


Stellingen

behorende bij het proefschrift

Fatigue Crack and Delamination Growth

in

Fibre Metal Laminates

under Variable Amplitude Loading

Sharifullah Khan

Stellingen 1

In tegenstelling tot metalen profiteren vezelmetaallaminaten maar marginaal van de toepassing van
overbelastingen. [ dit proefschrift ]

In contrast to metals, Fibre Metal Laminates benefit only marginally from the application of over-
loads. [ this thesis ]
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In vezelmetaallaminaten wordt de vorming van afschuiflippen verhinderd door vezeloverbrugging.
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In Fibre Metal Laminates, shear-lip formation is prevented by fibre bridging. [ this thesis ]
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impliceert een toenemende materiaalcomplexiteit (van monlitisch metaal naar vezelmetaallaminaat)
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To achieve similar accuracy in predicting fatigue crack growth, increasing material complexity (from
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Belasting met variable amplitude benvloedt wel de vorm van de delaminatie, maar niet de delami-
natiegroei. [Dit proefschrift]



Variable amplitude loading affects the delamination shape but not the delamination growth.
[ this thesis ]
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Om incidenten in een industrie te vermijden kunnen procedures worden gedefinieerd, maar alles komt
neer op de mens die de vereiste handeling uitvoert.

Procedures can be defined to avoid incidents in an industry but everything funnels down to the human
taking the required action.
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In de olie en gas industrie is roestvast staal niet de optimale oplossing voor het aanpakken van cor-
rosieproblemen.

In oil & gas industry, stainless steel is not the optimum solution to tackle corrosion issues.
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Een goed wetenschapper is een goed communicator.

Good scientist should be good communicator .
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Een individu kan geen CO2-neutraliteit bereiken.

[Naar een toespraak van Michael Braungart bij de Shell Ecomarathon 2012, Rotterdam]

An individual cannot achieve carbon neutrality.

[After Michael Braungart speech at Shell Ecomarathon 2012, Rotterdam.]
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De wetenschap zou sneller vooruitgang boeken als alle goed gedocumenteerde experimenten, die in
tegenspraak zijn met de geteste hypothese, gepubliceerd zouden worden.

Science would progress faster if all well-documented experiments that are in disagreement to tested
hypothesis are published.
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Het geld dat een land uitgeeft aan onderwijs, onderzoek en ontwikkeling moet worden beschouwd als
een investering en niet als een kostenpost.

The money spent by a country on education, research, and development should be considered invest-
ment and not expenditure.
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Chapter1

INTRODUCTION
A goal without a plan

is just a wish.

Antoine de Saint Exupery
(1900-1944)

F
ibre Metal laminates 
onsist of alternating layers of unidire
-tional impregnated �bre lamina and thin metalli
 sheets adhe-sively bonded together, as shown in Figure 1.1. FMLs are hy-bridmaterials having better me
hani
al and damage toleran
eproperties than the individual 
onstituents. FMLs have been developed pri-marily for air
raft stru
tures as a substitute to high strength aluminium al-loys. To manufa
ture FMLs, a sta
k of plies is 
ured at elevated temperatureand pressure. This 
uring pro
ess results in residual tensile stress in metallayers and 
ompressive stresses in �bre layer. Post-stret
hing is sometimesused to reverse this un-favourable residual stress distribution by plasti
allydeforming the metalli
 layers. This te
hnique improves the fatigue 
ra
kgrowth properties but 
an only be applied to uni-dire
tional FMLs. Uni-dire
tional FMLs are mainly used in stringers and straps [1℄.In the past, FMLs have been thoroughly investigated espe
ially in the area1



2 INTRODUCTIONof fatigue 
ra
k growth and related me
hanisms [1℄. Major part of theseinvestigations [2℄ 
on
ern Constant Amplitude (CA) loading in order to un-derstand the basi
 phenomena followed by limited work dealing with Va-riable Amplitude (VA) loading [3{6℄. This suggests that the behaviour ofFMLs under VA loading needs to be further investigated.At Delft University of Te
hnology, intensive resear
h has been done in orderto study the di�erent fatigue related phenomena of FMLs. In 1988 a fatigue
ra
k growth predi
tion model for ARALL was developed [7℄ followed byanother more a

urate and generi
 model in 2005 [8℄. The se
ond model is
apable of predi
ting fatigue 
ra
k growth, bridging stress distribution anddelamination shape (pro�le) under CA loading.

Figure 1.1: A typi
al Fibre Metal Laminate Lay-up [8℄1.1 S
ienti�
 Resear
h MotivationFMLs are developed mainly for aerospa
e appli
ations [9{12℄. In servi
etheywill be subje
ted to variable amplitude (VA) loading ranging from simpleoverloads to more 
omplex loadings (e.g. take-o�/landing, gust, et
.).Constant amplitude (CA) predi
tion methods 
an be used to predi
t the fa-tigue 
ra
k growth of a stru
tural 
omponent under VA loading. Beum-ler [13℄ has dis
ussed spe
trum fa
tors to translate the full spe
trum intoa CA load sequen
e using equivalent stress. But there are some issues:1. Predi
ting the 
ra
k growth for VA 
ase with CA test using spe
trum
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tors [13℄ remains an intelligent guess. The 
on�den
e level of theseVA predi
tions 
an be 
overed by in
reasing the safety fa
tor. Thissafety fa
tor may solve the issue but at the 
ost of weight, due to over-designed 
omponents.2. In addition, 
ra
k growth retardation due to 
ra
k-tip plasti
ity andother VA loading related phenomena will not be addressed in the CA
ase. If 
ra
k-tip plasti
ity is not 
onsidered, spe
trum fa
tors 
an onlybe determined for ea
h VA separately by tests. No generi
 fa
tor 
anbe determined without understanding the VA sequen
e e�e
ts.In order to develop a generi
 predi
tion model, addressing the above men-tioned issues, it be
omes ne
essary to develop the understanding about thefatigue and 
ra
k growth phenomena existing in FMLs under VA loading.After a
quiring detailed understanding of phenomena in FMLs under VA loa-ding, the next step is the development of an analyti
al predi
tion model.However, it is ne
essary to think about the OEMs' 
on
ern in the predi
tionmodel. OEMs' need an e�e
tive and eÆ
ient predi
tion model requiringless pro
essor time.1.2 Initial Resear
h Problem & FrameworkTo 
ome to a predi
tion model for VA loading in FMLs, all related aspe
tsneed to be investigated.The main question addressed in this thesis is: Whi
h aspe
ts related to ar-bitrary load sequen
es have an additional e�e
t on the 
urrently identi�edfra
ture me
hanisms? How should these in
uen
es be des
ribed, with pra
-ti
al 
onstraints of an e�e
tive, eÆ
ient and simple predi
tion model.The resear
h is detailed into spe
i�
 questions1. When only delamination growth is 
onsidered, 
an any additional in-
uen
e be observed attributed to arbitrary loading? If so, how 
an itbe a

ounted for in the predi
tion method?2. When 
onsidering the 
ombination of 
ra
k-delamination growth, 
anthe information a
quired in step-1 explain observations on delamina-tion. If not, what are additional in
uen
es?3. How does the methodology for VA fatigue in the end, relate to CAfatigue? Does it require re
onsidering the knowledge on CA?



4 INTRODUCTION4. Considering 
ra
k growth, will metal in FMLs behave similar to mono-lithi
 metal under VA fatigue? Can the 
ontribution of hybrid lay-upbe quanti�ed in the methodology?To answer all these questions, a 
ombined experimental-analyti
al approa
hhas been adopted. Fatigue 
ra
k growth and delamination growth tests havebeen performed to understand the me
hanisms or the intera
tion of di�erentme
hanisms in FMLs under VA loading. For delamination study, delamina-tion growth (db/dN) and delamination shape have been investigated. In or-der to investigate delamination growth independent of fatigue 
ra
k growth,double-
ra
k lap shear spe
imens have been used. While for delaminationshape, 
entre 
ra
k tension spe
imens have been used. In addition, digitalimage 
orrelation (DIC) has been used as strain measurement te
hnique toobserve the delamination shapes in-situ testing. For fatigue 
ra
k growth,
entre 
ra
k tension spe
imens have been tested under sele
tive VA loadingand 
ight spe
trum loading. This delamination and fatigue 
ra
k growthobservations and understanding is used in the development of an analyti
alpredi
tion model for VA loading.
1.3 Stru
ture of this DissertationChapter 2 brie
y introdu
es FMLs and relevant fatigue me
hanisms. In ad-dition the signi�
an
e of VA loading is also explained in this 
hapter.Details about the delamination growth spe
imen, pro
edure and setup aswell as dis
ussion of the results are given in 
hapter 3.Detailed investigation of the e�e
t of VA loading on the delamination shapeis given in 
hapter 4.Chapter 5 presents the investigation of the behaviour of metal layers inFMLs. The 
omparison is performed based on 
ra
k tip plasti
ity analysis.The development of an Analyti
al predi
tion model for FMLs under VA loa-ding, using all the above resear
h is given in 
hapter 6. Followed by thedevelopment of a sub-routine to predi
t the fatigue and delamination inpost-stret
hed FMLs, given in 
hapter 7.The �nal 
hapter outlines the 
on
lusions and re
ommendations for resear
hin the future.
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Chapter2

FIBRE METAL LAMINATES
The most difficult part was deciding where to begin read.
The bookshelves extended out of sight, their information

stretching as if to eternity.

by Brandon Sanderson
(1975-)This 
hapter provides the a brief introdu
tion on Fibre Metal Laminates, their main 
hara
te-risti
s, manufa
turing and inspe
tion pro
ess. In addition, the major phenomena observed inthe fatigue me
hanisms of Fibre Metal laminates are dis
ussed. Finally, Variable Amplitudeloading and its e�e
t on the 
ra
k growth is dis
ussed.

L
ooking at the history of FML development, it seems that themain driver of the development is the available expertise andknowledge on metal 
ombined with the identi�ed bene�ts of
omposite materials. Resear
h on appli
ation of �bres to thebond line has been started in seventies at Fokker fa
ilities, Netherlands [1℄.At the same time, the favourable behaviour of laminated aluminium sheetshas been identi�ed at Delft University under CA loading [2℄. In 1978, FMLshaving 
arbon and aramid �bres have been tested under 
ight spe
trum loa-ding, to study the e�e
ts of di�erent �bres [3℄. These tests showed quitepromising results. During the development phase di�erent �bre types wereused to �nd the optimal solution for the air
raft industry. Table 2.1 high-7



8 FIBRE METAL LAMINATESTable 2.1: Identi�ed advantages of various �bres for FMLsFibre Advantage Disadvantage AvailablelaminatesAramid low weight low strength ARALL [5℄Glass high strength high weight GLARE [6℄high failure strain low sti�nessCarbon low weight low failure strain TIGr [7℄' high sti�ness 
orrosion issue CARALL [8℄high strength expensiveTable 2.2: Commer
ially available �bre metal laminatesGrade Metal Metal Fibre Fibre Stret
hed Chara
teristi
stype thi
kness layer dire
tion(mm) (mm) (◦) %ARALL 1 7075-T6 0.3 0.22 0/0 0.4 Fatigue, strength2 2024-T3 0.3 0.22 0/0 0.0 Fatigue, formabi-lity3 7475-T76 0.3 0.22 0/0 0.4 Fatigue, strength,exfoliation4 2024-T8 0.3 0.22 0/0 0.0 Fatigue, elevatedtemperatureGLARE 1 7475-T61 0.3-0.4 0.266 0/0 0.4 Fatigue, strength,yield stress2 2024-T3 0.2-0.5 0.266 0/0,90/90 0.0 Fatigue, strength3 2024-T3 0.2-0.5 0.266 0/90 0.0 Fatigue, impa
t4 2024-T3 0.2-0.5 0.266 0/90/0,90/0/90 0.0 Fatigue, strengthin 0/90 dire
tion5 2024-T3 0.2-0.5 0.266 0/90/90/0 0.0 Impa
t6 2024-T3 0.2-0.5 0.266 +45/-45,-45/+45 0.0 Shear, o�-axispropertieslights the advantages and disadvantages of various �bres. While the a
tivi-ties regarding the optimization of this newmaterial 
on
ept were terminatedat Fokker, Delft University 
ontinued its resear
h. Details about the deve-lopment of FMLs are well do
umented in [4℄.ARALL (Aramid Reinfor
ed Aluminium Laminate) was the �rst FML 
om-mer
ially available for the air
raft industry [9℄. In 1983, two grades ofARALL were 
ommer
ialized, but later in 1987 two more grades were re-leased (details about these grades are shown in table 2.2). Despite the ad-vantages, the M
Donald-Douglas C-17 aft 
argo door was the only majorappli
ation for ARALL [10℄. Major drawba
ks of ARALL were �bre mi
ro-bu
kling, premature failure when subje
ted to 
ompressive loads and mois-ture absorption [11℄.In 1987, on-going resear
h for the development of an optimal FML resulted



NOMENCLATURE OF FMLS 9in a su

essor of ARALL, named GLARE (GLAss-REinfor
ed). In GLARE high-strength glass �bres are either present in 0◦, 90◦, 45◦ or in a 
ombination(detailed in table 2.2). Instead of ARALL, GLARE is 
urrently applied inthe air
raft industry [12, 13℄ be
ause of the better me
hani
al and damagetoleran
e properties, espe
ially under 
ight (spe
trum) loading.2.1 Nomen
lature of FMLsSimilar to a traditional 
omposite, di�erent FML lay-ups are possible andto identify or 
ategorize these laminates, a 
oding system is preferred. This
oding system is important for design, produ
tion and material quali�
ation.The 
ode for an arbitrary laminate isGLARE Ax - B/C - twhereA de�nes the grade of the laminate as de�ned in Table 2.2x gives information on the prepreg ply orientation with respe
t to loadingdire
tionB indi
ates the number of aluminium alloy pliesC indi
ates the number of glass �bre prepreg pliest indi
ates the thi
kness of the aluminium alloy layersFor example, GLARE 3- %5/4 - 0.3 is Glare 3 with 5 metal and 4 prepreglayers. The metal layers are 0.3 mm thi
k.2.2 Properties of FMLsFMLs have a number of advantages when 
ompared with 
onventional alu-minium alloys or even �bre reinfor
ed plasti
s. FMLs have a superior 
ra
kgrowth rates and fatigue performan
e whi
h allow long inspe
tion intervals.In 
omparison to 
omposites, they o�er simple maintenan
e methods, easyinspe
tion during servi
e, higher impa
t resistan
e and less environmentaldegradation.Unlike ARALL, GLARE has good fatigue properties in 
ombination with 
om-pressive loading [5℄. Beside the ex
ellent fatigue 
hara
teristi
s, GLARE alsohas good impa
t and damage toleran
e 
hara
teristi
s [14℄. In addition,the �bre/epoxy layers a
t as barriers against 
orrosion of the inner metalli
sheets, whereas the metal layers prote
t the �bre/epoxy layers from pi
kingup moisture. The laminate has an inherent high burn-through resistan
e as



10 FIBRE METAL LAMINATESwell as good thermal insulation properties. Some of the advantages of �bresused in FMLs are shown in Table 2.1.
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Curing Temperature-T CUREFigure 2.1: Residual stresses in aluminium layers as fun
tion of temperature [15℄.
2.3 Manufa
turing Pro
essThe aluminium layers in GLARE have a thi
kness of 0.3 - 0.5 mm and arepretreated before being laminated into a panel. This pre-treatment 
onsistsof 
hromi
 a
id or phosphori
 a
id anodizing and subsequent priming withBR-127 adhesive systems [17℄. The �bres are delivered as a prepreg in
lu-ding the FM94 adhesive system from Cyte
 [18℄.The aluminium and prepreg layers are bonded together in an auto
lave 
u-ring pro
ess at an elevated temperature of 120◦C at a maximum pressureof 6 to 11 bar. This implies that the layers are bonded together at a hightemperature and are 
ooled down in bonded 
ondition. As a result of thedi�eren
e in 
oeÆ
ients of thermal expansion, given in Table 2.3, the alumi-nium layers want to shrink more than the prepreg layers. Assuming a rigidbond between the aluminium and prepreg layers during 
ooling, this resultsin tensile residual stress in the aluminum layers and 
ompressive residualstress in the prepreg layers.



POST STRETCHING 11Table 2.3: Me
hani
al properties of Aluminium 2024-T3 and Prepreg S2/FM94 [16℄Unit 2024-T3 S2-glass, FM-94
‖ Fibre axis ⊥ Fibre axisThi
kness ofsingle layer mm 0.3 0.133Young's Modulus MPa 72,400 48,900 5,500Shear Modulus MPa 27,600 5,550Poisson's ratioνxy - 0.33Poisson's ratioνyx - 0.33 0.0371Thermal expan-sion 
oeÆ
ient 10−6C−1 22 6.1 26.2Curing tempera-ture ◦C - 1202.4 Post Stret
hingFigure 2.1 shows that 
ooling down results in a tensile stress in the alumi-nium layers, of whi
h the magnitude depends on the lay-up. This residualstress is unfavorable for fatigue loading. The stress allows an in
reased 
ra
kopening and so enlarges the stress intensity fa
tor at the 
ra
k tip.Post-stret
hing of 
ured �bre-metal laminates is sometimes performed toover
ome potential negative e�e
ts of these residual tensile stresses in themetal layers. The residual tensile stress in the aluminium layers 
an be re-versed into a 
ompressive stress by yielding the laminate to a small (positive)strain per
entage. It has been proven to have a bene�
ial e�e
t on the fa-tigue properties [15, 19℄. Post-stret
hing 
an be seen as a means to alter theinternal stress distribution in the laminates to obtain desirable properties.The post-stret
hing me
hanism is illustrated in �gure 2.2. Further detail hasbeen provided in the Chapter 7.2.5 Inspe
tion & Quality ControlThe ultrasoni
 C-s
an method 
an be applied to inspe
t and verify the qualityof manufa
tured GLARE panels. This method is a non-destru
tive inspe
tionmethod and it 
an dete
t disbonds and porosities within a laminates [18℄.
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Figure 2.2: Illustration of post-stret
hing pro
ess with stress and strain 
urves
The obje
tive of non-destru
tive inspe
tion method is to determine whetherthe s
anned panel 
an be a

epted or should be reje
ted.The defe
ts in GLARE panels 
an be due to foreign material 
ontamination,like wrapping foils, raw material 
ontamination, su
h as glass splinters, orporosities or delaminations due to air in
lusions. This C-s
an method is alsoused to dete
t any positioning error in 
ase of spli
es or doublers or even the�bre orientation.To a

ept or reje
t a GLARE panel based on C-s
an evaluation, it is ne
essaryto establish 
ertain 
riteria. As mentioned by Van Meer and Coenen [18℄,e�e
t of defe
ts, stati
 and fatigue tests should be done to investigated thee�e
ts of any defe
t.
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k bridging of the �bres and delamination of the layers2.6 Fatigue in Fibre Metal Laminates2.6.1 Fatigue Cra
k PropagationIn FMLs, fatigue 
ra
k propagation 
an be divided into two main me
ha-nisms: 
ra
k propagation in metal layers and delamination at the metal-�bre interfa
e. In reality, both of these me
hanisms form a balan
ed andso-
alled 
oupled pro
ess. These me
hanisms are shown in �gure 2.3.The fatigue 
ra
k growth behaviour in FMLs 
an be des
ribed with LinearElasti
 Fra
ture Me
hani
s (LEFM). This implies that, like monolithi
 me-tals, the 
ra
k growth rate in FMLs is related to a 
ra
k-tip stress intensityfa
tor. But it is not that simple, be
ause in FMLs the 
ra
k-tip stress in-tensity fa
tor is in
uen
ed by the 
ontribution of bridging �bres, whi
h ise�e
ted by the delamination at the �bre-metal interfa
e.When the 
ra
ks in the metal layers start growing, the �bres remain inta
t inthe wake of the 
ra
k. These �bres provide a path of the load transfer overthe 
ra
k and restrain the 
ra
k from opening. As a 
onsequen
e, less loadneeds to be transfered around the 
ra
k-tip in the metal layers, resulting ina lower 
ra
k-tip stress intensity fa
tor.During fatigue 
ra
k growth in the metal layers, a 
ontinuous stress distribu-tion around the 
ra
k in ea
h layer and shear stresses at the interfa
e o

urs.



