by increased dissolved oxygen. It is caused by the combination of low pH and low

temperature.
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1.9.5.5 EFFECT OF EXPOSURE TIME:

The corrosion rate of aluminium decreases with time to a relatively low steady rate. This
deceleration of corrosion occurs regardless of alloy composition, type of environment or the
parameter by which the corrosion is measured. However, loss in tensile strength, which is
influenced somewhat by pit acuity and distribution but is basically a result of loss of effective cross-
section, decelerates more gradually than depth of attack. The decrease in rate of penetration of
corrosion is dramatic. In general, rate of attack at discrete locations which is initially about 0.1

mm/year, decreases to much lower and nearly constant rates within a period of months to 2 years.

1.9.5.6 GALVANIC CORROSION

When two metals are electrically connected together, the more anodic metal is reduced. This type of
corrosion is important for aluminium as among the most common metals only Magnesium and Zinc
are more anodic and ensure its protection.

In very conductive environments such as seawater, aluminium should be isolated from other metals.
In less conductive environments (urban atmosphere), stainless steel may be safely used with
aluminium rather than the more dangerous combinations of aluminium with graphite, mild steel or
copper alloys.

1.9.5.7 INTERGRANULAR CORROSION

This type of corrosion is due to the selective attack of grain boundaries by corrosive media. It is
caused by the potential difference between the grain boundary region and the adjacent grains. The
study of this kind of corrosion is very complex and it seems that the mechanisms vary with different
alloys systems. In the copper bearing 7xxx series alloys, it appears to be due to copper depleted
bands along the grain boundaries. Because intergranular corrosion is involved in SCC of aluminium
alloys, it is often presumed to be more deleterious than pitting general corrosion.

For Al-Cu alloys, good corrosion resistance to intergranular corrosion can be obtained by rapid
quenching of the solid solution formed during solution heat treatment. When it is not possible (for
thick sections), an increase in the corrosion resistance can be obtained by two stage tempering
treatments (T7) ™.

1.9.5.8 STRESS CORROSION CRACKING

Stress corrosion cracking is a problem in some aluminium alloys and is characterised by the
formation and propagation of intergranular cracks under the simultaneous action of corrosion and a
relatively high static stress (m),

This phenomenon is of particular concern in the aircraft industry.

The 1xxx, 3xxx, 4xxx, 5xxx (with 3% or less Mg) and 6xxx series alloys are not susceptible to

stress corrosion cracking (SCC)™.
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The phenomena of SCC is mainly a concern for the high strength aluminium alloys of the 2xxx and
7xxx series. The susceptibility to SCC can be minimised or annihilated by the use of different heat-
treatments and quenching procedures (179)

In many cases, susceptibility to SCC of an aluminium alloy cannot be predicted reliability by
examining its microstructure. The effect of stress is important as the development of SCC depends

on both duration and magnitude of the tensile stress at the surface.

1.9.5.9 EFFECT OF ENVIRONMENT

Research indicates that water or water vapour is the key environmental factor required to produce
SCC in aluminium alloys. Halide ions have the greatest effects in accelerating attack. Chloride is
the most important ion as it is a natural constituent of marine environment and is present in other

environments as a contaminant (),

1.9.5.10 EXFOLIATION CORROSION

This type of corrosion occurs in some high strength aluminium alloys. The corrosion products
generated during this process cause the build up of internal stresses which cause the metal surface to
peel or blister with severe cases suffering large metal loss arising from burst blisters. Exfoliation
corrosion is most predominant in alloys that are susceptible to intergranular corrosion (Al-Cu, Al-
Zn-Mg-Cu alloys) but it can occur in alloys that are normally resistant to this type of attack.

A number of investigators have found exfoliation to have an effect on the fatigue life of aircraft
components. Berman " proposed that fatigue could initiate from exfoliation corrosion. Shaffer and
al (" observed that severely exfoliated 7075-T6 wing spar caps suffered a reduction in fatigue life
between 40-60% compared to the uncorroded components and concluded that the existence of

exfoliation, but not necessarily the amount, was a determining factor in fatigue life.

1.9.5.11 PITTING CORROSION

As in all metals where corrosion resistance is linked to the presence of an oxide layer, aluminium is
sensitive to pitting corrosion. It appears as little crevices while the rest of the surface remains
unbroken. This implies specific interactions between some anions of the electrolyte and the film.
Generally, the passive films are less stable as the concentration is higher. The reactive anions are
the halides and also ions such as SO, NO*, CrO4* and ClOy..

The number and shape of the pits vary according to the experimental conditions.

Two kinds of pits can be found:

- deep pits: these propagate in the crystallographic directions and have a very disastrous
influence on the mechanical behaviour “®, The circumference of the pit is the cathode,
the hole being the anode

- hemispherical pits: This type of pit is less dangerous in terms of the effect on mechanical

properties. They are observed on metals polarised cathodically.
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R.T. Foley found that in practise, pits are very seldom hemispherical or even of regular geometry
(79)

It has been recognised “*> **" that pitting corrosion is generally caused by the local destruction of
the passivating oxide film under chemical conditions that activate certain anodic sites, but also
maintain the corrosion potential above a certain critical value (182, 183, 184) This local destruction is the
result of either a local dissolution of the film 9 or an attack in the surface oxide film (1% 187 ad 188)

where impurity centres, weak spots are present.
Processes involved in localised corrosion

Five successive steps are involved in localised corrosion:

1) Local adsorption of ions on the surface of the oxide film.

The adsorption of anions that would promote pitting corrosion on the oxide-covered aluminium
surface is a competitive process. That is, chloride or another aggressive ion is absorbed completely
with hydroxyl ions or water molecules, that would, if absorbed tend to promote passivity (),
Berzins et al ©® and Videm ® both concluded in their work that chlorides are adsorbed at sites
that subsequently form pits. Hiibner and Wranglén indicated in their results that there is a certain
preference for pits to initiate at the grain boundaries but pits may also form within the grain. Other
studies @1 concluded that aggressive sulphate and chromate ions are also absorbed. Those
studies have adequately demonstrated the adsorption of anions on oxide-coated aluminium.
Furthermore, from a consideration of the known heterogeneity of metal surfaces, it may be assumed
that this adsorption will be not uniform. In this case it is suggested that specimens of aluminium and
its alloys oxidised in air or by an anodising process, could contain flaws in the film at which pits
maybe initiated (%)

2) Penetration of the electrolyte through flaws existing in the film 3,

These flaws may be :

e “Residual Flaws” caused by copper rich or iron rich segregates interfering with oxide
growth in their vicinity (99 W K Johnson ™ found that a pit forms due to electrochemical
action produced by the presence of natural defects in the metal surface such as mechanical
flaws or breaks in the oxide film and particles of AlsFe (or other cathodic constituents. This
was observed in electrolyte (e.g. natural water) containing oxygen and cations such as
chlorides, bicarbonates and sulphates.

The result of Hiibner and Wanglin’s work %* and others *** > showed that pits may initiate in
the grain but that there is a certain preference for initiation at the grain boundaries. This can be
explained by the fact that Al;Fe precipitates due to the segregation of iron ™, This will cause
thinning of the oxide film or defect formation in this film, which by adsorption of chloride ions will

lead to latent anodic points. Hilbner (196) also found that as the AlsFe particles have a more positive
106



electrode potential than the solid solution, they act as good cathodic sites. They concluded that the
transformation of an anodic area into a pit seems to be governed by the availability of such local
cathodes.

e “Mechanical Flaws”: these may be produced by relief of stresses in the film due to oxide
formation over mechanical surface defects such as scratches and voids associated with
vacancy coalescence “®. During the formation of thin oxide films in contact with air,
mechanical flaws are formed. Anodising or immersion in chromate solution appears to
reduce this problem.

There is however, no real distinction between mechanical and residual flaws. Iron rich segregates
(AlsFe) found in Al-Fe alloys, permit the formation of an oxide film above them. Nevertheless, they
cause cracking of the film at their peripheries, thus effectively producing mechanical or mechano-
residual flaws %,

3) Chemical reaction of the adsorbed anion.

The adsorbed anion reacts with the aluminium ion in the aluminium oxide lattice or the precipitated
aluminium hydroxide. These chemical reactions are extremely complicated, however there appear
to be a well—characterised aluminium-anion reaction products @ 2 2 The first of these are
aluminium complex ions, such as AICI™ and AICI’ and transitory compounds such as AI(OH)Cl,
and AI(OH),Cl. The second are stable, covalent compounds such as those formed with SO, for
example, the basic aluminium sulphate @) The chemical reaction between aluminium and chloride
ions shows that the low energy compounds, Al,O; and Al(OH); react with the CL ion to pass
through stages represented by Al(OH),Cl and Al(OH),Cl, and then through transitory complexes
such as AICI"™* and AI(OH)"™ @),

4) Thinning of the oxide film by dissolution.

Studies offer independent evidence that even in the absence of other effects (mechanical, etc.), the
oxide film on aluminium would be expected to be thinned upon exposure to aqueous solution % 2
. Wood et al have presented a strong case for the significant involvement of flaws in the oxide film
(193) They showed that the direct linkage of flaws to pit initiation is also reasonable, particularly
because such sites would be the preferred sites for adsorption, and once adsorption occurs the
development of an active centre should be the next logical step. The active centre is then the site for
accelerated film thinning.

Pryor and al found that the adsorption of anions at the oxide-electrolyte supposedly produces a high
electrical field that draws the aluminium ions through the film.

5) Direct attack of the exposed metal.

Once the film is sufficiently thinned, the high degree of reactivity of metallic aluminium ensures

rapid attack and pit propagation. Because the film is thinned locally, the attack on the metal will
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also be concentrated in the geometrical sense. A number of reactions or physical processes are
involved at any given time (see Hiibner and Wanglin’s work (196)). The direct attack of the exposed
metal differs in a basic manner from the pit initiation reaction. This latter is concerned with the
interaction, chemically or physically, of the oxide film with the solution environment. The growth
of the pit involves the interaction of aluminium metal directly with an environment that is changing
as the reaction proceeds. Upon recognising this different behaviour, the usefulness of disclosing a
single phenomenon for correlating the entire four-step pitting process becomes evident. The
electrochemical mechanism of pit growth in aluminium is explained below and in Hiibner and
Wanglin’s work (196)

Growth of Corrosion Pits

Inside the pit, several phenomena can occur which may prevent repassivation. There is a limited
supply of oxygen (208,209 The pH is low due to hydrolysis of metal ions !*> 2 The chloride ions

(193, 210)

migrate into the pit with the current generated by the pit corrosion cell and a concentrated

salt solution is formed is formed of high electrical conductivity ®,

At the pit mouth, a porous hydroxide diaphragm will form which inhibits mixing. Near the pit
mouth a reduction in oxygen (O2) will occur, limiting the supply of Oxygen inside the pit (16 This
reduction is accompanied by a dissolution of the metal which will create an excess of positive
charge (Al3+) at the pit base and migration of the chloride ions occurs to offset the imbalance. This
will lead to an increase in metal chloride concentration in the pit. These salts being subjected to
hydrolysis, the hydrogen ion concentration will increase, lowering the pH inside the pit and
promote an increase dissolution rates. These phenomena will prevent repassivation.

Outside the pit, general attack will be prevented by the presence of corrosion current which
provides cathodic protection. The deposition of more noble metals, particularly Copper @% 212,
increases the effectiveness of cathodic sites %% 9. These metals will facilitate the maintenance
of an electrode potential more noble than the critical pitting or break through potential.
Termination of pitting corrosion Convection currents bringing about intermingling of the anodic

and cathodic products of reactions can produce precipitation of a protective film over the active

anodes thus stifling the corrosion 9.
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Figure 1.9.1 Electrochemical mechanism of pit growth on aluminium ™9,
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2 EXPERIMENTAL PART

2.1 MATERIAL SPECIFICATION

The 2024-T351 aluminium alloy was provided by QinetiQ. The alloy was supplied in the T351
condition as rolled plates with a nominal thickness of 20 mm.

The T351 treatment involves the following procedure:

Solution heat treated at 495+5°C,

Cold water quenched,

Stretched to a permanent extension of between 1.5% and 2.5% :
followed by ageing at room temperature for a period not less than 48 h.
The major alloy constituents were nominally 4.4% Cu, 1.5% Mg and 0.6% Mn. Detailed chemical

composition is given in

Table 4 Chemical composition (in wt %)

aluminium [Si  |Ft- |[Cu (Mn |[Mg |Cr |Zn |[Ti [Ni [(Zr |Li
alloy
2024 .10 (.18 [4.35 |.67 [1.36(0.02{.07 |.03 |- 01 |-

The basic mechanical properties for the alloy are given in Table 5.

Table 5 Mechanical properties of Al 2024

Elastic modulus, E 0.1% Proof
(GPa) Stress(MPa)
Longitudinal 72 365
orientation
Transverse orientation 72 295

The longitudinal direction is parallel to the rolling direction, and no through thickness properties

were available.

2.2 SPECIMENS AND TEST EQUIPMENT.

2.2.1 SPECIMENS MANUFACTURING

Flat plate specimens were manufactured from the material supplied so that the major axis of each
specimen was orientated along the rolling direction of the material. The specimen configuration
used for the experiments is similar to the design suggested in the ASTM standard E647%'7,

The specimens were rectangular, 180 mm x 32 mm x 6.35 mm, containing a central drilled hole
Figure 2.2.1. The diameter of the drilled and reamed hole was 6.35 mm in case of plain specimens

and 6.235 mm after final reaming of CW specimens.
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Figure 2.2.1 Dimensions of the specimen

> 22 TEST EOUIPMENT

All fatigue tests were carried out on 300 KN and 100kN Mayes (Figure 2.2.2) universal testing

machines (servo-hydraulic testing machines).

Figure 2.2.2 Mayes universal 100kN testing machine

The 300kN machine was supplied with mechanical friction grips to take a minimum specimen
thickness of 10 mm. For tests using this machine aluminium alloy pads were bonded to both ends of
the specimens with epoxy resin to avoid premature failure from the grip region. The pad dimensions

were 60mm long x 40mm wide x 4.92 mm thick.
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The 100kN machine had hydraulic grips (see Figure 2.2.3) and did not require any specimen
modifications. To fix a specimen in the grips, a special central alignment attachment was made.

Both machines were supplied with a PC compatible Rubicon control system with an interface
running under Windows (see Figure 2.2.4). The control system set max and min levels of the
applied load and frequency, and recorded and/or set the number of cycles until failure or standby..

The machines maintained the preset standby load required automatically.

Figure 2.2.4 The Rubicon Control System Block and its interface
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2.2.3 CRACK MEASURING TECHNIQUE

Crack lengths were measured through the use of acetate replicas, which were examined under an

optical microscope Figure 2.2.5

Figure 2.2.5 Acetate replica sheets and optical microscope and crack measurement

The procedure consisted of periodically stopping the fatigue testing at the end of a loading block,
applying a static standby load equal to approximately 80% of the peak load (to increase the
visibility of the crack tip), and applying a cellulose acetate strip softened with acetone to the surface
of the specimen. Cellulose acetate replicas on the plate surfaces covered an area 15mm above and
below the centre-line of the hole across the whole width of the specimen. The replicas were then
examined under an optical microscope. The crack lengths were measured on both sides of the
specimen. The crack length data obtained is considered accurate to within 10 um.

Measurements of the growing fatigue crack have been recorded for crack sizes of ~ 0.05Smm until
final fracture. For all specimens, cracks propagating on both “inlet” and “outlet” faces were

measured.
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2.3 THE MANUFACTURE OF FATIGUE SPECIMENS FOR TESTING

2.3.1 COLD EXPANSION

Specimens were manufactured with plain holes drilled to a diameter of 4 mm and then after
preliminary drilling and reaming subjected to the cold expansion process after which the final
diameter was about 6.235 mm. The cold expansion process involved in this research used a standard
technique employed extensively in the aircraft industry. The process consisted of pulled a tapered
mandrel through the predrilled hole. For each hole, a hardened stainless steel split sleeve was
inserted into the hole. The sleeve was used to prevent the direct contact between the hole and the
sliding mandrel, and to minimise material flow in the thickness direction

Hole preparation and cold expansion was carried out at QinetiQ using FTI tooling and
recommended procedures to specification 8-0-N*'°, The mandrel major diameter was 5.66 mm, the
sleeve thickness 0.176 mm and the initial hole diameter 5.742 mm (see Figure 2.3.1).

o sleeve
=== —
Lm: m-\

mandrel 3
10

£.63

S/
yd
/

32

/QAM, D2

Figure 2.3.1 Dimensions and shape of the mandrel, split sleeve and holes in the specimen

The degree of cold expansion is given by
(D, =DV 100% = E g, 3.1)
D 1
With D;: initial hole diameter and D,: mandrel diameter.
From equation (2.3.1), the degree of cold expansion was found to be 4.49 %. The diameter contracts
after mandrel removal but retains about 71% of the expansion.

