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Propositions

accompanying the dissertation

CHARACTERISATION OF FATIGUE CRACK GROWTH IN ADHESIVE BONDS

by

John Alan PASCOE

1. Fatigue crack growth research needs more questions and fewer answers.

2. Most of the R-ratio effect that is identified in literature is merely a failure to uniquely

describe the applied load cycle.

3. Driving force approaches to fatigue crack growth prediction need to model crack

growth behaviour within a single cycle.

4. Using the strain energy release rate does not automatically imply satisfying the

first law of thermodynamics.

5. Virtual testing is an oxymoron.

6. The present-day torrent of scientific publications has made the Royal Society’s

motto of nullius in verba untenable.

7. The purpose of democratic elections is not to choose the best solution, but to

choose the definition of ‘best’.

8. Although we know movies are fictional, we believe what they tell us about the

world.

9. Education quality should not be measured by the final level that is achieved, but

by the difference between the initial and final levels.

10. To get the fastest response from supervisors and workshop personnel; say you are

not in a hurry.

These propositions are regarded as opposable and defendable, and have been approved

as such by the supervisor prof. dr. ir. R. Benedictus.



Stellingen

behorende bij het proefschrift

CHARACTERISATION OF FATIGUE CRACK GROWTH IN ADHESIVE BONDS

door

John Alan PASCOE

1. Het onderzoek naar vermoeingsscheurgroei heeft meer vragen nodig, en minder

antwoorden.

2. Het R-quotiënt effect dat in de literatuur wordt geïdentificeerd, is grootendeels

slechts het verzuim een unieke beschrijving te geven van de opgelegde belastings-

cyclus.

3. Methodieken voor het voorspellen van vermoeingsscheurgroei gebaseerd op een

‘drijvende kracht’- aanpak moeten de scheurgroei binnen een enkele cyclus mo-

delleren.

4. Het gebruik van de rekenergie-afgiftesnelheid impliceert niet automatisch het vol-

doen aan de eerste wet van de thermodynamica.

5. Virtueel testen is een contradictio in terminis.

6. De huidige stortvloed aan wetenschappelijke publicaties heeft het motto van de

Royal Society –‘nullius in verba’– onhoudbaar gemaakt.

7. Het doel van democratische verkiezingen is niet om de beste oplossing te kiezen,

maar om de definitie van ‘beste’ te kiezen.

8. Hoewel we weten dat films fictie zijn, geloven we toch wat ze ons vertellen over de

wereld.

9. De kwaliteit van een opleiding zou niet afgemeten moeten worden aan het be-

reikte eindniveau, maar aan het verschil tussen het begin- en eindniveau.

10. Om de snelste respons te krijgen van begeleiders en werkplaatspersoneel; zeg dat

je geen haast hebt.

Deze stellingen worden opponeerbaar en verdedigbaar geacht en zijn als zodanig

goedgekeurd door de promotor prof. dr. ir. R. Benedictus.
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There is what happens, and what does not happen. There is no ‘should’.

Terry Pratchett, Nation





SUMMARY

Fatigue crack growth (FCG) in adhesive bonds has been studied for a good half a century.

However in that time, most efforts have focussed on trying to predict crack growth, rather

than understanding it. As a result, although there are many prediction methods avail-

able, these are invariably based on empirical correlations, with little regard for the un-

derlying physics. Consequently, in order to use these models, extensive test campaigns

are needed to provide sufficient supporting data. Furthermore the limits of validity of the

models are not clear, and it is uncertain how to properly take account of test parameters

such as the ratio of minimum to maximum load, or the temperature.

Therefore the present thesis does not focus on predicting FCG, but rather on increas-

ing understanding of the crack growth process, by characterising it. The characterisation

is done according to a conceptual model of FCG introduced in the thesis. According to

this model, the crack growth rate follows from the total amount of available energy and

the amount of energy required per unit of crack growth. The energy required per unit of

crack growth can also be interpreted as the material’s resistance to crack growth. Both

the available and required energies depend on the applied load cycle.

Fatigue crack growth experiments were performed on double cantilever beam spec-

imens consisting of two aluminium 2024-T3 arms bonded with FM94 epoxy adhesive. It

was found that the amount of energy dissipated per cycle correlated very strongly with

the crack growth rate. It was also found that the resistance to crack growth (in terms of

energy dissipation per unit of crack growth) was linearly related to the maximum strain

energy release rate Gmax, and changed during the course of a fatigue test. At higher load

levels more energy is required to generate the same amount of crack growth.

For a given value of the crack growth resistance, the total amount of energy available

for crack growth was found to be correlated to the applied cyclic work Uc yc , as well as the

strain energy release rate range ∆G , and the cyclic strain energy release rate parameter

∆
p

G .

In order to further investigate the relationship between the available and required

energy, and the applied load, experiments were performed on specimens with different

adhesive layer thicknesses, and at an elevated temperature. It was found that increasing

the adhesive thickness did not affect the relationship between the crack growth resis-

tance and the applied load, but did increase the amount of available energy for a given

load cycle. Consequently, for a given load cycle, the crack growth was faster if the adhe-

sive layer was thicker.

For the tests at an elevated temperature (80 °C) for 4 out of 6 tests the failure mode

changed from cohesive to adhesive, which should be kept in mind when comparing the

results. For the specimens that failed adhesively the resistance to crack growth for a

given load cycle was higher at 80 °C than at room temperature. If the failure remained

cohesive, temperature did not appear to affect the resistance. However there was a large

temperature effect on the available energy for a given load cycle, which was much higher

vii



viii SUMMARY

at elevated temperature. The increase in available energy was greater than the increase

in resistance, resulting in a greater crack growth rate for a given load cycle at elevated

temperature.

Acoustic emission was used to investigate crack growth within a single load cycle. It

was found that crack growth occurs both during the loading and the unloading phase

of the fatigue cycle, as long as the load (in terms of G) is above a certain threshold level.

The thresholds for crack growth under quasi-static and fatigue loading appeared to be

the same, suggesting it may be possible to derive fatigue properties from a quasi-static

test.

In conclusion, this thesis has shown that measuring energy dissipation can be used

as a method for characterising FCG. It was shown that the energy required per unit of

crack growth depends on maximum load, in terms of Gmax. The amount of energy avail-

able for crack growth depends on the load range, in terms of Uc yc , ∆
p

G , or ∆G . Further

research is required to clarify the exact relationships between the applied load on the

one hand, and the required and available energy on the other.



SAMENVATTING

Vermoeingscheurgroei in gelijmde verbindingen wordt al een halve eeuw bestudeerd.

In die tijd hebben de meeste onderzoeken zich echter gericht op het voorspellen van

scheurgroei, in tegenstelling tot het begrijpen ervan. Als gevolg hiervan zijn er weliswaar

vele voorspellingmodellen beschikbaar, maar zijn deze onveranderlijk gebaseerd op em-

pirische correlaties en houden ze weinig rekening met de onderliggende physica. Dit

leidt er toe dat er om deze modellen te gebruiken uitgebreide proefprogramma’s nodig

zijn om voldoende ondersteunende data aan te leveren. Bovendien zijn de geldigheids-

limieten van de modellen niet helder. Ook is het onduidelijk hoe rekening te houden

met experimentele parameters als de verhouding van minimale tot maximale belasting,

of de temperatuur.

Daarom richt dit proefschrift zich niet op het voorspellen van scheurgroei, maar op

het vergroten van het begrip van het scheurgroeiproces, door het karakteriseren ervan.

De karakterisatie wordt gedaan volgens een conceptueel model van scheurgroei dat in

dit proefschrift wordt voorgesteld. Volgens dit model volgt de scheurgroeisnelheid uit de

totale hoeveelheid beschikbare energie en de hoeveelheid benodigde energie per een-

heid scheurgroei. De benodigde energie per eenheid scheurgroei kan ook worden geïn-

terpreteerd als de weerstand van een materiaal tegen scheurgroei. Zowel de beschikbare

als de benodigde energieën hangen af van de opgelegde belastingscyclus.

Scheurgroeiproeven werden uitgevoerd op double cantilever beam proefstukken, be-

staande uit twee aluminium 2024-T3 armen, verbonden met FM94 epoxy-lijm. Er werd

gevonden dat de hoeveelheid gedissipeerde energie per cyclus zeer sterk correleerde met

de scheurgroeisnelheid. Er werd ook gevonden dat de weerstand tegen scheurgroei (in

termen van energie dissipatie per eenheid scheurgroei) linear gerelateerd was aan de

maximale rekenergie-afgitesnelheid, Gmax, en veranderde in de loop van een vermoei-

ngsproef. Bij een hogere belasting is er meer energie benodigd om dezelfde hoeveelheid

scheurgroei te genereren.

Voor een gegeven waarde van de scheurgroeiweerstand bleek de totale hoeveelheid

beschikbare energie voor scheurgroei gecorreleerd aan de opgelegde cyclische arbeid

Uc yc , alsook aan het bereik van de rekenergie-afgitfesnelheid∆G , en de cyclische rekenergie-

afgiftesnelheidsparameter ∆
p

G .

Om de relatie tussen de beschikbare en benodigde energie enerzijds, en de opge-

legde belasting anderzijds, verder te onderzoeken, werden er proeven uitgevoerd op

proefstukken met verschillende lijmlaagdiktes, en bij een verhoogde temperatuur. Er

werd gevonden dat het verhogen van de lijmlaagdikte geen invloed had op het verband

tussen scheurgroeiweerstand en de opgelegde belasting. De hoeveelheid beschikbare

energie voor een gegeven belastingscyclus werd wel hoger. Derhalve was voor een gege-

ven belastingscyclus, de scheurgroeisnelheid hoger als de lijmlaag dikker was.

Voor de proeven bij een verhoogde temperatuur (80 °C) veranderde voor 4 van de 6

proeven de faalmodus van cohesief naar adhesief. Hier moet rekening mee worden ge-
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houden bij het vergelijken van de resultaten. Voor de proefstukken die adhesief faalden,

was de weerstand tegen scheurgroei hoger bij 80 °C dan bij kamertemperatuur. Als de

faalmodus cohesief bleef leek de temperatuur de weerstand niet te beïnvloeden. Er was

echter wel een groot temperatuurseffect op de hoeveelheid beschikbare energie voor een

gegeven belastingscyclus. Deze was veel hoger bij een hogere temperatuur. De toename

van de beschikbare energie was groter dan de toename van de weerstand, wat leidde tot

een grotere scheurgroeisnelheid voor dezelfde belastingscyclus bij een hogere tempera-

tuur.

De akoestische-emissie techniek werd ingezet om scheurgroei binnen een enkele be-

lastingscyclus te onderzoeken. Er werd gevonden dat scheurgroei plaatsvindt tijdens zo-

wel tijdens de belastings- als tijdens de ontlastingsfase van de vermoeingscyclus, zolang

de belasting (in termen van G) groter dan een bepaalde drempelwaarde is. De drempel-

waardes voor scheurgroei onder quasi-statische belasting en vermoeingsbelasting leken

hetzelfde te zijn. Dit suggeert dat het wellicht mogelijk is om vermoeingseigenschappen

af te leiden van een quasi-statische proef.

Dit proefschrift heeft aangetoond dat het meten van energiedissipatie gebruikt kan

worden als een methode om vermoeingsscheurgroei te karakteriseren. Er werd aan-

getoond dat de benodigde hoeveelheid energie per eenheid scheurgroei afhangt van

de maximale belasting, in termen van Gmax. De hoeveelheid beschikbare energie voor

scheurgroei hangt af van het bereik van de belasting, in termen van Uc yc , ∆
p

G of ∆G . Er

is meer onderzoek nodig om het het verband op te helderen tussen de opgelegde belas-

ting enerzijds, en de benodigde en beschikbare energie anderzijds.



PREFACE

In his book I Shall Wear Midnight, Sir Terry Pratchett discusses the qualities that good

witches should posses. A particularly important set is that of First Sight and Second

Thoughts, which he defines as follows:

“First Sight means that you can see what really is there, and Second Thoughts

mean thinking about what you are thinking”

Pratchett, T., I Shall Wear Midnight, (Random House, London, 2010)

I would argue that not only witches should aspire to these qualities, but also scientists.

First sight means remembering which of the parameters we use are actually measured,

and which are only proxies for some underlying parameter we can not measure directly.

Second thoughts means not being satisfied with an empirical correlation, but trying to

find out what this correlation means, and why it should have a certain mathematical

form.

Over the past four years I have tried to apply these principles to the problem of fa-

tigue crack growth. Rather than creating yet another prediction model, I have attempted

to create more understanding of the crack growth process and the underlying physics. I

have tried to highlight where current approaches rely on models and concepts that do

not necessarily reflect the actual physics, and have attempted to shed new light on these

areas.

It is my hope that this has resulted in a thesis that will inspire a new way of think-

ing about these problems, and will lead to further research aimed at not just predicting

fatigue crack growth, but at actually understanding it.

John-Alan Pascoe

Delft, June 2016

xi





CONTENTS

Summary vii

Samenvatting ix

Nomenclature xvii

1 Introduction 1

1.1 Need for a better understanding of fatigue crack growth in adhesive bonds . 2

1.2 The similitude principle and its application to fatigue crack growth . . . . 3

1.3 Aim and scope of this thesis. . . . . . . . . . . . . . . . . . . . . . . . . 5

1.4 Thesis outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2 Literature Review 9

2.1 Early developments in fracture mechanics . . . . . . . . . . . . . . . . . 10

2.2 Application to fatigue in adhesives and composites . . . . . . . . . . . . . 12

2.3 Addressing the R-ratio effect . . . . . . . . . . . . . . . . . . . . . . . . 14

2.4 Normalisation by the fracture toughness . . . . . . . . . . . . . . . . . . 16

2.5 Physical objections to the LEFM based models . . . . . . . . . . . . . . . 17

2.6 The configurational force approach . . . . . . . . . . . . . . . . . . . . . 18

2.7 Plastic energy dissipation . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.8 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3 Methodology 31

3.1 Conceptual model of crack growth . . . . . . . . . . . . . . . . . . . . . 32

3.2 Definition of terms related to the strain energy . . . . . . . . . . . . . . . 33

3.3 Specimen description . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.4 Test set-up . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.5 Selection of applied loads . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3.6 Data analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.6.1 Crack growth rate . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.6.2 Strain energy release rate . . . . . . . . . . . . . . . . . . . . . . 39

3.6.3 Energy dissipation . . . . . . . . . . . . . . . . . . . . . . . . . . 40

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

4 Energy dissipation during fatigue crack growth 43

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4.2 LEFM approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4.2.1 R-ratio effect with Gmax as similitude parameter . . . . . . . . . . . 46

4.2.2 Suitability of
(

∆
p

G
)2

as a similitude parameter . . . . . . . . . . . 46

xiii



xiv CONTENTS

4.2.3 Interpretation of
(

∆
p

G
)2

as crack driving force . . . . . . . . . . . 47

4.2.4 Issues with current driving force approaches . . . . . . . . . . . . 48

4.3 Correlation between energy dissipation and crack growth rate . . . . . . . 48

4.4 Comparison to the conceptual model . . . . . . . . . . . . . . . . . . . . 52

4.4.1 Crack growth resistance . . . . . . . . . . . . . . . . . . . . . . . 53

4.4.2 Available energy . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

4.4.3 Existence of a fatigue threshold . . . . . . . . . . . . . . . . . . . 59

4.4.4 Empirical prediction approach based on current findings . . . . . . 60

4.4.5 Explanation of the R-ratio effect when using ∆G as a similitude pa-

rameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

4.5 Crack growth under quasi-static loading . . . . . . . . . . . . . . . . . . 63

4.6 Fractography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

4.7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

5 Effect of thickness 75

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

5.2 Specimens and test set-up . . . . . . . . . . . . . . . . . . . . . . . . . 76

5.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

5.4 Crack growth in glass-fibre composites . . . . . . . . . . . . . . . . . . . 85

5.4.1 Quasi-static crack growth . . . . . . . . . . . . . . . . . . . . . . 85

5.4.2 Fatigue crack growth . . . . . . . . . . . . . . . . . . . . . . . . . 85

5.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

6 Effect of temperature 91

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

6.1.1 Previous work on the effect of temperature . . . . . . . . . . . . . 92

6.1.2 Effect of temperature on FM 94 material properties . . . . . . . . . 93

6.2 Experimental set-up . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

6.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

6.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

7 Fatigue crack growth within a single cycle 103

7.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

7.2 Specimens and experimental set-up . . . . . . . . . . . . . . . . . . . . 105

7.3 Quasi-static experiments . . . . . . . . . . . . . . . . . . . . . . . . . . 107

7.4 Quasi-static threshold. . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

7.5 Fatigue experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

7.6 Fatigue thresholds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

7.7 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122



CONTENTS xv

8 Conclusions and recommendations 123

8.1 Conclusions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

8.1.1 Physical interpretation of LEFM parameters . . . . . . . . . . . . . 124

8.1.2 Correlation of energy dissipation and crack growth rate . . . . . . . 125

8.1.3 Effect of thickness . . . . . . . . . . . . . . . . . . . . . . . . . . 125

8.1.4 Effect of temperature . . . . . . . . . . . . . . . . . . . . . . . . 126

8.1.5 Fatigue crack growth in a single cycle . . . . . . . . . . . . . . . . 126

8.1.6 Final conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . 127

8.2 Recommendations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

8.2.1 Criteria for a good fatigue model . . . . . . . . . . . . . . . . . . . 128

8.2.2 Future research directions . . . . . . . . . . . . . . . . . . . . . . 129

8.2.3 Concrete next steps . . . . . . . . . . . . . . . . . . . . . . . . . 130

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

A Curve fit parameters and additional data 133

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

B Effect of R-ratio for constant
(

∆
p

G
)2

and ∆G 141

Acknowledgements 143

Curriculum Vitae 145

List of Publications 147





NOMENCLATURE

LATIN SYMBOLS

A Crack surface area mm2

A Fit parameter in the Jones model mJ/mm2

A Empirical constant in the Weertman model -

a Crack length mm

C Curve fit parameter unit dependent on n

C Compliance mm/N

Cp Plasticity influence parameter -

∆C T OD Crack tip opening displacement range mm

d Displacement mm

d0 Displacement at zero force mm

E Young’s modulus GPa

Ek Kinetic energy mJ

F External work mJ

G Strain energy release rate mJ/mm2

G∗ Energy dissipation per unit crack growth mJ/mm2

Gc Critical strain energy release rate mJ/mm2

GR Resistance to fatigue crack growth mJ/mm2

∆G Strain energy release rate range mJ/mm2

∆
p

G Cyclic strain energy release rate parameter
p

mJ/mm

J J-integral mJ/mm2

∆J J-integral range mJ/mm2

∆
p

J Cyclic J-integral parameter mJ/mm2

K Stress intensity factor MPa
p

mm

∆K Stress intensity factor range MPa
p

mm

N Number of cycles -

n Curve fit parameter -

n Compliance calibration parameter -

m Number of divisions for determining Gavg in the

Atodaria model

-

P Force N

Q Activation energy J

R Universal gas constant J/mol·K
R Load ratio -

RP Force ratio -

Rd Displacement ratio -

S Stress MPa

∆S Stress range MPa

xvii
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s Coordinate mm

T Temperature °C, K

t Traction vector MPa

U Strain energy mJ

u Displacement vector mm

W Energy consumed by crack growth mJ

w Weight factor in the Atodaria model -

w Width mm

x, y Coordinates mm

GREEK SYMBOLS

α Ratio between energy flowing to the plastic zone

and energy flowing to the end-region in the

Broberg model

-

α,β,γ Curve fit parameters -

Γ Integration path -

Γ Energy per unit area of crack extension mJ/mm2

γ Mean stress sensitvity -

γ Effective surface energy mJ/mm2

γs Surface energy mJ/mm2

γp Plastic dissipation in the process zone mJ/mm2

κ Curve fit parameter -

λ Curve fit parameter -

µ Shear modulus GPa

ν Poisson’s ratio -

ξ,ψ Curve fit parameters -

σ Stress MPa

Φ Energy flow to the end-region in the Broberg

model

mJ/mm2

φ Strain energy density mJ/mm3

SUBSCRIPTS

avg Average

c Critical

cyc Cyclic

i Index

I, II, III With respect to mode I, II, III

m Mean

max Maximum

min Minimum

mono Monotonic

PZ Plastic zone

pl Plastic
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th Threshold

tot Total

y Yield

ABBREVIATIONS

AE Acoustic Emission

ASTM American Society for Testing and Materials

CAA Chromic Acid Anodisation

CC Compliance Calibration

CFRP Carbon Fibre Reinforced Polymer

CTOD Crack Tip Opening Displacement

FCG Fatigue Crack Growth

FEA Finite Element Analysis

FEM Finite Element Method

FML Fibre Metal Laminate

FRP Fibre Reinforced Polymer

GFRP Glass Fibre Reinforced Polymer

LEFM Linear Elastic Fracture Mechanics

MBT Modified Beam Theory

MCC Modified Compliance Callibration

PEEK PolyEther Ether Ketone

RMSE Root Mean Square Error

QS Quasi-Static

SERR Strain Energy Release Rate

SEM Scanning Electron Microscope

SIF Stress Intensity Factor





1
INTRODUCTION

And the crack in the tea-cup opens

A lane to the land of the dead.

W.H. Auden, As I Walked Out One Evening

In order to benefit from the advantages offered by adhesive bonding as a joining method

for primary aircraft structures, a better understanding of fatigue crack growth is needed.

While many models have been developed for predicting fatigue crack growth, prediction

and understanding of material behaviour are two different things. The shortcomings of

existing models for prediction of crack growth mean that more understanding of the ma-

terial behaviour is needed. In particular it should be investigated whether the current

models for fatigue crack growth are based on the correct similitude principle. Rather than

attempting to provide a prediction model, the emphasis should be on increased under-

standing of material behaviour.

This thesis aims to increase understanding of fatigue crack growth in adhesive bonds through

the investigation of the relationship between energy dissipation and fatigue crack growth.

To avoid differences between materials obscuring the underlying material behaviour, the

research was limited to investigating mode I fatigue crack growth in an Al-2024/FM-94

epoxy adhesive bond. To better understand the observed material behaviour, investiga-

tions were carried out into the influence of bond-line thickness and of temperature. In

addition fatigue crack growth within a single cycle was investigated.

1
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1.1. NEED FOR A BETTER UNDERSTANDING OF FATIGUE CRACK

GROWTH IN ADHESIVE BONDS

‘W
hen will it break?’ is the central question of structural engineering. In order to

determine whether a given structure will be able to carry out all its functions

reliably, a structural engineer needs to be able to determine under which loads it will

fail. There are of course many different materials and possible loading conditions that

could be investigated. This thesis will focus specifically on fatigue loading of adhesive

bonds.

Adhesive bonding is a very old joining method. There is evidence that birch-bark tar

was already in use as an adhesive to join hafts to stone tools as long as 200,000 years

ago [1, 2]. Bitumen was used for the same purpose starting at least 70,000 years ago [3].

By 40,000 years ago the first adhesive systems were created by mixing plant resins with

ochre [1, 4].

Fast-forwarding to the 20th century, adhesive bonding quickly became an important

joining method within the aviation industry [5]. Although the switch to all-metal struc-

tures around the time of the Second World War made mechanical fastening the domi-

nant joining technique, adhesive bonding remained important. Compared to mechan-

ical fastening, adhesive bonding avoids the need to create holes in the structure, and

provides a more uniform load transfer path. Properly designed adhesive bonds therefore

create much lower stress concentrations. Consequently they can have a lower weight

than mechanically fastened joints. As a lower structural weight reduces an aircraft’s fuel

consumption, the use of adhesive bonding can help reduce operational costs, as well as

the environmental impact. Additionally, the quest to reduce structural weight has re-

sulted in an increasing use of fibre reinforced polymer (FRP) composites. These are gen-

erally not very resistant to bearing pressure, making adhesive bonding a more suitable

choice than mechanical fastening.

However, before adhesive bonding can be applied on a large scale to primary aircraft

structures, two issues need to be solved. First of all, there is no reliable inspection tech-

nique that allows quantification of bond strength in the case of ‘weak’ or ‘kissing’ bonds.

Secondly, better prediction models are needed for the behaviour of adhesive bonds un-

der fatigue loading. It is known that cycles of repeated loading will cause cracks to initi-

ate and then propagate within an adhesive bond. However, despite some four decades

of research, so far no prediction method has been found that is sufficiently reliable and

generally applicable enough to allow certification of adhesive bonding as a primary join-

ing method [6, 7]. In particular, Jones et al. [7] mention the need to account for various

test conditions, such as the load ratio and test temperature, as well as the need for bet-

ter understanding of the growth of ‘short’ cracks. These tend to grow more quickly than

would be predicted based on data obtained from tests with ‘long’ cracks. Other issues

are how to account for the scatter usually seen in experimental results, and that current

methods tend to be based on power-laws with large exponents. This means that even a

small uncertainty in applied load translates into a large uncertainty in the resulting crack

growth rate.

Thus, at present, manufacturers wishing to use adhesive bonds have to rely on the

‘no-growth’ design philosophy [7], where it must be shown that any damage below a
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detectable size will not grow during the entire operational lifetime of the aircraft. This

means stresses within the adhesive bond must be kept below the threshold level for fa-

tigue crack growth (FCG), necessitating very heavy designs. Another option is to rein-

force the adhesive bond with mechanical fasteners able to carry all the required loads

even if the entire bond-line fails. However this imposes a weight penalty, and negates

most of the advantages of using an adhesive bond.

The need for a better prediction of FCG in adhesive bonds should now be clear. Iron-

ically, at least part of the reason that better predictions are not yet available is that past

studies have focused mainly on prediction, as opposed to understanding of material be-

haviour. As a result, the similitude principle underlying current prediction methods has

never been sufficiently examined.

1.2. THE SIMILITUDE PRINCIPLE AND ITS APPLICATION TO FA-

TIGUE CRACK GROWTH

I
N the course of human history, various approaches have been developed to answering

the question of when a structure will break. The first ‘structural engineers’ most likely

answered this question through a combination of trial-and-error and experience, which

was eventually codified into rules-of-thumb and passed down from one generation to

the next.

Although one may consider the combination of trial-and-error and rules-of-thumb

primitive, this method was used to build many great monuments, such as those of the

Egyptian, Greek, Roman, or Mayan civilisations. Even with very little understanding of

forces or material behaviour, these civilisations were able to create buildings that are still

standing after millennia [8, 9]. The ancient engineers that built these structures were

able to predict their strength, at least in a binary fashion (will it break, yes/no?). How-

ever, this ability to predict strength does not imply a deep understanding of the material

behaviour. For example, when dimensioning the foundations of a temple, the Romans

relied on rules such as:

“Above ground level, walls should be constructed underneath the columns,

half again as thick as the columns are to be, so that the lower parts of the

building will be more stable than the upper parts.” [8]

While this rule may result in a temple that can stand the test of time, it does not help one

to understand why such a structure will not collapse. It also does not help one to figure

out whether a slightly different design would work as well.

With the rise of the modern scientific world-view came the desire for a better un-

derstanding of material behaviour, pioneered by the experiments of Leonardo da Vinci

and Galileo Gallilei [9]. To this scientific quest for better understanding were added the

economical imperatives of the Industrial Revolution, which brought new materials and

the desire to create new and larger structures. No longer could old rules-of-thumb be

relied on to dimension the structures engineers were creating. It was also preferable to

have some way of evaluating the performance of new materials, without having to create

full-scale structures. This led to the mathematical formulations of stress and strain still

in use to day. Additionally, the similitude principle became the most important tool for
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engineering predictions.

The similitude principle states that the behaviour of two different structures can be

compared by calculating a suitable parameter for (specific locations on) each structure.

If this parameter is the same, then the structures will behave in the same way. For exam-

ple, a truss member will fail under a tensile load that causes a stress, equal to that which

causes failure of a specimen of the same material in a laboratory.

This is obviously a very powerful principle, as it allows the prediction of the load-

bearing capacity of structures, even when they only exist as designs. It also allows the

evaluation of new materials using only small samples, and without leaving the labora-

tory. However, it is important to remember that the similitude principle is once again

a tool for prediction, and not necessarily understanding. One can predict that a struc-

ture will fail at a certain stress, without any understanding of the material processes that

actually cause that failure. This means that the similitude principle must be used with

caution, and preferably be backed by an understanding of the underlying material be-

haviour that can identify the limits of the chosen similitude parameter.

An illustrative example is the case of the strength of cracked objects. Initially tensile

stress was used as a similitude parameter to predict the tensile strength of structures. If

the stress exceeded the value found to cause failure in a laboratory specimen of the same

material, then failure would also occur in the structure. While this principle holds for

materials without any flaws, it was soon found that cracked structures would fail at much

lower values of applied stress. At first the solution was sought in the stress-concentrating

effect of notches, as e.g. shown mathematically by Inglis [10]. However, even though it

was shown experimentally that Inglis’ equations correctly calculated the stress around a

notch [11], cracked specimens were still failing before the ultimate stress was reached,

even taking into account the stress-concentration. Eventually it was Griffith who used

an understanding of the physical material behaviour to show stress was unsuitable as

a similitude parameter in this case, and that it was necessary to base similitude on the

strain energy within the system [11].

From Griffith’s work two similitude parameters were developed [12], i.e. the stress

intensity factor (SIF, K ) and the strain energy release rate (SERR, G), which proved to be

very successful for predicting the strength of cracked structures under quasi-static load.

For cyclic loading (i.e. fatigue), Wöhler [13] had originially proposed the use of the

stress amplitude as the similitude parameter. This parameter could successfully be used

to predict fatigue lives, but could not be used to predict the growth rate of fatigue cracks

themselves.

Paris et al. [14] therefore proposed the range of the stress intensity factor, ∆K , as

the correct similitude parameter for FCG rate predictions. Unlike in Griffith’s work, the

physical justification for ∆K as the correct similitude parameter for FCG is much more

tenuous. Nevertheless the work of Paris forms the basis of the linear elastic fracture me-

chanics (LEFM) approach to fatigue, which to this day underlies nearly all FCG predic-

tion models. Although the crack growth rate can in many cases be correlated to some

LEFM parameter, there are still issues to be resolved.

For example, the power-law function which is necessary to correlate the crack growth

rate to the LEFM parameters, contains two curve-fit parameters of which the physical

significance has never adequately been explained. Furthermore, the correlation is sen-
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sitive to a number of effects, such as for example changes in the ratio of minimum to

maximum stress. Although it is possible to produce good predictions by creating a large

test database and interpolating within that, the correct physical explanation of these ef-

fects remains controversial [15]. In other words; while the LEFM concept has enabled

good predictions, it has not produced much understanding of FCG behaviour.

Given the issues with the LEFM approach, and the lack of a foundation in an under-

standing of the underlying physics, it is time to ask whether LEFM has in fact supplied

the most appropriate similitude parameter for fatigue. Perhaps a deeper understanding

of the material behaviour could produce a better parameter, leading to more accurate

and robust predictions of fatigue crack growth.

1.3. AIM AND SCOPE OF THIS THESIS

O
RIGINALLY the goal of this thesis project was to find a better prediction for FCG rate

in adhesive bonds. However during the literature review stage it became clear that

while there are many prediction models available in literature, the understanding of the

underlying physics is severely lacking. Thus it was decided to make the development of

a prediction model a secondary goal, and instead focus on understanding the material

behaviour.