14 FIBRE METAL LAMINATESThis redistribution, results in an almost 
onstant 
ra
k-tip stress intensityfa
tor during major part of the 
ra
k growth life. The �bre bridging me
ha-nism depends on a number of fa
tors, su
h as the sti�ness and thi
knessof ea
h individual layer, the number of metal-�bre interfa
es, the dire
tionof ea
h �bre-adhesive layer with respe
t to the loading dire
tion, the ap-plied loading, the 
ra
k 
on�guration (surfa
e of part through 
ra
ks) andthe environmental 
onditions (temperature) [20℄.Delamination growth is a pro
ess in whi
h the layers adja
ent to the 
ra
kedmetalli
 layers delaminate due to the 
y
li
 shear stresses that o

ur, be
auseof load transfer at the �bre-metal interfa
e [21℄. No stresses o

ur betweenthe layers in the delaminated area. But the stress relaxation will o

ur inthe �bre layers itself [22℄. The advantage of delamination growth is the fa
tthat the in
rease in the length of the bridging �bres redu
es the strains andstresses in the �bres, preventing �bre failure.In the following se
tions, these me
hanisms will be dis
ussed in detail.2.6.2 Cra
k Bridging and Restraint on Cra
k OpeningThe �bres in FMLs are insensitive to fatigue. They transfer a signi�
antpart of the load over the 
ra
k and restrain the 
ra
k opening, as shown in�gure 2.3. Due to this restraining, the 
ra
k opening in GLARE is smalleras 
ompared to monolithi
 metal. The amount of load that is transferredaround the 
ra
k in the metal layers is smaller due to the transfer of themajor part through the �bres, over the 
ra
k. This me
hanism results insmaller 
ra
k-tip stress intensity fa
tor as 
ompared to monolithi
 metal, forequal 
ra
k length and applied load. Moreover, the 
ra
k-tip stress intensityfa
tor is not signi�
antly in
uen
ed by the in
rease of the 
ra
k length whi
his 
ontrary to what is observed in monolithi
 metals.Cra
k bridging be
omes maximumly e�e
tive after a 
ertain 
ra
k length isrea
hed, whi
h means, after the 
ra
k opening displa
ement rea
hed a 
er-tain magnitude. A small 
ra
k opening means low strain in the �bres andas a 
onsequen
e low bridging stress. Therefore, the �bre bridging and therestraint on 
ra
k opening will be small for small 
ra
k lengths, but will be-
ome e�e
tive after the 
ra
k length rea
hes a 
ertain size [21, 22℄.2.6.3 Delamination at the Interfa
eMarissen [21℄ has reported that 
ra
k opening during the 
ra
k propagationphase is due to the two main fa
tors:
• Fibre elongation in the delamination area (Figure. 2.4(a)).
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• Adhesive shear deformation (Figure. 2.4(b)).In addition, Guo and Wu [23℄, mentioned the deformation of metal layer(Figure. 2.4(
)), but assumed it to be insigni�
ant in 
omparison with theother two fa
tors.The 
y
li
 shear stresses at the metal-�bre interfa
e due to the load transferfrom the metal to �bre layers are 
ausing this delamination growth. Themagnitude of 
y
li
 shear stress is determined by the material and loadingparameters, su
h as the thi
kness and sti�ness of the individual layers, thelay-up, the �bre orientation in the prepreg, and the minimum and maximumapplied stress.In addition to the level of these 
y
li
 shear stresses, the delamination growthrate depends on the delamination resistan
e of the prepreg. In
reasing thedelamination resistan
e provides better �bre bridging [21℄.During loading, when the 
ra
k-
anks are opened in aluminium layer, theinta
t �bres are elongated over the delamination length. This means for agiven 
ra
k opening, that the delamination length determines the strain andthus the stress in the �bre layers. Large delamination lengths result in smallbridging stresses, with small 
y
li
 shear stresses at the interfa
e indu
ingsmall delamination growth rates. In other words, the delamination growthrate and the bridging stress are in balan
e, 
ontinuously in
uen
ing ea
hother.The bridging stress also 
ontributes to the stress intensity fa
tor at the 
ra
ktip in the aluminium layers, whi
h determines the 
ra
k growth rate. Highbridging stresses along the 
ra
k result in low stress intensities at the 
ra
ktip and thus small 
ra
k growth rates.This means that the fatigue 
ra
k growthme
hanism in Glare is 
hara
terisedby the pro
esses of 
ra
k growth in the aluminium layers and delaminationgrowth at the interfa
es, whi
h 
ontinuously in
uen
e ea
h other. The ra-tio between 
ra
k length and delamination length depends on the laminatelay-up and on the 
ra
k growth 
hara
teristi
s of the aluminium and thedelamination resistan
e of the interfa
e.2.6.4 Adhesive Shear DeformationBesides the elongation of �bres, Marissen attributes a part of the 
ra
k ope-ning to the deformation of the adhesive ri
h layers in the prepreg in Arall.Due to �bre bridging, the load has to be transferred from the aluminiumlayers to the �bre layers through the interfa
e. This results in shear stressesat the interfa
e, indu
ing shear deformation of the adhesive ri
h layer.
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on
luded that in the ideal situation of an in�nitely sti� adhe-sive between the layers, the 
ra
k opening and the stress intensity fa
torwould be zero for a laminate without a starter not
h and without delamina-tion. However, in the a
tual situation due to lo
al shear deformation of theadhesive, some 
ra
k opening will o

ur. This is s
hemati
ally representedin Figure 2.4(b). As result of the slightly opened 
ra
k, the stress intensityfa
tor in the aluminium layers is no longer zero.In the above dis
ussion, the e�e
t of delamination was negle
ted. If dela-mination of the layers o

urs, the length over whi
h the �bres will elongatein
reases, resulting in lower �bre stresses. The situation, however, will bequalitatively the same.
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18 FIBRE METAL LAMINATES2.6.5 E�e
t on Fatigue Performan
e of FMLsThe fatigue 
ra
k growth behaviour of Glare was des
ribed with the stressintensity fa
tor approa
h in a qualitative way. The argument of this thesis isthat the stress intensity fa
tor at the 
ra
k tip determines the 
ra
k growthrate in the aluminium layers. Control of the stress intensity fa
tor means
ontrol of the 
ra
k growth rates in the Glare material. The stress intensityfa
tor at the 
ra
k tip 
an be redu
ed by [21℄
• In
reasing the sti�ness of the �bre layers. This 
an be obtained byapplying �bres with a higher Young�s modulus, or by in
reasing the �brelayer thi
kness or by in
reasing the �bre volume fra
tion within theprepreg. The bridging stresses in these 
ases will be higher at the same
ra
k opening displa
ement.
• De
reasing the sti�ness of the aluminium layers by de
reasing the thi-
kness of the aluminium layers.
• In
reasing the delamination resistan
e. The delamination areas willbe smaller, resulting in higher bridging stresses and thus lower stressintensities.
• In
reasing the adhesive or prepreg shear sti�ness, whi
h restrains the
ra
k opening more and lowers the stress intensity at the 
ra
k tip. Ingeneral, the fatigue 
hara
teristi
s of Glare 
an be enhan
ed by opti-mization of the laminate with respe
t to �bres and adhesives in 
om-bination with the laminate lay-up.2.7 Variable Amplitude LoadingThe retardation e�e
ts on 
ra
k growth resulting from a single overload 
y
leis illustrated in Figure 2.5. During the overload 
y
le, yielding of the ma-terial near the 
ra
k tip o

urs, 
reating a large plasti
 zone [25{31℄. Dueto the presen
e of this plasti
 zone in front of the 
ra
k-tip, surroundedin an elasti
ally deformed region, the 
ra
k-tip experien
es a squeezing ef-fe
t, whi
h results in the development of residual 
ompressive stresses atand around the 
ra
k-tip. The 
ompressive stress �eld redu
es the avai-lable 
ra
k-tip driving for
e and 
auses a signi�
ant redu
tion in fatigue 
ra
kgrowth rate [26, 28, 32℄. The 
ra
k retardation zone, i.e. the 
ra
k extentover whi
h retardation of 
ra
k growth is experien
ed, may be 
hara
teri-zed by parameters, aD (overload a�e
ted total 
ra
k length) and ND (delay
y
les), and is s
hemati
ally represented in �gure 2.5. After the 
ra
k hasgrown beyond this region, the 
ra
k growth rate returns to its original rate
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e of other retardation e�e
ts. This is the typi
al phenomenonobserved in metals, however, FMLs having metal as a 
onstituent show thesame retardation phenomenon but presen
e of �bre redu
e this e�e
t.2.8 Fatigue Cra
k Growth Retardation Model2.8.1 For metalsFatigue 
ra
k growth retardation models 
an be divided into two main 
a-tegories: those based on 
ra
k growth through a plasti
 zone ahead of the
ra
k tip and those based on 
ra
k 
losure in the wake of the 
ra
k (see Fi-gure 2.6). Early intera
tion models were based on 
ra
k-tip plasti
ity whi
hwas assumed to be the major 
ause of fatigue 
ra
k growth retardation. Awell-known and simple model of this 
ategory is the Wheeler Model [33{47℄. These 
ra
k-tip plasti
ity models were followed by the advan
e and
omplex fatigue 
ra
k growth predi
tion models based on the 
ra
k 
losurein the wake of the 
ra
k as the major 
ause of fatigue 
ra
k growth retar-dation. These models are 
ategorized in semi-empiri
al models (su
h asONERA, PREFFAS and CORPUS) and Strip-yield models. Details on thesemodels are given in [48℄
FATIGUE CRACK GROWTH RETARDATION

MODEL

WHEELER Model Semi-Empirical Models Strip-Yield Models

CORPUSONERA PREFFAS

Based on Crack Closure in the 
Wake of the Crack

Based on Crack Closure due to
Crack-Tip Plasticity

WILLENBORG Model

Figure 2.6: Classi�
ation of Fatigue 
ra
k growth retardation models2.8.2 For FMLsIn FMLs, all the metal related phenomena are to some extent redu
ed dueto inta
t �bres. Be
ause of this fa
t, a simple 
ra
k growth predi
tion mo-del may be suÆ
ient to predi
t the fatigue 
ra
k growth in FMLs under VA



20 FIBRE METAL LAMINATESloading. This highlights that 
omplex and advan
e models may not be requi-red in 
ase of 
omplex materials like FMLs under VA loading. A simpli�edintera
tion model (
ra
k-tip plasti
ity) is used for fatigue 
ra
k growth pre-di
tions under VA loading in FMLs. The details about the 
ra
k-tip plasti
itymodel are dis
ussed in this se
tion.2.8.3 Cra
k-Tip Plasti
ityA

ording to the theory of elasti
ity, the stress at the tip of the 
ra
k be
omesin�nite when a stru
ture is loaded. In reality, the 
ra
k-tip be
omes bluntedupon loading. Additionally, for a du
tile material, the theoreti
al 
ra
k-tipstresses ex
eed the yield strength of the material, σ0.2, resulting in yielding infront of the 
ra
k-tip. As a result, a zone of plasti
ally deformed material oftheoreti
al size rp is formed ahead of the 
ra
k tip, as illustrated in �gure 2.7.When the 
ra
ked stru
ture is loaded in tension the total elasti
 and plasti
strain within the plasti
 zone be
omes larger than the elasti
 strain of thesurrounding material. During the subsequent unloading stage, the surroun-ding elasti
 material a
ts like a spring that 
lamps the residual strain withinthe plasti
 zone and exerts 
ompressive for
es on to the zone. As a result,a zone of 
ompressive residual stress ahead of the 
ra
k-tip is 
reated afterunloading (from tensile applied stress).
Theoretical (Elastic)

Stress Distribution

Yielded, Redistributed 

(Elastic-Plastic) stress

Plastic Zone

Blunted Crack rp

x

σ0.2

σyy

ry

y

Figure 2.7: S
hemati
 stress distribution at the 
ra
k-tip under tensile loadingThe 
ra
k-tip plasti
 zone 
an also be viewed as the load intera
tion zone
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e the residual stress interferes with the applied stress to the 
ra
k-tip.The interferen
e of the residual stress with the applied stress is known tohave a signi�
ant e�e
t on the fatigue 
ra
k growth rates of the stru
tureunder VA loading. In the event of a tensile overload, a more extensive andlarger zone of 
ompressive residual stress is 
reated ahead of the 
ra
k-tip.As the 
ra
k advan
es through the zone during subsequent fatigue 
y
les,the 
ompressive residual stress 
ontributes to the well-known fatigue 
ra
kgrowth retardation in the subsequent 
y
les following a tensile overload.2.8.4 The Irwin Approa
hIrwin made a simple estimation of the plasti
 zone along the 
ra
k plane forelasti
, perfe
tly-plasti
 materials. The simplest estimate 
an be made bysubstituting θ = 0 in
σ0.2 =

KI√
2πr

cos
θ
2

(

1+ sin
θ
2

sin
3θ
2

) (2.1)and solving for a distan
e, ry, at whi
h σy = σ0.2, details about this equationare given in [49{51℄. This leads to the equation:
ry =

1
2π

(

K
σ0.2

)2 (2.2)The distan
e ry is s
hemati
ally illustrated in �gure 2.7. This estimate ofplasti
 zone is in
orre
t, be
ause it is based on an elasti
 stress distribu-tion [49{51℄. Figure 2.7 also shows the elasti
-plasti
 stress distributionwith plasti
 zone size rp. The areas under elasti
 and elasti
-plasti
 stressdistribution must be the same in order to satisfy for
e equilibrium in y-dire
tion. This 
ondition 
an be met by making rp su
h that the followingequation is satis�ed:
rp
∫

0

KI√
2πr

dx−σ0.2ry = σ0.2(rp − ry) (2.3)Solving for rp gives:
rp = 2ry =

1
π

(

K
σ0.2

)2 (2.4)



22 FIBRE METAL LAMINATESEquation 2.4 is derived for plane stress 
ondition. For plane strain 
onditionit 
an be modi�ed as
rp,plstrain =

1
3

rp =
1

3π

(

K
σ0.2

)2 (2.5)2.8.5 Des
ription of Wheeler Yield Zone ModelA

ording to Gallagher [52℄ and S
hijve [53℄, the models that try to explainthe intera
tion e�e
t by 
onsidering the 
ondition in front of 
ra
k tip (plasti
zone) are labelled as Yield Zone Models. Wheeler [54℄ started this genera-tion of predi
tion models involving intera
tion e�e
ts in the predi
tion of
ra
k growth.The Wheeler predi
tion model uses the modi�ed linear damage a

umula-tion relation,
a = a0+

n

∑
i=1

f (∆K,r, ..) = a0+
n

∑
i=1

∆ai (2.6)using a simple retardation parameter CP,
a = a0+

n

∑
i=1

CP f (∆K,r, ..) (2.7)The linear damage a

umulation provides a predi
tion of VA fatigue life byadding 
y
le-by-
y
le 
ra
k growth in
rements ∆ai, mathemati
ally repre-sented in equation 2.7. The modi�ed 
ra
k length and 
ra
k growth rateequations 
an be written as:
da
dn

=CP ·Ccg∆Kncg (2.8)where CP varies from 0 to 1 depending on the lo
ation of the 
ra
k tip in apreviously 
reated larger zone (rp,OL in �gure 2.1) and the plasti
 zone size ofthe 
urrent load 
y
le rp,i. The CP is 
al
ulated using:
CP =

[

rp,i

(aOL + rp,OL)− ai

]m

when ai + rp,i < aOL + rp,OL (2.9)or
CP = 1 when aOL + rp,OL ≤ ai + rp,i (2.10)



FATIGUE CRACK GROWTH RETARDATION MODEL 23where rp,i is the 
urrent plasti
 zone size, rp,OL is the overload plasti
 zonesize, aOL is the 
ra
k length at overloading, illustrated in �gure 2.8. m is theexperimentally 
al
ulated exponent whi
h depends on the stress level, the
ra
k shape as well as the load spe
trum.Wheeler assumed that m, on
e 
alibrated, 
an be used for other spe
tra.But later it was shown that the a

ura
y of predi
tions will su�er if di�erentloading spe
tra are used with the same m value [33, 55℄. For metalli
stru
tures, the Wheeler model is unable to predi
t the phenomenon of 
ra
karrest after a high overload, be
ause the predi
ted retardation fa
tor imme-diately after the overloadwill not be zero [35℄. Se
ondly, the Wheeler modeldid not re
ognize the o

urren
e of delayed retardation. A
tually, the mo-del assumes very simple 
ra
k growth behavior; whereas immediately afterappli
ation of peak loads the real phenomena are very 
omplex.
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24 FIBRE METAL LAMINATES2.8.6 Modi�ed Wheeler ModelIn the original Wheeler model, the Paris equation is used for 
ra
k growth
al
ulation. A problem of the Paris equation is its dependen
y on the stressratio. To in
lude the stress ratio e�e
t in the CA 
ra
k growth predi
tion,a number of equations have been proposed in the literature [57℄. Gal-lagher [52℄ used the Walker [58℄ 
ra
k growth relation, while Pereira etal. [59℄ and Finney [33℄ used the Forman relation [60℄. Here the S
hijverelation [61℄ (Equation 2.11) is used for the CA baseline stress ratio 
orre
-tion.
∆Ke f f = (0.55+0.33R+0.12R2) ·∆K (2.11)The original Wheeler's 
ra
k growth relation (Equation 2.8) is modi�ed as

da
dn

=CP ·Ccg∆Ke f f
ncg (2.12)2.8.7 Cra
k 
losure models

Monotonic Plastic Deformation 

Reversed Plastic Deformation  

Figure 2.9: Plasti
 ZoneThe o

urren
e of 
ra
k 
losure of a fatigue at a positive tensile stress levelafter removing the load on the spe
imen is a physi
al reality [62℄. In orderto be a

urate, this phenomenon should be an essential element of a 
ra
kgrowth predi
tion model. During 
ra
k growth, the plasti
 zone is movingwith the tip of the 
ra
k as well as in
reasing in size, �gure 2.9. The samewill be true for the reversed plasti
 zone. This deformation involves elonga-tion in the y-dire
tion. As a result of this elongation the 
ra
k will 
lose (atleast partly) during unloading, and after full unloading (P = 0) 
ompressiveresidual stresses will be present in the wake of the 
ra
k. As the fra
tured
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es are pressed together by plasti
 deformation left in the wake of the
ra
k, the residual 
ompressive stresses are transmitted through the 
ra
k.This phenomenon in literature is referred to as \Cra
k Closure". It was �rstobserved by Elber [62℄. and it is sometimes referred to as the Elber Me
ha-nism. The presen
e of this phenomenon 
an be justi�ed either by sti�nessmeasurement [61℄, whi
h is not an a

urate way of measurement, or by thee�e
t on fatigue 
ra
k growth.Elber suggested that only that part of the load 
y
le will 
ontribute to 
ra
kextension where the 
ra
k is fully open until the 
ra
k tip, be
ause 
ra
k tipsingularity does not exist during the part of the load 
y
le when the 
ra
k tipis 
losed. This leads to the de�nition of an e�e
tive stress range and stressintensity fa
tor.
∆Se f f = Smax− Sop;∆Ke f f = Kmax−Kop (2.13)Elber devised the famous 
ra
k 
losure relation involving the stress intensityfa
tor and stress ratio.