At the end of the process the final hole diameter D3 will be given by:
D, =D, +(D, ~ D)% RE = D, (1+ E(epyy X RE) (23.2)

RE is the retained expansion and is generally = 60% for aluminium alloys
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At the end of the process the final hole diameter was 5.934 mm i.e. very close to that given by
equation ( 2.3.2). The final reaming increased the hole size to 6.235 mm. The hole is reamed after
cold expansion (post -reamed) to ensure that it is circular before a fastener is installed. This also
removes the pip of material formed during cold expansion by the gap in the split sleeve.

For all the specimens the split mandrel was positioned so that the gap in the sleeve was at 0 degrees
to the proposed loading direction.

The diameters corresponding to each phase of hole manufacture and the percentage of cold

expansion are given in Table 6

Table 6 Typical parameters for fastener hole manufacture

Start ream | Cold Expansion | final ream | Degree of | Retained Estimated Error of
diameter | diameter (mm) | diameter CX,% |expansion,%| final hole | estimation,
(mm) (mm) 0 diameter () %
5.742 5.932 6.232 4.491 70.370 5.923 0.160
5.742 5.934 6.232 4.491 71.111 5.923 0.194
5.748 5.936 6.238 4.391 71.212 5.925 0.191
5.746 5.932 6.236 4.424 69.925 5.924 0.136
5.739 5.934 6.235 4.540 71.429 5.921 0.212
5.741 5.933 6.234 4.507 70.849 5.922 0.183
5.741 5.938 6.237 4.507 72.694 5922 0.267
5.741 5.933 6.238 4.507 70.849 5.922 0.183
5.741 5.938 6.24 4.507 72.694 5.922 0.267
5.739 5.932 6.237 4.540 70.696 5.921 0.178
5.74 5.933 6.234 4.524 70.956 5.922 0.189
5.74 5.938 6.235 4.524 72.794 5.922 0.273
5.743 5.933 6.235 4474 70.632 5.923 0.171
5.742 5.934 6.232 4.491 71.111 5.923 0.194
5.74 5.935 6.233 4.524 71.691 5.922 0.223
5.742 5.932 6.233 4.491 70.370 5.923 0.160
5.743 5.935 6.238 4.474 71.375 5.923 0.204
5.745 5.933 6.236 4.441 70.412 5.924 0.158
5.748 5.932 6.238 4.391 69.697 5.925 0.123
5.744 5.933 6.238 4.457 70.522 5.923 0.165
5.741 5.935 6.233 4.507 71.587 5922 0.217
5.74 5.938 6.234 4.524 72.794 5.922 0.273
Average values
5742 | 5.934 | 6235 | 4487 | 71171 [ 5923 | 0.19

2.3.2 FATIGUE LOADING

Fatigue tests were carried out under constant amplitude sinusoidal loading at a stress ratio of R=0.1
and a frequency of 10 Hz. 10 Hz is a frequency typically used for fatigue tests. All specimens were
tested in normal atmospheric conditions. Maximum net stress values of 175, 200, 210 MPa were
used in the initial investigation and a stress level of 210 MPa was chosen as basic stress to compare
fatigue test results.

The stress values were converted from MPa to load units kN for the inputs required in the testing

machine control programme i.€. Finay Fmin, Fsp (SB-Standby Load).
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F._=c.38. =0,,(W-D)F, =RF,

max max el min max *

Fy, =08F (2.3.3)

max
here W - width : D - hole diameter ; ¢ - specimen thickness; S, ,=0.000128m’ - cross-section net
area; R stress ratio:

Table 7 Stress and Load parameters

Nips, | FaaskN Faim KN | Fsp, kN =
O max net * MPa i B O max remote (gross) * MPa
200 | 2565 2.565 20.52 160.3125
210 269325 | 269325 | 21546 | 168.3281

2.3.3 CORROSION

27 specimens were subjected to artificial corrosion in saline solution of 3.5%NaCl.

The solution was prepared using distilled water in which 3.5 + 0.1 part by weight of NaCl in 96.5
parts of water. An industrial salt containing a minimum 0f 99.5 % NaCl, assay (dry basis) was used
for all the test solutions. The specimens were completely immersed in the vertical position in glass
jars. After exposure, specimens were rinsed with distilled water then cleaned with acetone to stop

the corrosion process as the accumulated salt and corrosion products are hygroscopic.

234 INTERFERENCE FIT FASTENERS

10 cold expanded (CX) specimens were manufactured with a tapered titanium interference fit bolt
inserted in the hole. The maximum diameter of the bolt body was 6.32 mm and the diameter of CX
fastener hole was 6.235. Thus, from (2.3.1) the interference fit was 1.3%.

After insertion of the fastener, the head and tail were cut off and discarded. Both fastener surfaces
were polished back to the level of the specimen surface to enable accurate acetate replicas to be

taken.

Figure 2.3.2 Specimen with an interference fit fastener
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2.4 FATIGUE TESTS

2.4.1 PLAIN SPECIMENS

2.4.1.1 CRACK GROWTH ANALYSIS. PLAIN SPECIMENS

7 plain specimens were tested in total. 4 at a net load of 200 MPa (gross (total cross section area
including hole) stress 160.3MPa) and 3 at a net stress of 210 MPa (gross 168.3 MPa). Crack growth
diagrams are given in the Figure 2.4.1

Crack growth curves, Plain Specimens
14 e e ST

! Sp-n 8, 200MPa
Sp-n 9, 200MPa
12}--Sp-n 13, 200MPa
Sp-n 14, 200MPa
Sp-n 10, 210MPa
Sp-n 11, 210MPa

10+ ----------- E qﬁ:‘-*l*

Assumed crack length a, mm

Figure 2.4.1 Crack growth curves. Plain specimens.

[t is clear that fatigue lives of the specimens Nel0, 11, 12 tested under o,,=210MPa are shorter

than the specimens tested at stress levels under 200 MPa. Quantitative data on total life, crack
initiation life. and crack propagation life, as well as observations of the surface crack form, crack
symmetry and pictures of the fracture surfaces are given in of the Appendix

Acetate sheet replica analysis observed during the experiment reveals interesting features of the
crack propagation. From the beginning of crack detection until final fracture, the crack propagated
along milling cutter tracks which are shown very precisely and distinctly on the replica (see Figure
2.4.2). Thus, we can conclude that milling cutter tracks are rather influential concentrators and are

important factors for crack propagation, at least for the surface cracks.
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Figure 2.4.2 Crack propagation along a milling cutter track

2.4.1.2 CRACK GROWTH RATE ANALYSIS. PLAIN SPECIMENS

To assess the crack growth rate during propagation, diagrams of CGR versus crack length (see
Figure 2.4.3) were constructed. The combined diagram shows all the individual CGR diagrams for
every specimen divided into 2 samples from the results obtained at 200 and 210 MPa. It can be
noted that crack growth rate can be described quite well by the linear solution for both samples.

The same observation applies for the CGR versus applied SIF diagram (see Figure 2.4.4). The CGR
results are given on the same basis for 200MPa and 210MPa. Furthermore, different types of cracks
(corner and through) were processed with suitable SIF solutions

and this is shown in the figure.
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Crack growth rates, Plain Specimens
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242 CORRODED PLAIN SPECIMENS

2.4.2.1 CRACK GROWTH ANALYSIS. CORRODED PLAIN SPESIMENS
8 plain specimens were tested in total at 200MPa. 2 of these were corroded for 24 hours, 2 for 72 hr,

2 for 96 hr, 2 for 168 hr. Crack growth diagrams are given in the Figure 2.4.5.

Crack growth colurves. Plain Corroded Specimens.
A e e e o e e e e L S e S

Sp-n 15-24hr cor, 200MPa
Sp-n 16-24hr cor, 200MPa ; : t.,“s N17 j
12 [~ Sp-n 17-72hr cor, 200MPa ~=======-===--=secfeeee bl S B e N | It SN SO i
Sp-n 18-72hr cor, 200MPa H ! ! : :
Sp-n 19-86hr cor, 200MPa H ' ] |
Sp-n 20-96hr cor, 200MPa i E | ! N18
Spn21-168hrcor, 200MPa 1 | | N9 ! |
Sp-n 22-168hr cor, 200MPa ! 5 N2 i

N2t |
N2

10 |-

Assumed crack length a, mm

Figure 2.4.5 Crack growth curves. Plain corroded specimens.

4 specimens were subjected to corrosion for 72 hr and tested at 210 MPa.

Figure 2.4.6 presents comparative diagram of plain corroded and non-corroded specimens.
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Crack growth in Plain corroded and clean specimens

| Corroded ! L s

Tpi
N12E

Assumed aack length a, mm

Figure 2.4.6 Crack gro wth curves. Plain corroded and non-corroded specimens. 210MPa

The figure reveals an obvious reduction in the fatigue life when the time of corrosion exposure is
increased. At the same time, considerable fatigue life scatter was noted. Specimens Nel5 and 16
exposed to corrosion for the minimum time of 24 hours did not have maximum life whereas
specimens Nel7 and 18 (72 hr corrosion) have the longest endurance. Quantitative data on total life,
crack initiation life, and crack propagation life, as well as observations of the surface crack form,
crack symmetry and fracture surfaces are given in  in Appendix.

It has been noted that the cracks propagated along the milling cutter tracks as well and that
corrosion pits did not affect the crack path. It can be assumed therefore that milling cutter tracks are
more significant stress concentrators than the corrosion pits formed on the surface of the specimens
after immersion in 3.5%NaCl solution

[nitiation of several micro cracks on opposite hole edges and the subsequent dominance of one of
them was observed in this case (see Figure 2.4.7, Figure 2.4.8, Figure 2.4.9).

[t was observed that the cracks had initiated on the hole edges, spread as corner cracks then
gradually changed into through cracks. All the cracks initiated on the edges left by the reamer on

the outlet sides of the specimens.
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Figure 2.4.7 Initiatiation of several micro cracks on the hole edge
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Figure 2.4.8 C orrosion pit distribution and crack propagation across surface of the specimen

with milling cutter tracks.
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In one case only (corrosion 168 hr, c =200MPa) fatigue crack initiatiation from corrosion pits was
observed. The crack initiated from a group of corrosion pits located away from the hole edge. As
shown in Figure 2.4.9 the crack reached the edge of the hole and then began to propagate away
from the hole

Figure 2.4.9 Fatigue crack initiation and propagation from corrosion pits

2422 CRACK GROWTH RATE ANALYSIS. CORRODED PLAIN SPECIMENS
To assess the crack growth rate during propagation a diagram of crack growth rate versus crack

length (see Figure 2.4.10) was constructed. The combined diagram shows all the individual CGR
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diagrams for every specimen divided into 4 samples according to results obtained for 24, 72, 96 and
168 hours corrosion exposure specimens. It can be noted that the experimental data points of these
four samples obey one law as shown by the non-corroded plain specimens tested previously. Crack
growth rate can be described by a linear solution quite well for all samples.

The same observation can be made in the case of the crack growth rate versus applied SIF diagram
(see Figure 2.4.11). The crack growth rate results in this case are grouped together as there were no
significant differences between individual diagrams.

Figure 2.4.12, Figure 2.4.13 show crack growth rate diagrams of corroded specimens in
comparison with non corroded plain specimens. They reveal faster crack growth rates in corroded
specimens during the initial stages of crack propagation, though the diagrams also show much
closer agreement for larger cracks. The diagram below indicates that corrosion pits do not exert a

significant effect on crack propagation above a crack length of approximately Imm.

Crack growth rates. Plain Corroded Specimens.
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Figure 2.4.10 Crack growth rate versus crack length. 200 MPa
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Crack growth rates. Plain Corroded Specimens
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4 Crack growth rates. Corroded Plain Specimens. 210 MPa
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Figure 2.4.13 Crack growth rate versus applied SIF. 210MPa

2.4.3 PLAIN SPECIMENS WITH INTERFERENCE FIT
2431 CRACK GROWTH ANALYSIS. PLAIN SPECIMENS WITH INTERFERENCE FIT
3 plain with interference fit specimens were tested at stress o, , =210 MPa. Crack growth diagrams

are given in the Figure 2.4.14
Quantitative data on total life, crack initiation life, and crack propagation life, as well as

observations of the surface crack form, crack symmetry and pictures of fracture surfaces are given

in of the Appendix.
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Crack growth curves. Plain Specimens with Interference Fit. 210MPa
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Figure 2.4.14 Crack growth curves. Plain specimens with interference fit

[t was be noted that in all cases cracks were assumed to be single asymmetrical cracks, However
sometimes cracks initially nucleated at both sides of hole but then the secondary crack was stopped
or its propagation was substantially slower than the dominant crack. All cracks did not start in the
central section line. supposedly the weakest section, but from the edge of the hole some distance
away from the centre line (see Figure 2.4.15).

The weakest section should be the central section. However the inserted oversized titanium pin,
which is much harder than Al and not undergoing significant deformation when the specimen is
under tensile load may affect this. Under tensile load the hole elongates in the longitudinal direction
and contracts in the transverse direction. The pin resists the contraction thus introducing additional

compressive stresses in the central section. Hence the weakest section is shifted away from the

central section.
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Figure 2.4.15 Crack initiation and propagation in plain specimens with interference fit

The unusual phenomenon of crack initiation away from the edge of the hole was observed in this
type of specimen. (see Figure 2.4.16). The amount of interference fit consisted of 1.3% so the bore
surface was strengthened for just a few microns in depth. Here crack initiation and propagation
were retarded. The material around the hole was in the normal condition i.e. weaker than the
material near the bore surface and this was the reason for the phenomenon of crack initiation away

from the edge of the hole.

Figure 2.4.16 Phenomenon of pre cracking in plain specimens with interference fit

2.4.3.2 CRACKC TROWTH RATE ANALYSIS. PLAIN SPECIMENS WITH INTERFERENCE FIT

To assess the crack growth rate during propagation diagrams of crack growth rate versus crack
length versus applied stress intensity factor (see Figure 2.4.17, Figure 2.4.18) were constructed.
The diagrams of plain specimens and plain specimens with interference fit show significant
retardation of crack growth rate for small cracks in the specimens with interference fit, due to

strengthening of the material around the hole. Furthermore, crack growth rate in these specimens
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was approximately an order of magnitude lower over almost the whole range of crack length. It
should be noted that the cracks in these specimens propagated as a corner quarterelliptical crack up

to the final fracture while plain specimens without interference fit had through cracks almost from

initiation.
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Figure 2.4.17 Crack growth rate versus crack length in plain specimences with interference fit at
210MPa
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Crack growth rates. Plain Specimens with Interferense Fit 210 MPa
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Figure 2.4.18 Crack growth rate versus applied SIF in plain specimences with interference fit at
210MPa

244 CXSPECIMENS

244.1] CRACK GROWTH ANAL YSIS. CXSPECIMENS

7 CX specimens were tested in total: 2 at a net load of 200 MPa (gross load 160.3MPa) and 5 at a
net load of 210 MPa (gross 168.3 MPa). Crack growth diagrams are given in Figure 2.4.19

The figure shows the expected reduction in fatigue life at higher stress levels. Quantitative data on
total life, crack initiation life, and crack propagation life, as well as observations of the surface
crack form, crack symmetry and pictures of fracture surfaces are given in of the Appendix

The fatigue cracks initiated from the edges of the hole in the central cross section of the specimen.
Observation of crack propagation features showed that the left and right branches of the fatigue
crack always propagated from both edges of the hole as one dominant crack with a second (lagging)

one. In these cases the cracks were assumed to be symmetrical.
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Assembly crack growth. CW Specimens.
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Figure 2.4.19 Crack growth curves. CX specimens.

Crack initiation also often took place by the emergence of two cracks from one edge of the hole

(Figure 2.4.20). One of these eventually became the dominant crack.

Figure 2.4.20 Two cracks initiating from the hole edge
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Pre cracking of material a few microns in front of the tip of the dominant crack was observed (see
Figure 2.4.21). This was observed when the tip of the main crack was within 1.0 -3.0 mm from the
edge of the hole i.e. approximately in the transitional region where compressive residual stresses

created by the CX process change to tension residual stresses.

450000 cycles 1.5mm

480000 cycles 1.6mm

'F

M 380000 cycles

370000 cycles

Figure 2.4.21 Emergence of material pre cracking
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Possibly, material yielding in the zone of plasticity in front of the crack tip decreases the residual
compressive stresses remaining after manufacture of the specimen and encouraged the pre cracking
to take place. In addition to this, material may harden or soften with repeated loading which may
cause some redistribution of any residual stresses. The effect of pre-cracking does not appear to be
related to any material flaws in the specimens.