As a result of the literature review it was decided that the most promising avenue

of research would be to investigate FCG through the lens of an energy-based approach.

This lead to the main research question of this thesis:

Can fatigue crack growth in adhesive bonds be characterised in terms of

dissipated strain energy?

Related to this the following sub-questions were investigated:

• For a given fatigue cycle, what is the driving force or energy available for fatigue

crack growth?

• Is the resistance to fatigue crack growth a material constant? If not, what parame-

ters affect it?

• How can the resistance to fatigue crack growth be determined a priori?

In order to better understand the obtained test results, the following questions were also

examined:

• How does the load ratio affect the relationship between energy dissipation and

crack growth rate?

• How does bond-line thickness affect the relationship between energy dissipation

and crack growth rate?

• How does temperature affect the relationship between energy dissipation and crack

growth rate?

• How does the fatigue crack grow during the course of a single fatigue cycle?
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In order to avoid complications caused by differences in behaviour between different

materials, one material system was selected for this investigation, i.e. aluminium 2024-

T3 bonded with FM-94 epoxy adhesive. Due to time limitations only mode I crack growth

was investigated. To create a ‘limit case’ for the thickness investigations, some tests were

also performed on an S2-glass/FM94 epoxy composite laminate in two separate projects

under the author’s supervision [16, 17].

Despite these constraints on the scope of the research, it is thought that various gen-

eral principles have been uncovered that are also applicable to other material classes.

This will be discussed in more detail in the relevant chapters.

1.4. THESIS OUTLINE

A
critical reflection on the current approaches to understanding and predicting fa-

tigue crack growth is presented in Chapter 2. The methodology and conceptual

model used to examine fatigue crack growth in this thesis are discussed in Chapter 3.

Chapter 4 presents the core results obtained in this way. To better understand these

results, Chapter 5 examines the effect of bond-line thickness, and Chapter 6 examines

the effect of temperature. Chapter 7 discusses the results of an investigation into crack

growth behaviour within a single fatigue cycle. The conclusions of the research are sum-

marised in Chapter 8. Chapter 8 also examines how the results of this research can be

applied to other materials and how they can inform future efforts to predict fatigue crack

growth.
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2
LITERATURE REVIEW

Logarithmic plots are a device of the devil

Charles Richter

This chapter provides an overview of the literature that formed the background for this

thesis. Over the previous 40 years many methods have been developed for the prediction of

fatigue crack growth in adhesive bonds and composite materials. A comprehensive review

of these methods has been previously published by the author in [1]. In this chapter the

focus will be on the work that was directly relevant for the current research.

An overview is given of the historical development of the current approaches to predic-

tion of fatigue crack growth. The shortcomings of these methods, in particular the lack

of physical underpinning, is highlighted. In addition to a selection of the literature dis-

cussed in [1], attention is given to energy dissipation models and configurational force

models. These two categories were not discussed in [1], but are worth mentioning here as

they provide an alternate approach to the problem of modelling fatigue crack growth. It is

concluded that an energy dissipation type model provides the most promising avenue for

gaining a better understanding of the physics of the problem.

9
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2.1. EARLY DEVELOPMENTS IN FRACTURE MECHANICS

T
HE current approaches to understanding fatigue crack growth have their roots in the

work of Griffith [2]. Griffith was looking for a theory that would explain the failure

of structures containing cracks. At the time it was already understood that failure of

specimens without flaws could be predicted by the concept of ultimate stress. However,

this concept was unable to predict when cracked structures would fail, even if one took

into account the stress concentrating effect of cracks or notches [2].

Griffith’s breakthrough was to take energy, rather than stress, as the controlling pa-

rameter. Griffith recognised that in order to grow a crack, new surfaces must be created,

for which energy is required. The required amount of energy is equal to the surface en-

ergy of the material, multiplied by the area of the newly created crack surfaces.

Although crack growth requires energy, the extension of a crack will also release strain

energy from the surrounding material. Thus Griffith proposed that the critical stress at

which a crack would extend, could be derived from the balance between released and

consumed energy [2]. It should be emphasised here that Griffith derived the conditions

under which a crack could propagate without disturbing the overall equilibrium of the

object, i.e. assuming fixed-grip and quasi-static load conditions.

In perfectly brittle materials formation of new surfaces is the only mechanism con-

suming energy and Griffith’s theory works. However, in other materials there will always

be plastic deformation in the vicinity of the crack tip, which also dissipates energy. To ac-

count for this, Orowan and Irwin independently proposed the use of an effective surface

energy γ; defined as the sum of the actual surface energy γs , and the energy dissipated

by plastic deformation in the vicinity of the crack tip γp [3–5], i.e.:

γ= γs +γp (2.1)

Especially for metals, γp >> γs , which is important for the theories discussed in section

2.7

Griffith’s concept was further developed and mathematically formalised by Irwin and

Kies [6–9], who formulated the energy balance as [7]:

dF

dA
−

dU

dA
=

dW

dA
+

dEk

dA
(2.2)

where F is the work done on a body by external forces, U is the strain energy in the body,

W is the energy consumed by crack growth (i.e. surface energy and plastic deformation),

Ek is the kinetic energy, and A is the crack surface area. Note that in [7] the left hand

term of equation 2.2 shows an addition, whereas here it contains a subtraction. This is

because Irwin and Kies originally formulated equation 2.2 in terms of the reduction in

strain energy, which is the additive inverse of the change in strain energy dU/dA.

The derivative of kinetic energy with respect to crack surface is assumed to be zero.

The derivatives of external work and strain energy can be combined into the parameter

known as the strain energy release rate (SERR) according to [10]:

G =
d(F −U )

dA
(2.3)
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The SERR is thus equal to difference between the reduction of strain per unit of crack

growth and the external work performed per unit of crack growth. If this difference ex-

ceeds the amount of energy required per unit of crack growth, dW/dA, then unstable frac-

ture can occur. In other words, equation 2.2 can be restated as a stability criterion. Crack

growth will occur if:

G ≥Gc (2.4)

where Gc is a critical SERR value. By comparison of equations 2.2 - 2.4 Gc is in the-

ory equal to the amount of energy consumed by any form of crack growth. In practice

however Gc is equal to the value of G at which crack propagation is determined to occur

under quasi-static loading, as for example codified in the ASTM D5528 test standard [11].

It is assumed that under these conditions G =Gc. While this is a reasonable assumption,

it is important to remember that Gc implicitly refers to quasi-static loading conditions.

Apart from formalising the expressions for G , Irwin also demonstrated the equiva-

lence of the SERR and the stress intensity factor (SIF, K ) [8, 9], according to:

G =
K 2

E ′ (2.5)

E ′ = E plane stress (2.6)

E ′ =
E

1−ν2
plane strain (2.7)

where E is the Young’s modulus of the material, and ν is the Poisson ratio.

The consequence of equation 2.5 is that K and G can be used interchangeably in

fracture mechanics analyses. So for example a stability criterion like equation 2.4 can be

written in terms of K , rather than G . Equation 2.5 was also used to adapt fatigue crack

growth (FCG) models originally developed for metals so they could be used for FCG in

adhesive bonds and composites. This will be discussed in the next section. In principle

equation 2.5 was derived for quasi-static loading conditions in a linear elastic material.

However, it is usually assumed to also hold for fatigue loading and for ductile materials,

as long as the amount of plastic deformation is sufficiently small.

The work of Griffith and Irwin formed the basis of the field now known as LEFM. Be-

fore continuing with the application of this theory to FCG in composites and adhesives,

there is an important conceptual point to be made about these theories. In equation

2.5 Irwin has equated the stress-based and the energy-based approaches to the crack

growth problem. Through the Williams solution [12] to the Westergaard equations [13]

K describes the stress around a crack tip [8], whereas G describes the strain energy con-

figuration within an object. Thanks to equation 2.5 however, K can be interpreted as

saying something about the strain energy configuration and G can be interpreted as in-

dicative of the crack tip stress. Thus regardless of whether one takes stress or energy as

the basis for similitude, one can use either K or G . However, this interchangeability of

stress and energy has obscured what basis of similitude is actually being relied on in a

given FCG model.

Due to the difficulty of calculating K for non-homogeneous materials, G is often used

in models for FCG in adhesives and composites. However, because the models used were



2

12 2. LITERATURE REVIEW

originally developed using K , G in this case is interpreted as indicative of the crack-tip

stress field, rather than as an energy parameter. This has caused various issues with these

models to go unnoticed. Issues that are clearly highlighted if one looks instead through

the lens of a strain energy based approach. This will be further discussed in section 2.5.

2.2. APPLICATION TO FATIGUE IN ADHESIVES AND COMPOSITES

W
ITH equation 2.4 it is possible to predict when a crack will grow under quasi-static

loading conditions. However under fatigue loading crack growth will occur even

if the maximum G value reached remains well below the Gc measured in quasi-static

loading tests. Various methods for predicting FCG have been proposed, of which the

method of Paris is currently the most successful.

Paris started from Wöhler’s observation that fatigue life is governed by the stress am-

plitude [14]. For FCG Paris then reasoned that it is not the far-field stress that is impor-

tant, but rather the stress at the crack tip, as described by the SIF. Consequently Paris and

various different co-workers published a series of papers [15–17] in which the SIF range

∆K = Kmax −Kmin was proposed as a similitude parameter for FCG. By curve-fitting of

available crack growth data, Paris et al. proposed the relationship [15–17]:

da

dN
=C∆K n (2.8)

where a is the crack length, N is the number of cycles, and C and n are curve fitting

parameters.

This approach was first applied to metals, but was soon adapted to use in fatigue

delamination and crack growth in composites and adhesive bonds. The first application

of equation 2.8 to these classes of materials was by Roderick et al. [18] who proposed the

equation:

da

dN
=CGn

max (2.9)

for debonding of carbon fibre reinforced polymer (CFRP) and glass fibre reinforced poly-

mer (GFRP) layers bonded to aluminium as reinforcement (what would now be called a

fibre metal laminate (FML) or hybrid joint). Making use of equation 2.5 the SIF was

replaced by the SERR as the similitude parameter, based on the fact that is it easier to

compute the SERR for a non-homogeneous material.

It is noteworthy that the direct equivalent of ∆K would be ∆
p

G , defined as:

∆

p
G =

(

√

Gmax −
√

Gmin

)2
(2.10)

yet Roderick et al. chose to use Gmax instead. In [18] this choice was not explicitly mo-

tivated, but in a follow-up research project [19] various formulations of G were investi-

gated, based on the maximum applied stress Smax, the stress range ∆S, and a combined

parameter Smax∆S. The first two of these formulations are equivalent to respectively

Gmax and ∆G . Based on the correlation with test results Roderick et al. concluded that

which formulation of G was best suited depended on the material system.
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Concurrent with the investigations of Roderick et al., Mostovoy and Ripling put for-

ward the equation [20]:
da

dN
=C∆Gn =C (Gmax −Gmin)n (2.11)

to describe fatigue crack growth in adhesive bonds. Mostovoy and Ripling motivate this

choice of model as follows:

“... the methods [sic] used to define flaw tolerance to cyclic loading is pat-

terned after that used for metals. That is crack-growth-per-cycle, da/dN , is

plotted as a function of Gi which is defined as the difference between the

maximum and minimum value of Gi ”[20].

Note that the physics of the problem are not considered, only that this equation is

also used for metals. Furthermore application of equation 2.5 shows that ∆G is in fact

not equivalent to ∆K . This does not mean that equation 2.11 is necessarily wrong, but

it does mean that the basis of similitude has been changed with respect to equation 2.8

[21].

The basic concept employed in equations 2.9 and 2.11, i.e. correlation of the crack

growth rate with some function of the SERR, was also found to hold in fibre reinforced

polymers (FRPs). This was first shown by Wang and Wang [22], and O’ Brien [23, 24].

Again Wang and Wang only offer as justification the success of this concept in other ma-

terial systems, while O’ Brien just notes the existence of this correlation without any at-

tempt at physical justification.

In summary, the models proposed for fatigue crack growth in adhesives and compos-

ites were selected by applying the same concept that had previously worked in metals.

This is a reasonable approach and has indeed resulted in models that can successfully

correlate experimental data. However, it should be realised that the underlying model

for FCG in metals, i.e. equation 2.8, is itself also no more than an empirical correlation.

∆K was chosen as a correlating parameter because Paris et al. expected a correlation

between crack-tip stress range and FCG rate. While it has been firmly established that

such a correlation exists,the question of why there should be a power-law relationship

between ∆K and da/dN has not been satisfactorily answered. In fact, it is usually not even

asked.

This would not be a problem if equations 2.9 or 2.11 could offer adequate predic-

tions for all loading conditions and C and n could be treated as material properties.

However, there are a wide variety of factors that can influence the correlation between

FCG rate and SERR, for example: mode-mix, loading ratio (R), and temperature. Rather

than account for these factors from an understanding of the physics, researchers have

attempted to deal with them through modifications of the basic equations. This has

produced a well-stocked library of empirical correlations and curve-fit models, but no

fundamental explanation of the the underlying phenomena. Nor is there a proven model

for general crack growth predictions.

A comprehensive overview of the models that have been developed since the pio-

neering work of Roderick et al. and Mostovoy and Ripling has been provided in [1]. This

chapter will focus on the models that were developed in order to deal with the so-called

‘R-ratio effect’, and models that make use of normalisation by the fracture toughness,
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as they provide a good illustration of the issues caused by a lack of consideration of the

physics.

2.3. ADDRESSING THE R-RATIO EFFECT

I
T was already noted by Paris [15, 16] that the correlation given in equation 2.8 depends

on the mean stress. Equivalently one can state that the correlation depends on the R-

ratio, which is defined as:

R =
Smin

Smax
(2.12)

Paris suggested that this effect could be accounted for by making the coefficient C a

function of the mean stress [16]. Later researchers found this suggestion insufficient,

and a variety of other models have been suggested.

Hojo et al. [25, 26] observed that for a given da/dN

∆K (1−R)γ = constant (2.13)

where γ is a material parameter, representing the sensitivity to the mean stress. Based

on this observation Hojo et al. derived the relationship:

da

dN
=C∆K (1−γ)nK

γn
max (2.14)

as a model for the prediction of the FCG rate for any R-ratio. In terms of the SERR, this

can be rewritten as [21]:
da

dN
=C ′

(

∆

p
G

)(1−γ′)n′

G
γ′n′

max (2.15)

with

∆

p
G =

(

√

Gmax −
√

Gmin

)2
(2.16)

Atodaria et al. arrived at a similar equation (originally in terms of the SIF, but later

also derived in terms of the SERR), but replaced Gmax by Gavg, giving [27–29]:

da

dN
=C

[

(p
G

)γ

avg

(

∆

p
G

)1−γ
]n

(2.17)

with

p
Gavg =





1

m

p
Gmax
∑

p
Gth

(p
G

)w





1
w

(2.18)

where m is the number of divisions into which the range
√

Gth to
p

Gmax is divided, Gth

is the threshold value of G , below which no crack growth is assumed to occur, and w is

an experimentally determined weight factor. This equation was proposed on the basis

that for a fixed Kmax the crack growth rate decreases as R increases (due to the decrease

of ∆K ), whereas for a fixed ∆K the opposite happens: the growth rate increases with

increasing R (due to the increase in Kmax).



2.3. ADDRESSING THE R-RATIO EFFECT

2

15

Khan [30] proposed a superposition of ∆G and Gmax, based on fractographic obser-

vations. The resulting equation has the form:

da

dN
=C1∆Gn1 +C2G

n2
max (2.19)

Andersons et al. [31] combined the work of Hojo et al. [25, 26] with a Priddle /

Hartman-Schijve type equation [32, 33] to propose the model

da

dN
=C

(

∆K −∆Kth

Kc −Km

)b

(2.20)

where Kc is the critical K value at which quasi-static crack growth occurs, and Km is the

mean SIF.

In the Andersons model the R-ratio is accounted for by the equation:

∆Kth =∆Kth0 (1−R)γ (2.21)

where ∆Kth0 is the value of Kth for R = 0. This basically represents an extension of the

Hojo model to the regions of non-loglinear crack growth behaviour in the vicinity of the

threshold and critical load values.

A similar model has been suggested by Jones et al. [34–37]. Jones et al. also use a

Priddle type equation, viz:

da

dN
=C











∆
p

G −∆

√

Gth
√

1−
√

Gmax

A











n

(2.22)

where A is a fit parameter. Originally Jones et al. used Gc rather than A [34], implying a

physical relationship between the crack growth rate and the fracture toughness. Even in

ref. [34] however, this was considered a fitting parameter, rather than an independently

determinable physical quantity. In the most recent work [36, 37] Jones et al. argue that

any scatter can be accounted for by varying ∆

√

Gth, effectively creating an equation with

4 fit parameters, 2 of which are supposedly physical quantities.

A different approach has been proposed by Allegri et al. [38], who suggested the

equation:

da

dN
=C

(

GIImax

GIIc

) n

(1−R)2

(2.23)

Although this equation was put forward for the case of mode II growth, one could imag-

ine a similar equation for mode I growth. Allegri et al. discuss the correspondence be-

tween their proposed equation and the phenomenological features of a series of crack

growth experiments; i.e. how the crack growth vs SERR curves rotate as a function of R.

Beyond this however, they do not provide an underlying physical theory that justifies the

chosen form of their equation.

This is an objection that can be raised to all the crack growth models discussed in this

section. The form of the equations has been chosen so that the shape of the graphs they
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G
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N

Figure 2.1: For a given Gmax many different load cycles can be defined. Likewise, for a given ∆G there are many

possible load cycles. Thus Gmax or ∆G alone are insufficient to uniquely define a load cycle, and thus are not a

sufficient basis for an FCG model.

produce mimics the behaviour seen during tests. While care has been taken to get the

mathematics to match, none of the authors seem to have considered what their models

are implying about the physical process of fatigue crack growth.

This lack of attention to the physics can even be seen in the term ’R-ratio effect’. This

terminology implies that there is some kind of fundamental material behaviour that is

then modified by the R-ratio. This fundamental material behaviour can supposedly be

described by the correlation between da/dN and some function of the SERR, e.g. Gmax or

∆G . However it is a simple fact of mathematics that Gmax or ∆G alone are insufficient to

uniquely describe a load cycle, as illustrated in figure 2.1. Since there are many different

possible load cycles for a given value of Gmax, it should come as no surprise that there is

no unique relationship between Gmax and da/dN . Of course this same line of reasoning

also holds for ∆G .

In other words, the ‘R-ratio effect’ is at least in part an artefact of the choice of an

insufficient number of parameters to describe the load cycle. This needs to be accounted

for, before any physical basis for the R-ratio effect can be identified.

It may sometimes be useful to examine the effect of mean load and load range sep-

arately. However it is important to acknowledge that these parameters should be given

equal weight conceptually, even if some materials may be more sensitive to one or the

other.

2.4. NORMALISATION BY THE FRACTURE TOUGHNESS

V
ARIOUS researchers have suggested that to correctly model fatigue crack growth one

should consider the crack driving force in relation to the material resistance; usually

interpreted as the relation of Gmax or ∆G to Gc. This was first suggested by Wang et al.
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[39, 40], in the form:

da

dN
=C

(

∆
p

G

Gc

)n

(2.24)

This principle of normalising the ‘driving force’ with respect to the fracture toughness

has been used in many different models [38, 41–45].

In all of these models the fatigue resistance is assumed to be constant. Because C

is determined by curve fitting, the constancy of the fatigue resistance means there is

no way of experimentally comparing the performance of a normalised equation such as

equation 2.24 with that of a non-normalised equation. Any constant value (in this case
1/Gn

c ) can be ‘extracted’ from C and placed separately into the equation without affecting

the validity of the fit. Thus normalisation can only be justified on the grounds of the

underlying physical model of the material behaviour, but little justification is given in

the cited papers.

Furthermore one must ask whether the quasi-static parameter Gc is a correct mea-

sure of the crack growth resistance during fatigue, especially as FCG will occur for G <Gc.

There have been several attempts to find a better representation of fatigue resistance,

following the approach of Poursartip [46]. Poursartip proposed the fatigue resistance

parameter GR (a), which is explicitly a function of crack length a. This type of parameter

has been adopted by Shivakumar, Chen, and co-workers [47, 48], Zhang, Peng, and co-

workers [49, 50], and Murri [51, 52]. Even with this approach however, the issue remains

that GR is determined based on a quasi-static test. Therefore it is not necessarily repre-

sentative for crack growth resistance in fatigue. For example Murri [51, 52] used GR as a

way of accounting for fibre bridging in mode I delamination in CFRP. However Yao et al.

have recently shown that a pre-crack produced by quasi-static loading does not produce

the same fibre bridging effect on FCG as a pre-crack produced by fatigue loading [53]. In

other words: fracture toughness does not equal fatigue resistance.

If one does accept, for the sake of argument, that a correct representation of the fa-

tigue resistance can be found, the question becomes why da/dN depends on Gmax/Gc or
Gmax/GR in a non-linear manner. If the driving force is twice as strong compared to the

resistance, why is the crack growth (much) more than twice as fast? No physical justi-

fication for this could be found in the literature. One can also ask why normalisation

by the fatigue resistance is the correct procedure, rather than some other mathematical

operation.

Ultimately normalisation by the fatigue resistance suffers from the same issue as that

which plagued the models described in section 2.3: a lack of grounding in an under-

standing of the underlying physical behaviour.

2.5. PHYSICAL OBJECTIONS TO THE LEFM BASED MODELS

I
N sections 2.1 and 2.2 it was already discussed that thanks to equation 2.5 the SIF

and SERR are often treated as interchangeable on a conceptual level. Strictly speaking

the SERR is an energy parameter. However, due to the historical development of FCG

models for adhesive bonds and composites, as developments of the Paris relation, the

SERR is often implicitly regarded as being descriptive of the crack tip stress. According to

equation 2.5 this is perfectly allowable. However, let us see what happens if we do think
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of the SERR as an energy parameter, and keep the Griffith energy balance principle in

mind.

As originally derived, G is the amount of energy released as a consequence of crack

growth. This would imply there is no G if there is no crack growth (as there will be no

energy release). However presently G is usually treated more as a virtual parameter, that

has a value regardless of whether there is a crack growth increment or not.

In both cases G is a function of load and geometry. This has two implications. Firstly,

although a G value can be calculated for the load at any point in the fatigue cycle, there

will only be an actual release of energy if there is in fact an increment of crack growth.

Secondly, during a fatigue load cycle G is continuously changing. This raises some im-

portant questions regarding the validity of equations 2.9 and 2.11 and by extension any

models based on these equations.

If G is continuously changing, then why would only the value of G at maximum load

(i.e. Gmax) be of importance for the FCG rate? Griffith’s energy balance (and the first

law of thermodynamics) demand that the energy consumed by crack growth in one en-

tire cycle be equal to the energy released during that entire cycle. The energy released

by crack growth increments that do not occur at maximum load must therefore also be

considered. Thus a simple explanation for the ‘R-ratio effect’ in this view, is that only

using Gmax as a controlling parameter ignores the crack growth happening in the rest of

the fatigue cycle.

Now let us consider ∆G as a controlling parameter. ∆G is defined as Gmax −Gmin.

Therefore, taking ∆G as a controlling parameter implies giving physical relevance to

Gmin. According to the standard definition of the SERR, Gmin is the amount of energy

released by a crack growth increment at the minimum fatigue load. But is there in fact a

crack growth increment at minimum load? If crack growth does occur at the minimum

fatigue load, then why does the crack not keep growing if fatigue cycling is stopped and

the load held at the minimum level? On the other hand, if Gmin has no physical meaning,

then what is the physical meaning of ∆G?

Even if both Gmax and Gmin do have physical meaning, the question remains, why

would it be the difference between these two values that is the controlling parameter for

FCG? Why shouldn’t the absolute values of the energy being released at maximum and

minimum load also be considered, rather than only the difference between these values?

Again this provides an explanation for the ‘R-ratio effect’; the absolute energy release is

ignored by choosing only ∆G as the controlling parameter.

Based on the discussion above it is clear that on grounds of physical principles all the

single-parameter LEFM-based models must be rejected as general descriptions for FCG.

To have a model that is valid for more than one R-ratio, two parameters are necessary.

Various two-parameter models have been discussed in section 2.3, but no physical justi-

fication for the chosen equations has been provided. Although they may provide usable

predictions, these models can not be regarded as a theoretical framework that explains

fatigue crack growth.

2.6. THE CONFIGURATIONAL FORCE APPROACH

T
HE models described in the previous section all rely on LEFM. However, there are

other approaches to understanding crack growth. One example is the configura-
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tional force approach recently championed by Ochensberger and Kolednik [54–57]. The

concept of configurational forces was proposed by Eshelby [58–60] within the framework

of continuum mechanics. Eshelby showed that the integral over a closed surface of the

normal component of the energy-momentum tensor, can be interpreted as a force on

any discontinuities (e.g. cracks) within that surface [60]. This type of force is now com-

monly called a configurational force. For a two-dimensional crack, the component of

the configurational force parallel to the crack extension is equal to the J-integral [59, 60].

The J-integral is a path-independent integral defined by Rice [61] as:

J =
∫

Γ

(

φdy − t ·
∂u

∂x
ds

)

(2.25)

Here Γ is the integration path, with coordinate s along that path, φ is the energy density,

t is the traction on the enclosed surface, u is the displacement vector, and x and y are

Cartesian coordinates, see also figure 2.2. If the material is perfectly linear elastic the

J-integral is equal to the SERR.

Γ

s

n

t,u

y

x

Figure 2.2: Definition of the terms in the calculation of the J-integral (see equation 2.25). The J-integral is

calculated over the path Γ surrounding the crack tip, and integrates the difference between the strain energy

and the dot product of the traction vector t, and the partial derivative w.r.t. x of the displacement vector u.

Simha et al. [62, 63], developed this concept further for elastic-plastic materials. In

that case the J-integral is no longer path-independent. Using the configurational force

concept Simha et al. were able to derive the relationship between a J-integral evaluated

for an integration path near the crack-tip, Jtip, and one evaluated for a far-field integra-

tion path Jfar:

Jtip = Jfar +Cp (2.26)

Cp is introduced by Simha et al. as a ‘plasticity influence term’ which represents the

configurational force due to plasticity. A Cp < 0 implies that plasticity has a shielding

effect, reducing the crack driving force at the crack tip.

Ochensberger and Kolednik performed further numerical investigations into the na-

ture of the elastic-plastic J-integral formulation developed by Simha, especially consid-

ering how to deal with its path-dependence [54, 55]. They concluded that the correct pa-

rameter to evaluate crack growth is a J-integral evaluated on a contour that completely

encloses the crack-tip plastic zone, denoted J
ep

PZ
. The superscript ‘ep’ indicates that this
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J-integral was formulated in such a way that it is also valid for elastic-plastic materials.

As long as the integration path only goes through elastically deformed material, this de-

tail can be ignored however, as the conventional and elastic-plastic J-integral are equal

in that case [55].

J
ep

PZ
is interpreted by Ochensberger and Kolednik as the driving force on the crack

plus its surrounding process zone; crack extension will occur if J
ep

PZ
equals or exceeds the

crack growth resistance. For fatigue crack growth Ochensberger and Kolednik [55, 56]

claim that the driving force is given by a cyclic J-integral defined as

Jmax + Jmin −2
√

Jmax Jmin =
(

√

Jmax −
√

Jmin

)2
(2.27)

Rather confusingly Ochensberger and Kolednik (following common practice in litera-

ture) denote this quantity as ∆J , despite it not being equal to the range of the J-integral.

Thus the quantity defined by equation 2.27 will be denoted as ∆
p

J in this thesis. This

also serves to highlight its similarity to the quantity ∆
p

G discussed by Rans et al. [21].

Confusing notations aside, there is a more fundamental issue regarding the interpre-

tation of ∆
p

J as the driving force for FCG. That J can be interpreted as a driving force

for propagation of a crack under quasi-static load follows by derivation from fundamen-

tal principles of (continuum) mechanics. Crack growth occurs when this driving force

exceeds some critical value, which one can call the crack growth resistance. However, as

Ochensberger and Kolednik note, under cyclic loading crack growth occurs for driving

force values well below the crack growth resistance measured under quasi-static load.

One possible explanation is that for some reason the resistance to fatigue crack growth

is lower than the resistance to quasi-static growth. However, Ochensberger and Koled-

nik instead conclude that it is the driving force description that is lacking [55, 56]. They

claim that for the case of fatigue loading it is necessary to introduce new driving force

terms such as ∆K and ∆
p

J , even if, as they acknowledge:

“these terms are not necessarily real driving force terms in the thermody-

namic sense.”[56]

According to Ochensberger and Kolednik this lack of reality is acceptable, as long as the

‘fatigue driving force’ allows prediction of the crack growth rate. Based on experimental

observations of Pippan et al. [64], Ochensbeger and Kolednik claim that the fatigue crack

growth rate is proportional to the range of the crack tip opening displacement (∆CTOD).

Supported by numerical simulations they then argue that∆
p

J is proportional to∆CTOD

and therefore should be interpreted as the driving force for FCG.

With this line of argument Ochensberger and Kolednik have abandoned the physical

justification for the use of J . While the interpretation of J as a driving force for quasi-

static crack growth is physically sound, how and why ∆
p

J should be interpreted as a

‘fatigue driving force’ is unclear. As Ochensberger and Kolednik themselves point out,

∆K and ∆ CTOD are nothing other than parameters that have empirically been found to

have a correlation with the crack growth rate. There has been so far no explanation of the

physical mechanisms that would justify labelling these terms as a ‘driving force’. Accept-

ing J , and by extension G and K 2, as a crack driving force immediately raises the question

why simply taking the range of the applied force cycle would give a ‘cyclic driving force’.
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At first sight some kind of integration procedure would seem to be more appropriate,

although by analogy to classical mechanics, it would be more appropriate to call such a

quantity the ‘driving impulse’.

Even if one does accept ∆
p

J as a driving force, the question remains how to deter-

mine the FCG rate based solely on the driving force. Any theory of fatigue crack growth

needs to be able to explain how far a crack will grow during one cycle. Merely know-

ing the driving force is insufficient to do this. To provide an analogy: to calculate the

final velocity of a rocket, it is not sufficient to only know the thrust of the rocket (i.e.

the rocket’s ‘driving force’), one also needs to know the mass of the rocket, the duration

during which the rocket engine fires, and the atmospheric drag on the rocket. In terms

of a fatigue crack, one needs to know not only how large the driving force is, but also for

‘how long’ this force is applied, and what the material’s resistance to fatigue crack growth

is. Simply finding an empirical relationship between a ‘driving force’ and crack growth

rate may produce an useful prediction model for engineering purposes, but not a correct

constitutive material model.

2.7. PLASTIC ENERGY DISSIPATION

R
ATHER than attempting to find a driving force by means of LEFM or configurational

forces, some researchers have attempted to relate the crack growth rate to energy

dissipation. In essence, this is a return to the energy balance as proposed by Griffith and

Irwin & Kies. Only very recently has this approach been applied to non-metallic mate-

rials [65–71], so this section will make a brief excursion into the field of FCG in ductile

metals.