U =
∆Ke f f

∆K
=

∆Se f f

∆S
= 0.5+0.4R (2.14)Figure 2.10 
ompares the di�erent 
ra
k 
losure relations as a fun
tion of R.Elber's relation indi
ate that Sop is in
reasing again for a negative R-valuewhi
h is physi
ally unrealisti
. Analyti
al work of Newman [63℄ has shownthat it should be a de
reasing fun
tion for R− > −1. For this reason, S
hi-jve [64℄ proposed a new relation between U and R based on the trends aspredi
ted by Newman.

U = 0.55+0.35R+0.1R2 (2.15)This relation shows a 
ontinuously de
reasing Sop for a de
reasing R-value.This trend should be expe
ted be
ause for a 
ertain Smax value, a lower R-value implied a lower Smin value. The weakness of this approa
h is the im-pli
it and unproven assumptions that 
ra
k 
losure is responsible for all loadratio e�e
ts and that these 
an be 
orrelated by an equation. But this rela-tion is proved to be the only 
ra
k 
losure estimation method due to una-vailability of a

urate dire
t 
ra
k 
losure measuring te
hniques [3℄.After the introdu
tion of the 
ra
k 
losure 
on
ept by Elber [62℄, a lot ofe�ort was put in understanding the phenomenon to predi
t 
ra
k growth.These e�orts in
lude the early phase work whi
h were mainly numeri
alte
hniques (�nite element analysis) as detailed by Newman [65℄ and Ohijiet al. [66℄. Numeri
al te
hniques were shown to be very a

urate but aremore 
ompli
ated for modeling and meshing aspe
ts. The major issues were



26 FIBRE METAL LAMINATES

Stress Ratio - R

γ=
S

O
P
/S

m
ax

-0.8 -0.4 0 0.4 0.8
0

0.2

0.4

0.6

0.8

1

Elber Relation
Schijve Relation
ONERA Model
PREFAS Model
CORPUS Model

Figure 2.10: The 
ra
k opening stress level a

ording to di�erent relationsthe 
al
ulation 
osts and time, whi
h made s
ientists developing simple ana-lyti
al 
ra
k 
losure models [67{69℄. Cra
k 
losure models for VA-loadingrequire 
y
le-by-
y
le 
al
ulation of the 
ra
k opening stress, Sop and the
orresponding Kop. The three main models whi
h are based on Elbers 
ra
k
losure assumption were primary developed to predi
t fatigue 
ra
k growthunder 
ight simulation loading [70℄. These models are:1. ONERA Model2. CORPUS Model3. PREFFAS ModelIn this thesis CORPUS model is dis
ussed and later implemented for predi
-ting fatigue 
ra
k growth in FMLs.



FATIGUE CRACK GROWTH RETARDATION MODEL 27The CORPUS Model

Figure 2.11: A hump 
reated by an overload and 
attened by an underloadThe CORPUS model (Computation Of Retarded Propagation Under Spe
-trum loading) was proposed by De Koning [71℄ in 1981. This model develo-ped used for 
ra
k growth predi
tion under 
ight simulation load sequen
es.The CORPUS model was based on the hump me
hanism, i.e. 
ra
k 
losureis visualized by the hump formation (�gure 2.11) on 
ra
k surfa
es. Thereis no eviden
e supporting the formation of the humps on the 
ra
k surfa
epresented in literature. However, only s
hemati
s are available to unders-tand the hump 
reation and 
attening. In 
ase of an overload, a larger humpwill be 
reated and will be 
attened by a later 
ompressive load in the spe
-trum. In every 
y
le, a hump is 
reated with asso
iated Sop level, and forthe estimation of Sop a 
y
le-by-
y
le 
al
ulation is required, sin
e Sop is anessential part of CORPUS model for 
ra
k extension.De Koning [71℄ was able to introdu
e a few new 
on
epts in the 
ra
k growthmodels. These were related to the 
on
ept of primary and se
ondary plasti
zones, the 
onsideration of plane strain/plane stress for plasti
 zone esti-mation and the multiple overload e�e
t. Although the 
on
ept behind themodel is quite simple, the mathemati
al interpretation of the model appearsto be fairly 
omplex. Padmadinata [72℄ and Putra [73℄ explained the COR-PUS model very systemati
ally in their thesis. The des
ription in this paperis mainly attributed to both authors and is based on their analyses.In order to des
ribe the hump behaviour after appli
ation of an overload-underload 
ombination, a form similar to Elber's fun
tion was determinedempiri
ally for 7075-T6 and 2024-T3 material:
U = (−0.4R4+0.9R3−0.15R2+0.2R+0.45);R> 0 (2.16)
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U = (−0.1R2+0.2R+0.45);−0.5< R < 0 (2.17)Using Finite Element Analysis, Newman [74℄ demonstrated that Sop dependson Smax,n, Smin,n and on the level of σmax in 
omparison to the yield stress,whi
h Newman assumed as an average yield stress. In order to in
orporatethe in
uen
e of high load levels, De Koning de�ned a 
orre
tion fa
tor hfor the Sop values. The 
orre
tion fun
tion was obtained by a 
urve �ttingpro
edure to Newman's results.An overload is playing a major rule in 
reating the hump while an under-load will redu
e the hump and hump opening stresses. A lower underloadde
reases the Sop level of the previous 
y
les while an overload higher thanthe previous overload 
y
les in
reases the Sop level.An important feature of the CORPUS model is that it also di�erentiates bet-ween a plasti
 zone developing into virgin (elasti
) material and a plasti
zone extending in already plasti
ally deformed material. The �rst ones are
alled Primary Plasti
 Zone (PPZ) and the latter ones are 
alled Se
ondaryPlasti
 Zone (SPZ).De Koning formulated a spe
ial equation by modifying the Irwin [75℄ equa-tion as well as the Dixon �nite width 
orre
tion for 
entrally 
ra
ked spe
i-men, in order to a

ount for a large zone if Smax approa
hes the net se
tionyield-limit. This resulted in a fairly 
ompli
ated equation for 
al
ulating aPPZ involving a variable for the stress state assumption. The plasti
 zonesize has an important role in the delay swit
h and the material memory
onsideration.Intera
tions between an overload with an overlapping PPZ 
auses an in-
rease of the 
ra
k opening levels, whi
h will give more 
ra
k growth re-tardation. This e�e
t plays an important role in the CORPUS model. Thehump opening stress given by the equations 2.16 and 2.17 is valid for a singleoverload Smax,n 
ombined with an underload Smin,n. If a series of overloads isapplied, de Koning assumes that Sop,n will rea
h an upper bound stationarylevel de�ned by

1+mst,n

[

1
U

−1

] (2.18)Where mst,n is a stationary parameter whi
h depends on the 
ra
k growth in-
rement ∆a between the overloads and the plasti
 zone size Dn of the over-load. For the CA 
ase ∆a/Dn goes to zero and gives a value of mst=0.1. Fi-nally, if the 
ra
k has grown through the overload plasti
 zone (∆a/Dn>1),the overload intera
tion is ignored and equation 2.13 is used to 
al
ulatethe ∆Ke f f values for Paris relation. If a series of overloads is applied, thehump opening stress will rea
h the stationary value given by equation 2.13.



SUMMARY 29After the appli
ation of the overload, the value of Sop,n is in
reased step bystep. To 
ompute the load intera
tion e�e
t, a relaxation fa
tor δ was takeninto 
onsideration (0.28 for 2024-T3). This value is valid for the intera
tione�e
ts of overloads of the same level in plane stress 
ondition. For a general
ase, where overload of di�erent levels intera
t at di�erent states of stress,two 
orre
tion fa
tors were introdu
ed. The 
orre
ted relaxation fa
tor is
δ = 0.28δ1δ2 (2.19)

δ1 a

ounts for intera
tion of di�erent overload levels and δ2 a

ounts forthe e�e
t of redu
ed intera
tion in plane strain 
ondition. It should be keptin mind that only intera
tion between the re
ent overload and the overloadasso
iated with dominant hump is 
onsidered.Con
epts adopted in the CORPUS model are related to 
ra
k 
losure (Elberme
hanism), plasti
 zone size, lo
ation of 
ra
k tip in plasti
 zone, hump andretardation me
hanism.After 
omparing the predi
ted and tested results, Padmadinata stated thefollowing 
on
lusions:1. Cra
k growth in most severe 
ights was under estimated.2. The CORPUS model gives mu
h importan
e to a rarely o

urring ne-gative load if that load is more 
ompressive (gust load) than the fre-quently o

urring ground stress level. The predi
tion is ina

urate but
onservative in that 
ase.3. Some improvements have to be done on the load sequen
e, as in some
ases with simple load sequen
es, a sequen
e e�e
t was predi
ted butit was not observed in the test series and sometimes it o

urred in testsbut CORPUS model did not predi
t it.4. The CORPUS model predi
ts a higher 
ra
k growth rate for a loweryield stress if the other material 
onstants are not 
hanged. The latter
ondition is not realisti
, but it indi
ates that relevant CA 
ra
k growthrates are essential for good predi
tions.5. The CORPUS model does not 
onsider the multiple overload e�e
ts onthe 7075 alloy.2.9 SummaryThis 
hapter has brie
y introdu
ed the 
on
ept of FMLs with their nomen-
lature and bene�ts over monolithi
 metals. In addition, di�erent types of
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Chapter3

DELAMINATION GROWTH

Reprodu
ed from Khan, S.U., Alderliesten, R. C., Benedi
tus, R. Delamination growth in Fibre Metal La-mintes under Variable Amplitude Loading. Composite S
ien
e and Te
hnology,69 (15-16), pp. 2604-2615,(2009).

To raise new questions, new possibilities, to regard old problems from a new angle,
requires creative imagination and marks real advance in science.

Albert Einstein

(1879-1955)Experimental and analyti
al investigation of the e�e
t of variable amplitude (VA) load se-quen
es on delamination behavior in Fibre metal laminates FMLs is presented in this 
hapter.Delamination tests are performed and results are 
ompared with linear damage a

umulationpredi
tion. The 
orrelation between the test results and predi
tions highlighted the absen
e ofload sequen
e and intera
tion e�e
ts in delamination growth rate under VA loading.

T
he fatigue 
ra
k growth behavior of Fibre Metal Laminates hasbeen extensively investigated in the past de
ades. The ma-jority of papers published on this topi
 report fatigue andfra
ture experiments on various 
oupon spe
imens, analysisof observations and development of understanding by means of empiri
al ortheoreti
al models [1{14℄. The main advantage of FMLs is the very slow andapproximately 
onstant 
ra
k growth under even full spe
trum loading as aresult of 
ra
k bridging by inta
t �bers. The 
ra
k growth is a

ompanied37



38 DELAMINATION GROWTHby delamination growth in the wake of the 
ra
k, whi
h to some extent is
onsidered to be favorable for these materials, in 
ontrast to �bre reinfor
edpolymer 
omposites.
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FIBRE - ADHESIVE LAYERFigure 3.1: a. Illustration of typi
al delamination and CCT spe
imens, b. Center-
ra
ked lap shear CCLSspe
imen geometry [15℄, 
. Double 
ra
ked lap shear DCLSspe
imen geometry [21℄Although various 
ra
k growth experiments on FMLs have been reportedwhere simple VA load sequen
es or a
tual 
ight simulation spe
tra wereapplied [8{11℄, a detailed understanding of the intera
tion e�e
ts in FMLsis not yet at hand. At least not to the same level of understanding as for
ra
k growth under 
onstant amplitude (CA) loading.Alderliesten and Woerden [14℄, for example, studied delamination shapes
reated during CA loading with and without overloads. A major questionfollowing from their dis
ussion is whether the delamination growth is a�e
-ted solely by the behavior of the metals (plasti
ity) or whether additionalsequen
e e�e
ts (retardation, a

eleration) in
uen
e the growth. This ques-tion be
omes espe
ially important when looking at the study by Alderliestenet al. [15℄, where delamination observations were made during testing of asingle spe
imen at subsequently di�erent load levels. The presen
e of in-



DELAMINATION GROWTH RATE CALCULATIONS 39tera
tion e�e
ts in the delamination growth rate might have an e�e
t on theresults obtained.To enable the development of an analyti
al model des
ribing the physi
alfra
ture behavior under arbitrary fatigue loading in FMLs, this question
on
erning intera
tion e�e
ts in delamination growth must be addressed.This 
hapter reports on additional delamination growth tests on similar FMLspe
imens with various blo
k load sequen
es and VA load spe
tra. The re-sults are 
ompared and analyzed with 
urrent fra
ture me
hani
s based des-
riptions for delamination growth [15{20℄ to answer the question, whetheror not intera
tion e�e
ts are present in the delamination growth.3.1 Delamination Growth Rate Cal
ulationsThe energy release rate for delamination is 
al
ulated based on energy ba-lan
e in the 
entered-
ra
ked lap shear (CCLS) as well as double-
ra
ked lapshear (DCLS) spe
imen delamination spe
imen as shown in �gure 3.1 [1, 15,16℄. The details about these types of spe
imen is given in the next se
tion.Delamination growth is des
ribed using a Paris type relation with two ex-perimentally determined 
onstants Cd ,nd and the di�eren
e of strain energyrelease rates Gd,max and Gd,min using equation 3.1 and stress ratio R. The de-tailed derivation of equation 3.1 is given in Appendix A.
Gd =

σ2
lam

2 jEal

[

λ 2

Eal
(nal − ncr)tal −λ 2naltal +

E f ,0

Eal
n f ,0t f ,0(γ2−λ 2)+

E f ,90

Eal
n f ,90t f ,90(γ2−λ 2)

] (3.1)
db
dN

=Cd(∆G)nd (3.2)Rans and Alderliesten [22℄, used ∆G = (
√

Gd,max−
√

Gd,min)
2 to investigatethe in
uen
e of residual stress on the delamination growth. A

ording tothem the residual 
omponent of the strain energy rate is removed by usingthe rule of super-positioning, whi
h is mathemati
ally explained as

∆G =
(√

Gmax−
√

Gmin
)2

=
[(√

Gd,max+
√

Gresidual
)

−
(√

Gd,min+
√

Gresidual
)]2

=
[(√

Gd,max
)

−
(√

Gd,min
)]2
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Crack initiation  

Figure 3.2: Early failure of inta
t metal layers in 
enter-
ra
ked lap shear spe
imenThe linear damage a

umulation (LDA) rule is based on a 
y
le-by-
y
le ana-lysis independent of pre
eding load 
y
les. It is an integration of 
al
ulateddelamination growth in
rements ∆bi using equation 3.2 to obtain a predi
-tion for the full load spe
trum or one blo
k of load sequen
es. As a result, itis the simplest method to predi
t the delamination growth under VA loading.The advantage of the LDA rule is 
omputational eÆ
ien
y. In the presentresear
h, LDA is used to prove the absen
e of any intera
tion e�e
ts. In theother words, intera
tion e�e
ts will be absent in delamination growth underVA loading if the delamination growth rate predi
ted using LDA 
orrelateswell with the experimentally obtained growth rate.In general, the LDA rule 
an be presented mathemati
ally as:
b = b0+

N

∑
i=1

∆bi (3.3)3.2 Experimental Program3.2.1 Test Spe
imenTo investigate delamination growth, a spe
imen should be sele
ted that willnot indu
e intera
tion with other fra
ture phenomena. In 
enter-
ra
kedtension (CCT) spe
imen for example, delaminations 
oexists with metal 
ra
kgrowth, whi
h 
annot be ex
luded when analyzing the delaminations. Betterspe
imens are CCLS and double-
ra
ked lap shear (DCLS), see �gure 3.1,whi
h 
an be related to CCT afterwards as illustrated in the same �gure.



EXPERIMENTAL PROGRAM 41Initially, a CCLS spe
imen (
on�guration illustrated �gure 3.1-b) has beensele
ted, whi
h is believed to represent a pure mode II 
on�guration [16℄.These spe
imens have been manufa
tured using the standard GLARE 2-3/2-0.3 
on�guration. Due to the early failure of the inta
t aluminium layers asshown in �gure 3.2, the range in delamination lengths that 
ould be used inthe analysis was very limited. In order to avoid this problem, DCLS spe-
imen (illustrated in �gure 3.1-
) has been used. These spe
imens havebeen manufa
tured using standard GLARE 2-2/1-0.3 layup with two 0.3 mmthi
k 
ra
ked outer layers of aluminium 2024-T3 with in-between two uni-dire
tional glass �bres epoxy layers with a nominal thi
kness after 
uringof 0.26 mm. Although this 
on�guration mathemati
ally seems to have amode I 
ontribution to the delamination me
hanisms [16℄, it was shown byAlderliesten et al. [15℄ that this mode has no e�e
t on the observed delami-nation growth. The me
hani
al properties of the 
onstituents of the testedspe
imens are summarized in Table 2.3.3.2.2 Test Equipment & Pro
edure
DCLS

Specimen

CCD

Camera

Delamination

Edges

Figure 3.3: Testing setupThe tests were 
ondu
ted in lab air at room temperature in a 
losed loopme
hani
al and 
omputer 
ontrolled servo-hydrauli
 testing system with a
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apa
ity of 10 metri
 tons. The delamination lengths were measuredfrom one side of spe
imen at the four lo
ations near the arti�
ial 
ra
ks inthe aluminium layers and subsequently averaged. The delamination mea-surements were performed at intervals, while the test was on hold at itsmaximum applied stress level. The measurements were performed with aCCD 
amera using in-house developed imaging software \Impress". The fulltest setup is shown in �gure 3.3.3.2.3 Test MatrixThe experiments were 
ondu
tedwithHI-LO and LO-HI blo
k load sequen
es,with programmed blo
k loading, multiple blo
k loading and 
ight spe
trumloading. The test matrix is given in table 3.1, showing the load sequen
eand the applied stress levels.3.3 Results & Dis
ussion3.3.1 Blo
k Load Sequen
esDelamination test results for blo
k and multiple blo
k load sequen
es areshown in �gure 3.4-(a), (b) and 3.5-(a). Delamination lengths measuredfrom the four edges are plotted against the number of 
y
les in �gure 3.4-(a). A straight line through the delamination data represents the averagedelamination growth rate (Figure 3.4-(a)).In all tests performed, the delamination growth was initially non-linear,but it be
ame linear after the delamination progressed a short distan
e.The length of this distan
e appeared to depend on the applied stress levels.There are two aspe
ts that might have an e�e
t on this initial non-linearbehaviour. The appli
ation of Te
on inserts and the deburring of the metallayer edges (as shown in �gure 3.6). During fabri
ation of spe
imens, a thinTe
on tape was pla
ed at the delamination initiation lo
ation in order toa

elerate delamination initiation. In addition, the metal layer edges weredeburred to avoid any unwanted damage to the neighboring prepreg layeras a result of sharp edges/burs. As a 
onsequen
e, the delamination initiallyhas to grow along the deburred surfa
e, during whi
h delamination will behaving a signi�
ant 
ontribution of Mode I to the Mode II delaminationgrowth. This start-up e�e
t was also observed by Mall et al. [23℄ in 
ase ofa 
omposite-to-
omposite bonded joint tested under CA fatigue.The blo
k and multiple blo
k load 
ases show that the delamination growthrate mainly depends on the applied stress levels. The same observation is



RESULTS & DISCUSSION 43Table 3.1: Delamination test matrixLoad Sequen
e Stress Values Stress Ratio[MPa℄ [R℄Blo
k loading  LO-HI 150-169 0.05HI-LO 169-150 0.05Blo
k loading  LO-HI 150-187.5 0.05HI-LO 187.5-150 0.05Multiple Blo
kLoading HI-LO 200-187.5-150-125 0.05LO-HI 125-150-187.5-200 0.05Periodi
 LO-HI-LO Large period 105 to 195 in 285
y
les 0.86 to 0.03Short period 105 to 195 in 100
y
les 0.86 to 0.03Periodi
 Over-loads In
reasing step 80 to 220 to 80De
reasing step 80 to 220 to 80
 