Analysis of the fracture surfaces left by fatigue crack growth (see fracture surfaces depicted in in
appendix) and taking into account available solutions for SIF for similar types of cracks we
observed the following crack types:

Symmetrical and asymmetrical through crack

Symmetrical and asymmetrical quarterelliptical corner crack

In the last two cases the ellipse axes relationship % were about 1.0-1.5.

Figure 2.4.22 illustrates particular features of cracks growing in CX specimens compared with
cracks growing in plain specimens. Figure a) shows a symmetrical crack growing on the inlet side
and growing through the thickness to final fracture for a CX specimen. Only one crack — the
dominant one, was used for the calculation. Figure b) shows a crack growing in a plain specimen.

Analysing individual crack growth diagrams, it was concluded that virtually all cracks in CX
specimens initiated on the inlet side, except in one case (Specimen 26). It confirms that the inlet
sides of cold expanded specimens are more vulnerable to crack initiation which suggests there is a

smaller compressive residual stress on that side.
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Crack growth curve, Specimen #240We= 168MPa
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Figure 2.4.22 Typical crack growth diagrams for CX specimens —a) and plain b)
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2.4.4.2 CRACK GROWTH RATE ANALYSIS. CX SPECIMENS

To assess the crack growth rate during propagation a diagram of crack growth rate versus crack
length (see Figure 2.4.23) was constructed. The combined diagram shows all the individual crack
growth rate diagrams for every specimen divided into 2 batches for results obtained at 200 MPa
and those obtained at 210 MPa. It should be noted that the specimens loaded at 200 MPa have a
clearly reduced crack growth rate in comparison with 210 MPa specimens. Both samples exhibit the
same crack growth rate retardation effect after CX treatment due to the induced compressive
residual stresses. This retardation is observed at crack lengths of about 0.3-2 mm. A reduction of an
order of magnitude in crack propagation rate was observed for interference fit specimens in
comparison with plain specimens.

The same features can be observed in the crack growth rate versus applied SIF diagram (see Figure

2.4.24). The crack growth rate results are presented in the same manner for 200MPa and 210MPa.
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Figure 2.4.23 Crack growth rate versus crack lengthz
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Crack growth rates. CW Specimens. 210MPa
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Figure 2.4.24 Crack growth rate versus applied SIF

24.5 CORRODED CX SPECIMENS

2451 CRACK GROWTH ANALYSIS. CORRODED CX SPECIMENS

4 corroded CX specimens were tested in total. 2 were subjected to corrosion for 72 hours and tested
at 210MPa and 2 were subjected to corrosion for 173 hours and tested at 200MPa. Crack growth
diagrams are given in Figure 2.4.25. The results shown in the figure reveal improvement in fatigue
life even in corroded CX specimens compared with plain non corroded specimens. On the other
hand, considerable scatter is present— one of the most severely corroded CX specimens tested at
200MPa showed total life less than plain specimens tested at 210MPa (as it was expected), although
another showed greater life than corroded 72 hrCX specimens tested at 210MPa.

Quantitative data on total life, crack initiation life, and crack propagation life, as well as

observations of the surface crack form, crack symmetry and pictures of fracture surfaces are given

in of the Appendix.
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Crack growth curves. Corroded CW specimens. 210 MPa
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Figure 2.4.25 Crack growth curves. Corroded CX specimens.

A photograph of corrosion pits on the surface near the hole in the specimen is shown in Figure

2.4.26

Figure 2. 4.26 Typical corrosion pits on the surface of specimens after 72 hrs immersion in
3.5% NaCl solution
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2.4.5.2 CRACK GROWTH RATE ANALYSIS. CORRODED CX SPECIMENS

To assess the crack growth rate during propagation a diagram of crack growth rate versus crack
length (see Figure 2.4.27) was constructed. The combined diagram shows the individual crack
growth rate diagrams for every specimen. It can be noted that all the results exhibit the same crack
growth rate retardation due to the compressive residual stresses arising from CX treatment. The
retardation is observed at crack lengths between 0.5-2.5 mm.

The same features may be observed in the crack growth rate versus applied SIF diagram (see
Figure 2.4.28). The crack growth rate results are given for every specimen.

The diagrams reveal larger scatter of crack growth rate data in comparison with non corroded CX
specimens.

Diagrams in the Figure 2.4.27, Figure 2.4.28 shows big scatter of crack growth rate in corroded
CX specimens, though both samples of specimens tested at different stress level and subjected

different degree of corrosion showed similar tendencies in crack growth rate.

Crack Growth Rate. CW Corroded specimens

® Plain 210MPa

.| —e— 200 MPa; CW Cor -173hr
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Figure 2.4.27 Crack growth rate versus crack length
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Crack Growth Rates. CW Corroded Specimens
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Figure 2.4.28 Crack growth rate versus applied SIF

24.6 PRE CORRODED CXSPECIMENS

2461 CRACK GROWTH ANALYSIS. PRE CORRODED CX SPECIMENS

3 pre corroded CX specimens were tested in total. They were subjected to corrosion for 72 hours
prior to cold expansion and tested at 210MPa Crack growth diagrams are given in Figure 2.4.29
Quantitative data on total life, crack initiation life, and crack propagation life, as well as
observations of the surface crack form, crack symmetry and pictures of fracture surfaces are given
in in Appendix.

Crack growth and total lives were similar to non corroded CX specimens. All corrosion damage

was effectively removed by the reaming procedure during the CX process. Thus damage was

eliminated from the area around the hole which is more vulnerable to crack initiation.
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Crack growth curves. CW specimens with Pre Corrosion. 210 MPa

L ! ! = & =i !
Plan 210 MPa
. CW with Pre Corresion 210 MPa !
12 |- S p——r ......._—.-,_.-T..m..,..,,.. e 3
8y = R i - = ............ , I
8_
E
£
©
6 -
4_
2 . !
0-—#’ —} i i i i i i
0.4 06 0.8 1 1.2 1.4 1.6 1.8 2
N, cycles x105

Figure 2.4.29 Crack growth curves. Pre corroded CX specimens.

24.6.2 CRACK GROWTH RATE ANALYSIS. PRE CORRODED CX SPECIMENS

To assess the crack growth rate during the crack propagation a diagram of crack growth rate versus
crack length (see Figure 2.4.30) was constructed. The combined diagram shows all the individual
crack growth rate diagrams of every specimen. These diagrams show the same crack growth rate
retardation tendency as before due to compressive residual stresses after CX treatment. The
retardation is observed at crack lengths of about 0.3-2.5 mm.

The same features may be observed in the crack growth rate versus applied SIF diagram (see

Figure 2.4.31)
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Crack Growth Rates. Prior Corroded CW Specimens. 210 MPa
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24.7 SPECIAL CORROSION. CORRODED HOLES AND SURFACES OF ONLY CX
SPECIMENS

2.4.7.1 CRACK GROWTH ANALYSIS. SPECIAL CORROSION CX SPECIMENS

4 corroded CX specimens were tested in total. In two specimens the surfaces, excluding the bore of
the hole of two of them were subjected to corrosion for 72 hours and then tested at 210MPa. The
other two were subjected to corrosion in the bore of the hole only and tested at the same stress. The
surfaces required to be protected from corrosion were covered with wax prior to exposure. Crack
growth diagrams are given in Figure 2.4.32

Quantitative data on total life, crack initiation life, and crack propagation life, as well as

observations of the surface crack form, crack symmetry and photographs of fracture surfaces are
givenin in Appendix

Crack growth curves. CW specimens with scecific corrosion, 210 MPa
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Figure 2.4.32 Crack growth curves. Special Corroded CX specimens.

The diagram reveals that the scatter in fatigue life for specimens subjected to special corrosion is
rather large as in previous corrosion fatigue data. From the results it is difficult to assess which type

of corrosion, i.e. that on the external surfaces or in the bore of the hole, has a greater influence on

crack initiation and propagation.
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24.7.2 CRACK GROWTH RATE ANALYSIS. SPECIAL CORROSION CX SPECIMENS

To assess the crack growth rate during crack propagation a diagram of CGR versus crack length
(see Figure 2.4.33) was constructed. The combined diagram shows all the individual CGR
diagrams for each specimen. It can be noted that all results show the same CGR retardation
tendency owing to compress residual stresses after CX treatment. This retardation is observed at
crack lengths between about 0.5mm to 1.5 mm. It can be noted that CGR in specimens with
corroded surfaces is marginally higher than in specimens with corroded holes but from the figure it
can be seen that the crack growth rates for these two types of corrosion can be assumed to be
approximately equal.

The same is true for the crack growth rate versus applied SIF diagram (see Figure 2.4.34). The
crack growth rate results are given for every test specimen. It was noted that cracks in these
specimens grew with rather pronounced asymmetry in terms of inequalities of crack branch lengths
and the types of cracks formed in the branches. For example, the left crack could propagate as a
corner crack while the right crack propagated as a through crack from initiation to final failure. This

is the main reason why crack growth rate points for corner and through cracks are so different for

the same material.
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CW with corroded surfaces. 210 MPa
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Figure 2.4.33 Crack growth rate versus crack length
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Plain 210 MPa
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Figure 2.4.34 Crack growth rate versus applied SIF

2.4.8 CXSPECIMENS WITH INTERFERENCE FIT

2.4.8.1 CRACK GROWTH ANALYSIS. CX WITH INTERFERENCE FIT SPECIMENS

6 CX with interference fit specimens were tested at stress o, =210 MPa. Crack growth diagrams

are given in the Figure 2.4.35
Quantitative data on total life, crack initiation life, and crack propagation life, as well as

observations of the surface crack form, crack symmetry and picture of fracture surfaces are given in

of the Appendix
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Crack growth curve. CW Specimens with Interference Fit 210 MPa
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Figure 2.4.35 Crack growth curves. CX with interference fit specimens

It will be noted that in all cases cracks were assumed to be single asymmetrical cracks, though
sometimes cracks initially nucleated at both sides of hole but in these cases the secondary crack
stopped or its propagation was substantially slower than the dominant crack. All cracks did not start
in the central section line, which supposed to be the weakest section, but at the edge if the hole
slightly away from of the centre line (see Figure 2.4.36). The weakest section should be at the
centre line section but this is influenced by the insertion of the oversized titanium pin. The pin is
much harder than Al and has a higher modulus so it doesn’t deform as much when specimen is
under tensile load. The hole elongates under tensile load in the longitudinal direction and contracts
in the transverse direction but the pin resists this contraction thus introducing additional
compressive Stresses in central section. Hence the weakest section is shifted away from the central
section.

In addition it was noted that cracks nucleated on the outlet faces of 4 specimens from the 6 tested.
This indicates that a considerable redistribution of residual stresses occurred after the insertion of

the pin in the cold expanded hole and following the fatigue load application.
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Figure 2.4.36 Crack initiation

Macrofractural analysis showed the beneficial contribution of the interference fit pin. It can be seen
from Figure 2.4.37 that the crack began propagating as a corner quarterelliptical crack, but the crack

growth rate in the radial direction was considerably faster than through the bore.

.«— Slant Fracture

Figure 2.4.37 Macromorphologies of fracture surface in CX specimen with interference fit
pin.
Eventually, the part of the crack front propagating along the bore was arrested and continued to
grow through the reduced strength area away from the bore. The slant fracture surface at the corner
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opposite the crack initiation site indicated that the fatigue crack did not penetrate through the
thickness along the bore.

2482 CRACK GROWTH RATE ANALYSIS. CX WITH INTERFERENCE FIT SPECIMENS

To assess the crack growth rate during the crack propagation a diagram of crack growth rate versus
crack length (see Figure 2.4.38) was constructed. The diagram shows individual crack growth rate
diagrams for every specimen. It can be noted that not all the results show the same crack growth
rate retardation tendency arising from compressive residual stresses after CX treatment. The
retardation is observed at crack lengths between about 0.2mm — 3mm.

The same effect can be seen in the crack growth rate versus applied SIF diagram (see Figure

2.4.39). The CGR diagrams are given for every specimen.
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Figure 2.4.38 Crack growth rate versus crack length
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. Crack Growth Rates. CW Specimens with Interference Fit. 210 MPa
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Figure 2.4.39 Crack rate versus applied SIF

249 CORRODED CXSPECIMENS WITH INTERFERENCE FIT

CRACK GROWTH ANALYSIS. CORRODED CX WITH INTERFERENCE FIT SPECIMENS
=210

2.4.9.1
3 CX with interference fit specimens were corroded for 72 hrs and tested at a net stress o

net

MPa. Crack growth diagrams are given in Figure 2.4.40
Quantitative data on total life, crack initiation life, and crack propagation life, as well as

observations of the surface crack form, crack symmetry and pictures of fracture surfaces are given

in of the Appendix
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Crack growth curve. CW Corroded Specimens with IntFit. 210 MPa
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Figure 2.4.40 Crack growth curves. Corroded CX with interference fit specimens

Photographs illustrating corrosion pits at the edge of a hole with a pin are presented in Figure

2.4.41, Figure 2.4.42. The pits acted as initiation sites. No_cracks initiated from corrosion pits

away from the hole. The same tendency of crack initiation at the edge of the hole at some distance

from the central line was observed as in all interference fit specimens tested previously. It is to be
noted that the corrosion pits at the edge of the hole were quite serious stress concentrators and often
cracks were initiated from them in four corners at the same time. Typical pictures of the process are
shown in Figure 2.4.43. Initially 4 corner quarterelliptical cracks were initiated but later only one
became dominant and the others arrested.

The shape of the cracks is of particular interest. The photograph reveals that the crack grew quicker

in the lateral direction and slower in the bore thus forming not an exact quarterelliptical crack front

but a shape similar to a quarter of a trefoil petal @ This occurs due to the strengthening

of material near the edge of the hole from interference fit effects.
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Figure 2.4.42 Crack initiation from a corrosion pit
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Figure 2.4.43 Crack front shapes in a corroded CX specimen with interference fit

2492 CRACK GROWTH RATE ANALYSIS. CX SPECIMENS WITH INTERFERENCE FIT

To assess the crack growth rate during the crack propagation a diagram of crack growth rate versus
crack length was constructed. (see Figure 2.4.44) The diagram shows individual crack growth rate
diagrams for every specimen. It can be noted that not all the results show the same crack growth
rate retardation tendency arising from compressive residual stresses after CX treatment. The
retardation is observed at crack lengths between about 0.2mm — 2.5mm.

The same effect can be seen in the crack growth rate versus applied SIF diagram (see Figure

2.4.45).
The diagrams have similar features to previous crack growth rate diagrams
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Figure 2.4.44 Crack growth rate versus crack length
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Crack Growth Rates. CW Corroded Specimens with IntFit
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Figure 2.4.45 Crack rate versus applied SIF

2.5 MACROMORPHOLOGIES OF FRACTURE SURFACES

An analysis of the macromorphology of fracture surfaces was carried out. It revealed that fracture
surfaces of all specimens were similar in form, a so-called “propeller” shape. This characterises
availability of different types of fracture mechanisms. Detailed information on fracture surface
macromorphology is given in

The fatigue fracture process can be separated into three regimes: crack initiation, crack propagation,
and final fracture. The existence and extent of these stages depends on the applied stress conditions,
specimen geometry. flaw size, and the mechanical properties of the material. Stage I, representing
the initiation stage. usually extends over only a small percentage of the fracture surface but may
require many loading cycles if the nucleation process is slow. Often, Stage I cracks assume an angle
of about 45° in the xy plane with respect to the loading direction. After a relatively short distance,
the orientation of a Stage I crack shifts to permit the crack to propagate in a direction normal to the
loading direction. This transition has been associated with a changeover from single to multiple
slip. The plane on which the Stage II crack propagates depends on the relative stress state; that is,
the extent of plane-strain or plane-stress conditions. When the stress intensity factor range is low
(resulting from a low applied stress and/or small crack size), a small plastic zone is developed.

When the sheet thickness is large compared to this zone size, plane-strain conditions prevail and flat
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fracture usually results. With subsequent fatigue crack extension, the stress intensity factor and the
plastic zone size increase. When the zone is large compared to specimen thickness, plane-stress
conditions and slant fracture are dominant. Therefore, depending on the stress level and crack
length, the fractured component will possess varying amounts of flat and slant fracture.
Consequently, a fatigue crack may start out at 90° to the plate surface but complete its propagation

at 45° to the surface (Figure 2.5.1)
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Figure 2.5.1 Transition zone

Alternatively. the crack could propagate immediately at 45° if the plastic zone size to plate
thickness ratio were high enough, reflecting plane-stress conditions. It is important to recognize that
both unstable. fast-moving cracks and stable, slow-moving fatigue cracks may assume flat, slant, or
mixed macromorphologies.