In metals FCG is considered to be strongly related to plastic deformation. Further-

more the energy γp consumed by plastic dissipation near to a crack tip is usually orders

of magnitude greater than the surface energy γs of the material. Thus the energy ap-

proaches for FCG in metals tend to focus on relating the crack growth rate to the dis-

sipation of energy due to plasticity. The first to suggest such an approach were Rice

[72, 73] and Weertman [74, 75]. Weertman’s model forms the basis for many of the cur-

rent energy-based models of FCG and is usually formulated as [76]:

da

dN
= A

∆K 4

σ2
yµΓ

(2.28)

where A is a dimensionless constant (determined empirically), σy is the yield stress, µ

is the shear modulus and Γ is the required energy per unit area of crack extension. It

is noteworthy that Weertman himself considered this to be a stress-based model, with

a critical stress controlling the crack growth [75], even though it is presently thought of

as an energy-based model. Another notable feature is the fourth order dependence on

∆K in equation 2.28. This matches experimental results in metals, but not in FRPs or

adhesives, where (when converted to a ∆K dependence) exponents as high as 16 have

been found [36].

Another important contribution was made by Bodner et al. [77], who proposed think-
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ing about FCG in in terms of the equation

da

dN
=

da

dUpl

dUpl

dN
(2.29)

where dUpl/dN is the plastic energy dissipation per cycle and da/dUpl is the crack advance

per unit of energy dissipation. This is of course a restatement of the first law of ther-

modynamics, applied to fatigue crack growth. Calculation of dUpl/dN can be done rela-

tively easily with the finite element method (FEM), but finding the correct expression for
da/dUpl is less obvious.

Klingbeil proposed using the critical SERR Gc as
(

da/dUpl

)−1
giving [76, 78]

da

dN
=

1

Gc

dUpl

dN
(2.30)

Good correlation was found for data from crack growth experiments in a variety of

metals [76]. However the use of Gc as controlling parameter is questionable. As dis-

cussed earlier Gc is found during quasi-static tests, and its applicability to FCG is un-

clear. For example Ranaganathan et al. [79] present experimental evidence that da/dUpl

depends on ∆K , especially for near-threshold crack growth. Ranaganathan et al. argue

this is reflective of changes in the micro-mechanical crack-growth mechanisms. Thus

Smith [80] adopted the Klingbeil model, but used an empirically determined value of
da/dUpl (which turned out to be three times the fracture toughness value reported in lit-

erature). With this approach good correlation between the model and experimental data

was found. It was also shown to be possible to accurately predict the crack growth retar-

dation produced by a tensile overload.

A different approach was developed by Cojocaru and Karlsson [81, 82] and developed

further by Nittur et al. [83]. In this approach a dissipation domain is defined around the

crack tip, and fixed to advance along with it. The cumulative plastic dissipation (over

several cycles, if necessary) is calculated. If the cumulative plastic dissipation exceeds

an empirically determined critical value the crack is advanced. The cumulative plas-

tic dissipation is then evaluated and compared to the critical value in this new region.

The process is repeated until the plastic dissipation becomes less than the critical value,

at which point one or more new load cycles are applied. Comparison with test results

showed good correlation. It should be noted that Nittur et al. assumed a constant value

of the critical dissipation value.

In summary, the plastic dissipation models produce good results and are consistent

with physical principles. Questions that remain are whether it is still appropriate to only

consider the plastic dissipation for material classes other than metals, where very differ-

ent plastic zones may be generated. This is especially questionable for configurations

where cracks propagate within a constrained volume of material, e.g. crack growth in

adhesive bonds or delamination in FRPs. That delamination growth rates are generally

not proportional to ∆K 4 indicates that other sources of energy dissipation may need to

be considered in these cases.
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2.8. CONCLUSION

An overview has been given of the most important models for predicting and under-

standing FCG in composite materials and adhesive bonds. The models most commonly

used at present are those based on LEFM. Although these can provide useful predictions,

they are invariably based on empirical curve fitting. This means they are of limited va-

lidity, and extensive (and expensive) test programmes are required to generate sufficient

material data. From a scientific point of view, the physical justification of these models

is severely lacking, and provides little understanding of fatigue crack growth.

A question that was raised when examining the LEFM-based models was how to in-

terpret the SERR. Due to the history of FCG models in adhesive bonds and composites

being based on the Paris relationship, which was developed for metals, the SERR is usu-

ally implicitly considered to be a description of the crack tip stress. However the SERR

was originally derived as the amount of energy released by an increment of crack growth.

Returning to this interpretation of the SERR highlights various issues with the LEFM-

based models, as discussed in section 2.5.

Rather than interpreting G as the energy release, the configurational force approach

also allows one to interpret G as the driving force for crack growth (assuming conditions

are such that J =G is valid). Note that these interpretations conflict in cases where there

is no crack growth increment. The driving force exists irrespective of crack growth oc-

curring, but energy will only be released if the crack does in fact grow.

That J should be regarded as the driving force for crack growth of a quasi-static crack

has been shown quite convincingly on the basis of physical principles. How this should

be related to FCG remains unclear however. The choice to consider ∆
p

J as the driving

force for FCG, as proposed by some researchers, is based purely on empirical correla-

tions, and in defiance of the fact that ∆
p

J does not in fact represent a thermodynamical

driving force. Thus it would seem to be better to regard the correct definition of the driv-

ing force for fatigue crack growth as an open question.

The FCG models that have the most physical justification are those based on plastic

energy dissipation. Questions that remain to be resolved are whether it is appropriate

to only consider plastic dissipation in the case of non-metallic materials, and how to

determine the dissipation per unit of crack growth. In particular it must be investigated

whether this last parameter is a constant or not.

This thesis aims to answer these questions for the case of fatigue crack growth in a

metal-to-metal epoxy adhesive bond, with the expectation that the results can be gener-

alised to larger classes of fatigue crack growth.
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3
METHODOLOGY

With wonderful deathless ditties

We build up the world’s great cities.

Arthur O’Shaughnessy - Ode

The conceptual model of crack growth put forward in this thesis is that crack growth rate is

the result of interaction between an amount of available energy and the amount of energy

required per unit of crack growth. Alternatively these concepts can be interpreted as a crack

driving force and a crack growth resistance. Crucially, both the available and the required

energy may depend on the applied load. Evidence for that statement will be presented in

later chapters.

This chapter presents the theoretical argument for the proposed conceptual model and

defines a number of terms related to the strain energy that are used throughout this thesis.

This chapter also discusses the specimens and test set-up, and presents the methods used

for data analysis.
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3.1. CONCEPTUAL MODEL OF CRACK GROWTH

B
EFORE setting out the theoretical framework that underlies this thesis, let us reflect

for a moment on the difference between FCG and the models of quasi-static crack

growth proposed by Griffith [1] and Irwin and Kies [2]. The key feature of these models,

especially in the formulation of equation 2.4, is that they formulate a stability criterion.

That is to say, these models explain when a crack will start to grow when there is no

further external energy input. Any understanding of FCG on the other hand must explain

not only when a crack will start to grow, but also when it will stop. After all, during a single

fatigue cycle the crack will only advance by a finite amount. Thus any model of FCG must

be able to explain why the crack advance will halt again, and preferably also how far the

crack will advance during a single cycle.

From the first law of thermodynamics it follows that a finite amount of crack exten-

sion implies a finite amount of energy available for crack growth during one cycle. This

‘packet’ of available energy is consumed by the mechanisms that result in crack growth.

This could be actual decohesion mechanisms, but also any dissipative processes that are

inextricably linked to the crack growth, even if they do not themselves advance the crack.

An example would be the plastic deformation near the crack tip. Even if this deformation

does not serve to advance the crack tip, it is impossible to create crack growth without

also generating this plasticity. Thus the energy dissipated in this plastic deformation

should be considered part of the energy necessary to advance the crack.

Again invoking the first law of thermodynamics; the amount of crack growth gener-

ated in one cycle follows from the total amount of energy dissipated and the amount of

energy that needs to be dissipated per unit of crack growth, i.e., assuming unit width:

da

dN
=

da

dU

dU

dN
(3.1)

This equation is very similar to the equation proposed by Bodner et al [3] (eqn 2.29), but

then generalised to take account of all energy dissipation, not just plastic dissipation.

In equation 3.1, dU/dN represents the total amount of energy dissipated during a sin-

gle cycle. Thus dU/dN is equal to the amount of energy that was available for crack growth

in that cycle. The factor da/dU represents the amount of crack growth per unit of dissi-

pated energy. The inverse value dU/da, the amount of energy dissipation required per

unit of crack growth, can be thought of as representing the resistance to crack growth.

Looking at the models discussed in Chapter 2, it is clear that those models generally

attempt to relate the crack growth rate to only one parameter, usually interpreted as be-

ing some measure of the driving force. However by equation 3.1 it should be clear that

there are two parameters that are important: how much energy is dissipated in total, and

how much energy dissipation is required per unit of crack growth.

From this follows the conceptual model of crack growth used in this thesis, as shown

in figure 3.1. According to this model, the crack growth rate is determined by the interac-

tion between either the driving force or the energy available for crack growth on the one

hand, and the resistance or energy required per unit of crack growth on the other hand.

Crucially, the available energy and the required energy both depend on the applied load.

Evidence for this statement will be provided in Chapter 4.

Summarising the above: a full explanation of FCG must not only explain how to find
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Driving force

Energy available

Resistance

Energy required

Applied load

Crack growth per cycle

Figure 3.1: Conceptual model of FCG used in this thesis. Crack growth arises through the interaction of a

driving force and a resistance to that force. Both the driving force and the resistance are influenced by the

applied load

the crack growth rate based on a comparison of the driving force and the resistance. It

must also explain how the driving force and the resistance depend on the applied load.

In the following chapters evidence will be presented supporting the conceptual frame-

work sketched in figure 3.1. This will mainly be done by characterising the relationship

between crack growth rate and energy dissipation. The remainder of this chapter will

be devoted to an explanation of the general methodology used for the experiments and

data analysis.

3.2. DEFINITION OF TERMS RELATED TO THE STRAIN ENERGY

C
ONSIDER a linear elastic material subjected to a fatigue load under displacement

control. The force-displacement diagram for such a material is shown in figure 3.2.

The area under this diagram is the work done on the specimen. Under the assumption of

linear elasticity this is equal to the strain energy stored in the specimen. During the first

load cycle the displacement is increased from d0 to dmin, storing an amount of strain

energy, which will be referred to as the monotonic energy, Umono . During subsequent

cycling a further amount of energy is added as the displacement is increased from dmin

to dmax. If no energy dissipation takes place, this energy is returned to the loading device

again as the specimen is unloaded from dmax back to dmin. This energy is referred to as

the cyclic energy or cyclic work, Uc yc .

Under displacement control, if no energy dissipation occurs, the total amount of en-

ergy in the system Utot = Uc yc +Umono would remain constant. If crack growth occurs

however, the specimen compliance C = d/P will increase and strain energy will be re-

leased from the system. Figure 3.3 shows how the total energy evolves over the course of

a fatigue crack growth test on two specimens.

By fitting a suitable function and then taking the derivative (or a different suitable
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Figure 3.2: Theoretical force displacement diagram for a fatigue load cycle on linear elastic material under

displacement control. Note that in general the force-displacement line does not pass through the origin.
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Figure 3.3: Total energy versus number of cycles for two specimens, each subjected to a different load cycle.

For an explanation of the nomenclature see section 3.3, and for raw data see [4]
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procedure) one can then obtain the change in energy per cycle dU/dN . The value of dU/dN

for a given cycle is assumed to be equal to the energy dissipation in that cycle.

Rearranging equation 3.1 one obtains

dU

dN
=G∗ da

dN
w (3.2)

G∗ =
1

w

dU/dN

da/dN
=

dU

dA
(3.3)

Here w is the specimen width and G∗ is the amount of energy dissipated per unit of

crack growth (in terms of fracture surface area). G∗ appears to be identical to G = dU/da

(with a suitable correction for the specimen width). However, it should be emphasised

that G is a derivative, i.e. it applies for an infinitesimal increment of crack growth, and

therefore applies at each instant of time. On the other hand, G∗ is determined by the

division of two parameters that have a time-resolution of one cycle. Therefore G∗ repre-

sents the average energy dissipation per unit of crack growth in one cycle. G∗ can thus

be thought of as an ‘average SERR’. However, G∗ is in general not equal to the mean value

of G .

In case the specimen is loaded under force control, rather than displacement control,

it is also possible to determine dU/dN . However in that case one has to take account of the

work done by the constant force when the compliance increased. This can for example

be done using the procedure outlined in [5]. This research focused on the displacement

control load case, as this makes the experiments and data analysis easier to perform.

3.3. SPECIMEN DESCRIPTION

T
HIS section gives a description of the general configuration of the specimens used

in this research. Modified configurations were used to investigate the influence of

bond line thickness and temperature. Details on these modifications will be given in the

relevant chapters.

The specimens used in this research were coded according to the scheme: ‘letter’-

‘3 digit number’-’letter or Roman numeral’, e.g. ‘C-001-I’. The first letter refers to the

specimen series and the number refers to the number of the specimen within that series.

Due to the length of the specimens it was possible to conduct multiple fatigue tests on

the same specimen. The last letter or Roman numeral is used to distinguish between

these tests. Table 3.1 gives an overview of the test series discussed in this thesis.

The basic specimen geometry used in this research was the double cantilever beam

(DCB) configuration. No standard exists for FCG in an adhesive joint, so the test set-

up used in this thesis was based on ASTM standard D-5528 [6] and the work of Bürger

[7]. Batches of specimens were produced by bonding two 6 mm thick aluminium Al

2024-T3 plates with Cytec FM94 K.03AD FILM 915 epoxy adhesive (FM94 for short). This

adhesive film contains a polyester knit carrier. However, previous research has shown

that this carrier does not significantly affect the disbond growth rate [7, Appendix A]. The

aluminium was pre-treated with chromic acid anodisation (CAA). For series A through

E bonding was conducted immediately after anodising. For the other specimens BR-

127 primer was applied after CAA, and the aluminium was stored for some time before

further processing.
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Table 3.1: The different test series and the purpose of the tests.

Series Test purpose

A Quasi-static crack growth

B Fatigue crack growth

C Fatigue crack growth

D Quasi-static and fatigue crack growth

E Fatigue crack growth

G Effect of bond line thickness

H Effect of bond line thickness

T Effect of temperature

AE Acoustic emission / crack growth in a single cycle

Bonding was performed by placing a sheet of FM94 film between the two aluminium

plates. A teflon (series A through E) or polyester (series G & H) tape was applied to a por-

tion of each of the plates in order to prevent adhesion and create a pre-crack. The ad-

hesive was cured in an autoclave in accordance with the manufacturer’s specifications,

i.e.: 1 hour at 120 °C and 6 bar (0.6 MPa) pressure. After curing, the plates were cut into

strips, which were then milled to the final dimensions. Threaded holes were drilled into

the specimens in order to allow attachment of the loading blocks. The nominal spec-

imen width was 25 mm (see also figure 3.4). The actual specimen dimensions can be

found in [8].

Diluted type-writer correction fluid (in essence, white paint) was applied to the side

of the specimens in order to enhance visibility of the crack. A strip of paper graduated in

1 mm increments was fixed to the side of the specimen in order to provide a length scale

for the crack length measurements.

For test series T and AE, specimens were used that were manufactured during the

research project of Bürger [7], who used the same manufacturing process as described

for this thesis. However as Bürger used longer specimens, a band saw was used to reduce

the specimen length.

3.4. TEST SET-UP

T
HIS section describes the basic test set-up used throughout this research. Modifica-

tions to investigate specific factors are discussed in the relevant chapters.

Fatigue tests were performed on an MTS 10 kN hydraulic fatigue testing machine.

Tests were conducted under displacement control at a fixed frequency of 5 Hz. The ap-

plied force and displacement at the minimum and maximum of the cycle were recorded

by the fatigue machine every 100 cycles.

The crack length was measured by means of a camera aimed at the side of the spec-

imen, as shown in figure 3.5. At the start of the test (when crack growth was relatively

fast) pictures were taken every 100 cycles. After crack growth was deemed to have slowed

sufficiently (typically after about 10 kcycles) the frequency of photography was reduced
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Length

Figure 3.4: Nominal specimen dimensions in millimetres. Nominal specimen length was 300 mm for series A

through E and 270 mm for series G & H. See [8] for the actual specimen dimensions.

to 1 photograph every 1000 cycles. Photographs were taken while the specimen was

held open at maximum displacement. The image resolution was on the order of 20 pix-

els/mm, the exact value depending on the exact distance between the specimen and the

camera, and on which camera equipment was available.

Quasi-static tests were performed on a 20 kN Zwick tensile test machine. Again force

and displacement were recorded by the test machine and crack length was measured by

means of a camera. Tensile tests were also conducted under displacement control, with

a constant loading rate of 1 mm/min.

In accordance with ASTM D5528 [6] the crack length was defined as the straight line

distance between the load line and the crack tip, as shown in figure 3.6, where the load

line is assumed to be coincident with the centreline of the bolt holes. The displacement

used in all calculations is the grip-to-grip displacement measured by the testing ma-

chines, which is assumed to be equal to the displacement d used in the ASTM standard,

and shown in figure 3.6. This assumption basically means that the loading block attach-

ment is assumed to be infinitely stiff, which is of course not the case in reality. However

any displacement occurring in the loading blocks is thought to be negligible compared

to the deformation of the arms of the specimen.

3.5. SELECTION OF APPLIED LOADS

B
EFORE each fatigue test the specimens were loaded quasi-statically in order to prop-

erly initiate a crack in the specimen. This also allowed determination of the critical

displacement dc at which the force reaches a maximum. For the fatigue tests a maximum

displacement dmax was arbitrarily chosen as 0.9-0.95 times dc . Then dmin was selected
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Figure 3.5: Test set-up, showing the specimen in the fatigue machine, as well as the camera position. The inset

figure shows a close-up of the loading block attachment.

P

P

a

d

Figure 3.6: Definition of crack length and displacement
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in order to obtain the desired value of R.

As the force-displacement curves did not pass exactly through the origin, the dis-

placement ratio did not exactly equal the obtained force ratios, i.e:

Rd =
dmin

dmax
6=

Pmin

Pmax
= Rp (3.4)

During the first set of fatigue tests (series B and C) the objective was to obtain certain

values of ∆G and Gmax with respect to Gc. This resulted in Rp -ratios of 0.036 (test B-001-

II), 0.29 (test C-001-I), 0.61 (test C-002-D and B-002-II) and 0.86 (test B-002-I). During

subsequent tests Rd values were chosen equal to these Rp values in order to determine

the desired dmin. The selected Rd and obtained Rp values are shown in appendix A.

3.6. DATA ANALYSIS

D
URING the experiments force, displacement, and crack length were recorded. This

section describes how this data was processed in order to find the crack growth rate,

the SERR, and the energy dissipation.

3.6.1. CRACK GROWTH RATE

An image recognition algorithm was used to extract the crack length from the photographs

taken during the test. This resulted in about 200-500 crack length measurements per test,

depending on the number of applied cycles and the arbitrary choice of when to reduce

the frequency of photography from 1 photograph every 100 cycles, to 1 photograph every

1000 cycles.

The measured crack length was matched with the number of cycles at which the pho-

tograph was taken. Then a continuous function was fit through the data, using the Mat-

lab cftool toolbox [9]. Depending on the specimen a two or three parameter power-law

was found to give the best fit, i.e:

a =αNβ or a =αNβ+γ (3.5)

where α,β, and γ are curve-fit parameters. For the full list of generated functions, see

appendix A.

The crack growth rate da/dN was found by taking the derivative of the obtained fitting

functions.

3.6.2. STRAIN ENERGY RELEASE RATE

ASTM standard D5528 presents four methods for calculation of G for a DCB test: pure

beam theory, modified beam theory (MBT), compliance calibration (CC) and modified

compliance calibration (MCC) [6]. It is known that pure beam theory overestimates G as

it incorrectly treats the two arms of the specimen as perfectly built-in beams [6]. To se-

lect between the other three methods, all three methods were used to compute G values

for quasi-static crack growth tests performed on specimen series A. As the computed G

values showed little difference (see [4]), the CC method was selected based on its ease of

use.
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In the CC method, G is given by [6]:

G =
nPd

2w a
(3.6)

where w is the specimen width, and n is a calibration parameter, equal to the slope of a

linear fit through log C versus log a. The n values used were calculated for each specimen

individually, and are shown in appendix A.

The test machine recorded displacement and force at the minimum and maximum

of the cycle, as shown by the black dots in figure 3.2. The compliance was calculated by

assuming linear behaviour between these two points, i.e.

C =
dmax −dmin

Pmax −Pmin
(3.7)

As force and displacement were measured with a greater frequency than crack length,

for the crack length needed in equation 3.6 the values given by the fitting functions

(equation 3.5) were used.

Apart from Gmax crack growth rate was also correlated to
(

∆
p

G
)2

, defined as:

(

∆

p
G

)2
=

(

√

Gmax −
√

Gmin

)2
(3.8)

Note that the Irwin equivalence (equation 2.5) implies that
(

∆
p

G
)2

is equivalent to

∆K .

3.6.3. ENERGY DISSIPATION

For the calculation of the strain energy and energy dissipation values, it is important

to note that the force-displacement line in general does not pass through the origin.

This is particularly true if one extrapolates the linear behaviour between (Pmax,dmax) and

(Pmin,dmin). Rather, the force-displacement line will cross the displacement-axis (i.e.

P = 0) at a non-zero displacement d0. This needs to be corrected for when calculating

the energy values.

Consequently the following equations were used to determine the energy values for

the fatigue tests:

d0 = dmin −C Pmin (3.9)

Umono = 1
2

Pmin (dmin −d0) (3.10)

Uc yc = 1
2 (Pmax −Pmin) (dmax −dmin)+Pmin (dmax −dmin) (3.11)

Utot = Umono +Uc yc (3.12)

With C as defined by equation 3.7. Note that as d0 is non-zero:

Utot 6=
1

2
Pmaxdmax (3.13)

To determine the energy dissipation, continuous functions were fit for Uc yc and Utot

versus N , according to:

U =αNβ or U =αNβ+γ (3.14)
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Figure 3.7: Method used to find the energy dissipation as a function of crack length ∆U (a), during the quasi-

static tests. ∆U (a) = UI +UI I −UI I I .

The energy dissipation was then obtained by taking the derivative of the curve fits. The

obtained fit functions are shown in appendix A.

For the quasi-static tests the energy dissipation was calculated following the method

illustrated in figure 3.7, where Pa and da are the force and displacement at a crack length

of a. Between d0 and dc the P-d curve was linear, so calculation of the area UI was

straightforward. For d > dc a polynomial function was fit to model the P-d curve and

then integrated to find UI I . UI +UI I represents the total amount of work performed

on the specimen. The remaining strain energy in the specimen, UI I I , was calculated

by assuming linear elastic behaviour of the specimen. Thus the dissipated energy as a

function of crack length, ∆U (a), is given by:

UI =
1

2
Pmax (dc −d0) (3.15)

UI I =
∫da

dc

P dd (3.16)

UI I I =
1

2
Pa (da −d0) (3.17)

∆U (a) =UI +UI I −UI I I (3.18)
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4
ENERGY DISSIPATION DURING

FATIGUE CRACK GROWTH

Real investigation is not the reception of a transcendental vision, a process of thought

beyond the power of an ordinary mortal. The prayer of the scientist might well be, “Lord,

show us the obvious.”

Cecilia Payne-Gaposchkin, So you want to do research?

Fatigue tests were performed at room temperature on specimens with a standard adhesive

thickness. It was demonstrated that LEFM approaches that rely on only 1 parameter are

inadequate to fully model the data. Rather than modelling the crack driving force directly,

it is proposed to use energy dissipation to characterise the crack growth behaviour.

It is shown that the crack growth rate correlates very strongly to the energy dissipation per

cycle dU/dN . The energy dissipation per unit of crack growth, G∗, which can be interpreted

as the resistance to crack growth, is not constant. It is shown that G∗ correlates linearly to

Gmax, with higher Gmax resulting in higher G∗. At a fixed G∗, the total energy dissipation

per cycle is strongly correlated to
(

∆
p

G
)2

, ∆G, Uc yc and Utot .

Quasi-static crack growth is investigated and compared to fatigue crack growth. It is found

that during quasi-static crack growth, the resistance G∗ is higher than during fatigue crack

growth. These results indicate that different mechanisms are active during quasi-static

crack growth and fatigue crack growth.

Fractographic images are presented to further support the results that were found.

Parts of this chapter have been presented at ECF21 and published in Procedia Structural Integrity [1]
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4.1. INTRODUCTION

T
HE first stage of the thesis research was to investigate energy dissipation during fa-

tigue crack growth experiments. In particular the goal was to examine the relation-

ship between the energy dissipation and the crack growth rate.

In total, 11 fatigue crack growth experiments were performed that provided valid re-

sults for standard adhesive thickness tested at room temperature. These results will be

discussed in detail in this chapter, and then used as a baseline to examine the effects of

adhesive thickness and temperature in the next two chapters.

For easier presentation, the data has been grouped into 4 sets: R = 0.036, 0.29, 0.61,

and 0.86. The actual obtained Rd and RP values are shown in table A.1. The full data is

available from 4TU.ResearchData [2].

4.2. LEFM APPROACH

T
HE standard LEFM approaches to fatigue crack growth were discussed in Chapter

2. They generally use some form of the SERR as a similitude parameter. Figures 4.1

and 4.2 show the data from this research plotted according to the LEFM methodology,

using Gmax,
(

∆
p

G
)2

(as defined in equation 3.8), and ∆G =Gmax−Gmin, as the similitude

parameters.
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Figure 4.1: Crack growth rate as a function of Gmax or
(

∆
p

G
)2

. A clear R-ratio dependence is visible. [1]

There is a clear dependence on the R-ratio when using Gmax and
(

∆
p

G
)2

as a simil-

itude parameter. For a given Gmax an increase in R gives a decrease in da/dN , whereas

for a given
(

∆
p

G
)2

an increase in R gives an increased da/dN . This is consistent with the

results reported in literature.

When using ∆G , an R-ratio effect is still visible, but no consistent trend is apparent.

Compared to R = 0.036, the results for R = 0.29 appear to be slightly shifted to the right,

but the R = 0.61 results more or less overlap with 2 of the 3 curves for R = 0.036. The

only clear effect is for R = 0.86, where the curve is clearly shifted to the left (i.e. higher
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Figure 4.2: Crack growth rate as a function of ∆G = Gmax −Gmin. There is no clear R-ratio effect, except for

R = 0.86.

crack growth rate for the same ∆G). That a change in R-ratio produces a smaller effect

when using ∆G as a similitude parameter than when using
(

∆
p

G
)2

is to be expected.

With some algebra (see Appendix B) it can be shown that changing R, while keeping

∆G constant, produces a smaller change in mean load than changing R while keeping
(

∆
p

G
)2

constant.

What is not clear is why the R-ratio effect seen in figure 4.2 is not-monotonically

increasing or decreasing, and does not match what has been reported in literature [3, 4].

Increasing R always increases the mean load. One might think this would lead to an

increase in the crack growth rate [3], which here only appears to happen for R = 0.86. In

contrast to this reasoning, and the experiments in this research, in literature it is usually

reported that an increase of R for constant ∆G leads to a reduction in crack growth rate

[3, 4]. With the results of this thesis that will be presented below the behaviour reported

in literature can be explained. This will be done in section 4.4.5.

Recently Jones et al. [3] have suggested that the R-ratio behaviour seen here is anoma-

lous for the case where Gmax is used as a similitude parameter, and that therefore
(

∆
p

G
)2

should be regarded as the correct similitude parameter. Furthermore they suggest that
(

∆
p

G
)2

should be interpreted as the crack driving force 1. Jones et al. claim that the

Gmax behaviour is anomalous, because it implies that an increasing mean stress results

in a lower crack growth rate. On the other hand, when using
(

∆
p

G
)2

, an increasing mean

stress results in an increased crack growth rate, which matches what has been estab-

lished for FCG in metals when using ∆K as similitude parameter.

1Jones et al. actually use ∆
p

G =
p

Gmax −
√

Gmin but this does not change the argument presented here
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These statements are worth examining in more detail, because they make explicit

a number of views that implicitly underlie much of the literature. First of all it should

be noted that the similarity of the R-effect seen when using
(

∆
p

G
)2

in adhesives and

when using ∆K in metals is not surprising. By equation 2.5 ∆
p

G and ∆K are equivalent.

Therefore, using the equivalence of the R-ratio behaviour to justify selecting
(

∆
p

G
)2

as a

similitude parameter is tautological. If one accepts that ∆K is the appropriate similitude

parameter, then by extension so is2
(

∆
p

G
)2

.

This leaves three questions: (1) is the Gmax behaviour indeed anomalous? (2) do

these results justify the selection of
(

∆
p

G
)2

as similitude parameter? and, (3) should
(

∆
p

G
)2

be interpreted as a crack driving force?

4.2.1. R-RATIO EFFECT WITH Gmax AS SIMILITUDE PARAMETER

If one regards selecting Gmax as a similitude parameter as being equivalent to inter-

preting it as a crack driving force, then the conclusion that increasing the mean stress

(through an increased R-ratio) leads to a reduction in crack growth rate is indeed puz-

zling. However, as discussed in section 2.3 and illustrated in figure 2.1, Gmax by itself does

not, and can not, uniquely define a load cycle. It is true that increasing R while keeping

Gmax constant implies an increase of the mean stress. However it also implies a decrease

of the load range, i.e. ∆G or
(

∆
p

G
)2

.

That crack growth depends not only on the maximum load, but also on the load

range, is well established, with lines of evidence going back to the work of Paris [5–7]

and Wöhler [8]. It is also the assumption behind the selection of ∆K and
(

∆
p

G
)2

as

similitude parameters by Jones et al. Based on this established relationship between

load range and crack growth rate, a decrease in crack growth rate for a decrease in load

range is exactly what would be expected. Therefore, the R-ratio effect seen in figure 4.1

and elsewhere for Gmax is not anomalous. Rather, it is a correct reflection of the fact that

different combinations of Gmax and R define different load cycles.

In the literature the R-ratio effect is often implicitly regarded as a material effect,

which modifies the fundamental relationship between the crack driving force (inter-

preted to be e.g. either Gmax or
(

∆
p

G
)2

) and the crack growth rate. Although there is

indeed evidence that R affects the material behaviour [9], the argument above shows

that a different R also implies a different applied load. Therefore the results shown in

figure 4.1 should not be understood as showing solely material behaviour, as the curves

for different R-ratios correspond to different applied load cycles.

4.2.2. SUITABILITY OF
(

∆
p

G
)2

AS A SIMILITUDE PARAMETER

Given that the R-ratio behaviour shown in figure 4.1 is in accordance with what one

would expect, the next question is whether these results justify the selection of
(

∆
p

G
)2

as similitude parameter. To answer this question it is good to recall what the purpose

of a similitude parameter is. A similitude parameter is a value that can be calculated

for a given structure. It can then be used to compare two different structures in order

2Strictly speaking it is ∆
p

G that is equivalent to ∆K , but since a power-law fit is used, if ∆K is appropriate,

then both ∆
p

G and
(

∆
p

G
)2

can be used, as long as the exponent is adjusted appropriately.
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to predict some kind of behaviour; e.g. the crack growth rate. In particular, it can be

used to compare a full-scale operational structure with a test specimen, with the idea

that the same value of the similitude parameter in both the full-scale structure and the

test specimen, will result in the same crack growth rate. Thus the main requirement of

a similitude parameter is consistency. The same value of the similitude parameter should

always result in the same behaviour.