N         =1
LARGE

 N 
SMALL

 N          =1
LARGE

NLARGE = 1 σmaxLARGE
= 187.5 0.04

NSMALL = 100 σmaxSMALL = 150 0.05ProgrammedBlo
k Loading NLARGE = 1 σmaxLARGE = 187.5 0.04
NSMALL = 20 σmaxSMALL = 150 0.05
NLARGE = 1 σmaxLARGE

= 187.5 0.04
NSMALL = 4 σmaxSMALL = 150 0.05Mini-TWIST σmean=100 MPa, Trun
ation level=IV, Ground-air-ground stress=0.02 × σmeanWFS Typi
al wide-body fuselage spe
trum
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(b)Figure 3.4: Delamination growth tests results: (a). Two blo
k loading (B Vs. N); (b).Two blo
k loading (db/dN Vs. b)reported by Alderliesten et al. [15℄ and Mall et al. [23℄. In the 
orrela-tion between test and LDA predi
tions (using equations 3.1 and 3.2) for twoblo
ks (Figure 3.4-(a) and (b)), multiple blo
k (Figure 3.5-(a)) and program-
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k load (db/dN Vs.b); (b). Mini-Twist (db/dN Vs. b)med blo
k (Figure 3.7) load 
ases, an obvious intera
tion e�e
t 
an not beobserved.
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Prediction - Short periodFigure 3.7: Delamination growth tests results for Periodi
 LO-HI-LO spe
tra - Largeand short period3.3.2 Flight Load Sequen
esThe questions arise, Whether any intera
tion e�e
t (if present) 
an be 
ap-tured by blo
k load test. If it only has a small e�e
t (order of magnitude µmor few 
y
les) average da/dN does not reveal anything. The se
ond questionis, what test should be performed to 
apture any intera
tion if present. Toanswer these questions, single OLmay be to tri
ky be
ause of measurementte
hniques. That`s why 
ight spe
tra test were preferred to 
ompare LDA.
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Full spectrum (b)Figure 3.8: a. Rain 
ow 
ounting te
hnique; b. Delamination growth tests resultsfor WFS and programmed blo
k load (In
reasing and de
reasing steps spe
tra)These 
ight spe
tra were: 1. Mini-Twist, 2. Typi
al wide body fuselagespe
trum (WFS). In 
ase of Mini-Twist spe
trum the 
orrelation betweenthe test results and predi
tion does not indi
ate a presen
e of intera
tion
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ts(Figure 3.5-(b)).
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NLARGEFigure 3.9: Delamination growth tests results 
omparison of ARALL and GLAREOn the other hand, between the test result and predi
tion forWFS a 
orrela-tion is absent. The di�eren
e between the Mini-Twist and WFS spe
trum isthe presen
e of a number of intermediate 
y
les that break up the large 
y
lesinto smaller 
y
les in WFS spe
trum, as shown in �gure 3.8-(a). The rain-
ow 
ounting te
hnique [24{26℄, mentioned in literature as a 
y
le 
ountingand �ltering te
hnique for 
ra
k growth in metal stru
tures, is used here toa

ount for these intermediate 
y
les. As a result, in the �ltered situationthe large 
y
les are 
onsidered only, s
hemati
ally shown in �gure 3.8-(a).As shown in �gure 3.8-(b), the rain-
ow 
ounting te
hnique 
ombined withLDA predi
tions resulted in a 
lose mat
h between the test result and pre-di
tion for WFS and program blo
k load test. The 
orrelation of test dataand rain-
ow 
ounted spe
trum predi
tion highlighted that the delamina-tion growth rate depends on the large 
y
les and the delamination is nota�e
ted by the intermediate 
y
les within large 
y
les.



RESULTS & DISCUSSION 493.3.3 Delamination Behaviour of ARALL & GLAREMarissen [1℄ tested ARALL delamination spe
imens under repetitive blo
kloads, mentioned as `Programmed Blo
k Loading' in table 3.1. In this loadspe
trum, single OL 
y
les NLARGE were applied with varying the number ofpre
eding small 
y
les, NSMALL. He reported some intera
tion e�e
ts, whi
hare di�erent in nature than the ones known to exist in metal 
ra
k growth.In his tests, in
rease in delamination growth rate, 
al
ulated using Miner'sLDA rule, was observed by in
reasing the number of small 
y
les betweenOL 
y
les (Figure 3.9).To 
ompare the 
urrent resear
h with Marissen's �ndings, a similar spe
-trum has been applied to GLARE. No intera
tion was observed, as 
an beillustrated by 
omparing the results with LDA predi
tions, whi
h is basedon non-intera
tion (Figure 3.9). This observation does not agree with theMarissen's observation. Then the question arises what 
an be di�erent inARALL from GLARE whi
h 
aused intera
tion e�e
ts? Further evaluationis done to study the possible 
auses of di�erent delamination behaviour ofARALL and GLARE.
 

t AL
 

t f

 

t r 

t AL

t AL

t f,r
 

 

t r

 
Interface failure (Metal/Resin)

Interface failure (Resin/Fibre)

Fibre failure

Cohesive failure in Resin

 

Interface failure (Metal/Fibre)

t AL

ARALL GLARE

Figure 3.10: Delamination paths (tal=Aluminium layer thi
kness, t f=Fibre layer Thi-
kness, tr=Resin-ri
h layer thi
kness, t f ,r=Fibre/Resin thi
kness (GLARE))First, the question is whether the experimental te
hniques may 
ause su
hdi�eren
e in observation? Marissen used a photo-elasti
 te
hnique to mea-



50 DELAMINATION GROWTHsure the delamination length, while a CCD 
amera was used in the 
urrentresear
h. In prin
iple, there should not be any error due to the measure-ment te
hnique be
ause in the 
orrelation (Fig. 3.9) the delamination growthrate - db/dN is used instead of delamination length - b. A systemati
 di�e-ren
e in 
apturing the length would only provide a di�eren
e in delaminationlength, not in rates. In addition, Mall et al. [23℄ 
ompared three di�erentmeasurement te
hniques to measure the debond length. They 
on
ludedthat measurements using di�erent te
hniques are quite 
lose to ea
h otherand any of the method 
an be adopted.Se
ond, the metal/�bre interfa
e may be the 
ause of di�eren
e in ARALLand GLARE. In ARALL, BSL-312-UL is used as the adhesive system, whereasFM-94 is used in GLARE. Verbruggen [27℄ has 
ompared the �bre-epoxybonding for glass �bres and aramid �bres. Aramid-epoxy has shown pooradhesion 
ompared to glass-epoxy. Similarly, Roebroeks [28℄ has statedthat GLARE has a high peel strength in 
omparison with ARALL. In view ofpossible delaminations during manufa
turing pro
esses or later in-servi
e,he 
onsidered high peel strength being advantageous.
FATIGUE DELAMINATION
SURFACE

(b)(a) PEELING SURFACE

DELAMINATION DIRECTIONFigure 3.11: Fatigue delamination surfa
e in ARALL: a. Imprint of the fabri
 in theadhesive, b. Delamination front at the �bre side. [1℄The number of possible fra
ture paths in ARALL is larger be
ause of its inho-mogeneous 
omposition. Mi
ros
opi
 examination of a 
ross-se
tion of theARALL spe
imen showed that it 
onsists of a resin-ri
h layer (1/10 of pre-preg thi
kness) near the adherends and a �bre-ri
h layer (8/10 of prepregthi
kness) in the 
enter of the prepreg layer. The delamination paths areshown in �gure 3.10. On the other hand, the delamination in GLARE existsat the metal/�bre interfa
e. That is the only path of delamination observedin GLARE (as shown in �gure 3.10).



RESULTS & DISCUSSION 51Despite the poor aramid-epoxy adhesion, low peel strength and multipledelamination paths, Alderliesten [21℄ has shown that ARALL (BSL-312-UL)has almost similar delamination resistan
e as GLARE (FM-94). This meansthat all of these di�eren
es have insigni�
ant e�e
t on the CA delamina-tion resistan
e and hen
e 
annot 
ontribute to the di�eren
e between thedelamination behaviour of ARALL and GLARE.In ARALL, Twaron HM fabri
 in 
ombination with BSL-312-UL adhesive isused. Delaminated surfa
es show an irregular pattern (surfa
e), as shownin �gure 3.11. Due to twaron weaved fabri
, the delamination front alwaysstops at the roving perpendi
ular to the loading dire
tion. These rovings ap-parently a
t as 'delamination stoppers', and the overall delamination growthis redu
ed [1℄. It 
an be stated about Marissen's tests that for CA loading,either high or low, the delamination grows with a 
onstant rate even en-tangling at the rovings. Whenever, an OL is applied during CA loading, a
ertain jump over the roving or in
rease in delamination length 
an be ex-pe
ted whi
h leads to the higher delamination growth rate observed by Ma-rissen. This in
rease in delamination growth rate is more pronoun
ed whenthe number of OLs were in
reased in the CA 
y
les. On the other hand, inGLARE, S2 Glass uni-dire
tional prepreg in 
ombination of FM-94 is used.The delaminated surfa
es in GLARE show a straight (smooth) pro�le alongthe metal-�bre interfa
e, as shown in �gure 3.12. Phenomenon like de-lamination stoppers was not observed be
ause there are no �bres presentperpendi
ular to the delamination growth dire
tion. There is not a big dif-feren
e between the test results and LDA predi
tions.The major di�eren
es in GLARE and ARALL are brie
y given in table 3.2Table 3.2: Possible 
auses of di�erent delamination behaviour of ARALL and GLAREARALL GLARE Referen
eMetal type 7075-T6 2024-T3 [1, 21℄Metal layer thi
kness [mm℄ 0.45 0.3 [1, 21℄Fibre type Tawaron Glass [1, 21℄Fabri
 Prepreg [1, 21℄woven Uni-dire
tional [1, 21℄Fibre layer thi
kness [mm℄ 0.3 2×0.133 [1, 21℄Adhesive Type BSL-312-UL FM-94 [1, 21℄Resin ri
h layer Present Absent [29℄Fibre volume fra
tion 54% 60%Fibre/Epoxy bonding Weak bonding Strong interfa
ial bonding [27℄Peel-strength 2.5 N/mm 7.5 N/mm [28℄Possible delamination path 1: Interfa
e failure at theresin ri
h layer-adherendinterfa
e 2: Cohesive fai-lure in resin ri
h layer 3:Interfa
e failure at resin-�bre interfa
e 4: Fibre fai-lure 1: Interfa
ial failure atadhesive-adherend inter-fa
e Figure 3.10
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DELAMINATION DIRECTION

Figure 3.12: Delamination surfa
e of �bre side3.3.4 SEM Analysis of Delaminated Surfa
esSeveral spe
imens have been analyzed using S
anning Ele
troni
 Mi
ros
opy(SEM) to investigate the delamination surfa
es at both metal and the �breside. Previously, Verbruggen [23℄ performed SEM to 
ompare the adhe-sive properties of three di�erent types of �bres, namely Aramid, Glass andCarbon. In addition, Marissen [1℄ has shown the presen
e of striationson the delaminated surfa
e at the metal side. However, he was unable torelate these striations to the delamination growth data and thus to draw
on
lusions on the presen
e of intera
tion e�e
ts (i.e. delamination growtha

eleration). Nonetheless, Marissen reported that SEM might be helpfulif striations 
ould be related to applied stress values. In the present re-sear
h, SEM has also been performed in order to a
quire information aboutthe presen
e or absen
e of intera
tion e�e
ts in delamination growth. Atthe �bre side, no striations or delamination growth markings 
ould be ob-served, but the important observation here is that the delamination front isquite regular without �bres pullout or delamination front moving almost ina straight manner, as shown in �gure 3.12. Figure 3.12 also shows that the�bres are 
overed with resin, whi
h highlights the good adhesion betweenresin and �bres. Be
ause all �bres are 
overed with adhesive residue, thedelamination evidently o

urs as a 
ohesive failure in the adhesive.
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(a)

(b)Figure 3.13: Illustration of the �bre/matrix adhesion; a. at LO stress amplitude(150MPa), b.at HI stress amplitude (169MPa)Figure 3.13 illustrates the �bre/matrix adhesion at the delamination surfa
e;
usps 
an be observed that a

ording to Purslow [30℄ indi
ate shear failure.
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Figure 3.14: Delamination markings (striation) observed in the �bre imprints at themetal side of the delaminated spe
imens.Markings that may be 
onsidered delamination growth striations were ob-served in the �bre imprints at the metal side of the delaminated spe
imen,as shown in �gure 3.14.A 
loser observation of these marking revealed that they 
an be related tothe stress amplitude. For example, when the striations for LO-HI load se-quen
e are 
ounted, twi
e as mu
h markings were observed over the samedistan
e in the LO 
y
le, as 
ompared to the HI 
y
le. This fa
tor 2 di�e-ren
e between both spa
ings, shown in Figure 3.15, 
orresponds with theobserved ma
ros
opi
 delamination growth rates (i.e., delamination growthrate during the LO 
y
les is db/dN = 3.9×10−4 mm/
y
le, while atHI 
y
les,db/dN = 8.5×10−4 mm/
y
le). The spa
ing/
y
le may not be exa
tly relatedto db/dN but a relative 
omparison is justi�ed.In 
ase of 
ight spe
trum and periodi
 blo
k load sequen
e, similar striationsare observed. The spa
ing between these striations 
an be related to the
Smax, as shown in �gure 3.16 for periodi
 blo
k load sequen
e. Delaminationstriations (�gure 3.16 and 3.17) observed in �bre imprints are not 
ontinuouslike fatigue 
ra
k growth striation observed in metals, whi
h is also observedby Roebroeks [31℄ in 
ase of ARALL. This dis
ontinuity is due to the eitherlow Smax or missing �bre imprints.
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(b)Figure 3.15: Delamination growth markings (striation) at LO stress amplitude(169MPa) a.. and at HI stress amplitude (150MPa) b.
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(b)Figure 3.16: Delamination growth markings (striation) of Periodi
 LO-HI-LO loadsequen
e: a. Long Period. b.Short Period3.3.5 Delamination Predi
tion Aspe
tsDelamination growth at the interfa
es in GLARE under VA loading is inde-pendent of intera
tion e�e
ts, whi
h enables the use of CA delamination
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Visible range of markings

Figure 3.17: Dis
ontinuity observed in Delamination markings (striation).growth predi
tion as formulated by Alderliesten et al. [15℄ for predi
tionunder VA loading. However, for ARALL and FMLs with similar interfa
e
hara
teristi
s, further investigation is required to formulate the 
on
lusionsabout the potential intera
tion e�e
ts.In FMLs the fatigue delamination is always lo
alized around the 
ra
k and is
oupled with the 
ra
k growth in metal layers. In 
ase of ARALL, as repor-ted by Marissen, if on one hand the OL in
reases the delamination growthrate, but on the other hand, it de
reases the 
ra
k growth rate (
ra
k growthretardation). The 
ra
k growth retardation subsides the in
rease in the de-lamination growth rate. This 
an be seen in the fatigue 
ra
k growth predi
-tions for ARALL and GLARE, under OL 
ases, when 
ompared with the testdata, presented in 6 and C.3.4 SummaryThe delamination growth behaviour in GLARE has been investigated withdelamination experiments using di�erent load sequen
es and load spe
tra.It has been observed in the blo
k load sequen
e test that the average dela-mination growth rate is independent of the applied load sequen
e. In ad-dition, with the applied measurement te
hnique no in
uen
e on the growthrate 
ould be observed related to the transition from one load level to other
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ight spe
trum tests have been performed be
ause the blo
k load se-quen
e tests might not be suÆ
iently a

urate to 
apture intera
tion e�e
ts.Correlation of the observed growth with linear damage a

umulation pre-di
tion 
learly showed that intera
tion e�e
ts under mode II delaminationgrowth in FMLs are absent.The Rain-
ow 
ounting te
hnique must be used to load spe
tra with inter-mediate small 
y
les in the large 
y
les to 
al
ulate the delamination growthrate. Predi
tions 
orrelated very well with the test results for the 
ight spe
-trum as well as the programmed blo
k loading spe
tra, after applying thiste
hnique.ARALL and GLARE laminates have di�erent delamination 
hara
teristi
s.Intera
tion e�e
ts were reported by Marissen in 
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tion e�e
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ause di�erent delaminationbehaviour of ARALL as 
ompared to GLARE.While looking at the delaminated surfa
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ase of blo
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es(LO-HI and HI-LO), no intera
tion e�e
ts were observed using the striationsand their spa
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ings 
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k growth predi
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Chapter4

DELAMINATION SHAPE

Reprodu
ed from Khan, S.U., Alderliesten, R. C., Benedi
tus, R. Delamination Shape in Fibre Metal Lami-nates under Variable Amplitude Loading. International Journal of Fatigue, 33(9), pp. 1292-1303, (2011).

When you are describing a shape, or sound, or tint;
Don’t state the matter plainly, but put it in a hint;

And learn to look at all things with a sort of mental squint

Lewis Carroll
(1832-1898)This 
hapter presents a study on the in
uen
e that load variations have on delamination shapesin Fibre Metal Laminates. Previously fatigue tested 
entre-
ra
k tension spe
imens have been
hemi
ally et
hed to obtain the �nal delamination shapes. In addition, fatigue 
ra
k growthtests on similar spe
imens have been performed to investigate the formation of delamina-tion shapes. For this purpose, digital image 
orrelation has been used as strain measurementte
hnique to re
ord the delamination shapes in-situ testing. An explanation is put-forward inorder to understand the e�e
ts of variable amplitude loading on the formation of delaminationshapes. A transition in delamination shapes was observed, but evaluating this observationusing an analyti
al fatigue 
ra
k growth predi
tion model in
luding the observed 
hange indelamination shapes revealed no signi�
ant e�e
t on subsequent 
ra
k growth.