Fracture surfaces of all specimens tested clearly revealed the flat macromorphology during growth

of the fatigue crack and slant morphology at final fracture see Figure 2.5.2.

Flat fracture Transition Zone

Slant fracture

Figure 2.5.2 Macromorphology of fracture surface

Hertzberg refers in to the influence of environment on the fracture mode transition: /t should be

noted. however, that a unique relation between the stress state and fracture mode was not observed
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by Vogelesang’” in 7075-T6 and 2024-T3 aluminum alloys during fatigue crack propagation in

aggressive environments. The influence of environment on the fracture mode transition (more flat

. . , r ) .
fracture in corrosive atmosphere than in dry air at the same % ratio) was believed to be caused

by a change in the fracture mechanism.
Counter to this, the fracture mode transition in the corroded specimens tested at Kingston
University was similar to that for non corroded specimens. This may be due to the fact that prior

corroded specimens were tested in dry air rather than being exposed to corrosion during testing.
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3 ANALYTICAL PART

3.1 CRACK FRONT SIMPLIFICATION

Analysis of the fracture surfaces left by fatigue crack growth (see fracture surfaces depicted in  in
the Appendix) and taking into account available solutions for SIF for similar types of cracks we
observed the following crack types:

e Symmetrical and asymmetrical through crack

e Symmetrical and asymmetrical quarter-elliptical corner crack

e Symmetrical and asymmetrical semi-elliptical crack
In the last two cases the ellipse axes relationship % were about 1.0-1.5

Simplification or idealisation of real crack propagation cases was carried out. assuming these three

types of cracks. The method of crack identification, depending on orientation of the specimen is

shown in Figure 3.1.1.

Rear side
(Outlet side)

J

lefl 1‘)

Front side (Inlet side)

Figure 3.1.1 Cracks identification

The geometry of the crack front lines was quite variable. Some examples of observed crack

combinations in one specimen are given in the Figure 3.1.2

i BNl B
i Bl B

Figure 3.1.2 Variety of virtual geometry of the crack fronts

Let’s consider a couple of typical cases of front crack propagation from the hole edge. A simplified
visualisation of crack front advance is represented the Figure 3.1.3 and Figure 3.1.5. The straight

lines connect points of surface cracks which were observed on both sides of the specimen at same
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time. The real crack front line can be semi-elliptical, quarter-elliptical or another form of curve, but
the following schematic diagram enables us to approximately analyse the type of crack front and the
changes taking place during the whole life of the specimen.

The first case corresponds to a plain specimen (Nel4 ) without corrosion and without CX treatment.

right 2

HOLE

Figure 3.1.3 Crack front visualisation. Specimen Nel4

Specimen 14
14 ==
s left 1
12 +— right 2
left 2
10 « right 1
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0 : . e e = ¥
30000 35000 40000 45000 50000 55000 60000 65000
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Figure 3.1.4 Crack growth diagrams. Specimen Nol4
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Table 8 Crack Growth Data. Specimen Nel4

N Fr left 1 |Fr_right 2| R _left 2 | R_right 1 N Fr_left 1 {Fr_right 2| R left 2 | R_right 1
40000 0 0 0.05 0 57000 0.19 0 0.4 1.2
42000 0 0 0.051 0 58000 02 0 0.5 2
44000 0 0 0.052 0 59000 1.9 0 0.51 3
46000 0 0 0.053 0 59500 26 0 0.6 3.3
48000 0.05 0 0.1 0 60000 3.2 0 0.7 3.9
49000 0.06 0 0.1 0 60200 3.6 0 0.71 4.1
50000 0.07 0 0.15 0 60400 38 0 0.72 44
51000 0.1 0 02 0 60600 42 0.9 0.9 49
52000 0.11 0 0.23 0 60800 49 1.5 1.1 54
53000 0.13 0 0.25 0 61000 52 1.9 1.2 5.6
54000 0.15 0 0.27 0.1 61100 6.3 2.8 2 6.7
55000 0.17 0 0.29 0.3 61200 7.1 3.2 2.8 7.8
56000 0.18 0 03 0.8 62244 12.825 12.825 12.825 12.825

The crack growth diagrams given in the Figure 3.1.4 show that the first crack “1” was dominant and
«3» was a secondary one, in spite of the fact that it initiated earlier. The visualisation of the crack
front in Figure 3.1.3 allows us to state that the dominant crack propagated as a through crack for
most of the life of the specimen while the secondary crack propagated as a quarter-circular corner

crack at the same time.

An example of the crack front advancing in a CX specimen is shown below in Figure 3.1.5, Figure

3.1.6 and
Here, it was observed that the first crack

6‘1”

grew as a corner quarter-elliptical crack for most of its
life while the second crack was growing as a through crack. It should be noted that in this case it is
rather difficult to determine the dominant crack. Crack 1 started much earlier than the second but

just before the final fracture the size of the second crack had grown to 3 times more than the first

one.

158



HOLE

14 —

12 1

10

Specimen 25

0 100000 200000 300000
N, cycles

400000

£

e | ﬂ =
0 -+ —.IIM —_— —

500000

600000

Figure 3.1.6 Crack growth diagrams. Specimen Ne25
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Table 9 Crack Growth Data. Specimen Ne25

Inlet outlet

N Left 2 Right 1 Left 1 Right 2
105000 0 0.05 0 0
115000 0 0.07 0 0
125000 0 0.01 0 0
135000 0 0.1 0 0
145000 0 0.3 0 0
150000 0 04 0 0
755000 0 0.42 0 0
160000 0 0.44 0 0
165000 0 0.46 0 0
170000 0 0.48 0 0
175000 0 0.5 0 0
180000 0 052 0 0
185000 0 0.54 0 0
790000 0 0.56 0 0
195000 0 0.58 0 0
200000 0 06 0 0
205000 0 065 0 0
210000 0 0.7 0 0
215000 0 0.75 0 0
220000 0 0.8 0 0
225000 0 0.62 0 0
530000 0 0.84 0 0
35000 0 0.86 0 0
240000 0 0.9 0 0
245000 0 092 0 0
250000 0 0.95 0 0
255000 0 098 0 0
260000 0 1.007! 0 0
65000 0 1.015 0 0
270000 0 1.023 0 0
275000 0 7031 | O 0
280000 0 1.038 0 0
50 0 1.046 0 0
0 1.054 0 0
295000 0 1.062 0 0
0000 |0 1,069 0 0
305000 0 1.076 0 0

ymmetry Through Crac
Symmetry Corner CracH
Single Corner Crack

Inlet outlet
N Left2 | Right1 | Left1 | Right2
310000 | 0.05 1.085 0 0
315000 | 0.07 1.092 0 0
320000 0.1 11 0 0
325000 | 0.156 | 1.1125 0 0
330000 | 0212 1.125 0 0
335000 0.27 1.1375 0 0
340000 | 0.325 115 0 0.05
345000 | 0.38 1.1625 0 0.1
350000 | 044 1.175 0 0.15
355000 | 0.49 11875 0 0.2
360000 | 0.55 o 0 0.3
365000 | 0576 1.23 0 0.4
370000 0.6 1.25 0 05
375000 | 0.605 1% 0 06
[ 380000 | 0.6 13 0 0.7
| 385000 | 0.65 1325 0 0.83
390000 | 067 1.35 0 09
395000 | 0.68 1.36 0.1 1
400000 0.69 1.37 0.3 1.1
405000 0.7 1.38 0.48 118
410000 | 0.71 1.39 0.55 1.25
415000 | 0.72 14 0.8 138
420000 | 0.73 1.42 1 15
425000 | 0.75 1.43 11 1.63
430000 | 0.76 1.44 12 18
435000 | 0.78 1.445 1.35 1.81
440000 08 1.45 141 182
445000 | 0.85 1.48 1.46 19
450000 09 15 15 2
455000 | 0.91 1.62 151 2.15
460000 0.92 1.54 1.62 2.3
465000 | 0.93 1.56 1.68 25
~470000 | 0.95 158 18 2.65
475000 | 0.96 16 1.85 2.78
480000 | 097 | 162 19 29
485000 | 0.99 1.67 1.95 35
490000 1 1.7 2 4
493000 T.01 19 2.05 5.8
495000 15 2 21 6.2
497000 4.7 2.1 23 6.4
499000 7 25 2.5 72
499438 | 12.825 | 12.825 | 12.825 | 12.825 |

Considering these examples and analysing the fracture surfaces of other specimens we

can conclude that simplified crack types suggested above are the exception rather than the

rule. On the other hand however, working out the precise solution for SIF in these cases

will lead to excessive complication. It is therefore proposed to use the available SIF

solutions for the further data processing and carry out comparative investigations into

different SIF solutions to avoid possible underestimation of crack growth rate prediction.
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3.2 COMPARISON OF THE DIFFERENT SIF SOLUTIONS
APPLIED FOR THE SIMPLIFIED CRACK GROWTH DATA OF
ONE SPECIMEN.

We'll consider three approaches with approximation.

T

1. The most rough estimation is when we assume that the crack is a
symmetrical, and growing as only a quarter-circular, or only a semi-  *—
circular crack from initiation until it reaches the plate thickness. a

Afterwards it continues to grow as a through crack to final fracture.

In the case of the formation of a through crack from the initiation, the crack is

assumed as a symmetrical through crack until final fracture. This case can be

considered to be a “Rough Estimation™.

It is assumed that the crack was symmetrical and simplified crack size determined as:

a f5 + Ell_r.\'

)

i

@, f T ay,

2

here a, - crack length for front surface; a, - crack length for rear surface.

Ay,

- -

Y

(3.2.1)
front surface S
/(virtual crack fronts}— £ >
hOle . | h"'\\ ‘e
{assM__ﬂwmugh = Sy
_ iz A Xl
assumed ; i O
ner quartercirqular \\ Ly
orsemnc_i_rmlar T | SR
front lines \ \ ‘I:

rear surface

Figure 3.2.1 Schematic visualization of crack front assumption for “Rough

Estimation”

The SIF solutions for quarter-circular corner or semicircular cracks are used until the

crack reaches a depth equal to the thickness of the specimen and becames a through

crack. From that point the corresponding through crack solution was used (see Figure

3.2.1).

combined with through crack solutions.

Therefore, diagrams for quarter-circular corner and semicircular cracks are
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In this case, crack growth features are virtually ignored. If the crack is symmetrical and
quarter-circular for instance, it will be estimated virtually by one SIF solution for quarter-
circular cracks! The thickness of the plate used is 5 mm and the critical crack size in these
tests is about the same, therefore the probability of a through crack appearing is small,
perhaps just one or two measurement points before final fracture.

A decision about the type of crack is made clear by observation of the fracture surface
and the Crack Growth Diagram.

2. A more exact approach is to assume the crack is symmetrical and b

-

quarter-elliptical(circular) or of semi-elliptical(circular) form from
initiation until cracks appear on the opposite sides of the plate,
Following this (assuming 4 cracks appear) they grow as a through
crack to final fracture.
In the case of a through crack forming at initiation, the crack is assumed to be a
through crack until final fracture.
This may be referred to as a “Recommended Estimation”, i.e. a mean between “Rough”
and “Precise” estimations.
front surface
s 3 > _Avirtual crack fronts) i«

e

hole I ¥
assumed fhrough]__‘ ' o\

a,

crack front lines

a,,, rear surface )y

Figure 3.2.2 Schematic visualization of crack front assumption for “Recommended

Estimation”

The Crack Growth Rate Diagrams for quarter-circular corner and semi-circular cracks
are combined with a through crack solution. In this case, all crack measurements are
taken into account and the crack is assumed to be symmetrical and quartercircular, and
will be estimated by a suitable SIF solution for quarter-circular cracks until the moment
when two through cracks are seen to be propagating from both sides of the hole! The role

of the through crack in this case increases in significance. In this case a decision about
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the type of crack to be considered is made by observation of the fracture surface and

Crack Growth Diagram.

3. The third type of estimation is referred to as “Precise Estimation”
The difference from the previous variant is that only the initial growth of a single
crack is taken into account. After a crack appears on the opposite side of the hole the
solutions for symmetrical cracks were used.

There are advantages and disadvantages for each of the suggested estimation methods.

Their applicability may be evaluated by an example of one typical specimen No25 which

has been examined previously.

“Rough estimation™

The experimental crack growth curves for each of the cracks and the averaged. “rough

estimation”, curve are shown in Figure 3.2.3.

Crack growih cureEpecrman 25

Figure 3.2.3 Crack Growth Diagram and Crack Growth Rate versus Crack Length

Diagram for Specimen 25

Using the SIF solutions and crack growth rate data computed for the three assumed crack

growth models, the Crack Growth Rate Diagrams given in Figure 3.2.4 were determined
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Figure 3.2.4 Comparison of Crack Growth Rate Diagrams for different SIF solutions

The diagram shows that the most dangerous case - the largest magnitude of SIF,
corresponds to the through crack solution. The lowest magnitude of SIF is for a quarter-
circular corner crack. Therefore, if we use the through crack solution in our calculations it
would result in a conservative estimate. It can also be inferred from the diagram that the
use of a non-simplified approach applying solutions for all the different types of cracks in
one specimen, would produce CGR curves located between the through crack and
quarter-circular solutions.

“Recommended estimation”

For the “recommended estimation”, crack growth data were divided into two types of
crack: Symmetrical Quarter-circular Corner Cracks and Symmetrical Through Cracks.

The crack growth curves obtained after averaging are shown in Figure 3.2.5
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It is to be noted that crack growth rate data from the “recommended estimation ™ method
corresponds closely to crack growth rate data from the “rough estimation™ method.

“Precise Estimation™

For this we consider the crack growth data for four measured cracks more precisely. By
dividing them into three groups, processing them separately and applying the appropriate
SIF solutions the categories of cracks considered are as follows:

Data corresponding to a single corner crack

Data corresponding to a symmetrical corner crack

Data corresponding to a symmetrical through crack

The Figure 3.2.7 illustrates these three groups. A step occurs at a point where a “Single
Corner Crack™ changes into a “Symmetrical Corner Crack”, caused by unequal growth of
the branches of the crack. The “Symmetrical Corner Crack™ solution averages the crack
sizes of both branches. On changing to the “Symmetrical Corner Crack™ solution. the
length of the secondary crack branch is not as large as the initial one and the average of
the two branches is taken. Hence at this point the crack size falls.

Crack Growth. Specimen 25. (Precise Estmation)

iy — Tl e T T T = T —
| ] ! ! ! 1 ' ' 1
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| +— Symmetric Camer b Grm:ll ........... e
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T ; ! i
' E ‘
10[ : » - : s e E—
: ; i
| ! | 1
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. | L : H
¥ - ? i
s:> oo e |
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Figure 3.2.7 Division of the crack growth into corresponding to applicable solutions

intervals

Using the applicable SIF solutions and crack growth rate data computed from assumed
crack growth data, the Crack Growth Rate Diagrams are presented in Figure 3.2.8. This
crack growth rate data was compared with the same data obtained for “rough estimation™

of corner and through cracks, as given previously (see Figure 3.2.8).
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Figure 3.2.8 Comparison of the “Precise ” and “Rough Estimation ” in CGR

diagrams. Specimen 25

It is apparent that the “precise estimation™ data points have a similar distribution to the
“rough estimation™ data points, particularly in the through crack region. This fact
confirms the correctness of the use of the “rough estimation™ approach for the larger

crack region.

The same analysis was carried out for the plain specimen Nel4 discussed previously. The

results are shown below.
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3.2.1 SUMMARY

e “Rough Estimation”

Rough estimation only determines the general tendency of crack growth rate.

The dominant crack in each specimen is assumed to be a symmetrical through crack
which does produce errors, but these errors underestimate growth rate which favours
safety.

e “Precise Estimation”

The application of precise crack growth rate data for every type of propagating crack.
This requires a rather complex and unclear procedure of selecting available SIF solutions
for each crack type to obtain the applicable crack growth data. This tends to increase the
scatter of the crack growth rate data.

¢ “Recommended Estimation”

The “Recommended Estimation” is a method producing results between the two previous
ones

The procedure of creating crack growth data suitable for crack growth rate analysis is
often rather problematic due to the unequal growth of two opposite branches of the crack
and the variety of different crack types which may be present in one specimen during its
life.

All subsequent average crack growth curves and crack growth rate diagrams were made

using the recommendations given above.