Figure 4.1 therefore shows that strictly speaking neither Gmax nor
(

∆
p

G
)2

is suitable

as similitude parameter. In both cases one needs to have some way of accounting for the

R-ratio. To obtain the same crack growth rate, one must not only have the same Gmax

or
(

∆
p

G
)2

, but also the same R. A variety of methods that take the R-ratio into account

(explicitly or implicitly) were discussed in section 2.3. The key feature of all these models

is that they do not rely on a single similitude parameter. Instead they require at least two

parameters.

Indeed, although Jones et al. [3] only refer to ∆
p

G as a similitude parameter, inspect-

ing the equation they propose, it is quickly apparent that it depends not only on ∆
p

G ,

but also upon Gmax, and also contains a parameter that is a function of R (viz. ∆
√

Gth).

In essence then, the ‘Hartman-Schijve’ equation proposed by Jones et al. contains three

similitude parameters, or perhaps a ‘three-part’ similitude parameter. After all, the crack

growth rate follows by combining Gmax, ∆
p

G , and ∆

√

Gth , according to equation 2.22.

In the literature it is common practice to select only one similitude parameter and

then regard one or more parameters as modifying the fundamental relationship between

the similitude parameter and da/dN . By the argument presented in this section it would

seem to be more appropriate to regard all these parameters together as either joint simil-

itude parameters, or as components of an overarching similitude parameter. E.g. if one

employs the Hartman-Schijve equation proposed by Jones et al. ([3], equation 2.22), the

similitude parameter is not ∆
p

G , but rather

Similitude parameter =
∆
p

G −∆

√

Gth
√

1−
p

Gmaxp
A

(4.1)

The conclusion of the above is that regardless of which parameter(s) exactly get des-

ignated as ’similitude parameter’, a prediction model for fatigue crack growth will need

to take into account more than a single parameter. Whether implicitly or explicitly, both

the range and the mean (or equivalently, maximum) of the applied load need to be taken

into account. This can be done in various ways, as discussed in section 2.3, and with

enough experimental data and proper curve fitting, all these different approaches can

provide good predictions. However, as discussed in Chapter 1, a good prediction does

not imply understanding of the underlying physics. This leads to the third question:

should
(

∆
p

G
)2

be interpreted as the crack driving force?

4.2.3. INTERPRETATION OF
(

∆
p

G
)2

AS CRACK DRIVING FORCE

In [3] Jones et al. declare ∆
p

G to be the crack driving force, on the basis that it is capable

of predicting the crack growth rate when employed as a similitude parameter. In section

2.6 it was mentioned that Ochensberger and Kolednik [10, 11] regarded ∆
p

J as the crack
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driving force3, for much the same reason. Thus the objections raised in sections 2.5 and

2.6 remain relevant.

Mathematically it is impossible for
(

∆
p

G
)2

to uniquely define a load cycle. In fact,

there are an infinite number of possible load cycles with the same
(

∆
p

G
)2

. Unless the

crack driving force really only depends on the range of the load, and not on the abso-

lute minimum and maximum values reached, it therefore seems unreasonable to regard
(

∆
p

G
)2

as representative of the driving force. The R-ratio effect seen in figure 4.1 shows

that the crack growth rate does in fact depend on the absolute values reached, and not

solely on the range.

Thus, although
(

∆
p

G
)2

may be a suitable similitude parameter for crack growth pre-

dictions, as long as one also takes the R-ratio in to account, it cannot be regarded as the

crack driving force. The requirement of a similitude parameter is primarily consistency,

not physical relevance. Of course that a certain parameter is capable of consistently pre-

dicting material behaviour suggests it does have some physical relevance. However, the

mere fact that a certain parameter can make a good similitude parameter, does not prove

a particular physical interpretation of that parameter.

Quite apart from the question of how to quantify the crack driving force, there is

another issue with the current approaches to predicting FCG based on a driving force.

4.2.4. ISSUES WITH CURRENT DRIVING FORCE APPROACHES

Any driving force based approach faces the question why crack growth during a single

cycle is finite. Current approaches (e.g. [3, 11]) attempt to relate a driving force directly

to the crack growth rate, assuming a constant driving force value for each cycle. However

if the driving force is a constant value such as
(

∆
p

G
)2

, then why is the amount of crack

growth during a single cycle not infinite?

To model this using a driving force based approach one would need to model the

driving force dependence on time. One would also need to model the resistance to this

driving force. Taken together this would then give the crack growth velocity dependence

on time within a single cycle, which could then be integrated to give the total amount of

crack growth during the cycle.

A more simple way of taking these factors into account would seem to be to relate

the crack growth rate to energy in the system. After all, during a single fatigue cycle, only

a finite amount of work is performed on the system.

4.3. CORRELATION BETWEEN ENERGY DISSIPATION AND CRACK

GROWTH RATE

F
IGURE 4.3 shows the crack growth rate, da/dN , plotted against the amount of energy

dissipated per cycle, dU/dN . The energy dissipation is shown both in terms of cyclic

energy Uc yc and in terms of total energy Utot . It can be seen that in both cases there is a

3Note that ∆
p

J and ∆
p

G are equivalent if the amount of plasticity is sufficiently small.
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Figure 4.3: Crack growth rate as a function of energy dissipation per cycle. Energy dissipation is shown based

on both Uc yc (left panel) and Utot (right panel), as defined in Chapter 3. The value of the fit parameters α

and β, as defined in equation 4.2 are also given, as well as the coefficient of determination and the root mean

square error of the fits.

very strong correlation, which can be captured by the model:

da

dN
=α

(

dU

dN

)β

(4.2)

where α and β are curve fit parameters.

It is clear that both Uc yc and Utot show a very strong correlation between energy

dissipation and crack growth rate. For Utot the correlation is slightly weaker, and in par-

ticular the line for experiment B-002-II (R = 0.61) appears to be an outlier.

Nevertheless, if the compliance changes, it follows from the resulting change in the

force-displacement line that not only Uc yc must change, but also Umono . Therefore,

based on the physics, Utot seems to be the most appropriate parameter to examine,

rather than Uc yc . Thus unless it is explicitly indicated otherwise, any mention of dU/dN

from this point onwards refers to dU/dN based on Utot .

Comparing figures 4.1 and 4.3 it is immediately apparent that the R-ratio effect is

greatly reduced when plotting da/dN against dU/dN . Nevertheless, a small R-ratio effect

is still present. Note that figure 4.3 is comparing the measured energy dissipation due

to crack growth with the crack growth rate, rather than comparing a measure of the load

cycle to the crack growth rate. Thus the R-ratio effect in this case is solely due to the

material behaviour, and not due to the ‘hidden’ changes of the load cycle that are partly

responsible for the R-ratio effect seen in figure 4.1. The effect of R-ratio on energy dissi-

pation will be discussed in more detail in the next section.

Besides the R-ratio effect, another interesting feature of figure 4.3 is that the correla-

tion between da/dN and dU/dN is non-linear, having in fact an exponent of approximately

0.86. This means that the amount of energy dissipated per unit of crack growth is not con-

stant. If the energy dissipation is increased by a factor of 2, the crack growth rate will
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only increase by a factor of approximately 1.81. In other words, crack growth at high

crack growth rates requires more energy per unit of crack growth. One could thus say

that crack growth at high rates is less efficient than crack growth at low rates. This has

also been observed for fatigue driven delamination in CFRP [12].

To understand these observations, the framework suggested by Broberg [13–16] may

be helpful. Broberg postulates the existence of three regions around the crack tip that

are involved in the crack growth process, as shown in figure 4.4. The first region Broberg

defines is the ‘end-region’ around the crack-tip. The defining characteristic of this region

is that it is autonomous, i.e. it does not depend on the crack length or the far-field applied

load. In other words, the properties of the end-region are material properties. The end-

region is also the smallest region that can still be regarded as a continuum. Therefore its

size depends on the type of material. In perfectly brittle materials it is equal to the inter-

atomic distance, but it is of the order of the distance between inclusions in materials

that have dimple type fracture [16]. Surrounding this end-region is a plastic region, in

which plastic deformation occurs. Surrounding that is an elastic region, in which all

deformation is elastic.

End region

Plastic region

Elastic region

J

αJ

Figure 4.4: Schematic representation of the various regions surrounding the crack tip and energy flows between

them in the Broberg model.

Broberg postulates that crack growth occurs when the amount of energy flowing to

the end-region, Φ, reaches a critical value. Although Broberg does not discuss this, in

the framework proposed in this thesis, the finite amount of crack growth within a single

cycle, can be explained by the amount of energy flowing to the end-region also being fi-

nite. In a perfectly brittle material the amount of energy flowing to the end-zone is given

by the J-integral, i.e. Φ= J . However, in a material that is capable of plastic deformation,

the plastic region will absorb energy. In such a material J does not define the amount of

energy flowing to the end-zone, but only describes the amount of energy flowing to the

plastic zone. The amount of energy flowing to the end-zone is then given by:

Φ=αJ (4.3)

0 <α< 1 (4.4)

where the ratio α depends on the properties of the plastic zone. Note that this is some-

what similar to the distinction Simha et al. draw between Jt i p and J f ar , as defined in

equation 2.26 [17, 18].
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LEFM rests upon the assumption that the SIF, the SERR, and/or the J-integral can be

used to describe the conditions at the crack-tip. Per the above, this implies the assump-

tion that α is constant, because if α is not constant, then the same value of J (and thus

by extension G or K ) in two different cases does not imply the same amount of energy

reaching the crack tip.

Broberg [16] cites the work of Andersson (summarised in [19]) as evidence that α is

not necessarily constant. Figure 4.3 provides further evidence for this proposition, as it

shows that the amount of energy dissipated per unit of crack growth was not constant

during the current experiments.

Even if one does not accept all the details of Broberg’s model, it does seem reason-

able that there is a small region around the crack tip, of which the properties are solely

governed by the material. For example, material decohesion must ultimately involve

breaking of molecular bonds. The amount of energy required for this is a function of

the bond strength, which is a material property. The same goes for the surface energy,

although it must be pointed out that at microscopic scales the fracture surface is not flat.

The crack surface that is usually measured is the projection onto a flat plane of the actual

crack surface, and thus changes in roughness might cause large differences in the ratio

of actual to projected fracture surface. If this is not taken into account, it could give the

impression that the surface energy is not constant.

Thus there are two possible explanations for the change in energy dissipation per

unit of crack growth seen in figure 4.3. The first is that the ratio of actual fracture surface

to projected fracture surface is not constant. To be consistent with the results seen in

figure 4.3, the amount of actual fracture surface per unit of projected area would have

to increase as the crack growth rate increases, in other words, the crack surface should

become more rough.

The second possible explanation is that the amount of energy dissipation in the re-

gion surrounding the crack tip is not constant. I.e. in Broberg’s terms: that α is variable.

According to this hypothesis, at higher crack growth rates (which imply greater loading)

more energy dissipative mechanisms (e.g. plastic deformation) are activated around the

crack tip. Although these mechanisms do not directly contribute to crack growth, they

are strongly linked to it, so that crack growth without activating these mechanisms is not

possible. Thus more energy is dissipated per unit of crack advance.

Purely from the geometry of the force-displacement curve it follows that for a linear

elastic material at a higher maximum load, the amount of energy released by an incre-

ment of crack growth will also be higher. This is illustrated in figure 4.5. In other words,

at higher load, G and J are higher. If one assumes the same increment of crack growth

always results in the same amount of energy dissipation in the end region, the only possi-

ble way to have the same da at a higher J , is for the plastic region to absorb more energy,

i.e. for α to be higher. The assumption that a certain increment of crack growth always

requires the same amount of energy dissipation in the end region follows from Broberg’s

definition of the end region as autonomous. It still needs to be confirmed experimen-

tally.

Of course it is very well possible that both of the above hypotheses are correct, and

that the increase of energy dissipation per unit crack growth is driven both by an increase

in actual surface area and by an increase of dissipative mechanisms near the crack tip.
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da da

P P

dmin dmin

dU

dmax dmax

dU

Figure 4.5: Schematic illustration of the point that at higher maximum load the same increment of crack growth

da will result in a higher increment of energy release dU .

4.4. COMPARISON TO THE CONCEPTUAL MODEL

I
N section 3.1 a conceptual model of FCG was introduced, in which the amount of

crack growth is determined by the balance of the amount of energy available for crack

growth, and the amount of energy that is required. Of course the first law of thermody-

namics demands that these two values are equal.

Thus the measured energy dissipation dU/dN can be interpreted both as the total

amount of energy that was available for crack growth in a given cycle, and as the amount

of energy required for the amount of crack growth that took place in that cycle. If two

cycles had the same amount of energy dissipation, but a different crack growth rate,

the amount of energy dissipated per unit of crack growth is necessarily different. The

amount of energy dissipated per unit of crack growth can be calculated from the experi-

mental data according to equation 3.3. Since this G∗ value determines how much crack

growth can occur for a given amount of available energy, it can be interpreted as the

material’s crack growth resistance.

Thus for the purposes of this thesis, crack growth resistance will be defined as:

The amount of energy dissipated per unit of crack growth, G∗.

and the total amount of energy required for crack growth in a given cycle will be defined

as:

The total amount of energy dissipated in a given cycle, dU/dN = G∗ ·da/dN ·w .

with w the specimen width. Invoking the first law of thermodynamics, the amount of

energy available for crack growth will be assumed to be equal to the amount of energy

required.

In section 3.1 it was postulated that both the crack growth resistance, and the amount

of available energy, may depend on the applied load cycle. This dependence will be

examined in the following sections.
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4.4.1. CRACK GROWTH RESISTANCE

As mentioned above, the fact that the fit (equation 4.2) has an exponent that does not

equal 1, implies that the energy dissipation per unit of crack growth, G∗, is not constant.

Furthermore, it was mentioned that there seems to be a small R-ratio effect visible in the
dU/dN vs da/dN graphs in figure 4.3. To gain more insight into these factors, it is instructive

to examine the amount of energy dissipation for a fixed da/dN value. This is done in

figures 4.6 and 4.7, which show the amount of energy needed to create 10−4 mm/cycle

crack growth in each specimen, as a function of Gmax,
(

∆
p

G
)2

, and ∆G .
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Figure 4.6: Energy dissipation at a crack growth rate of 10−4 mm/cycle as a function of Gmax (left panel) and
(

∆
p

G
)2

(right panel). Linear fits through the data points are also shown. The data for experiment B-002-II

was excluded from these fits as an outlier. As all data points in this figure correspond to the same da/dN value,

an approximation of G∗ is also shown, obtained by dividing the axis values by 25 ·10−4 (i.e. da/dN times the

nominal specimen width) [1].

It is important to note that because figure 4.6 was constructed for a single da/dN value,

the Gmax and
(

∆
p

G
)2

values are not independent. That is to say: a higher Gmax value

implies a lower
(

∆
p

G
)2

value and vice versa.

There is a large range of Gmax values (from 0.33 to 1.0 N/mm) that all result in the

same crack growth rate of 10−4 mm/cycle. Similarly there is a large range of
(

∆
p

G
)2

values (from 0.018 to 0.40 N/mm) and ∆G values (from 0.25 to 0.52 N/mm) that never-

theless all resulted in the same crack growth rate. This further highlights the point that

one cannot base a prediction of crack growth rate on only one parameter. Given the lack

of a clear correlation between dU/dN and ∆G , the best combination of parameters seems

to be Gmax and
(

∆
p

G
)2

.

Another interesting point is that there is a large difference between the minimum

and maximum amount of energy dissipation required to obtain the same crack growth
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Figure 4.7: Energy dissipation at a crack growth rate of 10−4 mm/cycle as a function of ∆G . An approximation

of G∗ is also shown, obtained by dividing the axis values by 25 ·10−4 (i.e. da/dN times the nominal specimen

width).

increment of 10−4 mm. Indeed the maximum measured energy dissipation value is a

factor of 2.4 higher than the minimum measured value.

It is clear that the amount of energy required for crack growth increases for higher

Gmax values, or correspondingly for higher R values, and decreases for higher
(

∆
p

G
)2

values. For ∆G there is no clear pattern. The correlation between dU/dN and Gmax ap-

pears to be stronger than that between dU/dN and
(

∆
p

G
)2

. Thus with reference to the

conceptual model, it seems that a higher value of Gmax results in a higher value of the

crack growth resistance.
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Figure 4.8: G∗ as a function of Gmax (left panel) and
(

∆
p

G
)2

(right panel). A linear fit for G∗ as a function of

Gmax is also shown. The data for experiment B-002-II (R=0.61) was excluded from this fit as an outlier.

This is made even more clear in figures 4.8 and 4.9, which show G∗ as a function of
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Figure 4.9: G∗ as function of ∆G .

Gmax,
(

∆
p

G
)2

, and ∆G . Note that in figure 4.8, the Gmax and
(

∆
p

G
)2

values are indepen-

dent, which explains why G∗ increases both for increasing Gmax and increasing
(

∆
p

G
)2

,

unlike in figure 4.6.

Regarding the data from experiment B-002-II as an outlier, there is a clear linear re-

lationship between G∗ and Gmax, independent of R-ratio. In contrast, while a higher
(

∆
p

G
)2

and ∆G do lead to a higher G∗, this relationship clearly depends on the R-ratio.

This implies that the material behaviour is driven by the relationship between G∗ and

Gmax. There only appears to be a relationship between G∗ and
(

∆
p

G
)2

or ∆G because

for a given R-ratio a higher
(

∆
p

G
)2

or ∆G also implies a higher Gmax.

The present results can not fully explain why there is a relationship between G∗ and

Gmax, however a hypothesis can be attempted. Figure 4.5 shows that a given crack growth

increment at a higher maximum load (i.e. higher Gmax) will result in a larger release of

strain energy. The question is, since da remains the same, how is this extra strain energy

dissipated?

It is known that Gmax is correlated to the amount of plasticity surrounding the crack

tip. A greater amount of plastic deformation would result in more energy dissipation

without necessarily causing crack extension. Therefore a logical hypothesis would seem

to be that a higher Gmax leads more plastic deformation, and that this in turn increases

the material’s resistance to crack growth (i.e. G∗).

An interesting feature of the linear relation between G∗ and Gmax is that it does not

pass through the origin. Instead for Gmax = 0, G∗ = 0.05714 mJ/mm2. This provides a

theoretical minimum for the energy required per unit of crack growth in order for the

crack to grow. As Gmax increases, so does the amount of energy dissipation required

per unit of crack growth. The value of G∗ for Gmax = 0 can therefore be regarded as a

theoretical minimum value, as it is impossible to create crack growth without dissipating
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at least that amount of energy per unit of crack growth. Of course, since crack growth

cannot occur for Gmax = 0 the actual threshold value is most likely larger.

Although it’s tempting to think of this minimum value as the energy purely required

for material de-cohesion, it should be noted that the surface energy for a general epoxy is

several orders of magnitude lower than the value found here. Typical values for epoxies

lie in the range of 40−50 ·10−6 mJ/mm2[20]. The extra energy dissipation here is likely

caused by some combination of the ratio of actual to projected surface not being equal

to 1, and by damage processes occurring around the crack tip even at very low loads.

It should also be noted that the minimum value discussed here is of course a purely

theoretical limit. To actually achieve crack growth with only 0.05714 mJ/mm2 energy

dissipation, one would have to create crack growth with G = 0, which is not possible in

practice. It should also be kept in mind that this minimum value of G∗ applies a thresh-

old to the energy requirement; if not enough energy is supplied, no crack growth will

occur. However this does not directly translate to a threshold on the applied load. For

that the relationship between applied load and available energy needs to be clarified

first.

The procedure of extrapolating the G∗ vs Gmax relationship to Gmax = 0 can produce a

(very) conservative lower bound limit of G∗. Perhaps in future this can then be translated

to a load threshold, if needed for design purposes. This value is likely too conservative for

most engineering applications however, as in practice threshold is often defined as the

load level that will produce a crack growth rate below some limit (e.g. 10−6 mm/cycle),

which can be treated as an absence of crack growth over the operational life-time of the

structure. This is distinct from the load level that physically produces no crack growth at

all.

4.4.2. AVAILABLE ENERGY

The relationship found in figure 4.8 allows one to calculate the resistance to crack growth

for a given load cycle, i.e. how much energy must be dissipated per unit of crack growth.

The total amount of crack growth that will then occur in that load cycle is governed by the

total amount of energy that is available in that cycle. This is demonstrated in figures 4.10

and 4.11, which show the total energy dissipation per cycle dU/dN , i.e. the total amount

of energy available for crack growth, for a fixed value of G∗. Since G∗ was the same in

each case, it follows by the definition given in equation 3.3 that each value of dU/dN in

figures 4.10 and 4.11 corresponds to a unique value of da/dN . In other words, although

the resistance to crack growth (G∗) is the same in each case, the crack growth rate is

different.

The question then becomes, what determines the amount of energy available in each

case? Although the physical mechanisms are not clear, figure 4.10 does show clearly that

the amount of energy available is strongly correlated to
(

∆
p

G
)2

(of if one prefers, ∆
p

G)

and/or ∆G , and is not correlated with Gmax.

Recently Alderliesten [21, 22] has recommended the use of the cyclic energy Uc yc as

the basis for similitude. In that light, it is interesting to redraw figure 4.10 in terms of

Uc yc and Utot . This is done in figure 4.12.

This figure makes it clear that the amount of energy available is quite strongly cor-

related to Uc yc and somewhat less to Utot . Figures 4.10 through 4.11 show four possible
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Figure 4.10: dU/dN as a function of Gmax (left panel) and
(

∆
p

G
)2

(right panel) for a fixed value of G∗ = 0.7

mJ/mm2. The right panel also shows a power-law curve fit. To produce this fit, B-002-II was excluded as an

outlier. Note that since G∗ is fixed, each value of dU/dN corresponds directly to a single da/dN value.
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Figure 4.11: dU/dN as a function of ∆G for a fixed value of G∗ = 0.7 mJ/mm2. A power-law fit through the data

points is also shown. Note that since G∗ is fixed, each value of dU/dN corresponds directly to a single da/dN

value.

parameters that are correlated to the amount of available energy:
(

∆
p

G
)2

, ∆G , Uc yc and

Utot . Based on the data there is no reason to prefer any of them over the others, at least
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Figure 4.12: dU/dN as a function of Utot (left panel) and Uc yc (right panel) for a fixed value of G∗ = 0.7 mJ/mm2.

Power-law curve fits are also shown for both cases. For the curve fit as a function of Utot the data for experi-

ment B-002-I was excluded as an outlier.

when looking for a fixed value of G∗. The correlation between dU/dN and Utot is some-

what lower than for the other parameters, but the difference does not seem large enough

to justify any firm conclusions.

Regardless of which similitude parameter is selected, in all cases da/dN is a power-law

function of the selected parameter, with an exponent greater than 1. This means that if

Uc yc (or ∆G ,
(

∆
p

G
)2

, or Utot ) is increased, while G∗ is kept fixed, not only is there more

work being performed on the specimen, but the fraction of that work that is dissipated

also increases. A schematic example of this point using arbitrary units is shown in figure

4.13.

Imagine that for a given G∗ value, a Uc yc of 100 units would result in a dissipation of

10 units of energy, i.e. 10% of Uc yc . If Uc yc is then increased to 200 units, (assuming the

exponent found in figure 4.12 is still valid) the dissipation will increase by a factor of 23.78,

to 137 units. This is equal to 69% of the new Uc yc value. Although the units in this case

are not representative, the example hopefully makes the point clear: if G∗ is kept fixed,

the fraction of the applied work that is dissipated increases if the applied work itself is

increased.

No explanation for this observation could be found during the present research. Mod-

elling of the micro-mechanics of crack growth, or some kind of multi-scale approach,

may shed more light onto this matter.
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Figure 4.13: Schematic illustration using arbitrary units that at a fixed G∗ the fraction of cyclic work that is

dissipated increases if the amount of cyclic work is increased. Uc yc is increased by a factor of 2, and therefore

dU is increased by a factor of 23.78

4.4.3. EXISTENCE OF A FATIGUE THRESHOLD

Figure 4.12 also has some implications for the concept of a fatigue threshold. One might

imagine the existence of a certain load level (the fatigue threshold) below which no crack

growth occurs. This would imply that only the portion of the load cycle that is above the

threshold matters. However, figure 4.12 contradicts this hypothesis. Since figure 4.12

shows data for a fixed G∗ value, and G∗ is related to Gmax, this implies that Gmax must be

the same.

Since Gmax is the same, a larger Uc yc can only be created by a reduction in minimum

load (hence in figure 4.12 the R-ratio is lower for higher Uc yc .). If a threshold exists, then

at some point the minimum load would be reduced below the threshold level, as shown

in figure 4.14. As illustrated in the figure, if only the portion of the load cycle above the

threshold value matters for crack growth, then a further reduction of the minimum load

(increase of Uc yc ), should not lead to an increase of the amount of available energy.

P

d

dth dmaxdmin

P

d

dth dmaxdmin

I II

Threshold Threshold

Figure 4.14: Schematic illustration of the implication of figures 4.12 and 4.13 for the concept of a fatigue thresh-

old. If a threshold exists, one would expect that cases I and II would both lead to the same amount of energy

available for crack growth, whereas figure 4.12 shows that the amount of energy available is in fact different.

However, figure 4.12 clearly shows that increasing Uc yc always leads to an increase in
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the amount of available energy (dU/dN), even if the minimum load is reduced all the way

to zero. This leaves three possibilities concerning the fatigue threshold.

The first possibility is that there is no threshold at all, which seems impossible based

on physical principles. At the very least, the amount of energy required to break a sin-

gle molecular bond should form a threshold value, even if such a threshold is mainly of

theoretical and academic interest.

A second possibility is that a threshold exists, but is very small, so that the effect

shown in figure 4.14 would only be visible when comparing two different cycles with

minimum loads close to zero in both cases. In section 4.4.1 it was found that the mini-

mum energy required per mm2 of crack growth is on the order of 0.06 mJ. However, the

smallest possible crack growth increment is much smaller than 1 mm2. If one assumes

that the smallest crack growth increment is on the order of the inter-atomic distance in

the material, then the minimum amount of required energy, and therefore the threshold,

would be very small indeed. For all practical purposes this situation would probably be

equivalent to there not being any threshold at all.

The third possibility is that a threshold does exist, but it only applies to the maximum

load. If the load never exceeds the threshold, no crack growth occurs. However, if the

threshold is exceeded during at least part of the load cycle, then the entire load cycle is

relevant to the amount of crack growth. An analogy could be the case of friction: once

a certain threshold (the static friction) is overcome and an object is moving, the amount

of friction reduces; there is a static and a kinetic friction. In the same way it is possible

that there is a ’static’ and a ‘kinetic’ threshold for crack growth. Once the load exceeds

the ‘static’ threshold, crack growth will continue for as long as the load is above a lower

‘kinetic’ threshold. Although this would match with the findings shown in figure 4.12, it

is unclear what underlying physical mechanisms could cause this.

4.4.4. EMPIRICAL PREDICTION APPROACH BASED ON CURRENT FINDINGS

The previous sections have shown that both the crack growth resistance, and the amount

of energy available for crack growth, depend on the applied load. The crack growth re-

sistance G∗ can be written as a linear function of Gmax. In contrast, for a fixed G∗ the

energy dissipation, and thus also the crack growth rate, can be written as a power-law

function of
(

∆
p

G
)2

, ∆G , Uc yc , or Utot . In the following,
(

∆
p

G
)2

will be used as an exam-

ple, but the same procedure can be applied based on ∆G , Uc yc , or Utot . The relationship

between
(

∆
p

G
)2

and da/dN can be written symbolically as:

da

dN
= ξ

(

∆

p
G

)ψ
(4.5)

where ξ and ψ are curve fit parameters.

Strictly speaking equation 4.5 is written in terms of ∆
p

G , rather than
(

∆
p

G
)2

, how-

ever this merely changes the numerical value of ψ, which is determined by curve fitting

in any case.

The parameters ξ and ψ are not constant, but vary with G∗. Thus by fitting a power-

law function through the da/dN vs
(

∆
p

G
)2

data at different fixed values of G∗, different

values of ξ and ψ are obtained. This is shown in figure 4.15.
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Figure 4.15: Fit parameters ξ (left panel) and ψ (right panel) as a function of G∗. The dashed lines are guides to

the eye. The data for experiment B-002-II was excluded as an outlier during the curve fitting procedure used

to find ξ and ψ.

Before interpreting this figure, the caveat should be noted that each of the experi-

ments discussed in this chapter covered a different range of G∗ values, as can be seen in

figure 4.8. Thus in figure 4.15 for each value of G∗ a different set of specimen data was

used to find the ξ and ψ values. This makes any conclusions somewhat tentative until a

more thorough statistically analysis can be done to verify the validity and statistical sig-

nificance of the determined ξ and ψ values. This is also why the dashed lines drawn in

figure 4.15 are merely guides to the eye, and not linear fits.

Nevertheless figure 4.15 suggests that there is a relationship between G∗ and both ξ

and ψ, and in particular, that there exists a linear relationship over a large range of G∗

values. Figure 4.15 also suggests that there is a certain value of G∗ for which ψ becomes

equal to 1. This would imply that at that G∗ value there is a linear relationship between
da/dN and ∆

p
G . However, given that G∗ is continuously changing over the course of

a fatigue test, and given the uncertainties regarding the validity of the determined ψ

values, it would seem to be premature to attach any significance to this G∗ value.

With the relationships shown in figure 4.15 it is possible to create an empirical pre-

diction method as follows. First one finds G∗ as a function of Gmax (using e.g. a rela-

tionship such as shown in figure 4.8). Then the values of ξ and ψ are determined for this

value of G∗. With ξ and ψ, da/dN can then be determined as a function of ∆
p

G . The
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mathematical formulation is thus:

G∗ =αGmax +β (4.6)

ξ = κ1G∗+λ1 (4.7)

ψ = κ2G∗+λ2 (4.8)

da

dN
= ξ

(

∆
p

G
)ψ

(4.9)

where α, β, κ1, κ2, λ1, and λ2 are curve fit parameters. These equations can be combined

to form:

da

dN
= κ1αGmax

(

∆

p
G

)κ2(αGmax+β)+λ2

+
(

κ1β+λ1

)

(

∆

p
G

)κ2(αGmax+β)+λ2

(4.10)

By implementing equations 4.6 through 4.9 in an iterative procedure the crack growth

can be predicted. However, before applying this procedure to a real case, more experi-

mental data and statistical analysis is needed to confirm the validity of the relationships

between ξ and G∗, and ψ and G∗.

As discussed in Chapter 2, previous two-parameter approaches to crack growth have

relied either on multiplication of Gmax and ∆
p

G , or on superposition, e.g. [23]:

da

dN
=CG

γ
max

(

∆

p
G

)1−γ
(4.11)

or [24]:
da

dN
=C1G

n1
max +C2

(

∆

p
G

)n2
(4.12)

The most important difference between these methods and the approach proposed here,

is that in the present approach Gmax is included in the exponent of the power-law rela-

tionship. In other words, the previous methods assume a constant relationship between

the loading parameters and the crack growth rate; whereas in the present model the re-

lationship is itself a function of the applied load.

However, as with the models already available in literature, the present approach is

once again empirical and largely phenomenological. The method does explicitly include

both Gmax and ∆
p

G , which can be interpreted as representing the crack growth resis-

tance and the available energy. However, the link to the underlying physics is tenuous at

best. In particular, there is no satisfactory explanation for the form of equations 4.5 and

4.10. Why the relationship between da/dN and ∆
p

G should depend on G∗ in the man-

ner that was found is also not clear. Consequently the method presented in this section

should be regarded as a suggested direction for further development, rather than a fully

developed prediction approach.