I
n prin
iple, the delamination growth and fatigue 
ra
k growthare balan
ed and 
oupled phenomena that signi�
antly in-
uen
e ea
h other. During 
onstant amplitude (CA) loading,this balan
e between the delamination and 
ra
k growth is63



64 DELAMINATION SHAPE
(a)

(b)

a ai i

a a
OL OL

ai
aiFigure 4.1: Delamination between outer aluminium layer and adja
ent�bre/adhesive layer for Glare 3-3/2-0.3 loaded with Sappl = 6 - 120 MPa, in
ase no overload is applied (a) and in 
ase an overload of Smax = 200 MPa isapplied (b) [2℄a
hieved after a 
ertain 
ra
k extension . An illustration of the geometry ofa delamination in the wake of a 
ra
k is given in �gure 2.3.To understand this balan
e during variable amplitude (VA) loading, one mustunderstand the behaviour of 
ra
k growth and delamination growth underVA loading independently. For the fatigue 
ra
k 
on�guration illustratedin Figure 2.3, intera
tion e�e
ts due to overloads have already been repor-ted [1℄. On the other hand, intera
tion e�e
ts were not observed whenlooking only at delamination growth, as dis
ussed in Chapter 3.So, hypotheti
ally, both these observations 
ome together for the 
on�gu-ration in Figure 2.3 under VA loading. For example, Alderliesten and Woer-den [2℄ reported tests with overload sequen
es. They observed a 
hange indelamination shape after the appli
ation of the overload (see Figure 4.1).The observed kink in the delamination shape appeared to depend on theoverload ratio. They attributed the transition in delamination shape to apro
ess similar to post-stret
hing indu
ed by the overload, as dis
ussed inse
tion 2.4.However, based on the 
urrent understanding of the me
hanisms, the au-thor believes that even if post-stret
hing may 
ontribute to the delaminationshape transition, it may not be the dominating me
hanism. In fa
t, 
ra
ktip plasti
ity indu
ed by the overload may have a greater impa
t on the for-mation of the delamination than lo
al stress reversal related to the sameplasti
ity. This 
an be explained with the illustration given in Figure 4.2.After the appli
ation of an overload, the 
ra
k growth in the metal layers re-tards for a 
ertain number of 
y
les, known as delay 
y
les (ND), as illustrated
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CRACK GROWTH

DELAMINATION

BEFORE OVERLOAD AT OVERLOAD AFTER OVERLOAD AFTER OVERLOAD

Saw-Cut

Fatigue Crack

Delamination Shape

Plastic Zone due
to Overload

Delamination Growth after Overload

(a) (b) (c) (d)

Figure 4.2: Illustration of delamination extension after appli
ation of OLin �gure 4.2-b. Although the 
ra
k retards, the delamination present in thewake of the 
ra
k 
ontinues growing perpendi
ular to the 
ra
k as result ofthe 
ontinuing 
y
li
 loading (�gure 4.2-
). After about ND 
y
les, the 
ra
k
ontinues propagating at its original rate, indu
ing new delaminations to beformed in the wake of the subsequent 
ra
k length in
rements ∆a. This isillustrated in �gure 4.2-d. The shape of the new delamination may appeardi�erent from the delamination shape before the appli
ation of overload,but may have been formed under the same 
onditions.To verify this explanation, several aspe
ts had to be addressed prior to the
urrent work. The �rst aspe
t is 
overed by another study performed by theauthor [3℄. In that experimental study, 
ra
k tip plasti
ity and 
ra
k growthretardation were observed to be similar to monolithi
 metals, but limited inmagnitude due to �bre bridging. The se
ond aspe
t relates to the responseof delamination growth itself to VA loading. This work has been dis
ussedin 
hapter 3.To 
orrelate the work on 
ra
k tip plasti
ity and delamination growth inter-a
tions, this 
hapter fo
uses on 
entre-
ra
k tension (CCT) spe
imen to 
om-bine the me
hanisms of 
ra
k growth and delamination growth while a
tingtogether and in
uen
ing ea
h other. In this spe
imen geometry, the 
ra
kgrowth 
an be easily monitored in the outer metal layers in situ-testing. Toobtain information about the delaminations, both Digital Image Correla-tion (DIC) and 
hemi
al et
hing te
hniques have been exploited in-situ andafter testing. In earlier studies [4℄ only the delaminations obtained after
hemi
al et
hing were reported, but the spe
i�
 questions in the 
urrentstudy require the observation of the shape and extension of the delamina-tions in-situ. Therefore, DIC being a rapid, e�e
tive, non-destru
tive andnon-
onta
t strain measurement te
hnique was applied to measure the de-lamination shapes. The prin
iple of visualising the subsurfa
e delaminationsby this surfa
e measurement te
hnique are explained in this 
hapter.



66 DELAMINATION SHAPETo determine the e�e
t of overloads on the subsequent formation of delami-nations, a distin
tion must be made between the 
ase without and the 
asewith the appli
ation of the overload. For this reason, an analyti
al predi
-tion model for 
onstant amplitude fatigue in FMLs, presented in 
hapter 6,has been used to evaluate the 
ra
k and delamination growth for the 
asestested. In addition, the 
orrelation between the experiments and the predi
-tions enables to determine the e�e
t of overload appli
ation on the bridgingstress dire
tly, and to des
ribe the e�e
t on the stress intensity fa
tor driving
ra
k growth.4.1 EXPERIMENTAL PROGRAMTo investigate the delamination shape, it was ne
essary to observe its de-velopment in-situ testing and to 
apture the �nal shape after �nishing thetest. Two sets of CCT spe
imens were studied; The �rst set 
onsisted ofpostmortem investigation of spe
imens from a previous study [1, 3℄, whilethe se
ond set 
onsisted of new spe
imens tested with in-situ delaminationobservation using DIC.4.1.1 Test spe
imensThe spe
imen for postmortem investigation were CCT spe
imens illustratedin �gure 4.3. These spe
imens had 4 metal layers with 0.3 mm thi
knessand 3 
omposite 
ross-ply �bre layers with a nominal thi
kness of 0.266 mm(i.e., Glare3-4/3-0.3). These spe
imens had three parallel starter not
hes ofapproximately 5 mm, made by drilling 3 mm diameter holes and subsequent
utting both sides.The newly tested spe
imens were CCT spe
imens shown in Figure D.1. Thesespe
imens were manufa
tured with 5 metal layers of 0.4 mm thi
kness and 4
omposite 
ross-ply �bre layers with a nominal thi
kness of 0.266 mm (i.e.,Glare3-5/4-0.4). The starter not
hes were made by drilling a hole of 3 mmdiameter with two saw 
uts oriented perpendi
ular to the loading dire
tion.The length of the starter not
h (2a0) was approximately 5 mm.4.1.2 Test MatrixThe postmortem spe
imens had been tested and reported by Plokker et. al.These tests were performed using a CA baseline 
y
le with Smax=120 MPaand R = 0.1. A single overload of SOL=175 MPa was applied at 
ra
k length
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Figure 4.3: Postmortem 
ra
k growth spe
imen geometry [3℄of aOL=9.5 mm. A multiple blo
k overload spe
trum 
onsisted of 1000 
y
lesof 160 MPa was applied at 
ra
k length aTR=6.92. For the blo
k load tests,two blo
k load sequen
es i.e., LO-HI and HI-LO were used. Both of theblo
k loads had the same stress levels i.e., Smax,LO = 100 MPa and Smax,HI= 140 MPa. In 
ase of LO-HI sequen
e, the transition 
ra
k length was
aTR=6.9 mm and for HI-LO aTR=12.7 mm.The new spe
imens have been tested using a CA baseline spe
trum with amaximum stress Smax = 100 MPa and a stress ratio R = 0.1. The singleoverload spe
trum has an overload SOL = 145 MPa at aOL=10 mm. Themultiple overload spe
trum has three overloads i.e. SOL1 = 145 MPa; SOL2= 130MPa and SOL3 = 115MPa at aOL=9, 12 and 15 mm respe
tively. Blo
kload spe
tra are 
onstituted of two stress levels Smax,LO = 100MPa and Smax,HI= 140 MPa.Detail of both test programs are given in table 4.1 and D.1. Tables D.2and D.3 were part of the same experimental program but will be dis
ussed
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y
les Load va-riationLoad variation Maximumstress Stressratio[MPa℄ [MPa℄A1 Constant amplitude S        =120MPa
MAX

S       =12MPa
MIN 120 0.1

A2 Single overload
S    =175MPa

OL

S        =120MPa
MAX

S       =12MPa
MIN

a    =9.55mm
OL 120 0.1 175

A3 Multiple blo
k overload S          =100MPa
MAX1

S         =10MPa
MIN

S          =160MPa
MAX2

a    =6.92mm
TR

1 kcycles 100 0.1 160
A4 Blo
k loading-LO-HI S          =100MPa

MAX1

S       =10MPa
MIN

S          =140MPa
MAX2

a    =6.94mm
TR 100 0.1 140A5 Blo
k loading-HI-LO S          =100MPa

MAX1

S         =10MPa
MIN

S          =140MPa
MAX2

a    =12.7mm
TR 140 0.1 100Table 4.1: Fatigue 
ra
k growth test matrix for 
hemi
ally Et
hed (Postmortem) spe-
imenin 
hapter 54.1.3 Test Equipment & Pro
edureThe postmortem spe
imens were already/previously tested at a 6 metri
tons servo-hydrauli
 testing system and measurements were made using apotential dropmeasurement te
hnique. Details about the se
ond set of spe-
imens, testing pro
edures and equipments are given in Plokker et. al. [1,3℄.The new spe
imens were tested in lab air at room temperature in a 
lo-
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hani
al and 
omputer 
ontrolled servo-hydrauli
 testing systemwith a load 
apa
ity of 25 metri
 tons. The test frequen
y was 10Hz. Thetest setup is shown in �gure D.2.
4.1.4 Measurement Te
hnique - Digital Image CorrelationDIC is a fully non-
onta
t and non-destru
tive image evaluation te
hniqueused to tra
k the surfa
e displa
ements of deforming materials. It is basedon the 
omparison of two images a
quired using a CCD 
amera at di�erentde�ned stages, one before the deformation (known as referen
e image) andthe other one after the deformation (known as deformed image) [5, 6℄. Thedispla
ement of applied grid points is 
omputed from the positions in ea
hof the two images. It has been widely used to examine the deformations ofengineering materials in
luding monolithi
 metals, FMLs and adhesives [7,8℄. Comparing with other strain and delamination measurement te
hniqueslike C-s
an [9℄ and �bre-bragged grating sensors [9℄, DIC is 
onsidered to beone of the most versatile and suitable non destru
tive and in-situ te
hniquefor detailed full-�eld strain measurements in FMLs.For the 
urrent resear
h, an in-house developed DIC tool has been used.This tool is programmed in Matlab in su
h a generi
 way that it 
an be usedindependent of the test type, the amount of images per test or the size andshape of the grid as long as only in-plane deformations are present. ThisDIC tool is des
ribed in detail in [6, 7℄.The prin
iple of observing subsurfa
e delamination shapes by re
ording sur-fa
e deformations is based on the strain di�eren
e between delaminated andnon-delaminated areas. The delaminated metal layers do not 
arry any loadas most of this load is transferred to the �bre layers, s
hemati
ally shownin �gure 2.3. This 'zero strain' (or in other words delaminated) region 
aneasily be dete
ted with DIC, as illustrated by the dark region in Figure 4.4-(a). Details about the validation of this te
hnique for delamination shapemeasurements 
an be found in [8, 10℄.Delamination shapes a
quired using DIC at di�erent 
ra
k lengths are shownin �gure 4.4-(b). The �nal delamination shape in the spe
imen observed af-ter 
hemi
al et
hing the surfa
e is added to the same �gure. An ex
ellent
orrelation between delamination shape observed using DIC and after 
he-mi
al et
hing has been obtained.
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quired usingDIC in GLARE 5/4 - 0.4 with
Smax=100 MPa, R=0.1, a=19 mm , b. Fatigue delamination growth measured usingDIC and 
omparison with 
hemi
al et
hing. FML 2-2/1-0.4 2024-T3/M30-
arbon,
Smax=150 MPa, R=0.05 [8℄
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FATIGUE CRACK(e)Figure 4.5: Delamination shape in postmortem spe
imens: a Constant amplitude, bSingle overload, 
 Blo
k load (LO-HI), d Blo
k load (HI-LO), e Blo
k of loads



72 DELAMINATION SHAPE4.2 RESULTS & DISCUSSIONThe delamination shapes observed after et
hing the outer metalli
 layers aswell as those observed in-situ fatigue testing are dis
ussed here. In addi-tion, delamination shapes predi
ted using the FMLs fatigue 
ra
k growthpredi
tion VA loading model, detailed in se
tion 6.2, are 
ompared with theobserved shapes. The e�e
t of the 
hange in the delamination shape in thefatigue 
ra
k growth parameters and fatigue 
ra
k growth predi
tion is alsodis
ussed in detail.4.2.1 Observed Delamination ShapeThe observed delamination shapes in both sets of spe
imens are dis
ussed inthis se
tion. A detailed study is presented 
omparing observed and predi
teddelamination shapes.Chemi
al Et
hingFigure 4.5 shows the delamination shapes observed in post-mortem spe
i-mens. It is observed that after a 
hange in the load sequen
e (i.e., overloador HI-LO), the delamination shape 
hanges from a semi-ellipti
al shape to ashape 
ontaining a kink at the lo
ation where the load sequen
e is 
hanged,as shown in �gures 4.5-(b),(d), and (e). The delamination shape of the CAtest (�gure 4.5-(a)) is given to highlight the e�e
t of VA load sequen
es. Fi-gure 4.5-(b) shows the delamination shape, after the appli
ation of a singleoverload. The kink and 
hange is visible in �gure 4.5-(b). In 
ase of blo
kload sequen
es, no 
hange was observed for LO-HI sequen
e (Figure 4.5-(
)).For HI-LO and blo
k of overloads, a 
hange in shape has been observed afterthe load transition (Figures 4.5-(d) and 4.5-(e)).Figure 4.6 shows the 
omparison of �nal delamination shape predi
ted usingthe VA Yield zone mode for FMLs and measured after 
hemi
al et
hing, forCA and single overload 
ases. The details about the predi
tion model 
anbe looked in se
tion 6.2. The predi
tion model seems to underpredi
t thedelamination shape in both the 
ases.Digital Image Correlation-DIC (In-situ fatigue test)Figure 4.7 shows the DIC results of the se
ond set of tested spe
imens fordi�erent load 
ases. A 
omparison between single overload and CA loadingresults is shown in Figure 4.7-(a).
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ation of the overload, the 
ra
k growthwas retarded for 10 k
y
les.Although the 
ra
k growth was retarded, the delamination present in thewake of the 
ra
k remained growing perpendi
ular to the 
ra
k due to the
ontinuing 
y
li
 loading. But as soon as the 
ra
k 
ontinued to propagate, akink 
an be observed between the new and the already present delaminationshape.Similarly, for the HI-LO blo
k load sequen
e, a 
hange in the delaminationshape was observed. Due to the large number of higher stress 
y
les theobserved number of delay 
y
les was 40 k
y
les. After the 
hange of loadsequen
e, delamination extension was observed only in the loading dire
-tion. A kink was observed in the �nal delamination shape.Figure 4.7-(
) shows the delamination shape of the LO-HI blo
k load se-quen
e. No 
hange or kink was observed in the delamination shape, be-
ause of the absen
e of any intera
tion e�e
t that 
an 
ause 
ra
k growthretardation.The 
hange in the delamination shape for the single and HI-LO blo
k loadsequen
e was due to the appli
ation of overloads or be
ause of 
ra
k-tipplasti
ity that retarded the 
ra
k growth. During the CA baseline loading(�gure 4.2-(a)), 
ra
ks started to grow in the metalli
 layers a

ompaniedwith the delaminations at the metal-�bre interfa
e around the 
ra
k. Afterappli
ation of the overload, the 
ra
k growth was retarded that stopped thedelamination growth (in the wake of propagating 
ra
k, perpendi
ular to theloading dire
tion). However, the delamination 
ontinued to grow parallelto the loading dire
tion, be
ause delamination growth has been observedto be independent of any intera
tion e�e
ts (3), as shown in �gure 4.2-(
).The delamination started to grow perpendi
ular to the loading dire
tion, assoon as the 
ra
k-tip was out of the retardation region. A kink was observedbetween the delamination shapes before and after the lo
ation of overload,as illustrated in �gure 4.2-(d). Similarly for blo
k loads, when the load was
hanged from HI to LO, 
ra
k growth retardation o

urred and a�e
ted thedelamination shape.Figure 4.8 shows the 
omparison of the delamination shape and its exten-sion predi
ted with and without 
onsidering 
ra
k-tip plasti
ity due to anoverload. The predi
tion without 
onsidering the 
ra
k growth retardation(CA represented by thin lines) did not show any 
hange in the delaminationshape. While the predi
tions 
onsidering 
ra
k growth retardation showed a
hange in the delamination shape after the appli
ation of the overload. Ho-wever, it is also shown in the same �gure that the �nal delamination shapespredi
ted with and without 
onsidering 
ra
k growth retardation are almostidenti
al.One major observation about the delamination shape predi
tions is that themodel underpredi
ts the delamination shape (shown in Figures 4.6 and 4.7).
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ase 
ompared withthe predi
tions.This 
an be attributed to the fa
t that the interfa
e adja
ent to the outer me-talli
 layer fa
es higher 
y
li
 shear stresses, be
ause the load is transferredthrough a single metal-�bre interfa
e, while the middle layers distribute theload through two interfa
es. The predi
ted results 
ome from an imposedaverage 
al
ulation of the delamination that o

urs at ea
h metal-�bre in-terfa
e. The extra load transfer o

urring at the outer interfa
es in
rease themode II delamination whi
h results in larger delamination 
ompared to thepredi
ted one. The predi
tion model is based on the average behaviour ofall the interfa
es and ex
ludes any through the thi
kness variation, but thedelamination o

urring at the middle layers is smaller that the one at theouter layers. Rodi et. al [11℄, observed a di�eren
e in the predi
ted andobserved �nal delamination shapes in most of the 
ases.It 
an be seen in �gure 4.8 that the delamination propagates only parallelto the loading dire
tion when the 
ra
k growth is retarded. Without in
lu-ding 
ra
k growth retardation, the delamination would have been growingin both the dire
tions. Following from the dis
ussion above, 
ra
k growthretardation indeed seems to be the major phenomenon 
ausing the kink inthe delamination shape. However, as shown in �gure 4.8, a mismat
h isobserved between the delamination shapes predi
ted using 
ra
k growth re-tardation and the measured shapes at the point where the test is stopped.
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h may imply that the 
urrently proposed 
ra
k growth retar-dation theory alone is insuÆ
ient to des
ribe the 
hange in delamination.Thus, there may be still some e�e
t of lo
al pre-stret
hing as proposed byAlderliesten and Woerden [2℄.The question arises whether this di�eren
e in delamination shape and areahas an e�e
t on the subsequent 
ra
k growth and whether it needs to be
onsidered during fatigue 
ra
k growth predi
tion. These questions are ad-dressed hereafter.4.2.2 E�e
t of Delamination ShapeThe modi�ed Wheeler model (will be dis
ussed in details in 6.2), being a
ra
k-tip plasti
ity based retardation model, is used to predi
t the fatigue
ra
k growth in FMLs. To investigate the e�e
t of the delamination shape
hange on fatigue 
ra
k growth, the delamination shape a
quired from thesingle overload test (Figure 4.6-(a)) after 
hemi
ally et
hing the spe
imen,is used as an input to 
ompute the �bre bridging stress as well as stress in-tensity fa
tor at the 
ra
k tip, Ktip, the stress intensity fa
tor des
ribing �brebridging, Kbr, and far-�eld stress intensity fa
tor K∞ [12℄. In general, Ktipis 
omputed as the di�eren
e of between far-�eld and �bre bridging [12℄,and it is used to 
al
ulate fatigue 
ra
k growth in FMLs. For this investi-gation, two delamination shapes were studied for the 
ase where the 
ra
k
ontinues propagating from the length where the test was terminated:1. Delamination shape predi
ted with the model in
luding plasti
ity2. Delamination shape measured at the end of the test.For the predi
ted delamination shape, a typi
al bridging stress pro�le was
omputed that is approximately 
onstant along the 
ra
k, ex
ept for the areanear the 
ra
k tip. For the measured delamination, a shape is 
al
ulatedthat shows signi�
ant variation along the 
ra
k. Both pro�les are shown in�gure 4.9-(a), and �gure 4.10-(a).It is observed from the measured shape that after appli
ation of the over-load, a larger delamination is present that 
orresponds to low bridging stresses.These low bridging stresses will result in subsequent slow delaminationgrowth, while the area having high bridging stresses will grow at higher rate.This means that in the subsequent 
y
les, the delamination shape will form ashape 
loser to delamination shape predi
ted with the model in
luding plas-ti
ity. As a result, the stress intensity fa
tor Ktip 
al
ulated with the modeloriginally underestimates the value that is expe
ted based on the measureddelamination shape. However, as illustrated in Figure 4.9-(b) and 4.10-(b),
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Ktip de
reases towards the value 
al
ulated with the model. This highlightsthe fa
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ussed in the next se
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hing me
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ra
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Chapter5

CRACK­TIP PLASTICITY

Reprodu
ed from Khan, S.U., Alderliesten, R. C., Benedi
tus, R. Fatigue 
ra
k growth in �bre metal laminatedunder variable amplitude loading. A

epted for International Committee on Aeronauti
al Fatigue (ICAF)2009. Rotterdam, The Netherlands, (2009).

It doesn’t matter how beautiful your theory is, it doesn’t matter how smart you are. If it
doesn’t agree with experiment, it’s wrong.