3.3 CRACK GROWTH RATE ANALYSIS OF REAL SURFACE
CRACKS

To estimate the errors caused by the use of a simplified equivalent crack for crack growth
rate calculations an analysis of the real crack measurements was carried out. These were
based on the cracks which were actually measured on the specimen surfaces during
testing i.e. left and right branches on face and rear sides giving 4 cracks in total for every
specimen. Just two assumptions were made as follows:

When a crack grew through the specimen it was automatically assumed to become a

through-thickness crack with a straight crack front irrespective of its real crack front

configuration.
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All cracks were considered to be symmetrical cracks, excluding cases where cracks were
completely asymmetric for the total life of the specimen. This assumption makes the
analysis conservative as this is effectively the worst case scenario.
In the overwhelming majority of cases, crack propagation was symmetrical with the
following observations:

e [Initiation of corner cracks on the opposite hole edges occurred after a rather long

time interval.
e Their growth through the thickness as corner cracks and the formation of through-
thickness cracks also occurred after a rather long time interval.

It was noted that in case of the plain specimens (non cold expanded) an initial corner
crack grew through the thickness faster than in the CX specimens. In the CX specimens,
the through cracks were quite often formed just before the final fracture or did not appear
at all. This situation caused big differences in the quantity of crack measurements which
contained samples of different crack branches. Some of them contained 60 points but
others only 2-3 points.
Different methods of crack growth rate determination were used for the processing of
crack length data as follows:
Crack measurement data containing:
less than 5 points was processed by intersection method (2 points method),
less than 6 points - by 3 points polynomial method
and more than 7 points — by 5 points polynomial method

When the SIF for corner crack was computed, parametrical angle ¢ was

accepted 0° corresponding to face surface.

Comparisons between the crack growth rate diagrams constructed for real S

and simplified cracks are shown in Figure 3.3.1 - Figure 3.3.3. These figures ¢

show the differences in behaviour between examples of plain specimens, pure CX
specimens and CX specimens with interference fit. Looking at the approach using the
simplified equivalent crack formation, it is apparent why the equivalent crack seems to be
underestimated compared to a real one. The equivalent crack is an averaged value of two
uncqual branches of the crack. Therefore, simplified calculations of crack growth rate are

displaced towards smaller crack lengths relative to real cracks.

172



Specimen #12 Crack Growth Rates

Crack Length, mm

apko/u ‘Npep

Specimen #10 Crack Growth Rates

—e— simplifica

1

0.5

apfojw ‘Npep

Crack Length, mm

Figure 3.3.1 Comparison between crack growth rate diagrams built by real and

in specimens

lified cracks by an example of plai

simp

173



W o

8

& U s et OO SO x LAY © o <100 OO 10 . B 1 WO

G L LG L L L e . s

[6]

ﬂ 1]

b= !

Eiitiiid

8 b

@ o

e |
(S RS - N L IERRC 1 101 S DO TN JSRONIN. & 15 i S T Sre—
Mmmu ...... 1
15311 I ]
e-WI-I-..rb:. - - - |9..-w Iuw ta} Qw

apko/w ‘Npep

mm

Crack Length

Specimen #24 Crack Growth Rates

ety S E O

Crack Leng;m. mm

iy
(=]

apfo/w 'Npep

diagrams constructed from

lified crack forms for the CX spe,

3.2 Comparison between crack growth rate

Figure 3.

imens

Cl

simp

174



o

P e e

..:._....u._.....: e o B COTE et & 2

ift B o e e N ST SRS B

L5

right outiet
—a— simplification

Specimen #38 Crack Growth Rates

8
g
E
= 3
5 5
§ 3
: 5
s %
c
£
2
s.
ual
e -
R Bt
mm@w
HiAL
L T T 1
L] »
m o

apfhojw ‘Np/ep

appfo/w ‘Npep

175

Jor real and simplified

diagrams

, mm

1

Crack Length

0.5

cracks in an example of a CX specimen with interference fit

1

3.3 Comparison between crack growth rate

Figure 3.



It will be noted that according to this data, crack growth rate retardation caused by cold
expansion occurs within an interval of 1-2.5 mm while the method using equivalent crack
values indicated the retardation occurs between 0.5-1 mm.

For these reasons all subsequent calculations were produced by using one dominant

surface crack to characterise each specimen.

3.4 CRACK GROWTH & FATIGUE LIFE ANALYSIS

The fatigue tests were carried out at two net stress levels 200 and 210 MPa. Most of the
specimens were tested at a stress level of 210MPa. In order not to lose experimental data

obtained at 200 MPa, the analysis of results for these specimens will be presented

separately.

A composite diagram of crack growth curves for all the specimens tested at 210MPa are
given in the Figure 3.4.1. The final crack length was within a range of 6-8 mm before the
failure for all the specimens.

Assemble of crack growth curves. 210 MPa
o i s s RN e et mmen s S et o e s :

Plain&IntFit
CWa&IntFit&Cor
" PreCor&CW
Plain&Cor
CW&Cor

. CW&SpecCor
Plain

Ccw

CWa&IntFit

Assumed crack length a, mm

Figure 3.4.1 Assembly of crack growth curves for specimens tested on 210MPa
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Individual quantitative data on crack initiation and propagation life produced in the

comparative diagram Figure 3.4.2. Based on the fact mentioned above that CW

specimens with post corrosion had similar behaviour to CW specimens with specific

corrosion they were combined as one sample in the chart.

Qualitative analysis of the chart gives the following results

the minimum total fatigue life was shown in corroded plain specimens and the
maximum by CW specimens with interference fit. The results for the CW IF
specimens show a massive improvement compared to all other specimen
conditions.

Interference fit in plain specimens extends total fatigue life by approximately the
same amount as hole cold working. Crack initiation in the specimens with
interference fit is delayed in comparison with CW specimens. Crack propagation
in CW specimens is extended more than propagation in specimens with
interference fit

Specimens corroded after cold expansion revealed a reduction in life compared to
non corroded specimens due to a reduction in the crack initiation period.

Pre corroded and then cold expanded specimens showed approximately the same
total life although the crack initiation stage was reduced as well.

The combined effect of cold working and interference fit produced a considerable
improvement in fatigue performance. Even the worst test result revealed that the
crack initiation stage was delayed and the crack propagation time was extended
sufficiently compared with plain with interference fit or purely CW specimens.
However, test results showed a large degree of scatter for both stages.

Corroded specimens with interference fit showed the same tendency in fatigue life

improvement, but the crack initiation time was shorter.
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Figure 3.4.2 Quantitative comparison of crack initiation and propagation periods for

individual specimens at o,, =210MPa

Figure 3.4.3 shows averaged quantitative data for crack initiation and propagation life

and visually demonstrates the results of the qualitative analysis given above.
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To make a quantitative analysis of the fatigue performance due to different methods of
treatment a chart was constructed to show the Percentages of Improvement in Crack
[nitiation, Propagation and Total Life compared with the results for Plain Specimens (sce
Figure 3.4.4). Averaged Crack Initiation, Propagation and Total Life values in cycles for
simple plain specimens were assigned a value of 100% in each case and the values for the

same three categories for the other samples were scaled to them.

Percentage of Improvement in Crack Initiation, Propagation and
Total Life in comparison with Plain Specimens

2000 = = — 2 ==
il Initiation | o
W Propagation
M Total life J

1600 ———

#1000

-500

Figure 3.4.4 Average quantitative data on crack initiation and propagation life for

specimens tested at ,, =210MPa

Total life analysis

e Corroded plain specimens as expected exhibited a reduction in total life compared
with non corroded. The average reduction was 54%

e Interference fit extended total life by 181% which is almost the same value that
cold expansion gave (182%). Thus, it is possible to assert that both technologies
are approximately equal in terms of their effect on total life

e (Cold expansion of pre-corroded specimens gave nearly the same total life
improvement as for cold worked uncorroded specimens (+16%). while specimens
corroded after cold expansion showed a reduction in total life (-81%). This

confirms the detrimental effect of corrosion in the bore of the hole. It should be
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noted that cold working of the hole after corrosion will remove all corrosion
damage in the hole.

The combined effects of cold working of a fastener hole together with the
insertion of an interference fit fastener gives a considerable improvement in total

life (766% for non corroded and 629% for the corroded condition).

Crack initiation stage

Corroded plain specimens had a 54% shorter crack initiation stage in comparison
with non corroded specimens

The use of interference fit fastener gave 107% improvement while cold working
gave only 54%. Hence, interference fit creates more difficult conditions for crack
initiation due to reduction of effective stress range within area around the bore of
the hole and additional compressive stresses in the weakest central line (the
potential crack line) by resisting the hole contraction when the specimens are
subjected to.a tensile load.

Pre corroded CW specimens revealed a slight improvement of + 19% only
compared with plain specimens, while post corroded CW specimens showed a
reduction of 12% in comparison with plain specimens. This clearly indicated the
detrimental effect of corrosion particularly in the initiation stage when corrosion
pits at the edge of the hole act as stress concentrators and hence potential sites for
crack initiation.

The combined effects of cold working and interference fit increases the number of
cycles until crack initiation (by 366% for non corroded and by 180% for corroded
specimens). These results confirm the conclusion made previously of the serious
influence of corrosion on the crack initiation process. It should be noted that there
is a significant improvement in crack initiation life from the use of the combined
technology in comparison with using pure interference fit or pure cold working

alone.

Crack Propagation

Corroded plain specimens had 44% reduction in the crack propagation stage
compared with non corroded specimens.
The crack propagation stage was extended by 358% by the use of an interference

fit fastener
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e (Cold expansion extended the crack growth stage by 488% in pure CW specimens
and by 733% in pre corroded CW specimens. This unexpected difference is
attributed to scatter.

e Post corroded CW specimens gave a smaller improvement as expected, but this
was still at the same level as plain specimens with an interference fit fastener.

e The most dramatic effect in extending the crack propagation stage was achieved
with a combination of cold work and interference fit technology which increased
it by more than 1700% for both non corroded and corroded specimens.

Similar conclusions can be made for specimens tested at 200 MPa. Figure 3.4.5 shows a
considerable increase in crack growth time due to cold expansion (17 times for pure CX
and 4.7 times for CX & COR specimens) for CX specimens and an increase in the

initiation period (2.5 times) for pure CX specimens.

Crack Initiation and Growth under o=200MPa

CX Cor 72hr

n

c

£

'O CcX

[}

Q.

(7] |

‘6 Plain Cor72hr .

g B /nitiation a— 0.1mm | |

- |

IZ. Plain | (:mwrhl |
+ + Z T I/ 1‘7'
0 200000 400000 600000 800000

Endurance (cycles)

Figure 3.4.5 Average quantitative data on crack initiation and propagation life of

specimens tested at o,, =200 MPa

et
The foregoing experiments included tests of plain specimens subjected to corrosion
exposure for times of- 24, 72, 96, or 168 hours followed by testing at 200 MPa. It is of
interest to show their gradual reduction in fatigue performance with increasing time of
exposure to corrosion. Figure 3.4.6 illustrates this process. Obviously, total life must be
reduced when corrosion time increases. This is depicted in the diagram. It should be
noted there is a large scatter in fatigue life for corroded specimens as noted previously.

From the diagram it can be seen that the average lives for specimens subjected to 24hr
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corrosion exposure almost equal those for 96hr corrosion exposure and the results for
72hr exposure even exceed those for 24h exposure. It can be seen that the reduction in the
total fatigue life can be attributed mainly to the reduced number of cycles for the crack
initiation phase whereas the period of crack propagation is reduced by a much smaller
amount. More precisely, the relationship between crack initiation time and crack
propagation time for 72, 96, and 168 hr corrosion exposure is 2.2, 1.0, and 0.7

respectively

Crack Initiation and Growth in the Corroded
Specimens under c=200MPa

60000
.‘ B Growth

50000 & Initiation a= 0.05mm

w =

o o
(=] o

o o

o [ ]
1 i

20000

Endurance (cycles)

10000

24 hr 72 hr 96 hr 168 hr
Corrosion Time

Figure 3.4.6 Quantitative comparison of crack initiation and propagation periods of

lives in the corroded specimens at o,,=200 MPa

3.5 CRACK GROWTH RATE ANALYSIS.

To define the effect of a material treatment on fatigue crack growth we should compare
the relationship between crack growth rate and applied SIF for specimens with and
without the treatment. Although this approach may be overly simplistic, it does allow us
to identify changes in crack growth rates for similar external loading conditions and
similar crack geometries.

First of all, plain specimens were chosen as standard of comparison. The crack growth

rates obtained were was compared with ESDU data and showed good agreement (see

Figure 3.5.1):
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The following features were noted from this diagram.

Fatigue crack growth rates in cold-expanded and specimens with interference fit
were substantially lower than for plain holes. Even at longer surface crack lengths
cold-expanded specimens exhibited much lower crack propagation rates
compared with plain specimens. The observed reduction in fatigue crack growth

rate was the result of an increased o,, compared with plain hole specimens, as

Lacarac et. al *° showed.

Crack growth rates in corroded plain specimens were higher than in non corroded
specimens, especially in short cracks range

All cold expanded specimens showed a tendency to a reduction in crack growth
rate at a distance of 1-2 mm from the hole, while plain specimens with
interference fit demonstrated almost a constant crack growth rate up to this point.
Crack growth rates for all CW specimens with and without interference fit
together with crack growth rates for plain specimens with interference fit revealed
similar behaviour in the larger crack range (above 1mm). These diagrams have
approximately the same gradient.

Crack growth rates in the short crack range (below 1mm) for the CW specimens
with interference fit was lower than in pure CW specimens.

It should be noted that that the degree of corrosion (72 hr exposure) did not
significantly affect the crack growth rate. Rather it increased scatter of the data

than reduced the average value.

3.6 STRESS INTENSITY FACTOR FOR COLD WORKED HOLES

3.6.1

LINEAR SUPERPOSITION

In order to describe the nature of the crack face pressure stress intensity factors, and

demonstrate their generality, the well known linear superposition procedure shown

schematically in Figure 3.6.1 and Figure 3.6.2 will be briefly reviewed.
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Figure 3.6.1 Schematic of linear superposition showing equivalence between remote

load and crack face pressure stress intensity factor.

As indicated in Figure 3.6.1, a cracked body subjected to arbitrary elastic loading
(member A) can be resolved into two components (B and C). Member B consists of the

uncracked geometry loaded as in case A. A stress free line is introduced along the desired

crack plane by cancelling the resulting hoop stress through application of —p (x/ R),

Here x is the distance measured from the edge of the hole (its radius is , ) and p(x/R)
is the hoop stress distribution along the crack plane caused by loading the unflawed
member. Since the crack plane is now stress free, a crack can be introduced. Member C
consists of the cracked body loaded along the crack faces with the pressure +p(x/R). By
superposition, the stress intensity factor for member A is the linear sum of the stress

intensity factors for members B and C

K=Ky + K (3.6.1)

Now, since the crack plane in member B is stress free, K;=0, and K, = K,.. Thus, the
stress intensity factor for the original problem is identical to that for a crack loaded with
the unflawed hoop stress distribution.

If the crack face pressure is defined in terms of a polynomial expansion, it is possible to
obtain a "general" solution in terms of the polynomial coefficients. This latter point is

demonstrated by the superposition described in Figure 3.6.2, where
p(x/R)= 4+ 4 (x/R)+ 4 (x/R)’ +--- (3.6.2)
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Figure 3.6.2 Schematic of crack face pressure problem resolved into components

represented by a polynomial expansion for p (x/ R)
K, =K, +K +K2+...=ZK,, (3.6.3)

Here K, is the mode-one stress intensity factor for the complete crack face loading

(equivalent to the original stress intensity factor for member A in Figure 3.6.1), and the

K, are the stress intensity factors due to the individual pressure terms A4, (x/ R)" in the

expansion for p(x/R).
Assuming the principle of superposition:

Ke_ﬂ' = Kapplied + Kresidual ( 3.6.4)

for any given crack length and geometry. K, is the effective net stress intensity factor,

K pica is the stress intensity factor for the same crack with the remote, applied stress

only and K, is the change in stress intensity due to the presence of the residual

stresses.
For a crack growing either completely or partially within a residual stress field the SIF is

generally calculated using either the weight function @129 or Green's function @®
technique (both of which rely on the principle of superposition). While the two methods
are closely related, from an application point of view, they are distinctly different. The
weight function method, as defined by Bueckner and Rice, requires knowledge of the
crack opening displacement profile for some reference loading condition. The Green's
function method, on the other hand, is based on the body's response to a unit point load
(hence the term Green's function). In general, given an arbitrary stress distribution and
the Green's function for the crack / geometry being analyzed, the corresponding SIF is
found by integrating the product of the normalized stress distribution and the Green's

function over the crack area.
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The two crack configurations considered in this study were a through thickness crack and
a quarter-elliptical corner crack at a hole in a plate of finite width and thickness.

Calculation of the SIF was based on the weight function methods presented below.