4.4.5. EXPLANATION OF THE R-RATIO EFFECT WHEN USING ∆G AS A SIMIL-

ITUDE PARAMETER

Previously it was mentioned that the R-ratio effect reported in literature when plotting
da/dN against ∆G is somewhat puzzling. As recently pointed out by Jones et al. [3], in-

creasing the R ratio for a fixed ∆G implies an increase of the mean stress. Thus one
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would expect an increase in crack growth rate. However, with the data presented in the

previous sections, the R-ratio effect seen when using ∆G as a similitude parameter can

be explained.

With some algebra (see Appendix B) one can show that if ∆G is kept constant, and

R is increased, then Gmax will increase, while Uc yc remains constant. This implies that

the resistance G∗ also increases, while the applied work remains constant. In fact, the

relationships shown in figure 4.15 show that for increasing G∗, a given Uc yc will even

result in a lower amount of energy available for crack growth.

Thus keeping ∆G constant while increasing R, results in an increase in the crack

growth resistance, and a reduction in the energy available for crack growth. It is then

no surprise that the crack growth rate will be lower, and the data presented in [3] does in

fact make sense.

4.5. CRACK GROWTH UNDER QUASI-STATIC LOADING

C
RACK growth under quasi-static loading is usually treated differently to crack growth

under fatigue loading. Under quasi-static load crack growth is usually only assumed

to occur if G exceeds Gc, whereas under fatigue loading crack growth occurs for Gmax

values well below Gc. This difference in the treatment of crack growth under quasi-static

and fatigue loading is somewhat curious. After all, the material cannot see into the fu-

ture, so any crack growth that occurs during the loading portion of a single fatigue cy-

cle should also occur during quasi-static loading. Any differences between fatigue and

quasi-static loading must either be caused by mechanisms that are only triggered for

high values of G (i.e. approaching Gc), or by hysteresis during the unloading portion of

the fatigue cycle.

Measuring the strain energy dissipation allows a straight-forward comparison be-

tween quasi-static and fatigue driven crack growth. This was recently shown by Amaral

et al. [12]. They found that for mode I delamination in a CFRP laminate, crack growth

under quasi-static loading required more energy per unit of crack growth than under

fatigue loading.

In this section data is presented for 5 specimens tested under quasi-static loading

(series A in [2]) with an applied displacement rate of 1 mm/min, as described in section

3.4. Figure 4.16 shows the measured SERR as a function of crack length for these speci-

mens. There is an initial peak value, which is most likely caused by needing to initiate a

cohesive crack in the adhesive layer, starting from the tape that was placed between the

adhesive layer and the adherents as a crack starter. This is shown schematically in figure

4.17. After about 50 mm of crack growth a steady-state condition is reached, where G

remains constant until the crack nears the end of the specimen (i.e. a > 270 mm).

The energy dissipation ∆U during the quasi-static tests was calculated according to

the method described in section 3.6.3. Figure 4.18 shows the total energy dissipation and

the associated crack extension (a −a0) that was measured during the tests, where a0 is

the crack length at the maximum force. There is a linear relationship between (a −a0)

and ∆U , which implies that the energy dissipation per unit of crack growth was con-

stant during the test. This also suggests that the active mechanisms during quasi-static

crack growth are in a kind of ‘steady-state’ condition. E.g. under quasi-static load the

amount of extra plastic deformation caused by an increment of crack growth at a short
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Figure 4.16: SERR as a function of crack length for the quasi-static loading experiments on the series A spec-

imens. The specimens were tested under displacement control with a displacement rate of 1 mm/min. The

initial peak value is caused by needing to initiate the cohesive crack in the adhesive layer. The total specimen

length was 300 mm, but the crack length is measured from the load application points, which were about 15

mm from the specimen edge. Thus the end of the specimen corresponds to a crack length of about 285 mm.

Adhesive Tape Adhesive

Adherent

Adherent

Cohesive crack

Figure 4.17: Schematic illustration of the cohesive crack initiating from the adhesive tape used as a crack-

starter. The figure is not to scale.

crack length is equal to the amount of extra plastic deformation caused by an increment

of crack growth at a long crack length. Thus the amount of energy dissipation due to

plasticity is the same in both cases.

Another noteworthy feature is that the fit of the (a −a0) vs ∆U data does not pass

through the origin. This can be examined more intuitively by fitting the inverse relation-

ship, i.e. ∆U as a function of (a −a0), with a first-order polynomial. This gives:

∆U = 45.53(a −a0)+184.2 (4.13)

with an R2 value of 0.9965 and a root mean square error (RMSE) of 180.1 mJ.

The Matlab cftool [25] gives the 95% confidence bounds of the second term in equa-

tion 4.13 as 133.6 mJ and 234.8 mJ, so even when taking the scatter bands into account,

the ∆U vs (a −a0) line does not pass through the origin. This implies that even without
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Figure 4.18: Energy dissipation ∆U and total crack extension (a −a0) for the quasi-static tests. A linear (first-

order polynomial) fit through the data points is also shown.

crack extension there is still energy dissipation. A possible explanation is that the energy

dissipation value represents an energy threshold. According to this interpretation, in or-

der to be able to grow the crack under quasi-static conditions (for the present geometry

and loading), at least 184 mJ of energy would need to be supplied (taking the mean value

for the last term in equation 4.13). If this threshold is not exceeded then there would be

no crack growth, or at least not using all the mechanisms that are active during quasi-

static growth.

Given that fatigue crack growth was observed to occur for energy dissipation values

far below even 1 mJ (see figure 4.3), it seems unlikely that the value of 184 mJ represents

a crack growth threshold.A linear fit through the origin gives:

∆U = 46.57(a −a0) (4.14)

with R2 = 0.9916 and RMSE = 279.8 mJ.

It therefore seems premature to conclude there is indeed a threshold for quasi-static

crack growth. To resolve this question more data is needed, focussing especially on en-

ergy dissipation during short crack growth (i.e. on the order of 0-5 mm) under quasi-

static loading. A further recommendation would be conduct these experiments starting

from a sharp cohesive crack in the material.

In figure 4.19 the energy dissipation under quasi-static load is compared with the

data from the fatigue tests. The crack growth data for quasi-static crack growth falls

slightly above the extrapolation of the fatigue data. This matches the results presented

by Amaral et al. [12], if one uses a power-law extrapolation of the fatigue data of Amaral

et al., rather than the linear fit that was used in the cited paper.

Another interesting comparison between quasi-static and fatigue crack growth is to

examine the Gmax versus G∗ behaviour, which is shown in figure 4.20. For the quasi-

static tests, G∗ was calculated as:

G∗
quasi−st ati c =

∆U

w (a −a0)
(4.15)

For quasi-static growth most of the data points are clustered in the range of Gmax =
1.6− 1.8 N/mm, with some more data points at higher Gmax values. It is clear that for
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Figure 4.20: G∗ versus Gmax (fatigue) and G (quasi-static).

quasi-static crack growth the relationship between Gmax and G∗ that was found for fa-

tigue no longer applies. Instead the main cluster of G∗ values for quasi-static growth

is higher than what would be expected based on the fatigue behaviour. This suggests

that under quasi-static crack growth indeed other dissipative mechanisms are activated,

presumably after some G value threshold is exceeded. As a result the resistance to crack

growth under quasi-static loading is higher than under fatigue loading. One could also

state that fatigue crack growth is a more efficient process than quasi-static crack growth.

To further investigate the cross-over between fatigue and quasi-static crack growth

behaviour more data is needed for the fast fatigue crack growth (i.e. da/dN = 0.01− 1
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mm/cycle) regime. This would fill in the gap in the data between G = 1− 1.5 N/mm

that is visible in figure 4.20. To gather this data the experimental procedure used in this

thesis could be applied, starting at a sufficiently high Gmax value (i.e. 0.9-0.95 Gmax).

Crack length, force, and displacement should then be measured as frequently as possible

for the first 1000-2000 cycles. Preferably there should be a measurement every cycle,

rather than every 100 cycles was done here. The curvature of some of the curves in figure

4.20 suggests that there may be a gradual transition between quasi-static and fatigue

behaviour, rather than a sharp jump.

Another difference between the fatigue and quasi-static data in figure 4.20 is that

there is a clear linear trend for the fatigue data, whereas there is no clear trend for the

quasi-static data. The quasi-static data seems to fall within a scatter band that widens as

G increases. Given the definitions of G and G∗ employed in this thesis one would expect

G and G∗ to be equal for quasi-static growth. Why that is not the case here for the high

G values is unclear, although it may be related to the high G values corresponding to the

initiation of the cohesive crack from the adhesive tape.

In conclusion, the presented data suggests that in quasi-static growth different dissi-

pative mechanisms are active than in fatigue crack growth4. This is shown by G∗ being

higher for a given value of Gmax than would be expected based on the fatigue behaviour.

4.6. FRACTOGRAPHY

F
RACTOGRAPHY was performed on the specimens in order to gain more insight into

the relationships found in the previous section, in particular the relationship be-

tween Gmax and G∗.

After the fatigue tests had been performed, quasi-static loading was applied to com-

pletely separate the two arms of all the series E specimens, as well as specimen C-001

and B-002. In all cases adhesive residue was present on both fracture surfaces, indicat-

ing crack growth occurred through cohesive failure in the adhesive. Figure 4.21 shows

a photograph of the fracture surfaces of the lower arms of the series E specimens. Both

fatigue crack growth areas can be clearly identified on each specimen, as can the crack

growth caused by the quasi-static loading.

The crack fronts are curved, with the crack length in the middle of the specimen

being longer than at the sides (at least at the end of each fatigue test). This has some

implications for the calculations discussed in the previous section, as the computation

of G∗ implicitly assumes a straight crack front. If the crack front is curved, there will

be a greater increase of crack area for the same increase of crack length at the side of

the specimen. Thus the true value of G∗ will be lower than the one computed with the

assumption of a straight crack front.

Looking at figure 4.21, all specimens appear to have a similar crack front curvature, so

it may be assumed that the error in the G∗ computation was more or less the same in all

specimens. Nevertheless, differences in the curvature may account for some of the scat-

ter seen in the results. In this thesis the crack growth behaviour was investigated using

only one specimen geometry. If tests are being performed in order to support the design

4Of course some or all of the mechanisms active during FCG are most likely also still active during quasi-static

growth.
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Figure 4.21: Macroscopic view of the fracture surfaces for the lower halves of the series E specimens. Two

fatigue tests were performed on each specimen. The associated crack growth areas have been labelled in the

figure. After completion of the second fatigue test, quasi-static loading was applied to separate the specimens,

resulting in a large area of stable crack growth and a small area of unstable fast fracture. The approximate

location of the magnified views shown in figure 4.22 is indicated by the letters in parentheses. The crack growth

direction was from the bottom of the picture to the top.
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of an actual structure the error introduced by failing to take account of the curvature

may be more significant. The amount of crack front curvature in a laboratory specimen

will likely be different than in a real structure with a different geometry. Note that the as-

sumption of a straight crack front introduces errors not only into the calculation of G∗,

but also into the calculation of G [26, 27].

Figure 4.22: Microscopic view of the fracture surface of the upper arm of specimen E-001. The images shown

were taken at 4 different locations, corresponding to different crack growth rates and types. Panel (a) shows a

fracture surface corresponding to fatigue crack growth at approximately 10−2 mm/cycle; panel (b) shows FCG

at approximately 2 · 10−5 mm/cycle; panel (c) shows the boundary between FCG (at about 10−5 mm/cycle)

and growth due to quasi-static loading, and panel (d) shows crack growth under quasi-static loading. The

approximate location of these images with respect to the entire specimen is shown in figure 4.21. The visible

‘cables’ are the fibres of the adhesive carrier. The contrast of these images has been enhanced, and an unsharp

mask filter has been applied.

Figure 4.22 shows a microscopic view of the fracture surfaces on the upper arm of

specimen E-001. Based on the location at which the pictures were taken they can each

be related approximately to a crack growth rate. The difference between low rate fatigue

(i.e. da/dN ≈ 10−5mm/cycle, panels (b) and (c)) and quasi-static crack growth (panel(d))

is clearly visible. At high crack growth rates (panel (a)) the fracture surface looks quite

similar to the quasi-static surface (panel (d)). This supports the hypothesis that the tran-

sition between FCG and quasi-static crack growth behaviour as G is increased is a grad-

ual one, as was suggested in the previous section.

The high-rate fatigue and quasi-static surfaces have a lighter colour than the low rate

fatigue surfaces. Comparing the low-rate surface and the quasi-static surface in panel
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Figure 4.23: SEM image of the fracture surface on the upper arm of specimen E-002 at a magnification of

45X. The left panel corresponds to fatigue crack growth at approximately 10−4 mm/cycle, and the right panel

corresponds to quasi-static crack growth. The crack growth direction was from right to left. The ‘cables’ visible

in the images are the fibres of the adhesive carrier. The contrast of these images has been enhanced and an

unsharp mask filter has been applied.

(c), the quasi-static surface is more ‘fluffy’, whereas the fatigue surface is more flat. This

difference in surface texture can also be seen when comparing panel (a) and panel (b), al-

beit not as clearly. This suggests that under high-rate fatigue and especially under quasi-

static loading there is more plastic deformation than for low rate FCG. This would re-

quire more energy dissipation per unit of crack growth, which matches the observation

that G∗ is higher for high-rate FCG than for low-rate FCG. Amaral et al. have reported

similar observations for mode I delamination in CFRP [12].

Figure 4.24: SEM image of the fracture surface on the upper arm of specimen E-002 at a magnification of 400X.

The left panel corresponds to fatigue crack growth at approximately 10−4 mm/cycle, and the right panel cor-

responds to quasi-static crack growth. The crack growth direction was from right to left. There are many hemi-

spherical imprints visible, which most likely represent areas of adhesive that surrounded toughening particles.

The contrast of these images has been enhanced, and an unsharp mask filter has been applied.

Figure 4.23 shows scanning electron microscope (SEM) images of the fracture surface
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on the upper arm of specimen E-002. Again the difference between quasi-static and

fatigue growth is quite clear. The fatigue surface appears to be flatter, whereas the quasi-

static surface is rougher, showing more gaps and height differences. However, at higher

magnification the differences between quasi-static and fatigue crack growth disappear,

as can be seen in figure 4.24.

At this magnification there are no longer obvious differences between the fatigue and

quasi-static crack surfaces themselves. However the fatigue surface does appear to be

covered in more debris than the quasi-static surface, perhaps caused by the formation

of rollers, or other processes caused by rubbing of the fracture surfaces.

4.7. CONCLUSION

The results presented in this section show that the total energy dissipation in a fatigue

cycle is very strongly correlated to the crack growth rate in that cycle. This has also been

reported for CFRP [12, 28] and aluminium [29]. The concept of crack growth resistance

was introduced, which was defined as the amount of energy dissipation per unit of crack

growth, G∗. It was shown that this can readily be calculated from the experimental data,

and that G∗ is not constant over the course of a fatigue test.

The conceptual model introduced in Chapter 3 states that the amount of crack growth

in a cycle follows from the total amount of available energy, and the amount of energy

required per unit of crack growth. In this chapter it was shown that the required energy

per unit of crack growth is strongly correlated to Gmax, whereas the available energy is

correlated to
(

∆
p

G
)2

, ∆G , Utot , and/or Uc yc . Fractography suggests that the relation-

ship between Gmax and G∗ may be partially explained by an increase of the amount of

plastic deformation around the crack tip. However, more research is required to explain

these relationships between the available and required energies and the applied load.

The difference between quasi-static and fatigue crack growth was also examined.

The results suggest that under quasi-static loading additional mechanisms are active

compared to fatigue loading, and this is also reflected in the different fracture surfaces

that are obtained. Under quasi-static loading G∗ is higher than under fatigue loading,

which means that the resistance to quasi-static crack growth is higher than the resis-

tance to fatigue crack growth.
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5
EFFECT OF THICKNESS

Young man, the games we play are lessons we learn. The assumptions we make, things

we ignore and things we change make us what we become.

Terry Pratchett, Dodger

In the previous chapter it was shown that the energy dissipation per unit of crack growth

was not constant, but was strongly correlated to the Gmax value. It was hypothesised that

this was due to Gmax describing the amount of plasticity at the crack tip. In order to test

this hypothesis specimens with varying adhesive thicknesses were prepared, in order to

obtain different amounts of plasticity for the same far-field loading.

Post-hoc numerical analysis by Zavatta [1] showed that the amount of plasticity generated

did in fact not change for the range of thicknesses studied. This fits with the observation

that the G∗ vs Gmax relationship was not affected by adhesive thickness. However, the

relationship between dU/dN and Uc yc was strongly affected by the adhesive thickness.

These results indicate that the adhesive thickness does not influence the material resis-

tance to crack growth (in terms of energy dissipation per unit of crack growth at a given

load), but does influence the amount of energy available for a given applied load cycle.

The experimental work was carried out by N. Zavatta, as a part of his MSc thesis under the author’s supervision

[1]
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5.1. INTRODUCTION

T
HE results in the previous chapter show that the energy required per unit of crack

growth is not constant. A higher crack growth rate is correlated with a higher G∗,

as is a higher Gmax. It was thought that these observations could perhaps be (partially)

explained by differing amounts of plasticity around the crack tip.

In order to investigate this further it was decided to perform fatigue tests on speci-

mens with different bond-line thicknesses. By varying the adhesive thickness, the con-

straint on the crack tip is modified, allowing different plastic zones to be created for the

same far-field loading condition.

The effect of adhesive layer thickness has been investigated in a number of previous

studies [2–11]. In general, it was concluded that greater adhesive thickness results in less

constraint. This then results in larger plastic deformations and consequently lower crack

growth rates. An exception was the work of Chai [4] who investigated the brittle epoxies

Namco 2808 and Hercules 3502, and the tough thermoplastic PEEK (polyether ether ke-

tone). The brittle epoxies exhibited an increased fracture toughness for increasing thick-

ness. However in the case of PEEK the fracture toughness first decreased with increasing

thickness, up to a thickness of 0.038 mm. At thicknesses above this value the fracture

toughness again increased for increasing thickness. The changes in fracture toughness

corresponded to changes in the fracture surface, implying that the failure mechanisms

were not constant, although there was cohesive failure in all cases.

Another work that is of interest is that of Wilson [11]. Wilson investigated the effect of

the thickness of adhesive layers added between the glass-fibre pre-preg and aluminium

layers in a Glare fibre metal laminate (FML). Laminates were made with different adhe-

sive thicknesses and the growth rate of delaminations between the glass-fibre / adhesive

and metal layers was measured. The conclusion of this work was that addition of a thin

adhesive layer (0.06 mm) resulted in a large reduction of the delamination growth. Ap-

plication of thicker layers resulted in a further reduction of the delamination growth rate,

but to a much lesser extent. Increasing the adhesive thickness from 0.24 mm to 0.36 mm

produced no further reduction of the delamination growth rate (although in both cases

the growth rate was far below the value for standard Glare). Wilson suggested this was

due to the initial addition of an adhesive layer moving the locus of failure from the metal

– pre-preg interface, to the stronger pre-preg – adhesive interface. Further increasing the

thickness then slightly strengthened the pre-preg – adhesive interface, but the effect on

the crack growth rate was much smaller than the initial shift of failure locus.

Compared to the literature, except for the works of Chai [4] and Wilson [11], the re-

sults discussed in this chapter deal with lower thicknesses (here up to about 0.3 mm,

whereas literature reports on thicknesses up to several millimetres). Although Wilson

also investigated FM-94 epoxy, Wilson examined mode II loading, whereas the present

research only examined the effect of mode I loading.

5.2. SPECIMENS AND TEST SET-UP

I
N order to manufacture specimens with varying thicknesses the manufacturing pro-

cedure described in chapter 3 needed to be adjusted. Results of three different types

of specimens are compared in this chapter.
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Type I specimens contained 1 layer of adhesive film, these are the series A through

E specimens discussed in the previous chapter, and manufactured according to the pro-

cedure in chapter 3. Type II specimens contained 2 layers of adhesive film. These are

the series G specimens. They were manufactured following the procedure of chapter 3,

but two layers of adhesive film were placed between the aluminium plates, rather than

just one layer of film. Thus the type II specimens also contained two carrier mats (one

per layer). The type III specimens were coded series H and contained ‘1.5 layers’ of ad-

hesive. This was achieved by placing one layer of adhesive film with carrier between the

aluminium plates, and then adding strips of FM94-U-06 carrier-less adhesive film over

approximately half the mating surface area, as shown in figure 5.1.

Figure 5.1: Manufacturing of the ‘1.5 layer’ specimens. The plate on the left is entirely covered by a sheet of

epoxy film, the plate on the right is covered with strips of adhesive over approximately half its surface area. The

plates were then placed on top of each other, with the adhesive in the middle of the resulting stack.

During curing the adhesive without carrier flows, resulting in a bond-line thickness

somewhere between that of the type I and type II specimens. Due to the lack of a car-

rier the thickness cannot be accurately controlled. However, the main point of this se-

ries of experiments was to try to relate any differences in crack growth to the adhesive

thickness. Since the adhesive thickness was measured for each specimen individually, it

was thought that small variations in the adhesive thickness from specimen to specimen

would not affect the ability to find a relationship between adhesive thickness and crack

growth behaviour.

After manufacturing the adhesive thickness of each specimen was measured using

an optical microscope aimed at the side of the specimen. The measured thickness values

are shown in table 5.1. For the standard thickness specimens (i.e. type I / series A-E) only

two thickness measurements were available, giving a mean thickness value of 0.08 mm.
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Table 5.1: Adhesive thickness at the mid-point of the specimen, measured using an optical microscope aimed

at the side of the specimen [1].

Specimen Thickness (mm)

G-002 (2 adhesive layers) 0.275 ± 0.015

G-006 0.275 ± 0.005

G-008 0.275 ± 0.005

G-009 0.265 ± 0.015

G-010 0.285 ± 0.005

H-002 (1.5 adhesive layers) 0.195 ± 0.005

H-003 0.135 ± 0.005

H-006 0.220 ± 0.010

H-008 0.210 ± 0.010

The fatigue tests were conducted according to the methodology described in chapter

3, at displacement ratios (Rd ) of 0.036, 0.29, 0.61, and 0.86. The resulting Rp values are

reported in table A.2. Due to the low amount of crack growth for the specimens tested at

Rd = 0.86 (G-010-I and H-008-I) the crack growth rate could not be properly determined.

Consequently, these experiments were excluded from further analysis.

The experimental data is available from 4TU.ResearchData [12].

5.3. RESULTS AND DISCUSSION

P
LOTTING da/dN against Gmax in the traditional manner gives figure 5.2. The phe-

nomenon that different da/dN vs Gmax curves are obtained for different R-ratios is

also seen for the increased thickness specimens. For R = 0.036 and R = 0.61 the increased

thickness specimens have a higher crack growth rate at a given Gmax than the standard

thickness specimens. For R = 0.29, different behaviour is seen. The 1.5 layer specimen

still has an increased crack growth rate compared to the standard thickness specimens.

However the crack growth rate for the 2 layer specimen is lower than for the standard

thickness specimen. Overall it seems safe to say that in general using an increased adhe-

sive thickness will result in a faster crack growth rate, but this effect may be counteracted

by material scatter.

In his study of the thickness effect on delamination growth Wilson [11] found an

asymptotic decrease of the crack growth rate for an increasing thickness. In the present

work however, no particular relationship between adhesive thickness and crack growth

rate could be found. At R = 0.036 the relationship between thickness and crack growth

rate is monotonic, but for R = 0.29 the crack growth rate for the 2 layer specimen is lower

than for the 1.5 layer specimen. At R = 0.61 one 2 layer specimen showed a faster crack

growth rate than the 1.5 layer specimen, whereas the other showed a slower crack growth

rate. Therefore before a quantitative relationship between the thickness and the crack

growth rate can be found, more experiments need to be done in order to understand the

amount of scatter in the results.



5.3. RESULTS AND DISCUSSION

5

79

10
−1

10
0

10
−6

10
−5

10
−4

10
−3

10
−2

10
−1

G
max

 (N/mm)

d
a
/d

N
 (

m
m

/c
y
c
le

)
1l; R = 0.036

1l; R = 0.29

1l; R = 0.61

1.5l; R = 0.036

1.5l; R = 0.29

1.5l; R = 0.61

2l; R = 0.036

2l; R = 0.29

2l; R = 0.61

Figure 5.2: Crack growth rate as a function of maximum SERR. The correlation between Gmax and da/dN is for

different R ratios and also for different thicknesses.

Another striking difference between the present results and those of Wilson, is that

the present results show an increase of the crack growth rate for an increasing thick-

ness, whereas Wilson found a decrease. As Wilson tested the same material over a sim-

ilar range of thicknesses, the most likely explanation of the difference in crack growth

behaviour is the difference in loading mode. Wilson tested crack growth under mode

II loading, whereas in this thesis only mode I loading was investigated. Further micro-

mechanical analysis is required to explain why different loading modes result in different

thickness effects.

In the literature it is usually reported that even under mode I the crack growth rate is

slower for greater adhesive thickness. The most likely explanation for this difference is

the range of thicknesses examined. The maximum thickness here was smaller than 0.3

mm, whereas in the literature thicknesses on the order of several millimetres are exam-

ined. Indeed, as will be discussed below in greater detail, numerical modelling suggests

that for the range of adhesive thicknesses examined here, the plastic zone size does not

change. In the literature changes in plastic zone size due to different amounts of con-

straint are usually identified as the mechanism causing an effect of thickness on crack

growth rate. That the plastic zone size here does not seem to change, may therefore ex-

plain why the effect of the thickness on the growth rate was different.

The crack growth rate as a function of energy dissipation is shown in figure 5.3. As

before the curves collapse into a narrow band, with 4 exceptions: B-002-II (1 adhesive

layer; R = 0.61), H-006-I (1.5 layers; R = 0.61), G-006-III (2 layers; R = 0.036), and G-008-I

(2 layers; R = 0.61). Whereas for experiment B-002-II the slope of the da/dN versus dU/dN

line seems to match that of the bulk of the data, the lines for H-006-I, G-006-III and G-

008-I are both rotated and translated with respect to the rest of the data. H-006-I and

G-008-I in particular show a large difference compared to the other data, having a crack

growth rate that is up to two orders of magnitude lower than that of the other specimens

at the high end of the dU/dN range.
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Figure 5.3: Crack growth rate as a function of strain energy dissipation.

This anomaly can potentially be explained by the observed crack growth behaviour.

For both H-006-I and G-008-I secondary cracks were observed to be growing along the

adhesive / adherend interface, as shown in figure 5.4. The secondary cracks start from

downward kinks in the main crack and then progress towards and along the adhesive /

adherend interface, as shown schematically in figure 5.5. The growth of these cracks will

cause energy dissipation, without contributing to the advance of the main crack. Thus

the secondary cracks can perhaps explain the much higher rates of energy dissipation

per unit of crack growth seen for specimens H-006-I and G-008-I.

Figure 5.4: Photographs showing secondary cracks (during experiment H-006-I, left panel) and normal crack

growth (during experiment H-002-I, right panel). The arrows mark the location of the secondary cracks. Note

that secondary crack growth only appears to have occurred during the early (high rate) crack growth. Figure

5.5 shows how ‘secondary crack’ has been defined in this case.

However, the crack growth rates for these two specimens are up to two orders of mag-

nitude below the other data for a given dU/dN value. Based on the photographs such as

shown in figure 5.4, it seems the secondary cracks create at most an amount of fracture

surface equal to that of the main crack. Thus the large difference in crack growth rates
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Figure 5.5: Schematic representation of the main and secondary cracks visible in figure 5.4. The figure is not to

scale.

seen for specimens H-006-I and G-008-I, compared to the average behaviour, can only

be explained by the secondary cracks if these also cause an additional shielding effect.

Beyond merely changing the amount of fracture surface corresponding to a given da/dN ,

the secondary cracks must also cause an increase in the energy dissipation per unit of

actual crack surface, in order to create the effect that is seen.

For experiments B-002-II and G-006-III the reason for the anomalous behaviour is

unclear. No secondary crack growth was seen for these specimens. However it should be

noted that the difference in crack growth rates between these specimens and the aver-

age behaviour is much smaller than for H-006-I and G-008-I. This is particularly true for

experiment B-002-II, which has the same slope as most of the other experiments, but is

translated towards lower crack growth rates for a given energy dissipation.
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Figure 5.6: G∗ as a function of Gmax. Note that the curves for H-006-I, G-006-III, and G-008-I continue beyond

the maximum y-axis value shown. The graphs that were noted as outliers in figure 5.3 are also outliers here.

Figure 5.3 does not show any particular effect of thickness. However some differ-

ences can be seen if one considers G∗ as a function of Gmax. This is shown in figure

5.6. It can be seen that the increased thickness curves (red & blue) continue down to
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lower Gmax values than the 1 adhesive layer specimen curves (black). From this figure it

is clear that the adhesive thickness as such does not modify the correlation between G∗

and Gmax, unless new mechanisms such as secondary crack growth are activated. How-

ever, if such mechanisms are activated, then the correlation changes drastically. This

leads to the conclusion that any correlation between G∗ and Gmax that is established is

only valid as long as no new dissipative mechanisms are activated. In other words, the

adhesive thickness does not affect the resistance to crack growth, unless new dissipative

mechanisms are activated. In practical situations, if an energy based approach is be-

ing relied upon, it is therefore necessary to check whether the dissipative mechanisms

remain the same or not.

This conclusion is further reinforced by figure 5.7, which shows energy dissipation

as a function of Gmax for a fixed crack growth rate of 10−4 mm/cycle. The results for the

increased thickness specimens fall along the linear trend of the 1 adhesive layer results.
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Figure 5.7: Energy dissipation as a function of Gmax for 10−4 mm/cycle. The solid line shows a linear fit through

the 1 adhesive layer specimen results, excluding experiment B-002-II.

Again the experiments noted before as outliers form an exception to the rule. Es-

pecially for H-006-I (1.5 layers, R=0.61) and G-008-I (2 layers, R = 0.61) far more energy

is required to produce 10−4 mm crack growth than for the other specimens. However

although the energy required is much higher than for the other specimens, the applied

load (in terms of Gmax and R) is roughly the same, or perhaps slightly lower than for the

specimens that do follow the normal trend. This implies that although the load was the

same, more energy was released in this case.

This can be seen even more clearly in figure 5.8, which shows dU/dN as a function of

Uc yc . It is clear that the 1.5 and 2 adhesive layer specimens follow a different trend than

the 1 layer specimens. For a given cyclic work value, the amount of energy dissipated by
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Figure 5.8: Energy dissipation as a function of Uc yc for G∗ = 0.5 mJ/mm2. The dashed lines are guides to the

eye, indicating the different behaviour of the 1 adhesive layer specimens compared to the 1.5 and 2 adhesive

layer specimens.

the increased thickness specimens is far higher than for the 1 layer specimens. As G∗ is

the same for all data points in figure 5.8, this also corresponds to a much higher crack

growth rate.