Richard Feynman
(1918-1988)This 
hapter presents a quantitative study of 
ra
k-tip plasti
ity under sele
tive variable ampli-tude (VA) fatigue loading. Centre 
ra
k tension spe
imens made from three types of materials(i.e., monolithi
 aluminium, laminated aluminium sheets and �bre metal laminates (FMLs))were used for this resear
h. Plasti
 zone sizes indu
ed by overloads were 
al
ulated using Ir-win 
ra
k-tip plasti
ity relation and 
ompared with the ones measured using Digital ImageCorrelation for the three materials. A better 
orrelation is observed for FMLs in 
omparisonwith other two materials between the measured and 
al
ulated plasti
 zone size. From the
omparison it is dedu
ed that the Irwin relation 
ombined with a Paris 
ra
k growth relation
an be utilized in FMLs for predi
ting fatigue 
ra
k growth under VA loading. This hypothe-sis has been validated by 
omparing the test results with the predi
tions using the extendedfatigue 
ra
k growth predi
tion model in
orporating both relations.

Fatigue 
ra
k growth is 
ommonly predi
ted using stress inten-sity fa
tors that are based on the linear elasti
 fra
ture me-
hani
s prin
iples. Although the linear elasti
 representation83



84 CRACK-TIP PLASTICITYis 
onvenient from an engineering perspe
tive, it is 
ommon knowledge thatsmall s
ale plasti
ity o

urs at the 
ra
k tip, whi
h in
uen
es the 
ra
k pro-pagation. This is parti
ularly true for VA loading, where intera
tion pheno-mena are observed for 
ra
k tip plasti
ity related to di�erent load 
y
les.To develop a 
ra
k growth predi
tion method for FMLs based on the similarprin
iples as 
urrently applied for monolithi
 metals, one should not onlyunderstand the in
uen
e of delamination growth, as dis
ussed the previoustwo 
hapters. One should also investigate to what extent the small s
aleplasti
ity and related phenomena in the thin sheets of FMLs are similar tomonolithi
 aluminium.
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Figure 5.1: Cra
k growth 
urves in solid and laminated panels with 
entral 
ra
k [1℄Obviously the �rst question to address is whether the general appearan
e ofthe fra
ture surfa
e is similar for monolithi
 aluminium and FMLs. Typi
alfeatures as shear lip formation and the transition from a mode I to a mixedmode I/III, often denoted as 
ra
k slanting have to be evaluated. In ad-dition, the appli
ation of VA loading requires a more detailed investigationspe
i�
ally about the 
ra
k tip plasti
ity in addition to the earlier mentioneddelamination phenomena in 
hapters 3 and 4.S
hijve et al. [1℄ have tested and 
ompared monolithi
 metals with the la-minated sheet spe
imens for part-through and through 
ra
ks. A

ording tothem, the laminates have 1.5 times slower 
ra
k growth than solid materials(as shown in �gure 5.1). In addition, it was 
on
luded in their investigationthat, the laminated material implied some extra weight for the adhesive,whi
h made the improvement rather small and the transition from tensilemode to shear mode suggested that the �ve sheets of the laminated material



85didn't behave like they are fully separated sheets.However, even more straightforward it may seem to determine whether theamount of small s
ale plasti
ity, whi
h in Linear Elasti
 Fra
ture Me
hani
s(LEFM) is related to the Stress Intensity Fa
tor (SIF) is still valid for the thinsheets in FMLs. Here, is it 
ommonly known that in thi
k monolithi
 sheetsthe plasti
 zone varies over the thi
kness. This variation is attributed to thetransition of stress state from the surfa
e (plane stress) towards the middleof the sheet (plane strain). It may be expe
ted that the thin sheets used inFMLs exhibit smaller plasti
 zone sizes through-thi
kness that 
orrelate toa plane stress state.
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b cFigure 5.2: Plane stress/strain formation in: a. Monolithi
 metal, b. Metal laminate(without �bres), 
. FMLsPlasti
 zone sizes under VA loading are used as a 
omparison 
riterion for thethree types of materials i.e., monolithi
 metals, metal laminates (without�bres) and �bre metal laminates (with �bres). Digital Image Correlation(DIC) is used to quantitatively 
ompare the plasti
 zone sizes these materials.DIC is explained in detail in se
tion 4.1.4.Figure 5.2-a illustrates a typi
al plasti
 zone with plane stress (at surfa
e) andplane strain (through the thi
kness). It is also illustrated in �gure 5.2-b thehypotheti
al e�e
t of redu
ing the thi
kness (Metal laminate) and �gure 5.2-
 shows the hypotheti
al e�e
t of further adding the �bre layers to the metallaminate. It is illustrated in �gures 5.2-a and 5.2-b, the hypotheti
al e�e
tsof redu
ing the thi
kness (monolithi
 metal to laminated sheet of metal). Byredu
ing the metal thi
kness, plane stress be
omes the dominant stress stateand results in large plasti
 zone sizes at ea
h metal sheet surfa
e. While in
ase of thi
k monolithi
 metal the plasti
 zone is large on the surfa
e (planestress) and smaller through the thi
kness (Plane strain). The stress intensityfa
tor is redu
ed by the addition of �bres that 
ontribute to the load transferwith the �bre bridging stress. This redu
tion in the stress intensity fa
tor
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orrelates to a de
rease in the plasti
 zone size. This e�e
t is illustrated in�gures 5.2-b and 5.2-
.To determine whether the basi
 assumptions underlying the LEFM approa
hfor 
ra
k propagation in FMLs are valid forVA loading, the strain �elds in thevi
inity of the fatigue 
ra
ks in the spe
imens dis
ussed in the previous 
hap-ter (Chapter 4) have been measured withDIC and subsequently analysed. Inaddition, the fra
ture surfa
es of these spe
imens have been evaluated afterthe tests to obtain detailed information about the fatigue fra
ture features.
5.1 Plasti
 Zone Measurement Te
hniquesUguz and Martin [2℄ have 
ompared di�erent plasti
 zone measurementte
hniques. Their remarks about these te
hniques are summarized in table5.1, whi
h lists the various plasti
 zone measuring te
hniques with their ad-vantages, disadvantages, referen
e and material on whi
h these te
hniqueswere applied. In 1982, Sutton and M
Neill [3{6℄ raised the idea of DIC.DIC has a number of advantages like the quite ease of test set-up and spe-
imen preparation, spe
imen size is not a issue, insensitivity to vibrationsand large strains or signi�
ant body movements do not 
ause diÆ
ulties.However, out-of-plane movement 
an be quite 
hallenging and 
ompli
a-ted. In order to measure out-of-plane displa
ement more equipment (i.e,3D or two 
ameras, et
.), expertise and 
omplex mathemati
s are needed,whi
h 
an be a disadvantage.Be
asue of these advantages of DIC, it was sele
ted to use for this resear
has a plasti
 zone size measurement te
hnique. A DIC tool developed at DelftUniversity of Te
hnology is used [7{9℄. This tool is programmed in Matlaband is independent of the test type, the amount of images per test or thesize and shape of the grid as long as only in-plane deformations have to bemeasured.Plasti
 zones 
reated by the overload 
y
les were 
al
ulated for monoli-thi
 metal, metal laminate and FMLs using the plasti
 zone relation (Equa-tion 2.4). Subsequently, the DIC te
hnique was used to measure the plasti
zone sizes for all of these materials. The plasti
 zone size in the DIC imagesis de�ned as the plasti
 deformation at the ε0.2, this assumption is validatedand used by Lemmen [10℄ and Rodi [11℄.



PLASTIC ZONE MEASUREMENT TECHNIQUES 87Method Planestrain/ Advantages Disadvantages MaterialPlanestressDeformed grains both Strain distribution
an be determined Appli
able to very�ne grained materials HSLADigital Image Corre-lation Planestress Dire
t observation ofplasti
 zone, pra
ti
aland rapid Sensitive to motion 2024-T3, 7475Al-Alloy, FMLsEle
tron Channeling
ontrast imaging(ECCI) Both More rapid thanSACP With EBSD 
an mea-sure strains withinthe PZ Low-C steel,Et
hing Both Dire
t observation ofthe plasti
 zone ispossible Et
hants and et
hing
onditions should bedetermined for ea
hmaterial:Time 
onsu-ming Fe-3Si, INCO 718Foil strain-gauges Planestress Strain distributionwithin the plasti
zone 
an be determi-ned Deli
a
y of delayingwith tiny strain-gauges Al-alloys and NI-AL alloy, MA87Al P/M alloyImage distortion Planestress Dire
t observation ofthe plasti
 zone ispossible Not very sensitive 7075 Al-alloyMi
rohardness Both Pra
ti
al and rapid Appli
able to stronglywork hardening orsoftening materials :Sensitivity dependson the indentationsize Maraging andausteniti
 stain-less steelsMoire interferometry Planestress Submi
ron dis-pla
ements andthe amount of de-formation 
an bedetermined Vibration-free envi-ronment is needed 2024, 7075 Al-Alloy, 4340 steelOpti
al interferen
e Planestress Dire
t observation ofthe plasti
 zone ispossible : Very sensi-tive Interferen
e mi
ro-s
ope and perfe
tpolishing of thespe
imen surfa
eneeded 2024, 7075 Al-alloyPhotoele
tron mi
ro-s
opy Planestress Dire
t observation ofplasti
 zone is pos-sible Photoemission mi-
ros
ope is neededand not very sensitive SAE 1018 and1015 steelRe
rystallization both Real shape and sizeof plasti
 zone 
anbe observed, straindistribution 
an be
onstru
ted Less that 2% defor-mation 
annot bemeasured:In 
arbon-
ontraining materailsde
arburization mayresult 304 stainlesssteel, Mild steelSele
ted area 
hanne-ling patterns (SACP) Both Measurements 
an berepeated:Sensitivityis good:Appli
ableto any 
rystallinematerial Spe
imen prepara-tion may be time
onsuming:Sele
tedarea size should besmaller than the grainsize 6061 AL-alloyShear lip size measu-rements Planestress Pra
ti
al and rapid Sensitive measu-rements 
annot bemade Steel and 7075Al-alloyX-ray mi
robeam Both The amount of plas-ti
 deformation 
anbe determined indepth:PZS 
an bemeasured on fra
turesurfa
es Sensitivity is limitedowing to probe size Al-alloy, Low Csteel, Cr-alloyedsteelTable 5.1: Plasti
 zone size measurement te
hniques for metalli
 materials [2℄



88 CRACK-TIP PLASTICITY5.2 Experimental ProgramFatigue 
ra
k growth experiments on monolithi
 aluminium 2024-T3, lami-nated aluminium 2024-T3 sheets and GLARE 3-5/4-0.4 have been perfor-med. Details are given in tables D.1, D.2 and D.3. The thi
kness of spe
i-mens was sele
ted to be approximately equal (i.e., 2 mm). The thi
kness ofmonolithi
 metal spe
imens was 2 mmwhile for metal laminate and GLARE,the metal layer thi
kness was 5× 0.4 = 2 mm, ex
luding adhesive and �bres.The geometry of CCT spe
imen and 
ross se
tion of the three materials areillustrated in �gure D.1. The starter not
hes were made by drilling a hole of3 mm diameter with two saw 
uts at both opposite sides oriented perpen-di
ular to the loading dire
tion. The total length of the starter not
h (2a0)was approximately 8 mm.5.2.1 Test MatrixLoad variations were applied in a CA baseline spe
trum with a maximumstress Smax = 100 MPa and a stress ratio R = 0.1. The single OL spe
trum hasan overload SOL = 145 MPa at aOL=11 mm. The multiple OL spe
trum hasthree overloads i.e. SOL1 = 145MPa; SOL2 = 130MPa and SOL3 = 115MPa at9, 12 and 19 mm respe
tively. Blo
k loading spe
tra are 
onstituted of twostress levels Smax1 = 100MPa and Smax2 = 140MPa and vi
e versa with stressratio R = 0.1. Details of these tests are given in table D.1, D.2 and D.3.5.2.2 Test Equipment & Pro
edureThe tests were 
ondu
ted in lab air at room temperature on a 
losed loopme
hani
al and 
omputer 
ontrolled servo-hydrauli
 testing system with aload 
apa
ity of 250 KN. The test frequen
y was 10 Hz. The test setup isshown in �gure D.2.5.3 Results & Dis
ussionThe output of the DIC software is shown in �gures 5.3, 5.4 and 5.5 forall three materials. Figure 5.6(a) shows the method used to measure theplasti
 zone size from the data a
quired with theDIC. Figure 5.6(b) shows the
omparison of plasti
 zone 
ontours a
quired using DIC for monolithi
 2024-T3, laminate aluminium sheets and FMLs for CA and OL 
ases. It is seen inthe �gure 5.6-(b) that the plasti
 zone in the laminated aluminum sheets
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5mm (a)

5 mm (b)Figure 5.3: DIC Outputs: (a) Monolithi
 Metal - CA, (b) Monolithi
 Metal - OLwithout �bres is larger than the other two materials. The larger plasti
 zonein the metal laminate is due to the presen
e of plane stress as the majorstress state due to the thin metalli
 sheets. While for the FMLs the plasti
zone size is quite small due to the presen
e of the �bres. with the addition of�bres the stress intensity fa
tor be
omes quite small, whi
h results in smallerplasti
 zone sizes. The quantitative plasti
 zone size 
omparison between
al
ulation and measurement is given in table 5.2.In 
ase of monolithi
 metal and metal laminates the 
al
ulated plasti
 zone is
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5 mm (a)

5 mm (b)Figure 5.4: DIC Outputs: (a) Laminated Aluminium sheets - CA, (b) Laminated Alu-minium sheets - OLsmaller than the one measured using DIC. This means that predi
tions usingonly the plasti
 zone 
al
ulation 
ombined with the Paris's 
ra
k growth re-lation (Wheeler) will be erroneous. This mismat
h between the 
al
ulationand measurement also indi
ate the existen
e of other overload related phe-nomena su
h as delayed retardation, gradual in
rease of 
ra
k growth rateafter retardation, et
. On the other hand, for FMLs the di�eren
e betweenthe 
al
ulated and measured plasti
 zone size is quite small. This may allow
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10mm (a)

10mm (b)Figure 5.5: DIC Outputs: (a) FML - CA, (b) FML - OLto use a plasti
 zone relation in 
ombination with a 
ra
k growth relation.Here, the Wheeler yield zone retardation model [12℄ is 
hosen as the modelthat 
ombines the Irwin approa
h and, the Paris 
ra
k growth relation.Other observations with the DIC measurement is the almost 
onstant plas-ti
 zone size in FMLs, while in the 
ase of monolithi
 and metal laminatethe plasti
 zone in
reased with the in
rease in 
ra
k length, as illustrated in�gure 5.7. From equation 2.4, it is known that the plasti
 zone is dire
tlyrelated to the 
ra
k-tip stress intensity fa
tor (Ktip). In monolithi
 metals
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Figure 5.7: Plasti
 zone formation and sizes 
omparison in Metals and FMLsand metal laminates, Ktip depends on the 
ra
k length and in
reases withthe 
orresponding in
rease in 
ra
k length. But in 
ase of FMLs, the plasti
zone size remained 
onstant. One expe
t that in
reasing the 
ra
k length, forthe same stress, will in
reases the Ktip. However, in
rease in 
ra
k lengthresults in the in
rease of number of �bres bridging the 
ra
k and �bre brid-ging stress intensity fa
tor Kbr. A

ording to equation 5.1, Ktip will remainalmost 
onstant, resulting in 
onstant plasti
 zone size.
Ktip = K f f −Kbr (5.1)5.3.1 Shear-Lip Formation & TopologyFigures 5.8, 5.9 and 5.10 shows the 
omparison of shear-lip formation andtopology in monolithi
 metal, laminated metal sheets and FMLs. Figure 5.8shows the shear-lips formation in monolithi
 metal for CA, single OL, mul-tiple OL and blo
k OL. The shear-lips shown in this �gure have typi
al sur-fa
e topology of tensile mode in start and followed by shear mode. The 
ra
kstarts with a pure tensile mode, followed by the 
hange in mode from puretensile to a shear mode or mix-mode 
ausing a shift in 
ra
k surfa
e (
ank)from 
at to slant. In addition, dark markings are observed for single andmultiple OL. Details about this typi
al formation of shear-lips 
an be foundin [13{15℄.
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 Aluminium 2024-T3Cra
k length Plasti
 zone sizeCal
ulated Measured (DIC)[mm℄ [mm℄ [mm℄A1 11.25 0.95 1.25A1 13.5 1.134 2.2A2 11.25 0.95 1.5A2 11.25 (at OL) 1.987 3.0A3 6 0.504 1.25A3 6 (at OL1) 1.06 3.0A3 9 0.76 2.0A3 9 (at OL2) 1.28 3.0Laminated Aluminium SheetsB1 13 1.092 1.6B1 16 1.344 2B2 15 1.26 1.8B2 15 (at OL) 2.65 4.0B3 9 0.84 1.2B3 9 (at OL1) 1.77 2.2B3 11 1.04 1.5B3 11 (at OL2) 1.76 3B5 12.6 2.226 4.6B5 12.6 (HI->LO) 1.0586 2.2GLARE3 5/4-0.4C1 12.75 0.2 0.25C1 19.25 0.2 0.25C2 11.1 0.2 0.25C2 11.1 (at OL) 0.41 0.5C3 9.25 0.2 0.25C3 9.25 (at OL1) 0.37 0.4C3 12.3 0.2 0.25C3 12.3 (at OL2) 0.25 0.35C5 13.2 0.35 0.4C5 13.2 (HI->LO) 0.2 0.25Table 5.2: Plasti
 zone measurementFigure 5.9 shows the shear-lip formation in laminated metal sheets without�bres. The shear-lips are quite small 
ompared to the monolithi
 metal andit o

urs very late during the fatigue 
ra
k growth. This shows a smallertensile region than observed in the 
ase of monolithi
 metals. The sameobservations were reported by S
hijve et al. [1℄ when 
omparing monolithi
metal and metal laminate. While for the multiple OL and blo
k OL 
ase, abold striation mark is observed on the 
ra
k surfa
e at the aOL. It is observedin the overload spe
imens that the 
ra
k lengths in all the metal layers areequal. This 
on�rms equal 
ra
k growth rate in all the layers.Figure 5.10 shows the shear-lip formation in FMLs. It was observed duringthe test that 
ra
ks grow almost in a straight line. After removing the spe
i-mens from the test ma
hine, it was quite hard to see the 
ra
k be
ause of thepresen
e of �bres 
losing the 
ra
k. In addition, the 
ra
k 
anks are straight
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Shear-Lip Formation Tensile mode

Slanted crack

Shear-Lip Formation

Application of overload

Delayed in !at-slant transformation due to overload

Slanted crack

Slant crack Shift of load from HI to LO

(a)

(b)

(c)

(d)Figure 5.8: Shear lip formation in Monolithi
 metal: a.Constant amplitude, b. Singleoverload, 
. Multiple overloads, d. Blo
k overload (HI-LO)and quite smooth having a perfe
t mat
h with ea
h other. Figures 5.10shows similar �ndings. In 
ase of monolithi
 metal and laminated metalsheets, it is quite 
lear to see the shear-lip and overload markings with thenaked eye or with an opti
al mi
ros
ope while in 
ase of FMLs it is quite dif-�
ult to use either of these te
hniques to see the shear-lip. Rodi et al. [16℄has used SEM to investigate the shear-lips topology in FMLs under stati
loads. For this investigation, although they has removed the �bre layersbut have the similar observations.The 
ra
k growth rate and stress intensity fa
tors of metal laminate, mono-lithi
 metal and FMLs are shown in �gure 5.11. The 
ra
k growth rate ofmonolithi
 metal is faster than the two other materials and the same is the
ase for the stress intensity fa
tor range. The 
urves for monolithi
 metaland metal laminate are quite similar to ea
h other with the only di�eren
e inthe shear-lips transition. In the metal laminate, the shear-lips transition islater than in the monolithi
 metal, but the transition is faster in 
omparisonwith monlithi
 metal. The shear lips transition is indi
ated in the �gure witha dotted box. For the FMLs no shear lip transition is observed be
ause the
ra
k surfa
e remained quite smooth.The other noti
eable observation is the equal 
ra
k length in the di�erent
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Tensile Mode Shear Mode