3.6.2 EFFECTIVE SIF FOR THROUGH CRACKED FASTENER HOLES
STRENGTHENED BY COLD EXPANSION.

According to Rice®", knowing the SIF K, and the displacement field v, (x,a) fora

cracked body under a symmetrical loading (reference case), we may obtain the Mode I

weight function in the co-ordinate system given in Figure 3.6.3 from :

E' 0u,(x,a (3.6.5)
ha) =g )
1

where E'= E (Young modulus, 71.4GPa) for the case of plane stress and E' = E(l . V;)

for the plain strain.

Figure 3.6.3 Co-ordinate system for weight function equations

Once the weight functiona are determined for a given geometry, then the SIF for any

other loading system applied to the same cracked body can be calculated by

K= fa(x).h(x,a)dr.:%[a(x).wdx (3.6.6)

In (3.6.6) o(x) are the stress values on the crack line that appear in the uncracked body

due to the loading for which the SIF is calculated.
The equations for the stress intensity factor for plate containing central hole and
asymmetrical or symmetrical through thickness cracks under tension, eq. (3.6.7), were

taken from ***
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K, =oJmF(4) (3.6.7)
Newman's calibration factors (approximation of Bowie solution) :

for an asymmetric crack

F_(1)=0.707-0.184 +6.554* —10.542* + 6.854'

for a symmetric crack
F,(1)=1-0.154+3.464 —4.17%° +3.581"

r
where A = ;
r+a

The solution was not accompanied by expressions of the crack face displacements. In
order to be able to apply the weight function technique in this case, the approach of
Petroski and Achenbach ®* was used. These authors used the well-known expression for

the displacement around the crack tip in an infinite cracked plate

u,(a.x)= (h

where K, = oJma . Starting from this expression, they propose for the crack face

)% (3.6.8)

displacements a series expansion having the first term in the form given by (3.6.8),and

the other terms tend to be zero while approaching the crack tip

(3.6.9)

u@@=;q@ﬁwhg*

(225)

From this series expansion, the authors used only the first two terms, written in the

form
uy (a,) = E—T[4F( )az(a x)2+G( ) 2 (a- x)] (3.6.10)

where F(g) and G(g) are functions of the crack length and characteristic dimension.
The function F( ) % can be calculated from the solutions for the stress

intensity factor taken from eq. (3.6.7) and G(%) is obtained from eq.( 3.6.6) written for

the reference case K = K, (self-consistency). In this case, the following expression is

obtained
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_ g f a,(x).@%:’_“)dx, (3.6.11)

o,(x) being the crack line stress in the reference case. Integrating this equation with
respect to a yields:
K= I[K, (a+r)]2d(a+r) =E' fa,(x)-au, (x,a)dx

Introducing ( 3.6.10) in ( 3.6.12), and using the known values of the reference stress

(3.6.12)

r

intensity factor it is possible to obtain an equation in which G(gj is the only unknown.

Solving this equation @29).

(3.6.13)
G(g) [(a)-4F (‘;/(l)f L(a)|Va,
with
I,(a)=ﬂﬁa:IF2(a:r).(a+r)d(a+r), (3.6.19)
12(a)=:ja,(x).(a_x)'/2dx (3.6.15
(3.6.16)

I,(a)= ]a, (x)-(a- x)3/2 dx

Once the weight function is known, then the stress intensity factor can be determined

from eq. ( 3.6.6) for any other loading case o,(x), as
SB[ () 25 - (3.6.17)

=7(,:L«/§ fa (x).ézx[4F(%)a% (a—x)% +G(g)a_% (a—x)%]dx

For applying eq. (3.6.5) to determine the weight function, the expression for the crack
face displacements should be derived in the form given by relation ( 3.6.10). The

. a .
coefficient G(:) was calculated according to eqs ( 3.6.13)- ( 3.6.16) where the

expression o, (x) of the stress distribution on the crack line was determined as for
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unflawed hole loaded with remote tension o (accepted for example 200MPa ). The radial

stress o, along a radial line located at an angle 6 = % to the loading axis (the crack

line) is given by (26) and written in the co-ordinate system from Figure 3.6.3 as

Ly N (3.6.18)
O',(x)=0'(x),4pmad=% 2+(z+r) +3(x+")

In addition to the radial stress, the residual stresses caused by cold expansion are present
in the narrow area around the hole.

Experimental Residual Stress values for the outlet side after cold expansion were taken
from different sources. Some experimental results for residual stress distributions due to

cold expansion are presented below in the table and its graphical representation in

Figurel.11.4.

D. Stefanescu and all “The effect of high AL 7050 T76, t=5Smm, d=9.52mm, Cold Expansion 4%
compressive loading on residual stresses and

fatigue crack growth at cold expanded holes L

V.D.Lacarac, A.A.Garcia-Granada, D.J.Smith, Al 2650, t=6mm, d=6.31, Cold Expansion 4%
M.].Pavier “Prediction of the growth rate for

fatigue cracks emanating from cold expanded

228
holes 3

M. Priest PhD thesis, M. Priest and all ™ 2024 t=8mm,d=6.35mm (DRA, X-ray)

2024 t=8mm,d=6.35mm,exit (X-ray,Priest)
2024 t=8mm,d=6.35mm,entrance (X-ray, Priest)
2024 t=6mm,d=6.35mm,entrance (X-ray, Priest)
2024 t=6mm,d=6.35mm,exit (X-ray,Priest)
2024 d=30 mm (Sach method)
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= 7050 T76, t=5mm, d=9.52mm, CX-4% (Stefanescu, X-ray)
—u— 2650 , t=6mm, d=6.31mm,CX-4% (BristolUniData,Garsia-Sach method)
—x— 2024 t=8mm,d=6.35mm (DRA, X-ray)
2024 t=8mm,d=6.35mm exit (X-ray,Priest)
2024 t=8mm,d=6.35mm entrance (X-ray,Priest)
—v— 2024 t=6mm,d=6.35mm,entrance (X-ray,Priest)
—a— 2024 t=6mm,d=6.35mm,exit (X-ray,Priest)
= 2024 d=30 mm (Sach method)

Figure 3.6.4 Experimental results of residual stresses due to cold expansion

As an example, experimental data on Al 2650 were taken for assessment of their

influence on effective SIF. The data were approximated by the function shown below:

o(x), ., =4+4 cxp£_(x'lA3)]sin(A4x+ A), (3.6.19)
R { q

3

where x — distance form the hole edge

The Figure 3.6.5 shows the distribution of radial and residual stresses and their resultant.
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Figure 3.6.5 Distribution of stresses acting on the crack line

The resultant crack face pressure distribution was considered as the algebraic sum of the

residual stress and the loading stress on the crack face:

O esatiant (¥) = (%) 1100t + (%) e

Two approaches were used in displacement function determination. The first one was
taken from % who in their turn reference to **>. These produce the equation ( 3.6.10)
given above.

(230)

The second approach was taken from who refer to @V, They give the following

equation:

K”("_xlu (3.6.20)

u, (a.x)=4 2

2n
where /1 = E for plane stress or /H = E/(l - 1-'2) for plane strain;

In our case. most of the fatigue crack propagation took place under plain strain conditions
characterised by flat fracture surface, while final fracture was under plain stress

conditions with slant fracture surfaces.

(a : : ; | :
K, =oNrak), (—] - Bowie solution for plate with a hole under tension.(reference case)
: r
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(2

It is said in " that for large values of (a—x)>a/10 eqn. ( 3.6.20) loses validity;

nothing was found concerning the applicability of eqn. ( 3.6.10). The solutions
considered are shown in Figure 3.6.6. These diagrams depict the shape of one of the

crack faces and displacement at the crack mouth ((a—x)=a).

according to Paris & Sih

according to Petrosk & Archenbach

validity limits for (15)
(a-x)>a/10

Crack surface displacemint u. nna

003
9829 Wh=2.5
001+
0 3 3 B 3 10

x
Distance x from edge of hole, mm

Figure 3.6.6 Crack surface profiles for symmetrical crack solution (Bowie solution,

reference case)

[t should be noted that the disagreement between the solutions is negligible and we can
use both of them in the further calculations.

After determining the displacement variation in the reference case, the stress intensity
factor can be calculated for the residual stress loading.

Analysis of the SIF

The following SIF solutions were considered:

: : : : (a
e SIF according to Bowie solution (reference case) K, = oNnakF, [—J
r

o Effective SIF without alllowing for cold work - ﬁ ‘ f a2 S"‘“) ”
B ca

: Y E' ou, (x,a
e Residual SIF ""“‘"“’:K_H[‘U”"“"“’(x)' If(ﬁa ) o

e Resultant SIF g =Kig + K s = E' f am..,,,n,,,(.r)-a"*(x‘”) .

sultant
K, ca
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The solutions are given in the Figure 3.6.7. Comparing the SIF solutions accounting
different approaches to displacement function, it is clear that the both approaches are very
similar and eligible for further use

— KH reference case Bowie solution(no cold work)

~ K (no cold work) according to Petroski & Archenbach

ky - = e
- K, (no cold work) according to Paris & Sih -
404 — I\'; .., dccording to Petroski & Archenbach e
- ""} s @ccording to Parns & Sth
— K,__,..., according to Petroski & Archenbach
iy @CCORding to Paris & Sih
301
-

E 201
2
S
-
=<

L 104
3
©

o
X
£
£
>

10 -

- o v T T T g T v \ v -+

Co-

Crack length a, mm

Figure 3.6.7 Stress Intensity Factors for a cold expanded hole

363 SIF FOR CORNER CRACK FASTENER HOLES STRENGTHENED B)
COLD EXPANSION,

P s (159
Mode I Stress Intensity Factors K, given in' )

Two-Symmetric Corner Cracks — The empirical stress intensity factor equation for a two-
symmetric Quarterelliptical Corner Crack at a hole in a finite plate) subjected to tension
is shown in Figure 1.7.7.

y ¥y : 2W

_Zr == 1

| C +
alc<=1

Figure 3.6.8 Corner Crack at a hole and coordinate system used to determine

parametric angle
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K 'I_'r u_!, ['a ar.r ¢ ¢} (3.6.21)
| :le’ Tl ToOTT s
Q “\c¢

The range of applicability for the SIF :

p=0:74 .9/ <1,9/ <0228/ <0521,

The solution is valid for crack length no more than the thickness i.e. up to @ =r!

A quartercircular solution has been chosen (a/¢ =1).

The SIF used to develop the equation was obtained from 3D finite element analysis for
the crack configuration.

The resultant SIF consists of two components: SIF due to applied stress and SIF due to

residual stresses after cold expansion. According to the linear superposition principle

K.’ﬁ-w.‘nm; =K AplLoad +K Restiual — (J;Ip.’.mn-" (x} + O Residual (x)) Kl

crack length = thickness (t=5mm)
50 - Applicability Limit a <1

corner crack through crack

40

304

L
L]
L

Strexy Imenwity Facior ¥, MPa m™”
=
o
A

L
o
L

0 2 4
Crack length a, mm

o
o

—— K reference case Newman solution comer crack (no cold work)

- K” reference case Bowie solution through crack (no cold work)
— KF' I feold work) corner crack
<ow K g (cold work) through thickness crack

remoseload  SOTME C rack

R 4 through thickness crack

_remoie load

carner l'l'd"k
_ Hrmwinans

ek through thickness erack

Figure 3.6.9 Combination of corner and through crack SIF acting during crack

growth
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Figure 1.11.9 shows combination of corner and through crack SIF acting during crack
growth. The gap between the SIF solutions for the corner and through crack can be

explained by the very rapid transformation of the corner crack into a through crack.

3.64 THE INFLUENCE OF DIFFERENT EXPERIMENTAL RESIDUAL
STRESS DISTRIBUTIONS ON THE SIF SOLUTION

Experimental Residual Stress distribution data on the outlet side after cold expansion

taken from different sources were given previously in the Figure 3.6.4.

As an example, experimental data on Al 2650 (BristolUniData, Garsia-Sach method), Al

2024 (DRA., X-ray), Al 2024 (Sach method) were taken for assessment of their influence

on effective SIF. The data were approximated by the function:

(x-A,)

oA, tAexp(- )sin(A x+A;).

resid
3

where x equal to distance from the hole edge
Figure 3.6.10 shows the approximation curves for these three chosen cases. It is clear that

the agreement of the curves and experimental data is good.

100

100

=200

Tangatial Stress, MPa

-300

— 1-2650, t=6mm, d=6.31mm,CX-4%
~100 (BristolUniData, Garsia-Sach method) =

—— 2-2024 d=30 mm (Sach method)
—— 3-2024 t=8mm,d=6.35mm (DRA, X-ray)

soof T o

1 1 I i 1 1 1 1 1 L 1
0 ] 2 3 4 5 6 T 8 9 10

Distance from edge of hole, mm

Figure 3.6.10 Approximation of different experimental data on residual stress

distribution with function

Figure 3.6.11 shows the distribution of local, residual stresses and resultant stresses

according to 3 different sets of experimental data
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Figure 3.6.12 shows the distribution of local, residual and resultant SIF according to the 3
considered cases.
According to the superposition principle given previously X =K +K

Resultant Apload Restelual

Newman's SIF solution for a corner crack was used for further calculations. Bowie’s
solution for a through crack is given as a reference case

The initial experimental data of residual stress distribution is seen to make a significant
contribution to SIF distribution.

That is why care must be taken in the determination of residual stress distribution.

400

200

Tangetial Stress, MPa

200

-400

——— Local Stress due to Applied Load (Newman'’s solution for Corner Crack)
Resultant Stress 1
-------- Residual Stress due to Cold Expansion 1
Resultant Stress 2
........ Residual Stress due to Cold Expansion 2
Resultant Stress 3
————— Residual Stress due to Cold Expansion 3

1 - 2650, t=6mm, d=6.31mm,CX-4%
(BristolUniData,Garsia-Sach method)

2 -2024 d=30 mm (Sach method)
3 -2024 t=8mm,d=6.35mm (DRA, X-ray)

Figure 3.6.11 Distribution of local, residual stresses and resultant stresses according to

3 different experimental data
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40

20

Effective Stress Intensity Factor , MPa

- Local Stress due to Applied Load (Bowie solution for Through Crack)
Local Stress due to Applied Load (Newman's solution for Corner Crack)
——— Resultant Stress 1
————— Residual Stress due to Cold Expansion 1
—— Resultant Stress 2
_____ Residual Stress due to Cold Expansion 2
—— Resultant Stress 3
————— Residual Stress due to Cold Expansion 3

1-2650, t=6mm, d=6.31mm,CX-4%
(BristolUniData,Garsia-Sach method)
2 -2024 d=30 mm (Sach method)

3-2024 t=8mm,d=6.35mm (DRA, X-ray)

Figure 3.6.12 Distribution of local, residual and resultant SIF according to 3 different

experimental data

3.6.5 EFFECT OF DIFFERENT RESIDUAL STRESS DISTRIBUTIONS ON
LOCAL R RATIO

R - ratio is constant in terms of remote applied stress of SIF.

o (3.6.22)

R___ min K:-’mm — const

o-max ‘K I max

, where

a aarr c (3'6'23)
= _-]4. ‘_-‘_"'_.‘_"J_"
Ki=%um\"0 "'[c CTUWW ‘é}
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Considering effective stress and SIF, R, can take various values depending on the

[}

effective stress o0,, =|0, + 0, ) and SIF level.
eff pp local res

Terms: Newman’s SIF solution for Corner Crack at hole only will be considered further

3.6.24,
K o ,,3&(3,3,5;,1,0 (3.6.24)
[

wp ”wN Q tt WWw

a aar r ¢
K =o-res ”—F:; T s s s "
res Q h(c tUWW )

Net Stresso,,,=210MPa corresponds 168 MPa remote stress. Remote stress will be

applied in further calculations.

The total SIF K, for a cold worked hole loaded in remote tension is given by

superposition as

K Kop + Kooy i (Kopp + K, ) > 0 (3.6.25)
"lo if (Kopp + Kpes) <0

Keﬂmax = Kappmax + Kres (3.6.26)

Keﬂmin = Kappmin + Kres

AKeﬁ = Keﬂ'max - Keﬂ'min (3.6.27)

If Ke max O Keﬂmin appear to be less than zero they are assumed to be equal to zero.

K.
R, = F=n_ . Assume that R =0 if AK ; =0 (ie. the crack does not grow)

eff max

3 different residual stress distributions given in Figure 3.6.10 were considered.

The AK,; and R, relationships were from DRA.