From figures 5.6 and 5.8 one can thus conclude that as long as no new dissipative

mechanisms are activated, the adhesive thickness does not influence the relationship

between G∗ and Gmax, but does change the relationship between dU/dN and Uc yc . In

other words, the adhesive thickness does not affect the crack growth resistance, but does

affect the amount of energy available for crack growth, for a given load cycle. Comparing

a ‘thin’ and a ‘thick’ specimen, the same Gmax value will lead to the same G∗ value in

both cases. However, for a given G∗ the amount of energy available for a given Uc yc

will be higher for a thick specimen and thus the crack growth rate will also be higher.

The thickness is not affecting the material resistance, but is affecting the relationship

between the far-field applied load and the crack driving force.

As discussed in chapter 4 the exact mechanisms determining the relationship be-

tween available and required energy on the one hand and the applied load on the other

are unclear. However it seems likely that the stress distribution and plastic deformation

at the crack tip play a role. The effect of adhesive thickness on the crack-tip stress distri-

bution and plastic zone were investigated numerically by Zavatta [1].

Zavatta employed FEM and cohesive zone modelling to create a 2D model of the DCB

specimens. In Zavatta’s model the two arms of the DCB specimen are joined via a cohe-

sive zone. In each arm, the aluminium and adhesive are modelled separately. The model
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was meshed using quadrangular elements. The mesh elements used in the adhesive lay-

ers were smaller than those used in the aluminium layers, and thus surface-based tie

constraints were used to join the various parts of the model together. For further details

on the model, the reader is referred to [1].

A quasi-static test was simulated, with displacement increasing up to a final value of

15 mm. This was done for two adhesive thicknesses, corresponding to 1.5 and 2 adhesive

layers. The Gc used in the numerical simulations was tuned so that the final crack length

obtained during the numerical simulation matched the crack length that was obtained

experimentally during a quasi-static test. This meant that a value of Gc = 2.5 N/mm

was used for the simulations, rather than the value of Gc = 1.7 N/mm which had been

determined experimentally.

Zavatta reported on the stress field around the crack tip after the final crack length

had been obtained, as well as the plastic energy dissipation. He found that an increase

in thickness led to a slight reduction in the stress at the crack-tip. The plastic zone length

remained the same, but due to the greater thickness the total plastic zone volume was

increased. Due to combination of an increase in plastic zone volume, but a decrease

in the amount of plastic strain within that volume, the amount of energy dissipated by

plasticity did not depend on the adhesive thickness.

These results are somewhat difficult to reconcile with the experimental results. Per

figure 5.8 one would expect more energy dissipation for an increased thickness. How-

ever there are two important caveats concerning Zavatta’s results. First of all Zavatta’s

calculations were performed for the case of crack growth under quasi-static loading, so

it is not entirely clear to what extent these results apply to FCG. Secondly Zavatta only

modelled the 1.5 layer and 2 layer adhesive thicknesses. It can be seen in figure 5.8 that

the difference between the 1.5 and 2 layer specimens mutually, in terms of dU/dN vs Uc yc

behaviour, is much smaller than the difference between the increased thickness speci-

mens and the regular specimens. The 1.5 and 2 layer specimen data appears to fall along

the same trend line, whereas the standard thickness data clearly follows a different trend.

The fact that a Gc of 2.5 N/mm was required in the model to match the experimental

crack length at the right force and displacment, whereas the experimentally determined

Gc value was only 1.7 N/mm, also implies that the model does not fully capture all the

applicable physical mechanisms.

The decrease of crack growth rate for increasing adhesive thickness reported in liter-

ature is ascribed to greater amounts of plasticity for greater thickness. However Zavatta’s

results here show that increasing the thickness from that of the 1.5 layer specimens to

that of the 2 layer specimens has only a negligible effect on the amount of plastic en-

ergy dissipation. This explains the similiarty in the 1.5 and 2 layer results seen in figure

5.8. However, it does not explain why the increased thickness specimens had a higher

crack growth rate than the standard thickness specimens, despite what would be ex-

pected based on the literature.

It would seem that the results seen here differ from those in literature due to the

much lower thicknesses examined here. It is possible that at this range of thicknesses

the constraint imposed by the aluminium arms limits any thickness effect. Therefore it

is also to be expected that the behaviours described here apply only to a limited range

of adhesive thickness. In the case of Wilson’s experiments the thickness was in the same
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range, but there was a shift of failure locus, which did not occur here.

5.4. CRACK GROWTH IN GLASS-FIBRE COMPOSITES

T
HE limiting case for adhesive thickness is a fibre reinforced polymer laminate. In

that case there is no longer an adhesive layer, but at most a resin rich layer between

two laminae. Thus interlaminar crack growth (i.e. delamination) in such a laminate

makes an interesting case study to examine the effect of adhesive thickness. Two re-

search projects on crack growth in GFRP laminates were therefore conducted under su-

pervision of the author.

In both cases crack growth was examined in GFRP laminates consisting of S2 glass

fibres with FM94 as the matrix material. De Jong and van den Hoogenband [13] inves-

tigated crack growth under quasi-static loading, and Al Amery [14] studied FCG. As the

‘adhesive’ was the same material studied for the rest of this thesis, any differences in

behaviour can be considered to be due to geometrical effects, rather than material dif-

ferences.

Two different lay-ups were tested, in both cases with the crack occurring in the mid-

plane of the laminate. In the first laminate type the crack was between two 0°layers (re-

ferred to as 0//0), and in the second laminate type the crack was between a -45°and a

+45°layer (referred to as -45//+45). The full lay-ups are given in [14].

5.4.1. QUASI-STATIC CRACK GROWTH

Quasi-static crack growth was examined by de Jong and van den Hoogenband [13]. Fig-

ure 5.9 shows the amount of crack growth versus the dissipated energy. It includes quasi-

static and fatigue results for both the single adhesive layer adhesive bond specimens and

the GFRP specimens. The fatigue data for the GFRP specimens was taken from the work

of Al Amery [14] and is discussed in the next section.

When compared to the trend of the adhesive joint specimens, both the quasi-static

data for the glass fibre specimens and the quasi-static data for the adhesive bond spec-

imens fall below a linear extrapolation of the fatigue crack growth data. This indicates

that under quasi-static there is more energy dissipation per unit of crack growth than

under fatigue loading, as has previously been found for CFRP specimens [15].

5.4.2. FATIGUE CRACK GROWTH

Al Amery [14] performed fatigue tests at Rd = 0.01,0.25, and 0.75. Due to concerns re-

garding the validity of the Rd = 0.01 result for the 0//0 specimen1, these results are ex-

cluded from the present analysis.

Figure 5.10 shows da/dN as a function of dU/dN for the 1 layer thickness adhesive spec-

imens and both glass fibre specimen types. It is clear that the glass fibre specimens do

not quite follow the same trend as the adhesive specimens. In a standard adhesive bond

only cohsive failure of the epoxy occurs, whereas in the GFRP specimens there is also

fibre-matrix debonding and ultimately fracture of bridging fibres that dissipates energy.

These extra dissipative mechanisms may explain why the energy dissipation per unit

crack growth is not the same for crack growth in GFRP.

1The obtained RP value was -0.64
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Figure 5.9: Crack growth as a function of energy dissipation for both fatigue and quasi-static loading. Results

are shown for the regular adhesive bond specimens discussed in Chapter 4 (Adh), as well as the two glass fibre

laminates (GF 0//0 and GF -45//+45). For the fatigue specimens da/dN and dU/dN are shown, whereas for the

quasi-static specimend ∆U and ∆a are shown. ∆U is the energy dissipated between two measurement points,

computed according to the method described in section 3.6.3, and ∆a is the crack growth increment between

two measurement points. The dashed line is a linear fit through the adhesive bond specimen fatigue data.
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Figure 5.10: Crack growth rate as a function of energy dissipation for both the standard thickness adhesive

specimens (Adh) and the glass fibre (GF) specimens.

Apart from the general trend being different, there is also a more pronounced R-

ratio effect for the glass fibre specimens. There also seems to be a difference in energy

dissipation between the 0//0 and -45//+45 specimens, although with only 1 specimen

tested per test condition this conclusion is perhaps somewhat premature.

Once again it is interesting to examine the behaviour for a fixed crack growth rate,
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and for a fixed G∗ value, which is shown in figure 5.11 and figure 5.12 respectively.
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Figure 5.11: Energy dissipation as a function of Gmax for the standard thickness adhesive specimens and the

glass fibre specimens at a crack growth rate of 10−4. The line indicates a linear fit through the data for the

standard thickness adhesive specimens, excluding the outlier B-002-II (R=0.61).

The -45//+45 glass fibre specimens appear to follow roughly the same dU/dN vs Gmax

trend as the adhesive specimens, whereas the trend for the 0//0 specimens may be dif-

ferent. However the possibility that the R=0.75 specimen is a an outlier can not be dis-

counted based on the limited amount of data available. The glass fibre data is shifted

somewhat up along this trend, requiring a higher Gmax to produce 10−4 mm crack growth

at a given R ratio. This matches the trend observed in the previous section of increasing

adhesive thickness lowering the required Gmax for crack growth.

In contrast to the G∗ vs Gmax trend, the dU/dN vs Uc yc trend is very different when

comparing the adhesive bond to the GFRP specimens. It also appears that the 0//0 and -

45//+45 specimens have mutually different behaviour; for the 0//0 specimens the energy

dissipation for a given Uc yc was higher than for the -45//+45 specimens. Additionally

the trends for the adhesively bonded specimens and the glass fibre specimens appear to

intersect, but this can not be confirmed based on the available data.

Apart from the effect of thickness, the differences in dU/dN vs Uc yc behaviour may

here also be at least partially attributed to fibre bridging. Yao et al [16] found that while

fibre bridging affects the relationship between ∆
p

G (and thus by extension, Gmax) and
da/dN , it does not affect the relationship between dU/dN and da/dN . Thus the amount

of energy that needs to be dissipated per unit of crack growth is not affected, but the

amount of energy that is available for crack growth for a given load cycle is.

This matches with the results discussed here: the relationship between load and en-

ergy dissipation per unit of crack growth is not affected by the change from adhesive

joint to composite laminate, but the relationship between load and total amount of en-
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Figure 5.12: Energy dissipation as a function of Uc yc for the standard thickness adhesive specimens and the

glass fibre specimens for G∗ = 0.7 mJ/mm2. The dashed lines are guides to the eye, showing the different

behaviour of the adhesive and glass fibre specimens.

ergy dissipation is.

5.5. CONCLUSION

I
N summary, from the results presented in this section it can be concluded that chang-

ing the adhesive thickness does not affect the material resistance to crack growth. As

long as no extra dissipative mechanisms are activated the energy dissipated per unit of

crack growth for a given Gmax remains the same. Originally it was thought that differ-

ent adhesive thicknesses would result in different plastic zone sizes, and that therefore

varying the adhesive thickness could be used to test the hypothesis that the G∗ vs Gmax

relationship is governed by crack tip plasticity. However Zavatta’s work shows that the

plastic zone sizes were most likely not significantly different in this case. The ovservation

that the G∗ vs Gmax relationship was not affected by the adhesive thickness this supports

this proposition.

The amount of energy dissipated in a single cycle for a given Uc yc is higher for both

increased adhesive thickness, and for the GFRP specimens. These results indicate that

the adhesive thickness influences the amount of energy available for crack growth, thereby

creating more or less crack growth for a given G∗ value. In other words for a given far field

load, adhesive thickness affects the amount of available energy, but not the material re-

sistance to crack growth.
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EFFECT OF TEMPERATURE

Rapidi vicinia solis

mollit odoratas, pennarum vincula, ceras;

The vicinity of the sun

softens the fragrant wax, the bond of the feathers;

Ovid - Metamorphoses

The effect of temperature on fatigue crack growth behaviour was studied by performing a

number of crack growth tests at 80 °C. The test procedure was otherwise identical to that

described in Chapter 3, allowing the results to be compared to the room temperature data

described in Chapter 4.

The results showed that at 80 °C the crack growth rate increased. For two of the three spec-

imens tested (corresponding to 4 out of 6 experiments) the failure mode was adhesive fail-

ure, rather than cohesive failure, which explains why differences were noted in the crack

growth behaviour.

For a given load cycle the resistance to crack growth (energy dissipated per unit crack

growth, i.e. G∗) was higher, but this was outweighed by the increase in energy available

(dU/dN for a given
(

∆
p

G
)2

and G∗). As a result, for a given load cycle, the crack growth

rate was faster at 80 °C than at room temperature. The reason for the increase in available

energy is unclear. Further research into the micro-mechanics of crack growth is necessary

to determine why it occurs.
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6.1. INTRODUCTION

T
HE previous chapter described an attempt to modify the amount of plasticity at the

crack tip by changing the thickness of the adhesive layer. Another way of modifying

the amount of plasticity is to modify the adhesive’s yield strength by changing the test

temperature. Thus a test campaign was carried out where 6 fatigue tests were performed

at a temperature of 80 °C.

6.1.1. PREVIOUS WORK ON THE EFFECT OF TEMPERATURE

So far little work seems to have been done on the effect of temperature on FCG in adhe-

sive bonds. The only investigations that could be found in the literature on this matter,

were the works of Russell [1] and Ashcroft et al [2, 3].

Russell tested three epoxy adhesives (viz. FM-300K, FM-300 and EA-9321) at -50 °C,

20 °C, and 100 °C under mode II loading. He reported that the FCG rate increased for

increasing temperature. Ashcroft and Shaw [3] performed tests at -50 °C, 20 °C, and 90

°C on CFRP specimens, bonded with a “propriety modified epoxy” adhesive. They found

a reduced crack growth rate at 90 °C. However they also found that the locus of failure

changed at different temperatures. In particular, only at 90 °C did the failure occur in the

adhesive layer.

The present author examined the effect of a reduced temperature on crack growth in

an FM73 epoxy adhesive bond during his MSc thesis [4]. In that research it was found

that the crack growth rate was lower at lower temperature.

Although no other work on the effect of temperature on FCG in adhesive bonds seems

to have been done, there has been some research of this effect in FRPs [5–10] and FMLs

[11, 12], as summarised in [13].

Chan and Wang [5] found that in an epoxy GFRP lower temperatures reduced the

fracture toughness, and that higher temperatures reduced the exponent of a Paris-type

power-law fit. Sjögren and Asp [6] reported an increased crack growth rate at higher

temperature for a given Gmax value, as well as a reduced fatigue threshold value. It is

interesting to note that the temperature effect disappeared if Gmax was divided by a Gc

determined for the corresponding temperature. This suggests that changes in Gc are

able to capture the effect of temperature.

In many cases non-monotonous behaviour is seen. In the results reported by Coron-

ado et al [10] between -30 °C and 30 °C a higher temperature results in a longer initiation

period, but a faster crack growth. However, at -60 °C the crack growth is faster than at

-30 °C, and at 90 °C it is slower than at 50 °C. Coronado et al ascribed this to the matrix

becoming more brittle at low temperatures and more ductile at high temperatures.

Rans et al [12] examined delamination growth in an FML. They found the growth rate

at -40 °C was lower than at 70 °C, but higher than at room temperature.

Non-monotonous behaviour was also reported by Shindo et al [7–9]. They performed

experiments at 4K, 77K, and room temperature. At 4 K the crack growth rate was lower

than at room temperature, but higher than at 77K. Shindo et al suggested that at 4K freez-

ing of the molecular motion of the resin prevents stress relaxation, and that this explains

the faster delamination growth rate at 4K.

So far the only quantitative model of the effect of temperature on fatigue crack growth

(in adhesives and composites) is due to Burianek and Spearing [11]. They based their
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model on a standard Paris-type relationship, but included an Arrhenius relationship as

follows:

da

dN
=Ce

(

−Q
RT

)

(∆G)n (6.1)

where R is the ideal gas constant, T is the temperature and Q is an activation energy.

Burianek and Spearing selected an Arrhenius relationship based on its use to de-

scribe the temperature dependence of creep in metals. Why this would suggest its use-

fulness for fatigue crack growth in adhesives and composites was not explained.

Summarising the available literature it is clear that there is at present no quantitative

understanding of the effect of temperature on crack growth. Furthermore, any effects of

temperature are likely material dependent, even if the different materials are from the

same material class.

6.1.2. EFFECT OF TEMPERATURE ON FM 94 MATERIAL PROPERTIES

It seems reasonable to assume that any changes in crack growth behaviour as a result

of different temperature are related to changes in the mechanical properties of the ma-

terial. Unfortunately there is not a lot of available data for the effect of temperature on

FM 94, a point which has also hindered previous investigations [14]. The manufacturer’s

data-sheet [15] does not provide any stress-strain curves. Stress-strain curves have been

published for FM 73 [16], which is a very similar adhesive. Unfortunately only shear

stress - shear strain curves are available, and the methodology used to obtain the data is

unclear. Qualitatively one can say that increasing the temperature reduces both the stiff-

ness and the yield stress, while increasing the failure strain. This has also been reported

by others in the literature [17, 18].

It seems reasonable to assume that FM 94 will behave in qualitatively the same man-

ner, as it is a modification of the FM 73 adhesive. Thus at higher temperatures one would

expect a larger amount of plasticity at the crack tip. However, due to the difficulty of

generating sufficiently accurate experimental data to calibrate a constitutive model for a

thin adhesive layer, this was not checked during this research.

6.2. EXPERIMENTAL SET-UP

T
HE increased temperature experiments were conducted using the experimental set-

up described in Chapter 3. The only difference was the addition of a climate cham-

ber enclosing the specimen and part of the fatigue machine. This necessitated the use of

longer actuator arms on the fatigue machine. The test temperature was monitored with

a thermocouple placed on the specimen surface.

The specimens used for the high temperature tests were from a batch of specimens

originally manufactured by Bürger [19]. In order to fit in the climate chamber the speci-

mens had to be shortened, but otherwise they had the same nominal dimensions as the

other specimens used for this thesis.

In total three specimens were tested at 80 °C , with two tests being conducted on

each specimen. Before each fatigue test the specimens were loaded quasi-statically at

1 mm/min until crack propagation was visually observed. The fatigue tests were per-

formed under displacement control, with displacement ratios of Rd = 0.036 (T-001), 0.29
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(T-002), and 0.61 (T-003). The applied Rd ratios are shown in table 6.1, and the obtained

Rp values are displayed in table A.3. Two tests were performed at each displacement

ratio, with both tests performed on the same specimen.

Table 6.1: Applied Rd values for the 80 °C fatigue tests. The corresponding Rp values are shown in table A.3.

Specimen Rd

T-001 0.036

T-002 0.29

T-003 0.61

Due to the short length of the specimens, during some of the experiments the cracks

neared the end of the specimens. This invalidates the assumptions behind the DCB con-

figuration (i.e. that the two arms may be treated as cantilever beams), and produced

anomalous results (in particular, very fast crack growth). For this reason all the data for

experiment T-001-II (Rd = 0.036) and all data for N > 260 kcycles for experiment T-002-II

(Rd = 0.29) were excluded from further analysis.

6.3. RESULTS

F
IGURE 6.1 shows the crack growth rate as a function of Gmax. The data for the speci-

mens tested at 80 °C is compared to the room temperature data discussed in Chapter

4. It is clear that at 80 °C crack growth is faster than at room temperature. In addition,

there seems to be a stronger R-ratio effect for the high temperature specimens.

The data for R = 0.036 and R = 0.29 for the high temperature specimens is located far

from both the data for the R = 0.61 specimens at 80 °C, and the room temperature data.

The 80 °C data for R = 0.61 still indicates a higher crack growth rate at elevated temper-

ature, for a given combination of Gmax and R. However, the difference with the room

temperature growth rate is much smaller. This is most likely caused by the difference in

the failure mechanisms. At 80 °C adhesive failure was found for the R = 0.036 and 0.29

specimens, whereas cohesive failure was found for the R = 0.61 specimens. Cohesive

failure was also found for all the room temperature experiments. This will be discussed

in more detail later.

Crack growth as a function of energy dissipation is shown in figure 6.2. For a given

amount of energy dissipation, the crack growth rate is higher for the high temperature

specimens.

This is also seen in figure 6.3, which shows the energy dissipation as a function of

Gmax for a crack growth rate of 10−4 mm/cycle. It is clear that at 80 °C crack growth oc-

curs at lower Gmax values, and at correspondingly lower dU/dN values. The dU/dN vs Gmax

data show a linear trend for both the 80 °C and room temperature specimens. However,

the 80 °C results are all below the trend of the room temperature specimens. Thus a

given Gmax value results in a lower crack growth resistance at higher temperatures. Ex-

trapolation of the linear trends to Gmax = 0 also suggests that minimum required energy

for crack growth is lower at higher temperatures. Thus if there is a fatigue threshold (see
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Figure 6.1: Crack growth rate as a function of Gmax for the room temperature (RT) specimens and the speci-

mens tested at 80 °C (80C). The upward curvature seen for one of the 80C; R = 0.29 specimens is thought to be

caused by the crack nearing the end of the specimen.

10
−5

10
−4

10
−3

10
−2

10
−1

10
0

10
1

10
−6

10
−5

10
−4

10
−3

10
−2

10
−1

−dU/dN (mJ/cycle)

d
a
/d

N
 (

m
m

/c
y
c
le

)

RT; R = 0.036

RT; R = 0.29

RT; R = 0.61

RT; R = 0.86

80C; R = 0.036

80C; R = 0.29

80; R = 0.61

Figure 6.2: Crack growth rate as a function of dU/dN for the room temperature (RT) specimens and the speci-

mens tested at 80 °C (80C).

the discussion in section 4.4.3) it is likely also lower.

However, these trends do not persist over the entire range of crack growth rates, as

shown in figure 6.4. It is clear that the 80 °C specimens do not follow the same trend as

the room temperature specimens. Although at the low end of the Gmax range the 80 °C

G∗ values are reasonably close to the room temperature trend, at higher Gmax values they

curve away to become much larger, indicating a stronger dependence of G∗ on Gmax.

In addition there is a greater variability in the slope of the G∗ vs Gmax lines for the 80

°C specimens, resulting in a greater spread of G∗ values for a given Gmax, particularly
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Figure 6.3: Energy dissipation as a function of Gmax for the room temperature (RT) specimens and the spec-

imens tested at 80 °C (80C). The solid black line shows a linear fit through the room temperature specimens,

excluding the outlier data point from experiment B-002-II (RT; R = 0.61). The dashed line shows a linear fit

through the 80 °C data.

at higher Gmax values. Unlike at room temperature, for the 80 °C specimens there also

appears to be an R-ratio effect. For a given Gmax, G∗ is lower for a higher R-ratio.

These observations imply that due to the increase of temperature the material be-

haviour has changed, altering the relationship between resistance to crack growth and

applied load that was seen for the room temperature specimens.
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Figure 6.4: G∗ values as a function of Gmax for the room temperature (RT) specimens and the specimens tested

at 80 °C (80C). The black line shows a linear fit through the room temperature specimens, excluding the outlier

datapoints from experiment B-002-II (RT; R = 0.61).

Not only the relationship between resistance and applied load has changed however.
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Figure 6.5: Energy dissipation as a function of Uc yc (left panel) and
(

∆
p

G
)2

(right panel) for G∗ = 0.55mJ/mm2

for both the room temperature (RT) specimens and the specimens tested at 80 °C (80C). Power-law fits of the

different data sets and the associated correlation coefficients are also shown.

The relationship between applied load and available energy has also changed, and in

fact in a more drastic manner. This is illustrated in the left panel of figure 6.5, which

shows the relationship between dU/dN and Uc yc for G∗ = 0.55 mJ/mm2. Where at high

temperature the relationship between G∗ and Gmax was merely altered, the relationship

between dU/dN and Uc yc seems to have completely disappeared.

Interestingly, the relationship between
(

∆
p

G
)2

and dU/dN appears to remain intact,

albeit altered, as shown in the right panel of figure 6.5. At a fixed value of G∗, a given

value of
(

∆
p

G
)2

will result in a larger amount of energy dissipation, and therefore crack

growth, at higher temperatures. It seems that as with thickness, changing the tempera-

ture changes the amount of energy available for crack growth for a given load cycle.

The most likely explanation for the change in the G∗ vs Gmax and dU/dN vs Uc yc is

the change of failure mode that was observed during fractographic investigation. For

this investigation the specimens were broken apart by means of a quasi-static test on

a Zwick 20 kN tensile test machine. The resulting fracture surfaces are shown in figure

6.6, and a greater magnification image of the fracture surfaces for specimens T-001 and

T-003 is shown in figure 6.7.

For specimens T-001 (R = 0.036) and T-002 (R = 0.29) there are portions of the frac-

ture surface where adhesive residue is present on only one of the two surfaces. This

indicates that specimens T-001 and T-002 suffered adhesive failure during at least part

of the fatigue test. Specimen T-003 (R = 0.61) and the room temperature specimens suf-

fered cohesive failure, as indicated by the presence of adhesive residue on both fracture

surfaces.

This difference in failure modes explains why there is a difference in the G∗ vs Gmax

behaviour as seen in figure 6.4, and why the relationship between dU/dN and Uc yc for

fixed G∗ disappears. In both cases the failure mechanisms are different, so it is not

surprising that the relationships between the applied load on the one hand, and the
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Figure 6.6: Fracture surfaces of the series T specimens (all tested at 80 °C). Two fatigue tests were performed

per specimen, which is clearly visible on the fracture surfaces. The fracture surfaces formed during the quasi-

static loading performed to break apart the specimens are also visible. Crack growth direction was from left

to right. For specimens T-001 and T-002 one of the fracture surfaces per specimen is almost free of adhesive

residue, indicating adhesive failure.

crack growth resistance and energy available for crack growth on the other hand, should

change. Why there is still a relationship between dU/dN and
(

∆
p

G
)2

for fixed G∗, despite

the disappearance of the dU/dN vs Uc yc relationship is unclear.

It is also worth noting that even for the experiments where cohesive failure was seen

(i.e. T-003-I and T-003-II; R = 0.61) the energy dissipation for a given
(

∆
p

G
)2

or Uc yc for

fixed G∗ was greater than the room temperature value. This suggests that at high tem-

perature the amount of energy available for crack growth is increased for a given load
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Figure 6.7: Micrograph of the fracture surfaces of specimens T-001 (left) and T-003 (right) showing the transi-

tion from fatigue to quasi-static loading. The upper and lower surfaces are shown side-by-side. Crack growth

direction was from left to right. For specimen T-001 the upper surface corresponding to the fatigue test is al-

most free of adhesive residue, indicating adheisve failure. For specimen T-003 there is adhesive residue on

both surfaces, indicating cohesive failure.

cycle, even when there is no change in the failure mode. It is possible that the reduction

in yield strength due to increase of the temperature allows void formation to occur in a

larger area ahead of the crack tip. In that way it might be possible to make use of strain

energy stored in a larger volume of material, thus allowing more energy to be used for

crack growth for a given load cycle. To further investigate this hypothesis would require

a precise determination of the crack-tip stress and strain fields, as well as more under-

standing of the micro-mechanics of crack growth.

6.4. CONCLUSION

F
OR the FM 94 epoxy adhesive, increasing the temperature from room temperature to

80 °C increases the crack growth rate for a given loading.

For two out of the three tested specimens, increasing the temperature changed the

failure mode from cohesive to adhesive. This explains why large differences were seen

between the behaviour of the 80 °C and the room temperature specimens. In particular,

for the 80 °C specimens greater variability was seen in the slope of the G∗ vs Gmax curve,

than for the room temperature specimens. In addition, at 80 °C there was no longer a

relationship between dU/dN and Uc yc for a fixed G∗. For reasons that are unclear, there

did still appear to be a relationship between dU/dN and
(

∆
p

G
)2

at a fixed G∗.

Although there was no longer a relationship between dU/dN and Uc yc for a fixed G∗ at

80 °C it is clear that the energy dissipation at increased temperature for a given Uc yc was

higher than at room temperature. This implies that the energy available for crack growth

for a given load cycle is greater at 80 °C than at room temperature.

In fact, for a given Gmax, G∗ was higher for the 80 °C specimens, than for the room

temperature specimens. However, this was outweighed by the increase in available en-

ergy, in the end resulting in faster crack growth. Further investigation of the micro-

mechanics is necessary to understand why higher temperatures would increase the a-

mount of available energy.
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In terms of the conceptual model presented in Chapter 3 these results imply that

temperature changes both the relationship between the applied load and the crack growth

resistance, and the relationship between the applied load and the available energy.

For specimens T-001 (R = 0.036) and T-002 (R = 0.29) there is a clear reason why

this change in behaviour occurred: the failure mode changed from cohesive to adhesive.

For specimen T-003 (R = 0.61), where the failure mode remained cohesive, the G∗ vs

Gmax behaviour, i.e. the relationship between applied load and crack growth resistance,

remained closer to the room temperature behaviour. In general, for a given Gmax, the

resistance to crack growth is higher at higher temperature, but the exact relationship

between load and resistance will depend on whether the failure is adhesive or cohesive.

At a given crack growth resistance value, the same load cycle (in terms of Uc yc or
(

∆
p

G
)2

) at an elevated temperature will result in more energy being available for crack

growth than at room temperature.

Taken together, for a given load cycle, increasing the temperature will increase both

the resistance to crack growth, and the amount of energy available for crack growth.

If the failure mode remains cohesive, the resistance will only be increased by a small

amount. However, if the failure mode becomes adhesive, the resistance will become

much larger. The amount of energy available becomes much larger than at room tem-

perature regardless of whether the failure mode changes.

Although both the resistance and the available energy increase, the increase of the

available energy is much larger. Increasing the temperature to 80 °C causes an increase

of the resistance (G∗) for a given load of at most a factor 2 - 4, whereas the amount of

available energy increases by up to an order of magnitude. Because the available en-

ergy increases more than the resistance, the end result is that for a given load cycle, an

increase in temperature results in an increase of the crack growth rate.
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7
FATIGUE CRACK GROWTH WITHIN A

SINGLE CYCLE

I have heard the mermaids singing, each to each.

T.S. Elliot - The Love Song of J. Alfred Prufrock

In analyses of fatigue crack growth it is nearly always assumed that the crack growth rate

can be approximated by a value, da/dN , that is effectively the average growth rate over one

cycle. The same has been done so far in this thesis. However in reality the crack growth rate

is not constant during a single cycle, and crack growth may not even occur during every

cycle. For a full understanding of crack growth it is necessary to better understand how

crack growth progresses during a single load cycle.

In experiments described in this chapter the acoustic emission technique was used to gain

more insight into the single cycle crack growth behaviour. Although the results are prelim-

inary, evidence was found that crack growth occurs during the portion of a fatigue cycle

where the load is above a certain threshold value. In addition the results suggest that it

may be possible to determine this fatigue threshold value from quasi-static tests. To be

able to gain more confidence in these conclusions, more research needs to be done on the

link between the physical crack growth processes and the acoustic emission signals. This

will allow more accurate interpretation of the received signals.

This chapter is adapted from a paper submitted to the International Journal of Fracture [1].
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7.1. MOTIVATION

U
P to this point in this thesis, FCG has always been considered with the single fatigue

cycle as the smallest time-scale. That is to say, both energy dissipation and crack

growth rate have always been averaged to a single cycle. This procedure implicitly carries

with it two assumptions.

The first assumption is that it is not necessary to take into account how the crack

growth rate changes over the course of a single fatigue cycle, even though there is evi-

dence that it is not constant [2]. Besides that evidence, the simple observation that fa-

tigue loading is a cyclical phenomenon should be enough to realise that the crack growth

rate is not constant within a single cycle. Of course, if the crack growth rate is not con-

stant, the energy dissipation cannot be constant either.

The second assumption is that crack growth occurs during every cycle, or at the very

least, that it may be treated as occurring during each cycle with an average rate.