Tensile Mode

Tensile Mode

Application of overload

Shift of load from LO-HI

Tensile Mode

(a)

(b)

(c)

(d)Figure 5.9: Shear lip formation in Laminated Metal Sheets: a. Constant amplitude,b. Single overload, 
. Multiple overloads, d. Blo
k overload (HI-LO)metal layers of FMLs. During all the previous studies, equal 
ra
k lengthwas assumed. But during this study, it was proven to be a quite a

urateassumption. The overload mark on all the metalli
 surfa
es and the 
ra
klengths at the end of fatigue 
ra
k growth test were quite 
lose to ea
h other.SummaryDIC was used for measuring plasti
 zone sizes in monolithi
 metal, metal la-minates and FMLs. Plasti
 zones 
reated by overloads were predi
ted usinga simple theory and measured using DIC. In 
ase of monolithi
 metals andmetal laminates, a big di�eren
e was observed between the predi
ted andmeasured sizes. On the other hand, a small di�eren
e was observed bet-ween the predi
ted and measured plasti
 zone size in FMLs. The plasti
zone size 
al
ulated as well as measured for FMLs is almost 
onstant at any
ra
k length, whi
h is 
orresponding to the 
onstant Ktip observed for FMLs.In addition, shear-lip formation was 
ompared for monolithi
 metal, metallaminates and FMLs. Monolithi
 metals showed typi
al shear-lip pro�les
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Delaminated

Fibres

Fatigued crack !anks(a)
(b)Figure 5.10: Shear lip formation in Fibre metal laminates : (a).Constant ampli-tude, (b).Blo
k overload (HI-LO)with the tensile mode followed by a transition mode and �nally a shearmode. For metal laminates (without �bres) the mode transition happensquite late during the fatigue 
ra
k growth, but the transition length is smal-ler as 
ompared to monolithi
 metals. In FMLs, it is quite diÆ
ult to seethe shear-lip pro�le with naked eye or opti
al mi
ros
ope. Like the metallaminate, the major part of 
ra
k surfa
e is 
at and apparently no shear-lipsformation is observed on the 
ra
k surfa
e.Referen
es[1℄ J. S
hijve, H. T.M. van Lipzing, A. H. W. Hoeymakers, Fatigue proper-ties of adhesive-bonded lamianted sheet materal of aluminium alloys,Report LR-276, Delft University of Te
hnology (De
ember 1978).[2℄ A. Uguz, J. W. Martin, Plasti
 zone size measurement te
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 materials, Materials Chara
terization 37 (1996) 105{118.[3℄ W. T. Riddell, R. S. Pias
ik, M. A. Sutton, W. Zhao, S. R. M
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ra
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k-tip displa
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Chapter6

PREDICTION MODEL

Reprodu
ed from
• Khan, S.U., Alderliesten, R. C., Benedi
tus, R. Linear Damage A

umulation for Predi
ting Fatiguein FMLs under Variable Amplitude Loading. AIAA Journal of Air
raft,46(5),pp. 1706-1713, (2009).
• Khan, S.U., Alderliesten, R. C., Rans, C. D., Benedi
tus, R.AModi�edWheelerModel to Capture TheLimited Intera
tion E�e
ts in FibreMetal Laminates under Variable Amplitude Loading. EngineeringFra
ture Me
hani
s, 77(9), pp.1400-1416, (2010).

The only relevant test of the validity of a hypothesis is comparison of
prediction with experience.

Milton Friedman

(1912-2006)This 
hapter presents the experimental and analyti
al resear
hon the appli
ability of the fatigue
ra
k growth predi
tion models to Fibre Metal Laminates under variable amplitude loading. Are
ently developed 
onstant amplitude analyti
al predi
tion model for Fibre Metal Laminateshas been extended to predi
t fatigue 
ra
k growth under variable amplitude loading using Li-near Damage A

umulation, Yield Zone and Cra
k Closure Models. These updated modelshave been 
ompared with 
ra
k growth tests on Fibre Metal Laminates 
enter-
ra
ked tensionspe
imen. In the end it is dis
ussed to what extent or under whi
h 
onditions the predi
tionsfrom these models are suÆ
iently a

urate for Fibre Metal Laminates stru
tures.

M
any investigations have been performed to understand the fa-tigue behaviour of di�erent materials underVA loadings. Thisresulted in the development of a number of predi
tionmodelsranging from simple non-intera
tion models to more advan
eintera
tion models [1℄. 101



102 PREDICTION MODELOne main advantage of FMLs is the slow and almost 
onstant rate of 
ra
kgrowth under 
onstant amplitude (CA) fatigue loading. This property is dueto the load bridging behaviour of the inta
t �bre layers around a 
ra
kedme-talli
 layer. This bridging e�e
t redu
es the e�e
tive stress intensity fa
torin the 
ra
ked metalli
 layers, resulting in a smaller 
ra
k tip plasti
 zone,and thus smaller intera
tion e�e
ts under variable amplitude (VA) loading.As far as intera
tion e�e
ts are 
on
erned, Plokker et. al. [2℄ have reportedthe absen
e of 
ra
k growth a

eleration e�e
ts in FMLs under di�erent un-derloads and over/under load 
ombinations and highlighted the presen
e,although to a lesser degree 
ompared to monolithi
 metals, of 
ra
k growthretardation in FMLs. Due to this limited retardation, fatigue 
ra
k growthpredi
tions under VA based on Linear Damage A

umulation (a simple non-intera
tion model [2, 3℄), 
orrelate well with experimental data for loadspe
tra with minor variations. However, a mismat
h is observed in 
aseof spe
tra where load variations are more distin
t.A major follow up question is whether a simple intera
tion model wouldbe suÆ
ient to des
ribe the retardation e�e
ts during the large and distin
tload sequen
es o

urring in these load spe
tra. To answer this question, theWheeler 
ra
k growth predi
tion model [4℄, being one of the simplest andmost widely employed [5{19℄ model to quantify the fatigue 
ra
k growthretardation under sele
tive VA loadings, is sele
ted for fatigue 
ra
k growthpredi
tion in FMLs. Fatigue 
ra
k growth predi
tionsmade with theWheelermodel for monolithi
 metals are quite ina

urate due to the existen
e oflarge plasti
ity due to overloads, details 
an be found in [1, 7, 20{24℄. Anadditional modi�
ation to the Wheeler model is also in
luded to in
orporate
ra
k 
losure e�e
ts in addition to the plasti
 zone e�e
ts.Finally, CORPUS- the 
ra
k 
losure model is also models to 
ompare thepredi
itons of Yield zone model with the 
ra
k 
losure model. This 
ompa-rison fa
ilitates the approa
h of simpli�ed model for 
omplex material likeFMLs.
Ktip = K∞ −Kbr (6.1)6.1 Linear Damage A

umulation (LDA)The linear damage a

umulation model is based on a 
y
le-by-
y
le analy-sis independent of pro
eeding load 
y
les. It is an integration of 
al
ulated
ra
k growth in
rements ∆ai using 
ra
k growth relations [25℄ to obtain apredi
tion for the full load spe
trum. As a result, it is the simplest mo-del to predi
t the 
ra
k growth under VA loading. The advantage of the LDArule is 
omputational eÆ
ien
y, while the disadvantage is non-
onsiderationof non-linear fra
ture me
hani
s 
on
epts su
h as plasti
 zone formation in



LINEAR DAMAGE ACCUMULATION (LDA) 103front of the 
ra
k tip, 
ra
k 
losure in the wake of 
ra
k, 
ra
k growth re-tardation and 
ra
k growth a

eleration. In general, the LDA rule 
an bepresented mathemati
ally as:
a = a0+

n

∑
i=1

f (∆K,r, ..) = a0+
N

∑
i=1

∆ai (6.2)A model has been developed using the LDA rule (equation 6.2), in order
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Figure 6.1: Flow diagram of the LDA 
ra
k growth predi
tion modelto investigate the predi
tion a

ura
y of the LDA rule for FMLs under VAloading. The CA model of Alderliesten[26, 27℄ has been used as the basisfor development of this VA predi
tion model using LDA rule for FMLs. The
ow diagram of the LDA predi
tion model is shown in �gure 6.1.



104 PREDICTION MODEL6.2 Yield Zone ModelThe VA LDA model is modi�ed, using Yield zone model, to validate the hy-pothesis that limited retardation e�e
ts in FMLs as 
ompared to monoli-thi
 aluminium are easier to predi
t with simple methods. A simple non-intera
tion model based on Linear Damage A

umulation (LDA) was deve-loped . LDA model predi
ts well for the 
ases with limited 
ra
k growthretardation as observed in steep spe
tra with few high stress 
y
les. But thepredi
tions were ina

urate for the load spe
tra 
ausing large fatigue 
ra
kgrowth retardation as observed in 
at spe
tra with a large number of highstress 
y
les. Details about the model and its performan
e 
an be foundin [2, 3℄.The next step in the model development is to in
lude a simple retardationmodel. The yield zone model (equation 2.8) is sele
ted for implementationfor fatigue 
ra
k growth predi
tion in FMLs. The modi�ed Wheeler model,equation 2.12, is used for 
al
ulating the 
ra
k growth rate. The 
ow dia-gram of the VA FMLs model with this modi�ed Wheeler model is shown in�gure 6.2.6.3 Cra
k Closure ModelThe details of the 
ra
k 
losure models are given in se
tion 2.8.7. One of thefamous 
ra
k 
losure model (CORPUS) is used, in this thesis, for the fatigue
ra
k growth predi
tion in FMLs. The 
ow diagram of this model is shownin �gure 6.3.6.4 Model validation using test dataTo validate the model, fatigue 
ra
k growth experiments on GLARE 3-4/3-0.3 with 
ross-ply �bre orientation have been performed. These fatigue
ra
k growth tests have been performed on 
enter-
ra
ked tension (CCT)spe
imens, for whi
h the geometry is illustrated in �gure D.2. The starternot
hes are made by drilling a hole of 3 mm diameter with two saw 
uts, di-re
ting perpendi
ular to the loading dire
tion. The total length of the starternot
h (2a0) is approximately 5 mm.
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Figure 6.3: Flow diagram for the Cra
k 
losure model



MODEL VALIDATION USING TEST DATA 1076.4.1 Test MatrixFour types of VA load sequen
es are used for the performan
e evaluation ofall predi
tion models. Detail of these tests are given in table 6.1.To study the retardation and other overload related phenomena, a buildingblo
k approa
h is used; starting from a simple OL to 
omplex 
ight spe
-tra. For the single overload 
ase a CA baseline spe
trum with a maximumstress Smax = 120 MPa and a stress ratio R = 0.1 is used. A single overloadof SOL=175 MPa is applied at 100 k
y
les equivalent to a 
ra
k length of
aOL=9.5 mm.A multiple overload spe
trum is the se
ond load sequen
e type. The sameCA baseline spe
trum is used with three overloads of SOL1 = 175 MPa; SOL2= 158 MPa applied at 100,160and 220k
y
les equivalent to aOL1 = 9.3 mm;
aOL2 = 13.5 mm; aOL3 = 17.5 mm and respe
tively. The multiple overloadspe
trum is used to investigate whether the modi�ed Wheeler model 
an beused to predi
t 
ra
k growth retardation after ea
h overload and to whatextent the three overloads interfere with ea
h other.The third type of load sequen
es investigated is a blo
k load sequen
e withtwo 
on�gurations i.e., LO-HI and HI-LO. The same stress levels are usedfor both the blo
k load sequen
es. Two stress levels Smax1 = 100MPa for theLO 
y
les and Smax2 = 140 MPa for the HI 
y
les with a stress ratio R = 0.1are used. The 
hange in the stress level is applied at 100 k
y
les. In 
aseof LO-HI sequen
e stress level are 
hanged at aTR=6.9 mm and for HI-LO
aTR=12.7 mm. These load sequen
es are used to investigate the e�e
t ofblo
k of overload 
y
les on the fatigue 
ra
k growth.Apart from these sele
tive VA load spe
tra, representative 
omplex 
ightspe
tra are also used for the model evaluation. Qualitatively, these spe
traare Spe
trum-I whi
h is a typi
al wide body fuselage spe
trum, spe
trum-IIwhi
h is a Mega linear front fuselage spe
trum and Spe
trum-III whi
h is aMega liner aft fuselage spe
trum. Spe
trum I and Spe
trum II are almostidenti
al with a small number of overloads while Spe
trum-II is di�erentand a more severe spe
trum. Spe
trum-II has a large number of overloadsapplied very 
lose to ea
h other.6.4.2 Test Equipment & Pro
eduresThe tests were 
ondu
ted in lab air at room temperature on a 
losed loopme
hani
al and 
omputer 
ontrolled servo-hydrauli
 testing system with aload 
apa
ity of 6 metri
 tons. The test frequen
y was 10 Hz.
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CTIONMODEL

Table 6.1: Fatigue 
ra
k growth test matrixCA 
y
les Load variationType of Loading Maximum stress Stress ratio[MPa℄ [MPa℄Single overload 120 0.1 175Multiple overload 120 0.1 175,158,139Blo
k loading-LO-HI 100 0.1 140Blo
k loading-HI-LO 140 0.1 100Spe
trum loading-I Wide body fuselage spe
trumSpe
trum loading-II Mega liner front fuselage spe
trumSpe
trum loading-III Mega liner aft fuselage spe
trum



RESULTS AND DISCUSSION 1096.5 Results and Dis
ussion6.5.1 Linear damage a

umulationThe 
omparisons of LDA predi
tions with the tests results are shown in �-gures 6.4-6.10.Single OverloadFigure 6.4 shows the 
omparison for single overload of 175 MPa in the CAbaseline 
y
les of Smax = 120 MPa and stress ratio R = 0.1.The 
ra
k growth retardation is not predi
ted due to the limitation of LDAapproa
h being a non-intera
tion model. The magnitude of retardation in
ase of a FMLs is less than the monolithi
 metals 
ase making the LDA pre-di
tions slightly more reliable for FMLs. The 
omparison also shows thatthe 
ra
k growth rate gets ba
k to the original rate as soon as the 
ra
k isout of retardation region (whi
h is always larger than plasti
 zone size).Multiple OverloadSimilar to the single overload 
ase (�gure 6.4(a)), the 
ra
k growth rate in themultiple overload 
ase (�gure 6.5(a)) gets ba
k to original level dependingon the magnitude of SOL and ROL. Figure 6.5(a) shows the 
omparison for the
ase with multiple overloads of 175, 158 and 139 MPa respe
tively in the CAbaseline 
y
les of Smax=120 MPa and R = 0.1. It is known from the literaturethat in metals the retardation region is highly in
uen
ed by the magnitudeof SOL, and similar behavior is seen in 
ase of GLARE. By redu
ing the SOLfrom 175 to 158 and then to 139 MPa the 
ra
k growth retardation keepde
reasing (�gure 6.5(a)).Blo
k loadFigures 6.6 and 6.7 show the 
omparison between LDA predi
tion and testresults for the two di�erent sequen
es of blo
k loads. The stress values are
Smax1=100 MPa, R = 0.1 and Smax2=140MPa, R = 0.1. Figure 6.6(a) shows the
omparison for the Low-High blo
k loading 
ase. Sin
e the loading sequen
eis going from low to high values, there will not be any retardation but dueto in
rease in stress level, 
ra
k growth a

eleration is observed. The errorin this 
ase is less than the 
ases shown in �gures 6.4 and 6.5, be
ause theintera
tion e�e
ts are absent in the test.
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(b)Figure 6.4: Correlation between experiment and predi
tions for single overload: (a).Cra
k growth rate Vs. Cra
k length, (b). Cra
k length Vs. Number of 
y
lesFigure 6.7(a) shows the 
omparison between test results and the LDA pre-di
tions in 
ase of the high-low blo
k loading sequen
e. The error in 
ra
kgrowth predi
tion is evident from this 
omparison. Due to the presen
e of
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k growth rate Vs. Cra
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y
lesblo
k of high (overload) 
y
les the 
ra
k growth retardation is more thanthe 
ase of a single overload. Here it is 
lear that the LDA being a non-



112 PREDICTION MODELintera
tion model is unable to predi
t the 
ra
k growth and retardation.Flight spe
traFigure 6.8- 6.10 exhibit the 
omparison of 
ra
k growth test results with theLDA predi
tions for representative 
omplex air
raft spe
tra. Three di�erentspe
tra are used with di�erent Smax values and sequen
es. Spe
trum I is awide body fuselage spe
trum while spe
trum II is a mega liner front fuselagespe
trum and Spe
trum III is mega liner aft fuselage spe
trum, as detailed intable 6.1. The loading spe
trum (Spe
trum II) used in �gure 6.9 is a severespe
trum with a lot of variations in the stress peaks.The observed mismat
h in LDA predi
tion and test result for spe
trum II(�gure 6.9), while only a small error is observed for the other two spe
tra(�gures 6.8,6.10) 
an be attributed to the nature of these spe
tra. To avoiddis
losing proprietary information, only the graphi
al representation of thethree spe
tra in �gure 6.8, 6.9 and 6.10 will be used for 
omparison anddis
ussion. Comparing the spe
tra, one 
an observe that spe
trum I and IIhave all loads randomly distributed between minimum and maximum va-lues. Only spe
trum III seems to have less amplitude 
y
les on the lowerstress range, but that has no signi�
ant e�e
t on 
ra
k growth, resultingin similar behavior as spe
trum I. However, spe
trum II has 
learly largeload 
y
les distributed throughout the spe
trum with mostly stress 
y
les inthe lower stress range. These high stresses have a retardation e�e
t on thesmaller stress 
y
les that are not 
aptured by LDA predi
tions.Comparing to a single overload situation �gure 6.4, the 
ra
k in �gure 6.9seems unable to grow out of the retardation zone of previous high load in thespe
trum II before fa
ing subsequent high load. This 
ontinuous retardationnot 
aptured by LDA results in the systemati
 mismat
h.6.5.2 Yield Zone ModelFigures 6.4-6.10 show the 
omparisons of the predi
tions with the FMLsmodels with the tests results.Single OverloadThe 
omparison for single overload of 175 MPa in the CA baseline 
y
les of
Smax = 120 MPa and stress ratio R = 0.1 is shown in �gure 6.4. The modi�edWheeler is able to a

urately predi
t the 
ra
k growth retardation observedfor a single overload 
y
le as shown in �gure 6.4. An interesting observation
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RESULTS AND DISCUSSION 115from �gure 6.4 is that there is hardly any di�eren
e between the predi
tionand experimental data after the appli
ation of overload. In other words, thenumber of delay 
y
les predi
ted and observed in the test are almost equal.This 
an be attributed to the existen
e of inta
t �bers whi
h restrain the 
ra
kopening and redu
es the Ktip (equation 6.1) leading to the small plasti
 zonewhi
h is equal to the one 
al
ulated using Irwin's relation(equation 2.4). The
ra
k growth rate returns to the previous level as soon as the 
ra
k tip is outof the plasti
 zone formed by the overload. Figure 6.4-(b) shows the 
ra
klength Vs. number of 
y
les for single overload 
ase.Multiple OverloadFigure 6.5 shows the 
omparison for the 
ase with multiple overloads of 175,158 and 139MPa respe
tively in the CA baseline 
y
les of Smax=120MPa and
R = 0.1. The 
ra
k growth rate in the multiple overload 
ase, also returns tooriginal level depending on the magnitude of SOL and ROL. This behaviour issimilar to the one observed in single overload 
ase, shown in �gure 6.5. Itis known from the literature that in metals the retardation region is highlyin
uen
ed by the magnitude of SOL, and similar behavior is observed in 
aseof FMLs. By redu
ing the SOL from 175 to 158 and then to 139 MPa the
ra
k growth retardation e�e
t de
reases (�gure 6.5. As far as predi
tionsare 
on
erned, the modi�ed Wheeler model seems able to perform a

uratepredi
tions for isolated overload 
ases up to ROL=1.45. Figure 6.5-(b) showsthe 
ra
k length Vs. number of 
y
les.Blo
k LoadFigures 6.6 and 6.7 show the 
omparison between the modi�ed Wheelermodel predi
tion and test results for the two di�erent sequen
es of blo
kloads. The stress values are Smax1=100 MPa, and Smax2=140MPa, both at
R = 0.1. Figure 6.6 shows the 
omparison for the LO-HI blo
k loading 
ase.As the load sequen
e is going from low to high values, there will not beany retardation, but due to an in
rease in the stress level, the 
ra
k growthrate in
reases to the level asso
iated with the higher stress level. The errorobserved in this 
ase is less than the other 
ases shown in �gures 6.4 and6.5, be
ause the intera
tion e�e
ts are absent in the test.Figure 6.7 shows the 
omparison between test results and the modi�edWheeler model predi
tions in 
ase of the HI-LO blo
k load sequen
e. Al-though a retardation level is 
omputed with the modi�ed Wheeler model, adelay retardation 
an be observed in the experiments that is not 
aptured bythe model predi
tions. Similar to metals, in FMLs a large blo
k of overload
y
les 
reates larger plasti
 zones resulting in large retardation. As far as the