K pppmax > Kappmia (Ot taking into account Residual Stresses due to CW) with constant

R=0.1 are marked as blue lines in the AK,; () diagram (these reference lines are a blue
solid line for K,,,.,, and a blue dashed line for X, ). The range of AK,,, taking into

account CW Residual Stresses, shown in the figure as the area between the upper red
dash dot line and the lower dotted red line. Since the portion of the stress range below

zero is ignored, the true values of AK ; are in reality the upper red dash dot line.
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Figure 3.6.13 Effective SIF according Residual Stress Distribution from DRA

Apparently AK , equals K, . within the whole range of the crack length where K

eff min

is below zero. Thus the coefficient R, =0 or <0 within the same range for the same

is above zero. The diagram shows that if K

app max

reason. It increases only when K

eff min
0 over the whole range of crack lengths the crack will grow continuously with the rate of

propagation only changing due to variations in the function of &Kl,ﬂ ;
. % : da m
Using the Paris Crack Growth Rate equation W = (AK&JI) , we can model the Crack

Growth Rate curves. ESDU gives the following values of the parameters C & m for 3

ranges of Crack Growth Rate range and three R values:

Table 10 C and m parameters from ESDU

R 0.005 05 0.65
2 Cs 7.30 10 5.00 10"
10° - 10°
my 4.7 6
A
3 1o G 1.90 10™ 170 10" 1.60 10"
=
% m; 37 4 5.2
o e C 520 10" L8010 | s4010™
m, 52 4 4.7

In the case of DRA data, R, <0 within the most important crack length range i.e. up to

6mm. From this dasta Crack Growth Rate diagrams for C & m values corresponding to
all the ranges of da/dN with an R value =0.005 (see Table 10)were used to assess their

influence on the curve.
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The diagram below gives the modelled curves obtained from AK, and K, . . They

coincide precisely as they actually equal, except at the end. From this view, it is possible

to conclude that variations in the parameters C & m do not significantly influence the

curves.
104 P T 5 T
— dadNAK ) Com, |
— WM ) G e e e e e e s s s
4] [=== da"dNL\K"} C)rn:
10 H oo daldNK, ) Com,
e dalaN, 2 ) Cym,
- daONK ) Oy
|05
da
—.,mm/cycle  *}.
dN

.......................

a, mm

Figure 3.6.14 Effective and nominal crack growth rate curves
To evaluate the behaviour of AK,, (a). R, (a) for other possible o, distributions,
similar diagrams were produced as given below. It is certain that the shape of R, (a) 1s
determined by the form of o, (@) . Modelling results of the various cases considered

showed that the R, variation was between 0 and 0.4.
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3.7 DETERMINATION OF RESIDUAL STRESS DISTRIBUTION AND
CRACK GROWTH RATE MODELLING.

The stress intensity factor solutions given in Figure 3.6.12 may be used with equation (
3.7.1)
d = " 3.7.1
9/ v =C (8K) (371

to determine the fatigue crack growth rate as a function of crack length.

Integration between the initial and final crack size then gives the total fatigue crack growth

life.

It would be of interest to compare the predicted stress intensity factors with values
determined from the experiments. Estimates of K are readily obtained from the measured

fatigue crack growth rates by using equation ( 3.7.1) to compute the cyclic range in stress

intensity factor corresponding to the observed da - This fatigue crack growth rate

technique has been employed by several investigators [15, 21-23] as an experimental stress
intensity factor calibration method.

Since it is necessary to differentiate the crack growth curves to obtain K, computation of

da (N from data a(N) requires special care to prevent magnification of experimental

error. All of the data used for analysis here were first smoothed by a simple averaging
technique. Next a least squares parabola was passed through a set of seven successive data
points and crack lengths calculated at four regular intervals over the range of the set. The
growth rate was then computed by a standard least squares formula which approximates
the derivative at the centre of seven evenly spaced points. The set was then advanced one

point and the process repeated until all of the data were used. Slightly different formulas

were used for 94 (N hear the ends of the range of data.

The experimental SIF AK_ range can be obtained from (3.7.1)
1
da m
exp C ’

where C, m are empirical constants obtained for specimens with a known K. They are

(3.7.2)

characteristics of material and are not functions of the geometry of the specimens. In this

work, values of C,m were used for Al 2024 from ESDU (see Table 10). Assuming the

coefficient R is close to 0 for the range of crack lengths measured, we may use ESDU data
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for this alloy at R=0.005 so the parameters over the Crack Growth Rate Ranges should be
similar to those measured experimentally.

Fatigue crack growth rates were computed as a function of crack length by this procedure
for the 3 plain and 3 cold worked specimens tested at 210 MPa. One dominant crack in

cach specimen was selected then their a(N) data were subjected to further analysis.

Cracks in the plain specimens were assumed to be through thickness cracks and those in
the cold worked specimens to be corner cracks. Corresponding SIF solutions were used for
were then made by eq. (3.7.2) and are

SIF prediction. Calculations of experimental AK,

summarized in Figure 3.7.1 as the collection of experimental data points.

40 — AK

Bme (Through crack Pbin)—l T T T

ex pCW
| — R&sultant A\ K rr(Klngsanm)

35| pu— \KNewman (Corner crack Plain) """""""" é,
(o] \KeIpPIa'n i ! 1

== Resultant A Keﬂ' (DRA ) ! . i

301 e+ Resultant A K_ (BristolUni) SR Mg e iy g
Resultant A K_; (Sach method) : = :

A K MPa
3]
o

.............................................................................................

Figure 3.7.1 Comparison of predicted and experimental SIF for plan and cold
worked specimens tested at 210 MPa

It was found that ESDU parameters C; & m; for the range da/dN=107 - 10 mm/cycle (see
Table 10) did not match the experimental crack growth data obtained in the specimens.

The figure above gives AK points obtained through ESDU parameters C & m where

exp Plain
C; and m; were replaced by the C; and m; values given in the table.
There is a distinct difference between the experimental points for plain and cold worked

specimens. The residual stresses reduced the level of the effective stress causing a
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reduction in the SIF. This is why experimental data for CW specimens with corner cracks

does not coincide with effective AK,, for corner cracks in non CW specimens. These

latter points are plotted on the diagram as a reference (blue line). The diagram gives

resultant AK, curves according to the various residual stress distributions obtained

experimentally. It is obvious that none of them satisfied the experimental data which
means that the residual stress distribution in our CW specimens is rather different from
those considered above.

Assuming the relevance of the following equation

AK . ermenit = (Cappiica + Tresi st )NEAF (a,1,W...), we can determine the resultant stress
distribution by using
(3.7.3)

AK,

1
[i"_'/ﬂ :
experimental ¢

resultant ( applied o-mml) \/Z'ZF(G,I,W...) \/ﬂ'_aF(ast,W"')

R <0 means that AK, . = Konaxexperimenn and hence

Aamulmt = amax = (Gamlied + o-re.tidual) '

Knowing the function of local stress distribution at hole under applied remote load &,
applie

(see eq. ( 3.6.18)), it is possible to get o, distribution through crack growth rate

assessment.
O resitual = O maxresultant ~ Capplied (3.7.4)

The diagrams constructed according to the equations (3.7.3), ( 3.7.4) are given in Figure
372

Comparing the calculated residual stress distribution with that obtained experimentally
given in Figure 3.6.11, the discrepancy is apparent. All points of distribution are located at
a level substantially below zero even at a large distance from the hole where the residual
stress would be expected to be about zero. The evaluated points of residual stress

distribution were approximated with a cubic polynomial expression:

o .., = Ax*+Bx*+Cx+D (3.7.5)

resi

This is presented in Figure 3.7.2.
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®
Q. &
= .
-] | : : !
@ Dt i : 1 i
4 i L O - e 0 .t R e
& 100 2 'W’?@r‘-’-ww, Y R@0dne 8 ddi 000 00 ot § G5 16 g
| B o d ) B il B vt e e o N0 e o il ]
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Figure 3.7.2 Distributions of Residual and Resultant Stresses obtained through

crack growth rate assessment

The experimental SIF points of AK, ., given in Figure 3.7.1 can be predicted from the
function of AK_, . The predicted AK, values using this approximation are presented in
the same figure (black line).

) h da : m S s :
From the standard Paris equation W = (AK‘,”) by substituting the o, , , expression
. _

(3.7.5)
= (‘(A(a‘w + ryn‘_\.)\/fr—aF(a. W.r...))m

da
dN
and using parameters C,m used previously corresponding to Crack Growth Rate Ranges

given in Table 10 from ESDU, predicted Crack Growth Rate Curves were compared with

experimental data (Figure 3.7.3 - Figure 3.7.4).
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7.3 Crack Growth Rate da/dN vs AKM
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7.4 Crack Growth rate model.
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The agreement in Crack Growth Rate data is good, though the Residual Stress Distribution
obtained. which was used to build the model did not look very credible (see Figure 3.7.2).
Performing the same procedure of residual stress distribution derivation but with
parameters C & m determined exactly for the specimens tested (so called “valid C & m
parameters”) gives a different picture.

The valid parameters C & m are given in the table below

Parameters ~ Plain specimens CW Specimens ESDU data
E 1.605 x 107 583x 107" 1.9x 107
o m 4028 3.805 37

It is clear that the cxpcr_i'm;:ntally determined C parameter shows a large difference to the C
parameter given in ESDU.
This difference affects the K. 0.,,,.0,., and finally the analytical solution for resultant
SIF. Figure 3.7.5 gives Residual Stress Diagrams obtained from ESDU data and valid C &
m parameters. These approximations were used for calculations of resultant stress
distribution and then substituted into the analytical solution for SIF. The different in Stress

Distributions obtained by the two methods is also shown in Figure 3.7.6.

Residual Stress, MPa

) ‘i.......---EaperirnentaI POy e Sy
their approximation

after ESDU ESDU C&m
- after ESDU C&m
« after Valid C&m
— after Valid C&m

-300 |

Crack Length, mm

Figure 3.7.5 Difference in Residual Stress Distribution caused by different C&m

parameters.
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A o residual - exp-t (C&m ESDU)

o resultant - exp-t (C&m ESDU)
| = appied - prediction
—— o residual - prediction (C&m ESDU)
o resultant - exp-t (C&m Vaid)
o residual - exp-t (C&m Valid)

500

e 1 — o residual - prediction (C&mValid) |1 |
| bt : —

300! z =
-  Rih. i e | 3 it } :
Q200 fpga-eeeooas o A H b T —— e Tl s S =
2_ “."_v ! 4 ¥ ity 4:.2' b W4 1F S i v
2 - L
=4 P ] o — T L <]
o 100 T Sk L ohe A&y 'fxﬁ'q\,o‘ﬁ?:ﬂno 80 000 00 5 8 ot i

_ P SN
0 1 2 3 4 5 6 ¥
Crack length a, mm

-300

Figure 3.7.6 Difference in Resultant Stress Distribution caused by different C&m

parameters.

The Residual Stress Distribution obtained by using experimental da/dN values and “valid™
C&m coefficients predicts a similar Crack Growth Rate to those obtained previously using
the ESDU model(See Figure 3.7.7, Figure 3.7.8) but the level of Residual Stresses looks

more realistic (see Figure 3.3.6).

210



Experiment CW I,
Experiment CW+Cor

~

10, SR SH i 555 53 i S S5 o 8 2 & S e £ e o 22 2.0
' e e e il ® Predicted (valid C&m J
sson a0 0 B oo i | j

10

'I'-l

da/dN, mm/cyde
S

10

-9 ! |
10 i i - () T 0 5

B - 0 1
10> 10" 10 10
a, mm

10

—a
o
¥

da/dN, mm/cycle

—
o
-

-9 i L i 8
i 5 10 20 30 40
AKg MPaym

Figure 3.7.8 Crack Growth Rate vs AK‘,J_,,-

The effect of ESDU and “Valid” C&m parameters on SIF distribution was considered.
Figure 3.7.9 compares resultant SIF distributions derived from residual stress distributions
obtained by the use of different C&m values. It is clear that if we use “valid” C&m
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parameters it indicates that the contribution of residual stress in reducing SIF values is less

than ESDU data implies. This situation is also illustrated in Figure 3.7.10.

172
A Kaﬂ MPam

Effective SIF AK, MPaym

60

50

40

80— Kapo max T : ! !
| == K | | | |
mme Kogmin (Valid C&m) ! ; : !
50 H K gy e (Valid C&M) % fe= e 1111
[ ==s A KValid Cam) : : ! Al |]
— A K_(ESDU C&m) : ! i ! |‘ I
40 H o K“MH{FSQUC&M) , : f ............... E.‘ ‘| 1 . i.
— “m._(ESDUC&m) i ; f | | M ‘
— | i |
a0 | | ......... |t . 1 ftH Il HH
[" \i | ‘ L [I “
| i ] 1
A AR C & m)
\ \\‘-\
:::":‘:.'
h..h:'\:\:
:h:n\;'q
SNNNNNNN
: ~
AK ESDUq & m)
A ) S
i e i
4 5 6 7

T T
| — AK,, CW (vaid C&m))
% AK_,CW (valid C&m))

x AK, CW (after (ESDU C&m))
— AK,, CW (ESDU C&m)

(CornerCrack Plain)

O fmemm et

Figure 3.7.10 SIF distribution obtained from “valid” C&m and from ESDU data
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Two models (“ESDU” and “Valid”) are being used. We have to choose which one is more
realistic.

It should be noted that all analytical calculations were conducted assuming quartercircular

symmetrical cracks (% =1) and that the valid range of distance from the hole edge is

limited to Smm (thickness of the plate is Smm (see eq. ( 1.7.19)). If we try to vary the %

relation, the picture will be changed significantly.

3.8 DETERMINATION OF OPENING STRESS DISTRIBUTION
FROM EXPERIMENTAL CRACK GROWTH RATE DATA AND
THE CONSTRUCTION OF A CRACK GROWTH RATE MODEL
BASED ON IT.

3.8.1 EFFECTIVE STRESS INTENSITY FACTOR RANGE DERIVED FROM
OPENING STRESS VALUES

Elber @ suggested that the governing parameter for characterising fatigue crack growth is

the effective SIF, AK ;. This parameter takes into account crack opening and is able to

describe an effective local stress range, the parameter controlling fatigue crack growth.

Originally Elber proposed for 2024-T3 material:

AK
_89% A% _5404R
Ao AK

where AC,; = Oy =0,y AC =0 — Oy and R=0_, /o, -

o, - crack opening stress level.

Elber checked this equation. for R values from -0.1 to 0.7. Schijve @9 showed that this
equation could well account for the effect of R if R is positive. However, for negative R

values the equation becomes unrealistic. Schijve ®® proposed the following equation for
2024-T3 alloy:

U =0.55+0.35R+0.1R? or (3.8.1)

Top

=0.45+02R+0.25R* +0.1R°

O.

max

From experimental fatigue test results on 2024-T3 Ibrahim @4 suggested
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Y (3.8.2)
O-up - 05 1 -— U|112Lt
O-lllil_\ k=0 O-'I'

Oop :( Oop ] (1_5{)2 +R forR=0
o o R=0

max max

2
232
o o, o .
_Lz(—‘"J ]—(ﬂJ +R  for R<0
max GITJ'.I.\E R=0 0..\'

where o, yield stress of the material (365 MPa for 2024-T3)

q

The solutions are presented in the comparison diagram Figure 3.8.1. Only Schijve’s and
Ibrahim’s solutions will be used for further analysis since they gave theoretical results
closer to those found in their fatigue test experiments. For our test conditions and material

properties the solutions give, for plain specimens, o,, =79 and 66 MPa respectively.

Crack Opening Stress Level accordng to different solutions

I - } T T ] I ] T T
— Schijve H H H H ' H | H
— |brahm i H H
L | e SEE e o .
Pk =y i Eoizziiig ST et TS e iy i R
0.7 R PP P E— i_.a:__a:_‘:_ : ........
£ 086 *
o
=]
oy | B ......... ......... = L d R e
gal— i i i i 1 i | i
-1 0.8 06 -0.4 02 1] 02 04 06 o8 1

Figure 3.8.1 Crack Opening Stress level — different solutions.

AKeff = Adc[{ N7Td [::’F:nrugli( ‘rack (“"W '!)

Ao, =0, —0,, and hence j
AKljﬂ i Aacﬂ' NTTa F( ‘wmerCrack ((1, W’ . )

oap

220
[acarac et al. ¥

showed that the measured crack opening stress level for CW hole
specimens of Al 2650 was found to be quite independent of R ratios as observed for plain
holed specimens. Measured values were however substantially higher in CW hole

specimens ( see Figure 3.8.2)
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Crack opening stress, 7, MPa
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Figure 3.8.2 Crack Opening Stress - Independence of R ratio.

mm Average surface crack length, ¢, , mm

Based on these observations we can assume that o for crack in Al 2024 will have the

ap

same behaviour.