Given that aerospace structures are typically required to have fatigue lives on the or-

der of hundreds of thousands – if not millions – of cycles, these assumptions may be

sufficient for a prediction model. However, from a scientific point of view they repre-

sent simplifications that obscure the actual crack growth behaviour. In order to identify

which characteristics of a cycle are important for fatigue crack growth, it is important to

understand how the crack growth progresses within the cycle. Does the crack only grow

at maximum load? If not, does it grow only during loading or also during unloading?

Does crack growth occur during the entire cycle, or is there a threshold load level below

which crack growth stops?

To answer these questions, experimental techniques are needed that are able to track

crack growth within one load cycle. The optical crack length measurement technique

used for the previous experiments described in this thesis is insufficient for two reasons.

First of all, during a single load cycle crack growth is typically on the order of 10−3 −
10−5 mm, which is much lower than the length resolution that can be obtained with

the optical technique. Secondly, the optical measurement technique is only capable of

measuring crack length at the side of the specimen. Any crack growth that occurs inside

the specimen cannot be detected. Since it is possible that crack growth in the centre of

the specimen occurs at a lower load level than crack growth at the side of a specimen,

this is a significant drawback.

A possible solution could be to perform in-situ experiments in an SEM, which might

solve the length resolution issues. However this would not solve the issue of only being

able to see the side of the specimen. Furthermore, for the present research a suitable

test set-up was not available. Thus a different technique was selected: acoustic emission

(AE).

Acoustic emission is based on the work of Kaiser [3]. It works on the principle that

crack growth (but also other types of events and/or micro-structural changes) emit ul-

trasonic sound-waves that can be detected by using suitable transducers. By recording

when these signals are detected, it is possible to determine at what points within the

fatigue cycle crack growth occurs.

The research presented in this chapter is one of the earliest (if not the earliest) uses

of AE for the purpose of understanding crack growth within a single cycle. Thus many

questions still remain to be answered. Nevertheless, the research can serve as a proof-
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of-concept of this use of the AE technique, and some interesting results regarding crack

growth behaviour were obtained.

7.2. SPECIMENS AND EXPERIMENTAL SET-UP

T
HE AE experiments were conducted on the AE series of specimens, which were of

the standard DCB type described in Chapter 3. These specimens were left from the

research of Bürger [4], but were of the same composition, and manufactured in the same

way, as the other specimens used in this research. The specimens were again tested on

the MTS 10 kN fatigue test machine.

Load introduction points Piezoelectric sensor

Camera

Specimen

Figure 7.1: Schematic illustration of the test set-up for the acoustic emission test, showing a top-view of the

specimen and the placement of the piezoelectric sensor and the camera. The load was applied normal to the

plane of the illustration. The figure is not to scale [1].

An AE sensor was clamped to the specimens, as shown schematically in figure 7.1. To

improve the conductivity between the sensor and the specimen, grease was applied to

the surface of the specimen. The sensor used was a wide-band piezoelectric sensor, type

AE1045S, with an external 34 dB pre-amplifier and a 20-1200 kHz band-pass filter. It was

connected to an AMSY-6 Vallen, 8-channel AE system. The force and displacement out-

puts of the fatigue machine were output to the AE system, allowing them to be correlated

to the recorded AE signals.

Three specimens were prepared for this experimental series, coded AE001 through

AE003. However for specimen AE002 the thread of the lower bolt holes failed before

any crack growth was detected. The thread failure occurred at approximately 2.1 kN of

applied force. This is more than a factor of 2 higher than the force needed to cause crack

growth in the other specimens. The most likely explanation is that in specimen AE002

the crack starter failed to initiate a cohesive crack in the material.

The AE system continuously monitors the sensor for signals. If the signal has a higher

peak amplitude than a pre-determined threshold it is recorded. A single signal detection

is referred to as a ‘hit’ in this thesis. For the experiments conducted on specimen AE-001

the threshold was set to 62 dB, based on previous experience with the AE system. The

purpose of this threshold is to prevent the recording of noise signals. Of course having

an AE threshold setting that is too high would mean that signals emitted by actual crack

growth are also not recorded. Therefore the proper threshold setting was investigated
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using specimen AE003, as described in more detail in the next section. As a result of

this investigation, 55 dB was used as the threshold setting during the experiments on

specimen AE003, with exception of the very first experiment, which used a setting of 50

dB.

In order to gain a better understanding of the crack growth a variety of load cases

was selected, comprising quasi-static loading, fatigue loading at a low strain rate (i.e. 1

mm/min) and fatigue loading at a ‘normal’ frequency (i.e. 5 Hz, as used in the rest of this

thesis). Multiple load cases were applied to each specimen. The different experiments

are refered to by the number of the specimen, followed by the suffix QS (for quasi-static)

or Fat (for fatigue) and a numerical index.

For the quasi-static loading the displacement was increased at 1 mm/min and then

held constant either as soon as the first AE hits were detected, or as soon as a drop in the

load was detected. For the fatigue loading different R-ratios were examined. A full list of

the applied load cases is shown in table 7.1.

The raw and analysed experimental data is available at [5].

Table 7.1: Test matrix, listing the different experiments and the applied load cases. [1].

Experiment Load case

AE001-QS1 QS load at 1 mm/min until the first acoustic emission signal, then dis-

placement held constant.

AE001-QS2 QS load at 1 mm/min until drop in the force. Fatigue machine safety

interlock activated before this happened.Therefore the collected data

will not be discussed in this thesis. Higher capacity load cell (10 kN)

installed after this test.

AE001-QS3 QS load at 1 mm/min until drop in the force, then displacement held

constant.

AE001-QS4 QS load at 1 mm/min until crack length had been extended to roughly

100 mm.

AE001-QS5 QS load at 1 mm/min until drop in the force, then displacement held

constant.

AE001-Fat1 5 Fatigue cycles at 1 mm/min displacement rate. dmax = 1.39 mm,

dmi n = 0 mm, (R=0).

AE001-Fat2 5 Fatigue cycles at 1 mm/min displacement rate. dmax = 1.39 mm,

dmi n = 0 mm, (R=0).

AE001-Fat3 5 Fatigue cycles at 1 mm/min displacement rate. dmax = 1.39 mm,

dmi n = 0 mm, (R=0).

AE001-Fat4 5 Fatigue cycles at 2 mm/min displacement rate.dmax = 1.39 mm,

dmi n = 0 mm, (R=0).

AE001-Fat5 5 Fatigue cycles at 1 mm/min displacement rate. dmax = 1.39 mm,

dmi n = 0.695 mm, (R=0.5).

AE001-Fat6 Fatigue cycles at 5Hz. dmax = 1.39 mm, dmi n = 0.695 mm, (R=0.5). AE

system recording frequency set too low, resulting in aliasing, this ex-

periment will not be discussed in this thesis.
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Table 7.1: Test matrix, listing the different experiments and the applied load cases. [1].

Experiment Load case

AE001-Fat7 Fatigue cycles at 5Hz. dmax = 1.39 mm, dmi n = 0.695 mm, (R=0.5).

AE001-Fat8 5 Fatigue cycles at 1 mm/min displacement rate. dmax = 1.39 mm,

dmi n = 0.695 mm, (R=0.5).

AE001-Fat9 5 Fatigue cycles at 1 mm/min displacement rate. dmax = 7.6 mm,

dmi n = 0.695 mm, (R=0).

AE001-Fat10 5 Fatigue cycles at 1 mm/min displacement rate.dmax = 7.6 mm,

dmi n = 3.8 mm, (R=0.5).

AE003-QS1 QS load at 1 mm/min in order to create a coehsive crack. Test stopped

after onset of crack growth determined visually.

AE003-QS2 QS load at 1 mm/min until the first acoustic emission signal. Then

displacement held constant. Test repeated with a higher AE threshold.

Test repeated again, but only holding after the first cluster of signals

rather than the first hit.

AE003-QS3 QS load at 1 mm/min until drop in the load, then displacement held

constant.

AE003-Fat1 5 Fatigue cycles at 1 mm/min displacement rate. dmax = 2.27 mm,

dmi n = 0 mm, (R=0).

AE003-Fat2 5 Fatigue cycles at 1 mm/min displacement rate. dmax = 2.27 mm,

dmi n = 1.135m, (R=0.5).

AE003-Fat3 5 Fatigue cycles at 1 mm/min displacement rate. dmax = 1.9 mm,

dmi n = 0 mm, (R=0).

AE003-Fat4 5 Fatigue cycles at 1 mm/min displacement rate. dmax = 1.9 mm,

dmi n = 0.95 mm, (R=0.5).

AE003-Fat5 Fatigue cycles at 5Hz. dmax = 2.27 mm, dmi n = 0.95 mm, (R=0.42).

AE003-Fat6 Fatigue cycles at 5Hz. dmax = 2.27 mm, dmi n = 0 mm, (R=0).

7.3. QUASI-STATIC EXPERIMENTS

T
HE first quasi-static load case was the case were the displacement was held constant

as soon as a hit was detected. The results are shown in figure 7.2.

For experiment AE001-QS1 there was an initial cluster of hits, which died down af-

ter the displacement was held. No crack growth was observed visually, which means

these signals were either produced by a different process than crack growth, or that crack

growth did occur but was too small to be visible, or did not occur on the visible surface

of the specimen.

On specimen AE003 this load case was performed 3 times during experiment AE003-

QS2. During the first load application an AE threshold of 50 dB was used. However this

caused the detection of hits at very low load levels (G ≈ 0.01 N/mm). Based on the wave-

form these signals were interpreted as noise, and it was decided to raise the threshold

to 55 dB, which was used for all subsequent experiments on AE003. During the second
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Figure 7.2: Displacement and peak amplitude of the received acoustic signals for the load case where the dis-

placement was held as soon as the first signals were detected. This load case was performed once on specimen

AE-001 (experiment AE001-QS1, left panel) and three times on specimen AE003 (experiment AE003-QS2, right

panel). The detection threshold for the acoustic emission system was raised between the first and second test

on specimen AE003, as analysis of the waveform suggested the signals detected during the first test were just

noise. [1]

test a peak amplitude of just under 60 dB was reached during loading. No further signals

were detected during the hold. However during unloading a cluster of hits was detected.

The source of these signals is unknown; one possibility is that they are emitted when the

crack flanks come in contact during closure of the crack.

During the third test the load was increased until a clear cluster of hits was seen.

During this test some crack growth occurred, as shown in figure 7.3. There was about

0.75 mm of fast crack growth while the displacement was still increasing, followed by

another 0.2 mm during the first minutes of the hold. After that both the force and the

visible crack length remained constant. Nevertheless there was a constant ‘baseline’ of

hits with a peak amplitude of around 55 dB that was not seen during the first and second

load application.

It is unclear what the source of these signals is. The fact that the force remains con-

stant seems to rule out visco-elastic effects and crack growth as sources, making it likely

that this signal represents some kind of noise. In order to properly interpret these signals

further research is required to be able to match the features of the signals to physical pro-

cesses in the material. This was beyond the scope of the present work however. Based on

the results of experiment AE003-QS2, it will be assumed in this thesis that crack growth

only occurs when there are signals with a peak amplitude greater than 58 dB.

More crack growth occurs if the displacement is increased until the force decreases

again. This case is shown in figures 7.4 (for specimen AE001) and 7.6 (for specimen

AE003, discussed below). For both experiments on specimen AE001 (i.e. AE001-QS3

and AE001-QS5) there is a large cluster of hits that starts when a certain load level is

exceeded and continues until the displacement is held. During this time there is rapid

crack growth. Then the signals slowly die down: both the peak amplitude and the num-
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Figure 7.3: Force, peak amplitude, and crack growth for the third load application during experiment AE003-

QS2. The displacement was held as soon as the first AE signals were detected. There was approximately 0.75

mm of crack growth coincident with the first cluster of AE hits above 55 dB, as indicated by the vertical line.

During the first minutes of the subsequent hold the crack grew by approximately another 0.2 mm [1].
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Figure 7.4: Crack length, force, and peak amplitude of the acoustic emission signals for experiments AE001-

QS3 and AE001-QS5 (AE threshold: 62 dB). The dashed line on the bottom left panel is thought to better repre-

sent the actual crack growth behaviour than the data points, due to the measurement difficulties highlighted

in figure 7.5 [1].
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ber of hits per second decrease. The force decreases asymptotically as well, and some

small amount of crack growth is detected during this period.

Unfortunately the crack progression is not entirely clear for these experiments, espe-

cially for AE001-QS3 and AE003-QS3 (which will be discussed below). This is due to the

issues with the visual crack length measurements illustrated by the example shown in

figure 7.5. In some cases there was no clear advance of the crack tip. Rather a faint line

was seen in the photographs, which gradually became more distinct in later images. At

an arbitrary level of visibility this line was considered to be part of the crack, causing a

jump in the crack length.

Figure 7.5: Example of the issues with crack length measurement. This figure shows a potion of two pho-

tographs taken during test AE003-QS3. At t = 66594 s the crack tip is located at the arrow. However at t = 19194

s it is not clear whether the left or the right arrow indicates the crack tip. No crack tip advance was obvious.

Rather, the faint line between these two arrows gradually became less faint in later pictures. This causes the

jump in the crack length measurements as shown in figure 7.6, even though this most likely does not reflect

the actual crack growth behaviour [1]

Given that during the quasi-static experiments on series A (Section 4.5) the cracks

were seen to advance continuously, and given the lack of any discontinuities in the force

vs time curve, it seems unlikely that the discontinuities in the crack length measure-

ments reflect the actual crack growth behaviour. A more likely explanation is that the

crack continued to grow in the specimen, without breaking through the layer of type-

writer correction fluid painted onto the side of the specimen. For future experiments it

is therefore recommended to at least thin the fluid further and to investigate the possi-

bility of conducting the tests without applying any fluid at all.

In order to further investigate if and how crack growth occurs while applying a con-

stant load, a long duration test was performed during experiment AE003-QS3. The spec-

imen was loaded at 1 mm/min until the force was seen to decrease. The displacement

was then held constant for about 18.5 hours. Figure 7.6 shows the results. Again rapid

crack growth took place while the displacement was increased, followed by a small amount

of more gradual crack growth while the displacement was held. Unfortunately the exact
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Figure 7.6: Force, crack length and peak amplitude for experiment AE003-QS3. The inset figure shows a de-

tailed view of the time period surrounding the maximum force. The force peaks at 580 N and decays asymp-

totically. During the last 8960 s the force is constant at 471.56 N (load cell resolution: approximately 0.3 N). In

order to prevent problems rendering the graph for publication, the data is filtered to only show 1 out of every

10 hits with a peak amplitude under 58 dB (selected based on the 58 dB signal not being associated with fa-

tigue crack growth in the previous tests). For the full data see [5]. The dashed line is thought to more accurately

approximate the actual crack growth behaviour than the data points, due to the issues discussed under figure

7.5 [1]
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manner of crack growth could not be determined, due to the same measurement issue

as discussed above and shown in figure 7.5.

Although for two of the experiments the exact manner of crack growth is not clear,

it seems clear that crack growth can in fact continue, even if the displacement is held

constant. This may also explain some of the frequency effects seen in FCG experiments.

If crack growth can occur at constant load, then perhaps it matters not only what max-

imum load is reached, but also how long the load is above a certain threshold. For a

given number of cycles, a lower frequency implies a longer time spent at high load, which

might produce a different amount of crack growth.

There is also an interesting parallel between these quasi-static experiments and the

earlier FCG experiments. In both cases there is a fixed amount of energy added to the

system at the start of the test. During (displacement-controlled) fatigue some of this

energy is constantly cycled into and out of the specimen by the fatigue machine, but the

maximum total energy in the specimen only decreases. During the quasi-static test the

energy is only added once, but then also decreases over time.

Thus in both cases there is an initial input of energy, part of which is dissipated by

crack growth. In fact during the quasi-static tests described here the initial energy input

is higher, as the displacement is increased until there is a drop in the force, whereas in the

fatigue tests performed discussed earlier in this thesis, the load was chosen so that this

critial force / displacement was not reached. However even though the initial energy was

higher during the long duration quasi-static test (AE009-QS3) than during the fatigue

tests, and the duration of the tests were comparable (18 hours for the QS tests, roughly

24 for the fatigue tests), much more crack growth occured during the fatigue test than

during the quasi-static test. Although the crack growth resistance during quasi-static

growth is higher than under fatigue load (see Chapter 4), this is not enough to explain

the difference in crack growth. Apparently the fact that during fatigue the load is cycled

and not just held constant also plays a role.

7.4. QUASI-STATIC THRESHOLD

F
OR the quasi-static tests it was seen that emission of acoustic signals only started

once a certain load level had been reached. Under the assumption that no crack

growth can occur without acoustic emission, this observation allows the calculation of a

threshold G value, Gth . As the force and displacement outputs were also recorded by the

AE system, it was relatively straightforward to find the matching force and displacement

for any given AE signal detection. The corresponding G value was then computed as:

G =
3Pd

2w a
(7.1)

This is less accurate than the CC method used for the rest of this thesis (equation

3.6). However due to the smaller range of crack lengths during this test series (especially

for AE003), the correct calibration factor could not be found as readily. Thus the sim-

plicity of equation 7.1 was deemed to be acceptable, especially when comparing the AE

series of test results with each other. However care should be taken when comparing

the numerical SERR values from this chapter with those from previous chapters. For the

previous experiments in this thesis the callibration parameter n was usually in the range
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Table 7.2: Threshold SERR values measured during the quasi-static test. Values are shown for two cases: using

the first AE signal with a peak amplitude over 58 dB and using the first AE signal with a peak amplitude over

62 dB. Note that for specimen AE001 the AE threshold value was 62 dB, and for AE003 the threshold was 55 dB,

thus the second case allows evaluation of the effect of the lower AE threshold setting for AE003. The GI c value,

determined according to the maximum force criterion of ASTM D3433, is also shown (where applicable) [1].

Gth (N/mm) Gth (N/mm) G I c (N/mm)

Experiment 1st hit > 58 dB 1st hit > 62 dB ASTM D3433

AE001-QS3 0.6928 0.6928 N/A

AE001-QS4 0.7427 0.7427 1.759

AE001-QS5 0.4047 0.4047 1.314

AE003-QS2 0.2877 0.8814 N/A

AE003-QS3 0.5331 0.8294 1.534

Mean 0.532 0.7102 1.534

Standard deviation 0.171 0.1662 0.182

2–4, suggesting that the values found with equation 7.1 contain an error on the order of

30%.

As mentioned before, it was assumed that signals with a peak amplitude less than 58

dB did not correspond to crack growth, based on the results of experiment AE003-QS2.

Thus the threshold Gth is defined in this chapter as the lowest value of G for which a

signal with a peak amplitude greater than 58 dB was recorded.

For specimen AE001 an AE threshold level of 62 dB was set, which means that any

signals with a peak amplitude between 58 and 62 dB were not recorded. To gauge the

effect of this on the determined Gth value, Gth values were also calculated for specimen

AE003, using the minimum G value for which a signal with a peak amplitude greater than

62 dB was detected. The threshold values using both a criterion of 58 dB and a criterion

of 62 dB are shown in table 7.2

The measured threshold value increases when 62 dB is used as a criterion rather than

58 dB, indicating that the 62 dB AE threshold setting was too high. Using 62 dB as a crite-

rion, AE003 seems to have a higher threshold than specimen AE001. However the differ-

ence between the mean Gth values for AE001 and AE003 is less than 2 times the standard

deviation for the threshold value of AE001, so it can not be stated with confidence that

the thresholds are in fact different.

Under quasi-static conditions it is often assumed that crack growth only occurs for

G >G I c , where G I c is determined according to one of the criteria offered in ASTM stan-

dards D3433 [6] or D5528 [7]. However, as can be seen in table 7.2, using acoustic emis-

sion crack growth was detected at G values well below the ASTM-defined G I c . This sug-

gests that although G I c is a useful value for material selection and design purposes, it

should not be interpreted as the lowest G value at which cracks will grow, even under

quasi-static loading.
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Figure 7.7: SERR and peak amplitude of AE signals for the 1mm / min fatigue tests on specimen AE001. The

top row shows data for experiments conducted at R = 0 and the bottom row shows data for R = 0.5. Though

AE001-Fat8 seems to follow immediately after AE001-Fat5 in this representation, this was not the case in reality.

The AE threshold was 62 dB.

7.5. FATIGUE EXPERIMENTS

I
N order to investigate crack growth behaviour during fatigue, first a number of exper-

iments were conducted on each specimen where fatigue cycles were applied with a

displacement rate of 1 mm/min. This was done at both R = 0 and R = 0.5. Then fatigue

cycles were applied with a frequency of 5 Hz to investigate the existence of frequency

effects.

The results for the low rate fatigue experiments are shown in figure 7.7 (specimen

AE001) and figure 7.8 (specimen AE003). Assuming that AE hits with a peak amplitude

greater than 58 dB mean crack growth, crack growth appears to occur both during load-

ing and during unloading for specimen AE001, whereas for AE003 crack growth occurs

only during loading. Crack growth appears to occur only when the G is above a certain

threshold value, which will be discussed in more detail below.

For both specimens there appears to be an effect related to the R-ratio. This is most

clear for the experiments on AE-003 (figure 7.8). At R = 0.5 crack growth was only de-

tected during 3 out of the 5 cycles for experiment AE003-Fat2, and in only 2 out of 5

cycles for experiment AE003-Fat4, whereas for R = 0 (AE003-Fat1 and AE003-Fat3), there

were multiple hits in every cycle. Also for specimen AE001 (figure 7.7) it seems that for

R = 0 the number of hits is roughly the same in each cycle, whereas for R = 0.5 there are

more hits during the first one or two cycles and fewer hits during the subsequent cycles.

The R-ratio effect appears to be stronger for specimen AE003. This is somewhat
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Figure 7.8: SERR and peak amplitude of AE signals for the fatigue tests on specimen AE003. The top row shows

data for experiments conducted at R = 0 and the bottom row shows data for R = 0.5. The AE threshold was 55

dB.

counter-intuitive, given that in absolute terms the increase of Gmin (and therefore the

decrease of ∆G ,
(

∆
p

G
)2

, and Uc yc ) was lower. Other than specimen variability there is

no obvious hypothesis that can explain this behaviour.

Comparing specimens AE001 and AE003; during the tests on specimen AE003 fewer

hits were recorded, and the peak amplitudes were lower. This is even true when Gmax

was lower for the experiment conducted on AE001 (AE001-Fat8), than for the experiment

conducted on AE003 (AE003-Fat1&2). Again specimen variability is a possible explana-

tion. Another possible hypothesis is the effect of load history. For specimen AE001 the

experiments followed quasi-static tests where the displacement was held for either 79

minutes (AE001-Fat1-5, following test AE001-QS3) or 30 minutes (AE001-Fat8-10, follow-

ing AE001-QS5). In contrast the experiments on specimen AE003 (AE003-Fat1-4) were

conducted after the 18.5 hour hold of experiment AE003-QS3. It is possible that during

this long hold damage was created in a process zone ahead of the crack tip, which made

FCG easier (i.e. require less energy per unit of growth). This would explain why the AE

signals for AE003 were less energetic.

For specimen AE003 a cluster of low (<58 dB) amplitude hits was detected each cycle

near the minimum load, during both loading and unloading. Apart from the low am-

plitude, these hits do not occur when the specimen is at minimum load, or during the

high load portion of the cycle. This suggests that these signals are related to some kind

of crack opening and/or closing process and not to the crack growth itself. It is likely that

these signals also occured for specimen AE001, but were not recorded due to the higher
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Figure 7.9: Peak amplitude and SERR values for experiment AE001-Fat7. The lower figures show the first and

last 5 load cycles. AE detection threshold was 62 dB [1]

AE threshold setting of 62 dB.

From an energy point of view, it is interesting to note that the signal with the high-

est peak amplitude (and therefore highest energy) occurred on average for a SERR value

greater than 0.9Gmax. An exception was experiment AE003-Fat1, where the strongest sig-

nal occurred within 80% of Gmax. This suggests that the largest crack growth increment

indeed occurs near the peak load value. However it should be noted that these signals

only accounted for roughly 10-20% of the total acoustic energy received during the cycle.

Thus even though the largest crack growth increment may occur near to the peak load,

it does not mean that the largest amount of crack growth actually occurs there. After all,

the total crack growth in a cycle is the summation of all the individual increments. The

present results suggest that the majority of the crack growth is caused by many small in-

crements occurring at lower load levels, rather than a single large increment occurring

at or near the peak load in the cycle.

Figure 7.9 through 7.11 show the results for the 5 Hz fatigue tests. Compared to the

low rate experiments there are far fewer hits per cycle, especially for AE001. Rather than

having many hits per cycle there are only one or two, and in some cases there are even

no hits per cycle. For AE003 again the clusters of low amplitude hits near the minimum

load are seen. However compared to the low rate experiments, the amplitudes seem to

be somewhat higher. This fits with the hypothesis that these signals are caused by some

kind of crack opening / closing process, as a higher strain rate implies more forceful

crack closure and opening. It also implies that the correct peak amplitude criterion to be

used for determining the crack growth threshold may be frequency and / or strain rate

dependent.
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Figure 7.10: Peak amplitude and SERR values for experiment AE003-Fat5. The lower figures show the first and

last 5 load cycles. AE detection threshold was 55 dB [1]
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Figure 7.11: Peak amplitude and SERR values for experiment AE003-Fat6. The lower figures show the first and

last 5 load cycles. AE detection threshold was 55 dB [1]

One puzzling observation is that for experiment AE003-Fat5 (5Hz, R = 0.42) the low
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amplitude signals were only observed during the unloading portion of the fatigue cycle.

The reason for this is unclear, though one possibility is that the crack was not fully closed,

as Gmin > 0 during this experiment. Another option is that the signals did occur, but the

amplitude was too low to cause them to be recorded.

The 5Hz fatigue tests present an AE signal pattern that is similar to what was seen

for the long duration QS hold tests. There is a more or less continuous baseline of low

amplitude signals, with higher amplitude signals occurring at seemingly random inter-

vals. For the tests at R > 0 (AE001-Fat7, figure 7.9 and AE003-Fat5, figure 7.10) there were

cycles where no signals were detected with a peak amplitude greater than 58 dB. From

these results it is clear that crack growth does not occur every cycle, and that the crack

growth rate is not a continuous function of cycle number.

The success of the existing prediction methods means that it is acceptable to use an

average da/dN when investigating high-cycle fatigue. However for low cycle fatigue, and

for a better overall understanding of the crack growth process, a clearer understanding of

the mechanisms is needed, that can explain why the crack growth rate varies from cycle

to cycle.

7.6. FATIGUE THRESHOLDS

A
S with the quasi-static experiments, a threshold value could also be determined for

FCG. Again the definition of Gth is here: the lowest G value for which a signal with a

peak amplitude greater than 58 dB (or 62 dB) was emitted. Figure 7.12 shows the thresh-

old values measured during the low rate fatigue experiments, using both 58 dB and 62

dB peak amplitude as a criterion.

Despite the large amount of scatter it can be said that the threshold for AE003 was

clearly lower than for AE001. This fits with the hypothesis proposed earlier that the long

duration hold during AE003-QS3 created damage near to the crack tip, making crack

growth easier. Of course specimen variability also cannot be excluded as an explanation.

As would be expected, the R-ratio does not appear to affect the threshold value.

Figure 7.13 shows a comparison between the measured fatigue thresholds (using the

58 dB peak amplitude) and the values obtained from the quasi-static experiments. Al-

though the scatter is quite large, the fatigue and quasi-static threshold values appear to

match. It is also worth noting that the minimum Gmax values reached during the FCG

tests discussed in chapter 4 were of the same order as the Gth values found here. This

suggests that the fatigue crack growth threshold could be obtained from a quasi-static

experiment, which would greatly reduce the required experimental effort. Before this

can be stated with certainty however, further research is necessary to reduce the ob-

served scatter, and to clarify what the appropriate criterion is to identify the threshold.

I.e. should peak amplitude be used, and if so, which amplitude? Or should a different

feature of the AE signals be used to identify crack growth? It should also be confirmed

that crack growth cannot occur without causing acoustic emissions, and that any acous-

tic emissions that are generated are distinguishable from noise.

The threshold values measured for the 5 Hz experiments are compared to the low

rate experiments in figure 7.14. Given the small number of hits, especially for specimen

AE003, only tentative conclusions can be drawn from these results. However it does ap-

pear that frequency affects the crack growth threshold. This would mean that frequency
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Figure 7.12: Fatigue threshold values for each fatigue experiment. The error-bars show the standard deviation.

The threshold was determined by finding the lowest G value corresponding to an AE signal with a peak am-

plitude greater than 58 dB (left panel) or > 62 dB (right panel). Each fatigue experiment represents a set of 5

cycles. Note that for specimen AE001 the AE threshold level was set to 62 dB and thus there are no differences

between the left and the right panel for these experiments. For experiment AE003-Fat4 only 1 signal with a

peak amplitude > 62 dB was detected during the entire run of 5 cycles. This explains the lack of an error-bar

for this experiment [1]

effects in fatigue are not only caused by spending a different amount of time at high

load, but also by strain-rate dependence of the material response. In the present test

campaign, the fatigue cycles were applied in a sinusoidal manner. However, given that

both the ‘dwell time’ at high load, and the strain-rate appear to affect the crack growth

rate, it seems likely that the pattern of the applied load matters. For example, if a trape-

zoidal load is applied, rather than a sinusoidal one, the load will spend more time per

cycle at a high value, and the strain rates during loading and unloading will be higher.

Thus a faster crack growth would be expected, due to both a longer time spent at high

load, and a lower threshold value as a result of the increased strain rate.

It also appears that the crack growth threshold is not constant during fatigue, as there

are large differences between the thresholds measured for the first 5 cycles and the last 5

cycles of each experiment.
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Figure 7.13: Comparison between the fatigue and quasi-static thresholds, showing the values for each speci-

men individually. The vertical bars show the fatigue threshold value, using 58 dB peak amplitude as the crite-

rion. The error bars represent 1 standard deviation. Similarly the horizontal lines show the mean value + / - 1

standard deviation of the quasi-static threshold (see also table 7.2) [1]
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Figure 7.14: Comparison of the measured crack growth thresholds for the low rate fatigue and the 5 Hz fatigue

cycles, using either 58 dB or 62 dB as the threshold criterion. For AE001 the AE threshold setting was 62 dB and

so there is no difference between the 58 and the 62 dB criterion for those experiments. Threshold values were

determined for the first and last 5 cycles for each 5 Hz experiment [1]

7.7. DISCUSSION

At present there are still some obstacles to be overcome before the AE data can be prop-

erly compared to the results presented in the previous chapters. In particular, the link

between the physical crack growth processes and the received acoustic emission signals

is still unclear. This makes it difficult to determine which signals indeed represent crack

growth and which can be regarded as other microstructural events or noise.

This lack of understanding also prevents selection of a suitable criterion for deter-

mining the crack growth threshold, Gth . As was shown in this chapter, changing the peak
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amplitude value used as a threshold criterion can cause large changes to the threshold

value that is then found. Furthermore it should be noted that in the present research

peak amplitude was selected as a criterion out of convenience. Further research should

be conducted in order to confirm that peak amplitude is indeed the appropriate char-

acteristic to use, or whether a different feature of the AE signals can more accurately be

used to discriminate between crack growth and noise.