AK_, (a) diagrams according to Schijve and Ibrahim were produced for plain and CW

specimens together with real experimental points AK_ (see Figure 3.8.3).

35

25

A K. MPavm

15

20 -

\ K for Plain Specimens

: I ! I I 1
A Keﬂ Shijve

— '\Keﬂi'l him

QY
o MK, C&m from Schijve

Al . A i i e

10+

Figure 3.8.3 AK , for plain specimens with a through crack.
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Using AK, instead of AK , the parameters C and m for the Crack Growth Rate Diagram

should be changed to €, and m,, . The values for these parameters for 2024 were not
found in the literature review, thus they were taken from Schijve’s d%N(AKW ) diagram
233 for 2024 alloy plain specimens. The diagram was digitalised and parameters C,, and

m,, were derived by a least squares fit. The values found were €, =1.25 10",

eff

m_, =4.65.
1000_ Ll i1 e
——| daldN=1.25¢-11 'AK‘“J / ~\
as0.12 !
100
100+
t 9
=8
=
]
o
1
‘_.
|
«R=-03B10+056
o Ra-|
Odl;|

AK 44y, MPo VT

Figure 3.8.4 Crack growth data for 2024-T3 AK , calculated with ( 3.8.1) @3

Using these parameters for extracting AK,,=AK_ we have the following data shown in

P

Figure 3.8.3

AK.,, has quite good agreement assuming a linear approximation for da dN(AK“-”)'

X!

Although Schijve notes the non linear behaviour of the function log d%N(log AK,, ) ‘

Km:m - Ko_n - Aan[}

U= [ o ]
A =K. 3.8.3
Koo =Ko AR Ak = 8K, =UsK =|\N )/ (i
ﬂ!ﬂ ; m m
X _c(aK,,) =C(UAK
dN ( cff ) ( )

According to ( 3.8.3), AK,,  including the function U.

P
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“Nominal” Crack Growth Rate model

da _ C(AK,,,)" (C&m from ESDU)
dN

“Effective” Crack Growth Rate model
da m,

ZJW = Ceﬁ" (AKeﬁ') 7 (AKeﬁ' = USchljveAK)

Figure 3.8.5 displays work of “nominal ” and “effective” models for crack growth rate vs

crack length in comparison with experimental data for plain specimens.

No data was found with respect to Crack Growth Rate vs AK,, for cracks in CW holes in

Al2024. Lacarac et.al. ®*? produced diagrams for Crack Growth Rate vs AK; for Al2650
(see Figure 3.8.7), where da dN(AKeff) is given for plain and CW specimens. From the

diagram, it possible to say that the parameters C,; and m,, are similar for both plain and
CW specimens. As they noted, with fatigue cracking rates expressed in terms of AK,,
similar trends are observed for plain and CW specimens. Nevertheless, for a given AK,,

the experimental crack growth rates for cold-expanded specimens were lower than crack
growth rates for plain holes.

Assuming that parameters C,; and m, for CW specimens are the same as for plain
specimens AK_ =AK , was obtained through the same procedure (' 3.8.3), with the same
C,; =1.25¢-11, m;=4.65. The results are shown in Figure 3.8.8

AK ; obtained from equation ( 3.8.3) was used for experimental results obtained at

Kingston University on CW specimens and these are plotted in Figure 3.8.8. As can be

seen these plots occur at significantly lower stress intensity range levels than the AK of Schijve

plots for plain specimens.
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OPENING STRESS DERIVATION

3.8.2

All of these diagrams were constructed assuming that o

ap

220
Lacarac et al. . **"

According to their work:

=const. However in discussion,

recognise that opening stress values change with crack length.

The crack opening stress in cold-expanded specimens was a measure of the remote stress

required to overcome the local compressive residual stress associated with cold expansion.

The results shown in Figure 3.8.2 for CX specimens illustrate that the crack opening stress

was a slightly decreasing function of crack length, irrespective of applied load ratio. In

contrast, the difference in fatigue crack growth rates between plain and cold-expanded

specimens was strongly dependent on crack length. This occurred for both alloys and for

various R values. A more detailed picture of the crack opening stress was obtained by

assuming that the crack growth rate in a cold-expanded specimen was associated with an

effective stress intensity factor range. This assumed that the fatigue crack growth rate

shown in Fig . 6 is a characteristic curve for the material, where

da m
—=C{AK,
dN ( « )
With AK, =K, — K, . inverting Eq.( 3.8.4) , and rearranging
gives.
I

da m

Kup = J(\"mu\ - AK;‘H = Knmx = dN (‘

(3.8.4)

(3.8.5)

Graphical representations of calculated K, for plain and CW specimens are given in

Figure 3.8.9.

Opening SIF. Plain Specimens
— T

Opening SIF CW specimens

= o= 2 . 45 . —
! i : b b . K ' ' i ' H
n% : ; ' v } i ) j H H H
K : [ ] ' A 40l - ) e ST S | R S
o { 1 e Koo v :
om - e e e Ak :
1L H

Y
K, MParm

N H e i ! 35—.........?....._... et L s ST B

Figure 3.8.9 Ko distribution for Plain and CW specimens
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Stess, MPa

Using K, =0, J TA K s i hronghCrack (a.W l) then allows determination of the crack

opening stress, where

5 (3.8.6)
J{.;» N \/}T“ ‘lg ‘omer | ThroughCrack (a’ W’ L. )

Calculated crack opening stresses o, are in good agreement with the prediction from
Schijve ( 3.8.1) for plain specimens. It can be stated that both samples have approximately

the same level o))"= 79MPa. However the results for corroded specimens are placed

somewhat lower than Schijve’s prediction. This indicates that corrosion impaired the
fatigue performance of the material hence the opening stresses were reduced (see Figure
3.8.10a).

q distribution. CW specimens 210MPa

‘opaning
Ctmﬂ\i-“m Piain Specimens.o_ =210MPa 180 2 : 7 : v i
180 ¢ ' —r = - : H
| T — t }
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160 - . '
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« Phin 140 dreeaas i {2
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. ety
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Figure 3.8.10 Crack opening stress. a -Plain and Plain Corroded Specimens; b — non

corroded CW specimens

To show the detrimental effect of corrosion the o, level was assumed to be 65 MPa for

crack growth modelling as used for the Nesterov effective crack growth rate model ( 3.8.3)
derived earlier for corroded plain specimens.
In contrast to corrosion, cold working strengthens the material and increases the opening

stress level though the treatment makes the Gy distribution non uniform. For the CW
specimens o, is lower than for plain specimens if @ <0.5mm. For ¢>0.5mm o,, for CW
specimens is greater than o, for the plain specimens (hence the slower crack growth in

CW specimens). Peak o, is at @ =2 mm in CW specimens, with o, approximately

constant for a >3mm, where it is about 1.5 times the Schijve value. The trends for the CW
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specimens appear similar to those for 2650 alloy in Figure 1.1.3 (no data was given for

a<lmm).

3.8.3 CRACK GROWTH RATE MODEL FOR CW SPECIMENS

The model was constructed as follows:

1. From Figure 3.8.4 and Figure 3.8.7 effective parameters C&m applicable to plain
d CW speci btained. 9% = C "
an specimens were obtained. o - Ca (AKeI,)

2. Fromeq. (3.8.3) AK ;=AK_ was obtained
3. From K, —AK ; K, was determined (see Figure 3.8.9)

4. From the function of opening stress (not constant!) eq.( 3.8.6) the o, distribution

was obtained (see Figure 3.8.10) and approximated by the function below:
o op=Ao+A,exp(-(x—;f—2l)sin(A4x+A5) where x — distance form the hole edge, 4, - 4, -
3

constants.
5. FromAK ; = A0 NRaF 0 (@, W 1..) Where Ao, =0, -0,(a) o, was

evaluated as a function, not as a constant!

6. The model 5—; =C, ( AK )"'" is now complete.

Individually obtained CGR diagrams of the model 3—;=Cw (AKeﬂ )m" for different

specimen conditions and approximate opening stress distributions are given in Figure
3.8.11 - Figure 3.8.20. The combined diagram for CGR and the combined diagram for
opening stress are shown in Figure 3.8.21 and Figure 3.8.23 respectively for all the
specimen conditions considered.

As can be seen from the diagrams the model gave Crack Growth Rate curves which agreed
closely with the experimental data. The model takes into account retardation of crack
growth due to cold expansion and describes crack growth rate behaviour for different kinds
of of the hole preparation. The nominal model for plain specimens (red curves) are
provided as a reference to enable the assessment of the benefits of different treatments to
the hole. In all cases, the advantages are obvious. The precise description of the
experimental data for CGR was possible owing to the acceptance of opening stress as a

function, not as a constant as in the case of plain specimens.
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If o,, was taken as a constant (but at a higher level than that for plain specimens), it would

look like curve for “nominal” model (red curves) but shifted down and it would have good
agreement in the larger crack range (above 2mm), though it wouldn’t describe the crack
growth retardation within specific range of crack length(1-2mm) observed in CX and

Interference fit specimens.
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Figure 3.8.15 Crack Growth Rate in Plain with Interference Fit specimens: model and

experimental data
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Figure 3.8.16 Opening stress in Plain with Interference Fit specimens: model and

experimental data

226



Crack Growth Rate. CW + Interference Fit+Corrosion

8
10 [ T ‘ 3 7 T Py p 2= 1 1]
« effective model |* e
« Experiment e i s e e B oo e S i
10 oot
e i
I3} .
c .
& ’
e
D
a
o
.
10 e
' v
r
— -
| = ! {
-9 : ' } i :
il AL H ]
10 =
10
a, mm

Figure 3.8.17 Crack Growth Rate in corroded CW specimens with Interference Fit :

model and experimental data
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3.84

SUMMARY

Figure 3.8.21 is a combined diagram of CGR models for all the main specimen
conditions that were considered but excludes specimens with corrosion damage.
From the diagram the following conclusions can be drawn: Cold expansion,
Interference fit treatments and a combination of the two have a dramatic retardation
effect on crack growth rate compared to plain specimens without these treatments.
Plain specimens with interference fit did show a drop in CGR compared with plain
specimens without interference fit at crack lengths of 1~2mm. This drop in CGR is
typical of cold expanded specimens but for interference fit specimens the minimum
value of CGR in this region was an order of magnitude higher.

All cold expanded specimens had typical forms of CGR diagrams with a
pronounced minimum showing a marked reduction of crack growth rate after
initiation (1~2 mm ) followed by region of constant crack rate gradient.

All treated specimens had approximately the same position and gradient of CGR
within the large crack range (>3 mm)

CW specimens without Interference Fit had a slightly less marked drop in CGR in
comparison with the CW specimens with Interference Fit.

CW specimens with Interference Fit had a slightly delayed transition from the
region of crack growth rate arrest to the region of crack growth rate acceleration

compared to specimens without Interference fit.
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a, mm

Figure 3.8.21 Crack Growth Rate Modelling. Combined diagram for different

conditions

Figure 3.8.22 shows effect of corrosion on the specimens tested in terms of the
effective CGR model.
1.

From the crack opening stress distribution derived for corroded plain specimens the

o, level was assumed to be 65MPa rather than the 79MPa evaluated through

Shijve’s equation ( 3.8.7). This approach gave the same crack growth rate diagram
as for plain specimens but the values were shifted slightly upwards into the range of
higher growth rates.

Corrosion in pure CW specimens gave a very similar diagram to CW specimens
without corrosion though it ought to be higher as for the plain corroded specimens.
The reason for this is the very large degree of scatter of experimental crack growth
rate data in comparison with non corroded CW specimens. particularly in the small
crack length range.

Crack growth rate data for corroded CW specimens with Interference fit also
showed a large degree of scatter and it would have been expected that the diagram

would be shifted up. Also it was noted that there was a shift towards smaller crack
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Figure 3.8.22 The effect of corrosion on Crack Growth Rates

As noted previously. the CGR models were determined using crack opening stress

functions (as described in section 3.4.2) Approximate functions of crack opening stress are

presented in Figure 3.8.23 below. From this diagram the following conclusions can be

drawn:

1.

All of the o,, vs a (crack length) plots for CW specimens are placed above the

plots of o, vs a for plain specimens over almost the whole crack length range.

L
Though there are exceptions.

It is possible to state that all of the o, diagrams for CW specimens started from

»
approximately the same level as for plain specimens - 80MPa. Thus, at initiation
conditions for crack propagation are approximately equal for plain and treated
specimens.

All the plots for CW specimens have typical hump-like form with a local minimum

at 1~2 mm caused by maximal residual stresses in this region.
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. Plots for specimens with CW plus Interference Fit have a less defined hump-like
form and an opening stress level approximately 10 MPa higher than pure CW
specimens

o, diagrams for Corroded CW and CW with Interference Fit have the same

growth trends as those for non corroded, except in the small crack range (about

1~2 mm), where corrosion reduces the resistance to crack growth. o,, diagrams

for specimens with corrosion ought to be lower but the plots obtained did not show
this — possibly due to the wide scatter in the results obtained.

. The o, diagram for Plain specimens with Interference Fit shows a gradually

increasing shape that tends to level out a crack length of 3~4 mm where it attains
approximately the same level as CW specimens.

. Analysing o,, diagrams for CW specimens, it can be seen that they tend to start

from a o,, level lower than that for plain specimens. o,, data points derived from

CGR data given in the Figure 3.8.12, Figure 3.8.20 for CW corroded and non
corroded specimens show the tendency with the experimental points which
correspond to crack length less than 0.5 mm. It means that crack growth in CW
specimens at the initial stages can be more intensive than in plain specimens.
Detailed analysis is a problem due to a lack of experimental information for small

crack sizes i.e. below 0.5mm.
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Figure 3.8.23 Opening stress models. Combined diagram.

233



4 CONCLUSIONS AND RECOMMENDATIONS

Conclusions on experimental part

Total life analysis

Corrosion damage to plain hole specimens reduced total life

Interference fit and cold expansion increased total life by similar amounts
Precorroded CW specimens gave similar improvements to pure CW specimens, but
post corroded specimens showed a reduction in total life.

The combined effects of cold working and interference fit gave considerable

improvements in total life for corroded and noncorroded specimens.

Crack initiation stage

Corrosion of plain specimens reduced the crack initiation stage.

Interference fit gave approximately twice the improvement compared to cold
expansion

Pre corroded CW specimens showed a slight improvement, while post corroded
CW specimens were slightly worse than plain specimens.

The biggest delay in crack initiation was achieved from the combined effects of

cold working and interference fit..

Crack Propagation stage

Corrosion of plain specimens reduced the crack propagation stage.

Interference fit extended the crack propagation stage by a significant amount.

Cold expansion increased crack growth time in plain and pre corroded specimens..
Cold expansion of post corroded specimens gave smaller improvements.

The most greatest effect in extending crack propagation time was achieved from
combined cold work and interference fit for both non corroded and corroded

specimens.

Crack Growth Rate Analysis

Fatigue crack growth rates in cold-expanded and specimens with interference fit
were substantially lower than for plain holes.

Crack growth rates in corroded plain specimens were higher than in non corroded,
especially in the short crack range.

All cold expanded specimens showed a reduced crack growth rate at crack lengths

in the range 1-2 mm.
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Crack growth rates in the large crack range was similar in all CW specimens with
and without interference fit, and in plain specimens with interference fit.

Crack growth rate for short cracks in CW specimens with interference fit was
lower than in pure CW specimens.

The degree of corrosion (72 hr) did not affect crack growth rate but increased

scatter of the data.

Conclusions on analytical part

Attempts to apply residual stress distribution data obtained by X-ray and Sach’s
techniques to SIF analysis were not succesful

Attempts to derive residual stress distribution from experimental crack growth rate
data gave non creditable results

Derivation of Opening stress from experimental crack growth rate data using
conception of effective SIF gave quite credible results confirmed by experimental
results from other sources

Crack growth rate models based on the concepts of effective SIF and Opening
stress were constructed and applied to all types of specimens tested.

The results predicted from the models closely agreed with experimental data.

In summary, the combination of cold expansion and interference fit gave the
biggest benefit in terms of overall fatigue performance for fastener holes in 2024

T351 aluminium alloys

RECOMMENDATIONS:

Recommendations for further investigation highlighted as a result of this work are as

follows:

1. The experimental results from this work may be used as validation for 3D finite

element analysis models for combined cold expansion and interference fit treatments

2. The prediction of stress distribution in specimens derived from experimental data on

crack growth rates are areas warranting further investigation.

3. Fatigue tests using TWIST or FALSTAFF should be carried out to simulate real

service conditions

4. The present investigation and its further development can be particularly important for

the evaluation of inspection intervals and repair requirements relating to fastener holes

and the integration of these into maintenance schedules.
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