Nevertheless, it does seem clear from the results discussed in this section that, in fa-

tigue, crack growth can occur both during loading and during unloading. The results

suggest that crack growth occurs whenever the load (in terms of G) is above a certain

threshold value. It also appears that this threshold value can be determined from quasi-

static tests. A remarkable feature of fatigue crack growth is that crack growth occurs,

despite G not exceeding G I c . The results presented in this chapter help to explain this

observation. It is not that crack growth under fatigue loading occurs at lower load lev-

els than under quasi-static loading. Rather, under quasi-static loading,development of a

damage zone and/or crack growth also already starts for G values below GI c .

The similarity between the fatigue and quasi-static thresholds found for these tests

hold the tantalising promise that it might be possible to determine a fatigue threshold

from a purely quasi-static test. This would offer a significant reduction of the time re-

quired to characterise and certify materials, as determination of the fatigue threshold

currently requires long duration (and therefore expensive) tests.

However it should first be cleared up what the meaning of the threshold value in

fatigue is. In section 4.4.3 it was shown that the dU/dN vs Uc yc behaviour that was found

during the fatigue tests is incompatible with the existence of a fatigue threshold value,

at least in the sense of a load value below which absolutely no crack growth occurs. On

the other hand, the AE results presented here do strongly suggest that crack growth only

occurs during the portion of the cycle at which the load is above a certain value.

In this chapter Gth was defined as the lowest G level at which AE signals were de-

tected with a peak amplitude greater than 58 dB. Of course this does not necessarily

mean there was in fact no crack growth for G <Gth . Thus one possibility that would rec-

oncile the results in this chapter with the discussion in section 4.4.3 is that crack growth

does in fact occur when the load is below the Gth as defined here, but that the resulting

AE signals have a peak amplitude lower than 58 dB. Of course this case would suggest

that there is in fact no absolute threshold. For practical purposes it may still be possible

to define a threshold (in the sense of not exceeding a very small amount of crack growth

within an operational lifetime). It may also still be possible to find the fatigue threshold

on the basis of a quasi-static test in that case.

The results presented in this chapter clearly show that the fatigue crack growth rate

is not constant during a single cycle; nor is crack growth an instantaneous event that

occurs exactly at the peak of the load cycle. Furthermore evidence was presented that

the amount of crack growth varies from cycle to cycle. When predicting the life-time of

an operational structure, which is expected to last for hundreds of thousands of cycles

or more, this can perhaps be ignored and an average value used instead. This does not

hold however, if one wishes to gain a better understanding of the physics of fatigue crack

growth.

The previous chapters have shown that there is a relationship between the applied



7

122 REFERENCES

load on the one hand and the crack resistance and available energy on the other, but the

nature of the relationship has remained unclear.The applied load itself is not constant,

but continuously changes over the course of a single load cycle. Therefore to understand

how it affects the resistance and the available energy, will require a better understanding

of what actually happens within a single load cycle. After all, the results in this chapter

have shown that crack growth is a process that involves a large part of the load cycle, or

perhaps even the entire load cycle. In other words, the results in this chapter point to

the need to abandon the single cycle as the smallest time-scale at which fatigue crack

growth is investigated.
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CONCLUSIONS AND

RECOMMENDATIONS

‘The story so far’. Maybe it’s all we can ever hope for.

Neil Gaiman - The Sandman Vol. 2

The main conclusions of this thesis are summarised. This thesis has demonstrated the

use of the measurement of strain energy dissipation to understand more about the crack

growth processes. In relation to the conceptual model presented in Chapter 3, it was

shown that the amount of energy required per unit of crack growth depends on the maxi-

mum load (i.e. Gmax), whereas the amount of energy available depends on the load range

(
(

∆
p

G
)2

or Uc yc ).

Recommendations are given for future research. This should focus on generating more in-

sight into the crack growth processes, rather than on just generating more predictions of

crack growth. In addition, the strain energy approach should be extended to verify whether

it can also be applied to investigate the effect of loading mode, and of environmental ef-

fects other than temperature.
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8.1. CONCLUSIONS

T
HIS section summarises the main conclusions of this thesis. The following topics are

discussed:

• The appropriate physical interpretation of similitude parameters based on LEFM.

• The correlation between crack growth rate and energy dissipation.

• The effect of adhesive thickness.

• The effect of temperature.

• Fatigue crack growth in a single cycle.

8.1.1. PHYSICAL INTERPRETATION OF LEFM PARAMETERS

Over the last five decades, the main focus of research into fatigue crack growth has been

the prediction of the crack growth rate for a given load cycle. Using the similitude princi-

ple, a variety of methods have been developed that are capable of producing the desired

predictions. However, it should be remembered that the similitude principle is merely

a tool to determine when a valid comparison can be made between two structures. In

fatigue crack growth, similitude parameters have been selected purely on the basis of

their consistency, rather than on any deeper physical justification. This is the reason

that models for fatigue crack growth rely on empirical correlations, with little to no ex-

planation of the mathematical form of these relationships.

Although empirical correlations can provide good predictions if supported by ap-

propriate experimental data, the danger is that it is unknown under which conditions

similitude will no longer hold. To avoid inadvertently violating similitude, extensive test

databases may be necessary, which requires large and costly test campaigns. A proper

understanding of the underlying physics could help cut down the number of experi-

ments required to calibrate models for FCG, and may also lead to more accurate mod-

elling. The first step towards a proper understanding of the physics, is a correct under-

standing of how to interpret the similitude parameters that are used.

Because the only requirement of a similitude parameter is consistency (i.e. the same

value of the parameter always results in the same material behaviour), the validity of

a certain similitude parameter does not automatically imply a specific physical inter-

pretation. In particular, just because
(

∆
p

G
)2

, ∆
p

J , and ∆K are successful similitude

parameters 1, does not mean it is correct to interpret them as the crack driving force, as

has been done recently [1, 2].

Under quasi-static load conditions Eshelby has shown that the J-integral, and thus

by extension G , can be interpreted as a driving force for crack growth [3–5]. However this

does not trivially carry over to the fatigue load case. In particular, under fatigue loading

the load applied to the specimen is time-dependent, and thus it stands to reason that

the crack driving force should also be.

1Note that for small scale yielding conditions, these parameters are equivalent.
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Since the load is cyclical, it is of course not impossible that a time-independent pa-

rameter could characterise the crack driving force, so
(

∆
p

G
)2

and ∆K are not disqual-

ified on that count. However, it is mathematically impossible for
(

∆
p

G
)2

and ∆K to

uniquely define a load cycle. It is well established in literature, and again shown in the

present thesis, that the crack growth rate is affected by the mean load. Thus any de-

scription of the crack driving force must include the mean load in the description of the

driving force itself, which is something that
(

∆
p

G
)2

and ∆K fail to do.

All of the above does not invalidate the use of LEFM to provide similitude param-

eters, nor the use of those parameters to make crack growth predictions. However it

is important not to assign inappropriate physical interpretations to these parameters.

Furthermore the argument above, as well as the arguments presented in section 4.2.2,

should make it clear that it is inappropriate to rely on only a single similitude parameter

for predicting crack growth, as at least two parameters are required to uniquely define a

load cycle.

8.1.2. CORRELATION OF ENERGY DISSIPATION AND CRACK GROWTH RATE

A strong correlation was found between the strain energy dissipation per cycle and the

crack growth rate. This correlation has also been shown for mode I delamination in CFRP

[6, 7] and mode I fatigue crack growth in aluminium [8]. From the measured energy

dissipation, both the total amount of energy available for crack growth, and the amount

of energy required per unit of crack growth (G∗) can be determined.

G∗ can be interpreted as the material’s crack growth resistance. It was found that G∗

is not constant during a fatigue test. The experimental results showed a linear correla-

tion between G∗ and Gmax. The most likely hypothesis to explain this is that at higher

Gmax values, more plasticity is created in the vicinity of the crack tip, and/or damage

mechanisms are activated that do not contribute to crack growth. As a result more en-

ergy is dissipated per unit of crack growth. Fractographic evidence was presented that

supported this hypothesis.

Since G∗ only represents the material’s crack growth resistance, to find the actual

crack growth rate it is also necessary to know how much energy is available for crack

growth. From the experiments it was found that for a fixed value of G∗, the energy dissi-

pation per cycle, dU/dN , (which is assumed to equal the energy available for crack growth)

shows a power-law correlation with
(

∆
p

G
)2

, ∆G , Utot , or Uc yc . The coefficients and ex-

ponents of these correlations both appear to be a linear function of G∗. However, more

statistical analysis and possibly more experimental data is necessary to confirm this.

In terms of the traditional LEFM parameters, it appears that Gmax provides a mea-

sure of the material’s crack growth resistance in a given cycle, and
(

∆
p

G
)2

provides a

measure of the amount of available energy. More research is needed to find the actual

relationships between the applied load on the one hand and the resistance and available

energy on the other.

8.1.3. EFFECT OF THICKNESS

The effect of changing the adhesive thickness was investigated by producing specimens

with three different adhesive thicknesses. It was found that for the range of thicknesses
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tested, adhesive thickness does not affect the relationship between applied load and

crack growth resistance (i.e. G∗ vs Gmax). In contrast, the relationship between applied

load and energy dissipation for a fixed G∗, (i.e. dU/dN vs
(

∆
p

G
)2

) is affected by adhe-

sive thickness. At increased thickness more energy will be dissipated for a given
(

∆
p

G
)2

value. Combined with the lack of change in the G∗ vs Gmax relationship this results in

a faster crack growth rate for a given load cycle. For a given load cycle the resistance to

crack growth stays the same, but the amount of energy available increases.

Fatigue crack growth in an adhesive bond was also compared to delamination in

GFRP specimens. The same epoxy resin was used as respectively adhesive and ma-

trix material. Again the G∗ vs Gmax relationship was not affected, whereas the dU/dN vs
(

∆
p

G
)2

relationship was. This suggests that the relationship between applied load and

crack growth resistance is mainly a material property, whereas the relationship between

applied load and available energy for crack growth is also related to specimen geometry.

8.1.4. EFFECT OF TEMPERATURE

To investigate the effect of changing material properties, a number of fatigue crack growth

experiments were performed at a temperature of 80 °C. For the majority of these exper-

iments adhesive failure was observed, rather than cohesive failure. This means that the

results of these experiments are not directly comparable to the results obtained at room

temperature.

At 80 °C G∗ for a given Gmax was higher than at room temperature. This is likely

mainly due to the switch from a cohesive failure mode to an adhesive one. For the ex-

periments where the failure mode was still cohesive, the G∗ vs Gmax curves were close to

the room temperature curves. Regardless of whether the failure mode changed or not, at

80 °C there was no longer a correlation between dU/dN vs Uc yc for a given G∗. Curiously,

there still appeared to be a correlation between dU/dN and
(

∆
p

G
)2

. Why this should be

so is not clear.

In other words, the temperature appears to have a small effect on the relationship

between applied load and resistance, unless the failure mode changes, in which case

the effect is large. On the other hand the temperature strongly affects the relationship

between applied load and the amount of energy available.

Thus for a given load cycle (i.e. combination of Gmax and
(

∆
p

G
)2

), at 80 °C the resis-

tance to crack growth (G∗) is higher than at room temperature, especially if the failure

mode becomes adhesive, rather than cohesive. However, the amount of energy avail-

able for crack growth is also higher. Since the amount of available energy increases more

quickly than the resistance, the end result is that for a given load cycle the crack growth

will be faster at 80 °C than at room temperature.

8.1.5. FATIGUE CRACK GROWTH IN A SINGLE CYCLE

Acoustic emission was used to investigate when fatigue crack growth occurs within a

single cycle. The results are somewhat tentative due to the large amounts of scatter,

pointing to a need to refine the experimental technique. Nevertheless the potential of

the technique was shown, and some preliminary conclusions can be drawn.

It appears the crack growth can occur both during the loading portion and the un-
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loading portion of the fatigue cycle. Acoustic emissions thougth to be caused by crack

growth were only detected when the load (in terms of G) was above a certain threshold.

This suggests the existence of a load threshold, and that the portion of the fatigue cycle

below that load does not contribute to crack growth. However, results from earlier fa-

tigue tests suggest that the entire load cycle is in fact important. One way to reconcile

these findings is if crack growth can occur below the load threshold identified during

the acoustic emission tests. This is possible if crack growth occurring below the load

threshold does not emit acoustic signals, or emits signals that were not detected, or were

discarded, with the equipment settings used in this experiment. At present, these possi-

bilities can not be discounted. Further work is necessary in order to be able to match the

received acoustic signals to specific mechanisms and events in the material.

For many practical purposes a threshold value is defined which does not correspond

to absolutely no crack growth occurring, but merely to ensuring that the amount of crack

growth will remain sufficiently small during the operational life time of the structure.

Even if acoustic emission can not detect all crack growth, it may be useful to establish

such an ‘engineering’ threshold. Comparing quasi-static and fatigue tests, acoustic sig-

nals were detected when the load was increased above the same G value in both cases.

This suggests that a fatigue threshold can be determined from a purely quasi-static test.

It also means that the physical interpretation of GIc should be re-evaluated, as even un-

der quasi-static conditions crack growth occurs for G <GIc.

8.1.6. FINAL CONCLUSIONS

The results presented in this thesis show that measuring strain energy dissipation is a

useful method to characterise fatigue crack growth, and allows more insight into the

underlying physical processes. Using strain energy allows one to separate the effect of

merely applying a different load cycle from actual changes in the material behaviour.

Furthermore, the strain energy approach presented in this thesis allowed the resistance

to crack growth and the energy available for crack growth to be examined separately.

The conceptual model introduced in section 3.1, and shown schematically in figure

8.1, works well as a framework for understanding fatigue crack growth. According to this

model the amount of crack growth in a cycle follows from the total amount of energy

available for crack growth, and the amount of energy required per unit of crack growth

(i.e. the crack growth resistance). Both the available energy and the crack growth resis-

tance depend on the applied load cycle. In particular, the crack growth resistance ap-

pears to be related the maximum load, whereas the available energy appears to depend

on the load range and/or the cyclic work applied during the load cycle.

The resistance to crack growth seems to mainly depend on Gmax, i.e. on the peak load

reached in a cycle. The robustness of the relationship between G∗ and Gmax suggests that

it is principally a material parameter. On the other hand the amount of available energy

seems to depend mainly on
(

∆
p

G
)2

or Uc yc . This relationship appears to depend more

on geometry and environmental factors, rather than purely on the material.
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dU/dN

Energy available

G*

Energy required

Applied load

Crack growth per cycle

da/dN

Figure 8.1: Diagram of the conceptual model for fatigue crack growth developed in this thesis.

8.2. RECOMMENDATIONS

This thesis has highlighted the need to improve the understanding of the physical pro-

cesses underlying fatigue crack growth. It has attempted to provide some steps towards

doing this, but much further research still needs to be done. This section will provide the

author’s view on what directions future research into fatigue crack growth should take.

8.2.1. CRITERIA FOR A GOOD FATIGUE MODEL

First of all it is good to establish what criteria a good model of fatigue crack growth should

meet, in order to provide a good understanding of fatigue crack growth, rather than just

a good prediction.

Firstly, a good model should relate the crack growth rate to a complete and unique

description of the load cycle. If an incomplete description of the load cycle is used (e.g.

only Gmax or only
(

∆
p

G
)2

by themselves), a rigorous justification should be given why

the other information about the load cycle can be neglected. In light of the results and

discussion presented in this thesis, it seems very unlikely that a good model for under-

standing crack growth can be formulated without taking the entire load cycle into ac-

count.

Secondly, a good model should be able to explain why only a finite amount of crack

growth occurs during a single fatigue cycle. If the load cycle is described in terms of the

work performed during that cycle, this condition is easy to fulfil. However if a model is

based on some measure of the crack driving force then this point requires more atten-

tion. A force induces an acceleration, and not simply a displacement. Thus to correctly

model the fact that the amount of crack growth in a single cycle is finite, some kind of

time integral of the crack driving force would be required.
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8.2.2. FUTURE RESEARCH DIRECTIONS

The above criteria apply regardless of which approach to understanding fatigue crack

growth is chosen. To continue specifically with the strain energy approach used in this

thesis, the next step would be to gain a better understanding of how the applied load

affects the required and available energies. This thesis has shown there is a relationship

between G∗ and Gmax, and between dU/dN and
(

∆
p

G
)2

or Uc yc . However why these

relationships exist, and why they have the mathematical form that was found, is not yet

clear. Thus the first order of business should be to investigate these relationships.

Understanding these relationships requires a better understanding of the micro-me-

chanics of crack growth, which can be developed analytically, numerically, and experi-

mentally. Analytically, continuum mechanics and a proper application of the configura-

tional force approach may provide a mathematical framework for interpreting the results

from this thesis. Additionally, analytical micro-mechanical approaches may help relate

a given far-field load to a specific amount of energy dissipation at the crack tip.

If the crack-tip geometry is too complex to investigate using analytical approaches,

numerical approaches may offer a solution. In particular, a multi-scale approach may

help to understand how a far-field load translates to a local strain energy distribution

and energy dissipation at the crack tip. At present a challenge that needs to be overcome

before good numerical models can be made, is that there is a lack of good models of the

material behaviour, especially for adhesives. Even bulk material properties are difficult

to find for adhesives. When they can be found, it is unclear how to translate these prop-

erties to the behaviour of a thin adhesive film such as found in an adhesive bond. New

experimental procedures are needed that can provide the required input for numerical

models.

Experimental methods should be used not only to provide material models for use

in numerical analysis, but also to better characterise the crack growth process. An ob-

vious step would be to apply the procedures used in this thesis to characterise crack

growth in other material types, and under different load and environmental conditions;

e.g. to examine the effect of loading-mode, or of humidity. Further data is also required

to properly validate some of the preliminary conclusions of this thesis, e.g. the difference

in delamination growth behaviour for different fibre angles in GFRP.

Apart from that, more experimental data is needed on fatigue crack growth behaviour

within a single cycle. This thesis has shown that acoustic emission is a promising tech-

nique to gain more insight on this matter, but monitoring the crack tip at a very high

magnification (in an SEM if necessary and possible) during an entire load cycle may also

be useful. The magnification should be high enough to be able to reliably identify the

amount of crack growth that occurs during a single fatigue cycle, i.e. on the order of

10−4−10−6 mm/cycle. The time resolution of the crack tip measurements should ideally

be such that there are multiple measurements during a single cycle. This would allow a

full characterisation of the crack growth behaviour, which at present is usually limited to

the average behaviour over a course of a single cycle, which itself is derived from the av-

erage behaviour over some number of cycles (in this thesis: 100 – 1000). Consideration

should also be given to the necessity of measuring the crack surface area, rather than

just the crack length. Of course the analytical, numerical, and experimental approaches

are not exclusive, but should be pursued in parallel so that the various approaches can
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inform each other.

8.2.3. CONCRETE NEXT STEPS

The previous section has given a broad overview of the kinds of research that are needed

to in order to develop a more complete understanding of fatigue crack growth. But what

are the immediate follow-ups to this thesis that hold the greatest promise to deliver re-

sults? In the author’s view, the most pressing concern is to elucidate the relationship

between the applied load and the crack growth resistance and the available energy.

This could be approached by a strategy based on the work of Eshelby [3–5]. Eshelby

used physical principles to provide a justification for interpreting G as a driving force for

crack growth under quasi-static conditions. By means of the energy momentum tensor,

Eshelby was able to relate a far-field load to a local driving force on discontinuities in

the material. Under quasi-static load, the far-field loading can be regarded as constant,

resulting in a constant driving force.

In fatigue the far-field load is time-dependent, and therefore the crack driving force

is as well. Thus Eshelby’s work should be extended in order to be able to take this time-

dependence into account. In this way a time-dependent driving force can hopefully be

derived based on the time-dependent far-field load. Once a time-dependent expression

for the driving-force is obtained, the acceleration of the crack tip can be found. The ac-

celeration can then be integrated to provide the crack growth behaviour over the desired

number of cycles.

To validate the model(s) developed based on this configurational force approach ex-

perimental results are needed that are able to describe the evolution of the crack over the

course of a single cycle. These should be obtained taking into account the points raised

in the previous section.

Over the past decades, research into fatigue crack growth, especially in adhesives

and FRP composites, has focussed on generating predictions. This skips the necessary

intermediate steps of properly characterising and understanding what is happening in

the material. It is the author’s hope that this thesis will contribute to a renewed interest

in generating not mere predictions of fatigue crack growth, but true understanding.
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Mean values and standard deviations of the measured Rp and Rd values for the ex-

periments presented in this thesis are shown in tables A.1 through A.3.

Table A.1: Mean values and standard deviation of Rp and Rd for the standard thickness room temperature

fatigue tests. The grouping used in presentation of the data is also shown.

Rd Rp

Specimen Mean Standard deviation Mean Standard deviation Group

B-001-II 0.10 4.0 ·10−4 0.036 0.0060 R = 0.036

B-002-I 0.88 4.6 ·10−4 0.86 0.0015 R = 0.86

B-002-II 0.74 3.5 ·10−4 0.61 0.015 R = 0.61

C-001-I 0.33 0.0010 0.29 0.0047 R = 0.29

C-002-D 0.67 0.0087 0.61 0.010 R = 0.61

D-002-I 0.29 2.8597 ·10−4 0.29 0.0017 R = 0.29

E-001-I 0.29 0.012 0.24 0.012 R = 0.29

E-001-II 0.29 3.6 ·10−4 0.27 0.0021 R = 0.29

E-002-I 2.3 ·10−4 6.3 ·10−4 -0.022 0.0056 R = 0.036

E-002-II −9.3 ·10−5 4.5 ·10−4 0.014 0.0047 R = 0.036

E-003-I 0.61 7.6 ·10−4 0.60 0.0029 R = 0.61

E-003-II 0.61 3.94 ·10−4 0.62 0.0027 R = 0.61

Table A.2: Mean values and standard deviation of Rp and Rd for the increased thickness room temperature

fatigue tests. Series G contained 2 adhesive layers, and series H contained 1.5 layers.

Rd Rp

Specimen Mean Standard deviation Mean Standard deviation

G-002-I 0.29 0.0015 0.25 0.0043

G-006-III 0.036 3.7 ·10−4 -2.8 ·10−4 0.015

G-008-I 0.61 7.4 ·10−4 0.47 0.0047

G-009-I 0.61 6.2 ·10−4 0.56 0.0043

G-010-I 0.86 6.0 ·10−4 0.82 0.0014

H-002-I 0.033 0.0012 0.0054 0.0067

H-003-I 0.29 8.4 ·10−4 0.24 0.0038

H-006-I 0.61 6.9 ·10−4 0.56 0.0040

H-008-I 0.86 4.04 ·10−4 0.83 0.0012

Crack length versus number of cycles was fit according to:

a =αNβ or αNβ+γ (A.1)

The obtained curve fit parameters are shown in tables A.4 through A.6. A value γ = 0

implies that a two-parameter power-law was selected as the model to be used in the

curve fit.
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Table A.3: Mean values and standard deviation of Rp and Rd for the 80 °C fatigue tests.

Rd Rp

Specimen Mean Standard deviation Mean Standard deviation

T-001-I -0.0020 8.1 ·10−4 -0.030 0.0091

T-002-I 0.29 7.8 ·10−4 0.12 0.0051

T-002-II 0.29 6.6 ·10−4 0.29 0.0038

T-003-I 0.61 7.3 ·10−4 0.53 0.0036

T-003-II 0.61 3.9 ·10−4 0.56 0.0032

Table A.4: Curve-fit parameters for the a versus N functions for the standard thickness room temperature

fatigue tests.

Specimen α β γ

B-001-II 93.28 0.03884 0

B-002-I 54.49 0.016 0

B-002-II 79.25 0.01556 0

C-001-I 47.55 0.04882 0

C-002-D 49.15 0.03588 0

D-002-I 535 0.009855 -464.1

E-001-I 61.95 0.04621 -20.21

E-001-II 54.69 0.0532 34.41

E-002-I -248.9 -0.0234 289.1

E-002-II 30.99 0.07673 80.28

E-003-I 13.5 0.08129 37.16

E-003-II 15.63 0.08088 57.42

Similarly the strain energy versus number of cycles was fit according to:

U =αNβ or αNβ+γ (A.2)

The obtained curve fit parameters are shown in tables A.7 through A.12. A value γ = 0

implies that a two-parameter power-law was selected as the model to be used in the

curve fit.

For the compliance calibration method used to calculate the SERR compliance cali-

bration parameters are required, as described in ASTM D5528 [2]. The parameters used

in this thesis are listed in tables A.13 through A.15
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Table A.5: Curve-fit parameters for the a versus N functions for the increased thickness fatigue tests [1].

Specimen α β γ

G-002-I 42.79 0.03788 0

G-006-III 0.2818 0.3663 138.2

G-008-I 0.009334 0.5101 58.73

G-009-I 6.024 0.1219 39.56

G-010-I 61.01 0.0003143 0

H-002-I 43.79 0.04914 0

H-003-I 1.72 0.2145 57.72

H-006-I 0.00911 0.5406 58.42

H-008-I 0.004994 0.52863 60.9

Table A.6: Curve-fit parameters for the a versus N functions for the 80 °C fatigue tests.

Specimen α β γ

T-001-I 36.81 0.06456 0

T-002-I 41.98 0.05123 0

T-002-II 72.51 0.03946 0

T-003-I 39.63 0.03812 0

T-003-II 65.47 0.03347 0

Table A.7: Curve-fit parameters for the Uc yc versus N functions for the standard thickness room temperature

fatigue tests.

Specimen α β γ

B-001-II 1858 -0.136 0

B-002-I 345 -0.061 0

B-002-II 492.1 -0.1133 0

C-001-I 1528 -0.1248 0

C-002-D 749.6 -0.1013 0

D-002-I 1812 -0.131 0

E-001-I 1355 -0.138 -33.59

E-001-II 1961 -0.1475 8.262

E-002-I 1679 -0.1482 -31.65

E-002-II 1360 -0.1096 -82.15

E-003-I 701.1 -0.1017 -27.02

E-003-II 1479 -0.02712 -839.8
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Table A.8: Curve-fit parameters for the Utot versus N functions for the standard thickness room temperature

fatigue tests.

Specimen α β γ

B-001-II 22.33 -0.3223 0

B-002-I 686.9 -0.03044 0

B-002-II 960.2 -0.2099 0

C-001-I 107.4 -0.1248 0

C-002-D 394.2 -0.09102 0

D-002-I 2005 -0.1322 0

E-001-I 1377 -0.1316 -44.43

E-001-II 2099 -0.1439 -3.85

E-002-I 1679 -0.1482 -31.6

E-002-II 1357 -0.1085 -86.24

E-003-I 1197 -0.05165 -361.1

E-003-II 6403 -0.007873 -5456

Table A.9: Curve-fit parameters for the Uc yc versus N functions for the increased thickness fatigue tests.

Specimen α β γ

G-002-I 729.7 -0.09976 -83.11

G-006-III 1912 -0.1553 -37.7

G-008-I 672.2 -0.1284 0

G-009-I 977 -0.18888 55.53

G-010-I -0.2288 0.1686 79.5

G-010-II 4824 -0.6333 104

H-002-I 972.9 -0.155 -9.965

H-003-I 841.6 -0.1311 -10.24

H-006-I 604.3 -0.1319 23.12

H-008-I 7986 -0.5571 111
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Table A.10: Curve-fit parameters for the Utot versus N functions for the increased thickness fatigue tests.

Specimen α β γ

G-002-I 775.7 -0.08145 -145.4

G-006-III 1972 -0.1609 -27

G-008-I 890.4 -0.1314 0

G-009-I -1325 0.01719 1857

G-010-I - - -

G-010-II 4619 -0.53 329

H-002-I 972.1 -0.1547 -10.3

H-003-I 859.3 -0.124 -20.2

H-006-I 765 -0.08141 -71.26

H-008-I 10540 -0.4644 359.7

Table A.11: Curve-fit parameters for the Uc yc versus N functions for the 80 °C fatigue tests.

Specimen α β γ

T-001-I 2430 -0.3792 54.42

T-002-I 768.9 -0.2785 33.8

T-002-II 496.5 -0.0758 -84.74

T-003-I 418.3 -0.1809 32.32

T-003-II 1122 -0.2408 65.41

Table A.12: Curve-fit parameters for the a versus N functions for the 80 °C fatigue tests.

Specimen α β γ

T-001-I 2625 -0.3879 35.16

T-002-I 773.5 -0.2773 34.09

T-002-II 578.6 -0.06143 -151.5

T-003-I 500.6 -0.1555 33.77

T-003-II 1596 -0.2425 100.7
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Table A.13: CC Correction parameters for the room temperature specimens.

Specimen n

B-001-II 3.267

B-002-I 1.863

B-002-II 3.936

C-001-I 3.198

C-002-D 2.741

D-002-I 3.122

E-001-I 2.832

E-001-II 3.769

E-002-I 3.060

E-002-II 3.868

E-003-I 3.160

E-003-II 3.635

Table A.14: CC Correction parameters for the increased thickness specimens.

Specimen n

G-002-I 3.887

G-006-III 2.909

G-008-I 3.388

G-009-I 2.696

G-010-I 3

H-002-I 3.14

H-003-I 2.467

H-006-I 2.696

H-008-I 2.98

Table A.15: CC Correction parameters for the increased temperature tests.

Specimen n

T-001-I 2.316

T-002-I 2.898

T-002-II 3.027

T-003-I 3.183

T-003-II 4.113
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∆
p

G
)2

AND ∆G

From the definitions of R and G , it follows that:

Gmin = R2Gmax (B.1)

∆G =
(

1−R2
)

Gmax (B.2)
(

∆

p
G

)2
= (1−R)2 Gmax (B.3)

(B.4)

Thus when keeping ∆G constant and changing the R-ratio one has

∆G2 = ∆G1 (B.5)
(

1−R2
2

)

Gmax,2 =
(

1−R2
1

)

Gmax,1 (B.6)

Gmax,2 =
(

1−R2
1

)

(

1−R2
2

)Gmax,1 (B.7)

or, setting R1 = 0,R2 = R

Gmax =
1

(

1−R2
)Gmax,R=0 (B.8)

Similarly, for constant
(

∆
p

G
)2

Gmax =
1

(1−R)2
Gmax,R=0 (B.9)

The mean G is given by

1+R2

2
Gmax (B.10)

Since
1

(1−R)2
>

1
(

1−R2
) (B.11)
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(

∆
p

G
)2

AND ∆G

changing R while keeping
(

∆
p

G
)2

constant has a larger effect on Gmax, and therefore

also on the mean G value, than changing R while keeping ∆G constant. In other words,

the ‘R-ratio effect’ when using
(

∆
p

G
)2

as a similitude parameter will be larger than when

using ∆G .

With regards to the cyclic energy one can write:

Uc yc = 1
2

Pmaxdmax − 1
2

Pmindmin (B.12)

=
(

1−R2
)

Pmaxdmax (B.13)

=
(

1−R2
) Gmax

η (B.14)

η= 2w a
n (B.15)

using equation 3.6 for G .

Thus if keeping ∆G constant and changing R, and keeping in mind equation B.8, one

has

Uc yc =
(

1−R2
) Gmax

η (B.16)

= (1−R2)
(1−R2)

1
ηGmax,R=0 (B.17)

Uc yc = 1
ηGmax,R=0 (B.18)

In other words, if ∆G is constant, Uc yc is also constant, for any R ratio, whereas Gmax and

therefore G∗ will increase.
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