116 PREDICTION MODELmodi�ed Wheeler model in 
ase of HI-LO blo
k loading is 
on
erned, theinitial retardation after the transition from HI-LO load is predi
ted, but thenumber of delay 
y
les is ina

urate. After predi
ting the initial retardationa

urately, after the overload, a mismat
h is observed in the predi
tion andexperiment, as shown in �gure 6.7-(b). This 
an be explained as, in 
ase oflarge plasti
ity due to large number of high 
y
les the predi
tions are ina
-
urate.Flight Spe
traFigures 6.8-6.10 show the 
omparison of 
ra
k growth test results with thethe modi�ed Wheeler model predi
tions for representative 
omplex air
raftspe
tra. Three di�erent spe
tra are used with di�erent Smax values and se-quen
es. The loading spe
trum used in �gure 6.9 is a severe spe
trum with alot of variations in the stress peaks. To avoid dis
losing proprietary informa-tion, only the graphi
al representation of the three spe
tra in �gures 6.8-6.10will be used for 
omparison and dis
ussion.A mismat
h is observed for the modi�ed Wheeler predi
tion and test re-sult for spe
trum II (�gure 6.9), while only a small error is observed for theother two spe
tra (�gures 6.8-6.10). This 
an be attributed to the natureof these spe
tra. Comparing the spe
tra, one 
an observe that spe
trum Iand II have all loads randomly distributed between minimum and maximumvalues. Only spe
trum III seems to have less amplitude 
y
les on the lowerstress range, but that has no signi�
ant retardation e�e
t on 
ra
k growth,resulting in similar behavior as spe
trum I. However, spe
trum II has 
learlylarge load 
y
les distributed throughout the spe
trum with the majority ofthe stress 
y
les in the lower stress range.Comparing to a single overload situation �gure 6.4-(a), the 
ra
k in �gure 6.9seems unable to grow out of the retardation zone of previous high load in thespe
trum II before fa
ing a subsequent high load. This 
ontinuous retarda-tion, not 
aptured by the modi�ed Wheeler model, results in the systemati
mismat
h. This 
on
ept is illustrated in �gure 6.11. In the modi�ed Wheelermodel, the 
ra
k growth rate returns to the original rate(prior overload) veryqui
kly, while in reality it takes longer (larger number of delay 
y
les). Se-
ondly, in 
ase of the 
omplex Spe
trum II, the situation is further 
ompli
a-ted by the appli
ation of additional overloads before the a
tual 
ra
k growthrate has rea
hed its original level. A small error is generated due to the dif-feren
e of a
tual and predi
ted 
ra
k growth rate when another overload isapplied (point B shown in �gure 6.11). This small error is 
ompounded dueto the appli
ation of 
onse
utive overloads (point C in �gure 6.11). Be
auseof this, a lower 
ra
k growth rate is observed in experiments 
ompared tothe predi
tions (�gure 6.9).
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Figure 6.11: Illustration explaining the reason of mismat
h for 
omplex spe
tra (e.g.Spe
trum II)One may also relate this behavior to de Koning's [28℄ primary and se
ondaryplasti
 zone 
on
ept that makes the large di�eren
e between the predi
tionand test results.6.5.3 Cra
k Closure ModelFigures 6.4-6.8 show the 
omparisons of the predi
tions with the Cra
k 
lo-sure FMLs model with the tests results.Single OverloadThe 
omparison for single overload of 175 MPa in the CA baseline 
y
les of
Smax = 120 MPa and stress ratio R = 0.1 is shown in �gure 6.4. The 
ra
k
losure model is able to a

urately predi
t the 
ra
k growth retardation ob-served for a single overload 
y
le as shown in �gure 6.4-(a). An interesting



RESULTS AND DISCUSSION 121observation from �gure 6.4-(a) is the predi
tion of delayed retardation atthe time of appli
ation of overload. This phenomenon is not predi
ted byLDA and Modi�ed yield Zone Model. In addition, unlike yield zone modelthe 
ra
k tip takes sometime to get ba
k to the pre-overload 
ra
k growthrate. Figure 6.4-(b) shows the 
ra
k length Vs. number of 
y
les for singleoverload 
ase.Multiple OverloadFigure 6.5 shows the 
omparison for the 
ase with multiple overloads of175, 158 and 139 MPa respe
tively in the CA baseline 
y
les of Smax=120MPa and R = 0.1. The 
ra
k growth rate in the multiple overload 
ase, alsoshow the delayed retardation at the appli
ation of overload. But the delayedretardation is verymu
h depending on the overload ratio, sin
e it is not quiteprominent in the SOL=158 and 130MP 
ases. Similar to single overload 
ase,
ra
k-tip takes sometime to get ba
k to the pre-overload 
ra
k growth rate.Figure 6.5-(b) shows the 
ra
k length Vs. number of 
y
les.Blo
k LoadFigures 6.6 and 6.7 show the 
omparison between the 
ra
k 
losure modelpredi
tion and test results for the two di�erent sequen
es of blo
k loads.The stress values are Smax1=100 MPa, and Smax2=140MPa, both at R = 0.1.Figure 6.6 shows the 
omparison for the LO-HI blo
k loading 
ase. As theload sequen
e is going from low to high values, there will not be any re-tardation, but due to an in
rease in the stress level, the 
ra
k growth ratein
reases to the level asso
iated with the higher stress level. The error ob-served in this 
ase is less than the other 
ases shown in �gures 6.4 and 6.5,be
ause the intera
tion e�e
ts are absent in the test.Figure 6.7 shows the 
omparison between test results and the 
ra
k 
losuremodel predi
tions in 
ase of the HI-LO blo
k load sequen
e. Cra
k 
losuremodel is able to predi
t number of delay 
y
le quite 
lose to the experimentaldata similar to single and multiple overload 
ase. This statement 
an beobserved in the 
ra
k length Vs. Number of 
y
le 
urve shown in �gure 6.7-(b).Flight Spe
traFigures 6.8-6.10 show the 
omparison of 
ra
k growth test results with thethe 
ra
k 
losuremodel's predi
tions for representative 
omplex air
raft spe
-tra. Three di�erent spe
tra are used with di�erent Smax values and sequen
es.



122 PREDICTION MODELThe loading spe
trum used in �gure 6.9 is a severe spe
trum with a lot ofvariations in the stress peaks. To avoid dis
losing proprietary information,only the graphi
al representation of the three spe
tra in �gures 6.8-6.10 willbe used for 
omparison and dis
ussion.A mismat
h is observed for the 
ra
k 
losure predi
tion and test result forall three spe
tra (�gure 6.8-6.10). However, the di�eren
e between the pre-di
tion and experimental data is quite large for the Spe
trum I while thedi�eren
e is smaller for the other two spe
tra. But the model is under-predi
ting the 
ra
k growth rate and this is observed as well in the 
ra
klength Vs. Number of 
y
le 
urves. This mismat
h 
an be attributed to theover estimation of 
ra
k-tip plasti
 zone size espe
ially due to the se
ondaryplasti
 zone.6.6 SummaryA Linear Damage A

umulation based model has been introdu
ed and eva-luated with experimental results. It has been shown that the model does notpredi
t the 
ra
k growth well, when distin
t load sequen
es o

ur in the ap-plied spe
trum. However, for load variations with small intera
tion e�e
tsand full air
raft spe
tra with randomly distributed load 
y
les, the model
orrelated fairly well with experimental results.Furthermore, it has been observed from the experiments, that the 
ra
kgrowth retardation after an overload gradually diminishes until the 
ra
kgrowth rate has rea
hed its level prior to the appli
ation of the overload.Although di�erent in magnitude, the phenomenon 
orresponds qualitati-vely with the behavior observed for monolithi
 metals. Similar to metals isthe dependen
y of the 
ra
k growth retardation on the overload ratio ROL.Small ratio's results in less retardation and smaller delay zones.Out of the three evaluated air
raft fuselage spe
tra, two 
orrelated quite wellwith the predi
tions based on non-intera
tion. The spe
trum for whi
h the
orrelation was insuÆ
ient 
ontained distin
t severe peak 
y
les as 
ompa-red to the remainder of the spe
trum 
y
les. This might indu
e more distin
t
ra
k growth retardation, whi
h is not 
aptured by the non-intera
tion mo-del. This supports the 
on
lusion that the LDA based predi
tion of 
ra
kgrowth in FMLs 
an only be a

urate if the load 
y
les are evenly and ran-domly distributed throughout the applied load spe
trum.The fatigue 
ra
k growth behavior in FMLs has been further investigatedusing a simple intera
tion model. The experimental data for di�erent sele
-tive variable amplitude loading and 
ight spe
tra reasonably 
orrelates withthe Yield Zone model predi
tions. The basi
 assumption of small intera
tion
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ts due to 
ra
k bridging proves to be valid.In 
ase of sele
tive VA loading the predi
tion model performs well. In singleoverload, modi�ed Wheeler model is able to predi
t the 
ra
k growth re-tardation and number of delay 
y
les ex
eptionally well. The same 
an be
on
luded for multiple overload and blo
k load (LO-HI).For blo
k loading, LO-HI is the spe
trum whi
h 
annot 
ause 
ra
k growthretardation. Modi�ed Wheeler model predi
tions are in good agreementwith the test data. The model is able to follow the trend as the SMAX is
hanged from LO to HI. However, for the HI-LO the model is able to pre-di
t the 
ra
k growth retardation but the number of delay 
y
les is di�erentsequen
e, from the test data. This error is due to the basi
 de�nition of
ra
k-tip plasti
ity being the only 
ause of 
ra
k growth retardation in themodi�ed Wheeler predi
tion model.For 
ight spe
tra, the model predi
t well for Spe
trum I (Wide body fuselagespe
trum) and Spe
trum III (Mega liner front fuselage spe
trum). For Spe
-trum II (Mega liner aft fuselage spe
trum) predi
tions are relatively poor.This mismat
h is due to the di�erent nature (frequent overloads are o

ur-ring 
losely) of Spe
trum II from other spe
tra.Finally, the 
ra
k 
losure model is used to predi
t the 
ra
k growth for thesele
tive and 
ight spe
tra. Although, the model is able to show the delayedretardation at the appli
ation of overload and the number of delayed 
y
lesmat
hes the experimental data more than Yield zone model. but for the
ight spe
tra, the predi
tions are quite far from the experimental data. Thismismat
h 
an be attributed to the over estimation of 
ra
k-tip plasti
 zoneespe
ially due to the estimation of se
ondary plasti
 zone.In short, the yield zone model, predi
ted well for most of the spe
tra with li-mited load variations i.e. small peak-to-peak ratio and less arbitrary/distin
tdistribution of load 
y
les in spe
trum.Referen
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Chapter7

PREDICTIONS:POST­

STRETCHED

LAMINATES

Reprodu
ed from Khan, S.U., Alderliesten, R.C., Benedi
tus, R. Post-Stret
hing Indu
ed Stress Redistri-bution In Fibre Metal Laminates For In
reased Fatigue Cra
k Growth Resistan
e. Composite S
ien
e andTe
hnology, 69(3-4), pp. 396-405, (2009).

Occurrences in this domain are beyond the reach of exact prediction because of the variety of
factors in operation, not because of any lack of order in nature.

Albert Einstein

(1879-1955)Post-stret
hing is a potential method to 
hange the unfavorable residual stress system in Fibremetal laminates (FMLs). During post-stret
hing of the material, the metal layers will be strai-ned into the plasti
 region of the stress-strain 
urve, while the �bre layers remain elasti
. Afterunloading, the residual stress system due to 
uring will be redu
ed or even reversed dependenton the amount of stret
hing. Classi
al laminate theory is further extended to 
al
ulate the stressredistribution after stret
hing the uni-dire
tional laminates (ARALL and GLARE). This 
hapterpresent the method to 
al
ulate the residual internal stress distribution in the �bre dire
tion.For the validation of the post-stret
hing formulations, fatigue 
ra
k growth tests performed onGLARE1-2/1, 3/2, 4/3, 5/4-0.3 have been 
ompared with post-stret
hed predi
tion model.
127
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F

ibre Metal Laminates (FMLs) are 
ured at elevated tempera-tures. At the 
uring temperature there are no internal stressespresent. But during the 
ooling pro
ess the thermal 
ontra
-tion of the aluminium layers will be greater than the thermal
ontra
tion of the �bre layers as result of the di�eren
e in thermal expan-sion 
oeÆ
ients. This results in an un-favourable stress distribution of metalwith tensile and �bre with 
ompressive stresses.Figure 2.1 shows that 
ooling down results in a tensile stress in the alumi-nium layers, whi
h depends on the lay-up. This stress is unfavorable 
onsi-dering fatigue loading. The stress allows an in
reased 
ra
k opening and soenlarges the stress intensity fa
tor variation at the 
ra
k tip.
-100 100 Mpa
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O
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Fibers Metals

-55
O
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20
O
C

Metals Fibers

-55
O
C

Tension

Residual stress

Compression

0

as cured

0.4% post-

stretched

Figure 7.1: Residual stresses in the aluminium and �bre layers of ARALL in the as
ured 
onditions and after post-stret
hing for room temperature and −55◦C [1℄Post-stret
hing of 
ured �bre-metal laminates is sometimes performed toover
omepotential negative e�e
ts of these residual tensile stress in the me-tal layers. The residual tensile stress in the aluminium layers 
an be reversedinto a 
ompressive stress by yielding the laminate to a small (positive) per-
entage. It has proven to have a bene�
ial e�e
t on the fatigue properties.Post-stret
hing 
an be seen as a means to alter the internal stress distri-bution in the laminates to obtain desirable properties. The post-stret
hingme
hanism is illustrated in �gure 2.2.The material state dire
tly after the 
uring 
y
le is 
alled the as-
ured state.



129For laminates 
ontaining the fatigue sensitive 7xxx aluminium, this state re-sults in relatively poor fatigue properties 
ompared to laminates 
ontaining2024-T3 aluminium. The tensile stress 
an be altered by a small amountof yielding (< 0.5%). The state after the stret
hing pro
ess is 
alled post-stret
hed or pre-strained state of the material.
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0.42% Stretched - S al=-103 MPaFigure 7.2: E�e
t of post-stret
hing level on the 
ra
k growth behaviour of GLARE1-3/2-0.3 at 150 MPa and R=0.05. [2℄An illustration of the residual stresses in the aluminium and �bre layers ofARALL is given in �gure 7.1 for room temperature and −55◦C. The residualstresses of the as-
ured laminate in
rease for de
reasing temperatures whi
his 
learly visible in �gures 2.1 and 7.1. Post-stret
hing of 0.4% reverses theresidual stresses, resulting in 
ompressive stresses in the aluminium layersand tensile stresses in the �bre layers.Post-stret
hing results in improved fatigue initiation and 
ra
k growth pro-perties. This 
an be attributed to three main reasons: First, due to thedownward shift of stress 
y
le i.e., redu
tion of mean stress Smean. Se
ond,the tensile residual stresses in the prepreg redu
e the extent of mi
ro bu
k-ling failure of �bres (spe
ially in 
ase of aramid �bres), providing improved
ra
k bridging. Third, the 
ompressive residual stresses in aluminium havea 
ra
k 
losing e�e
t and result in 
ra
k growth retardation in metal layers.Figure 7.2 shows the e�e
t of the post-stret
hing per
entage on fatigue 
ra
kgrowth for GLARE1-3/2-0.3 at Smax =150MPa and R=0.05. The 
ra
k growthrate is highly in
uen
ed by the post-stret
hing per
entage. Figure 7.3 
om-
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Figure 7.3: Fatigue 
ra
k growth of stret
hed and un-stret
hed ARALL-1 Laminateand 7075-T6 sheet. ARALL-1 Laminate: 3/2 lay-up; 1.6mm (0.06 in.) thi
k. 7075-T6sheet: 1.3mm (0.05 in.) thi
k. σmax=85.5 MPa (12.4 ksi), R=0.1 [3℄pares the 
ra
k growth of stret
hed, non-stret
hed ARALL and aluminium7075-T6.Post-stret
hing the laminate at higher per
entages will result in plasti
 de-formation that redu
es the 
ompressive yield strength of the laminate, dueto the so-
alled Baus
hinger e�e
t [4{6℄.7.1 Mathemati
al Modeling of Post-Stret
hingThe 
lassi
al laminate theory (CLT) does not a

ount for the laminates thathave been 
ured at a temperature di�erent from the design operating tem-perature. Homan [7℄ modi�ed the CLT by in
orporating the thermal and
uring stress 
omponents. Honselaar [8℄ has in
orporated a formulation inthe CLT to 
al
ulate the residual internal stress in metal layer after post-stret
hing, while he used the Marissen model [9℄ for fatigue 
ra
k growthpredi
tions. In this 
hapter, the Honselaar te
hnique is used to 
al
ulatethe residual internal stress in metalli
 layers but it is implemented in Alder-liesten model [10, 11℄.For fatigue 
ra
k growth predi
tion for post-stret
hed laminates, a post-
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Figure 7.4: Flow diagram for the 
ra
k growth predi
tion modelstret
hing subroutine is added to the analyti
al model of Alderliesten [10,11℄. The 
ow diagram of the predi
tion model is shown in �gure 7.4. The in-put parameters are the post-stret
hed stress state (output of post-stret
hingsubroutine), input parameters i.e., material parameters, 
ra
k geometry,Paris 
onstants for 
ra
k and delamination growth and initial delaminationshape. Outputs are 
ra
k length, 
ra
k growth rate, number of 
y
les.7.2 Test Spe
i�
ationsTest data presented in [12℄ is used for the validation of the 
al
ulation pro-
edure explained in the se
tion 7.1. Fatigue 
ra
k growth tests have beenperformed on 
enter-
ra
ked tension (CCT) spe
imens, for whi
h the geo-metry is illustrated in �gure 7.5. The starter not
hes were made by drillinga hole of 1.5 mm diameter with two saw 
uts, dire
ting perpendi
ular to theloading dire
tion. The total length of the starter not
h (2a0) was approxima-tely 3 mm.
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Figure 7.5: Test spe
imen dimensionsThe tests were 
ondu
ted in lab air at room temperature on a 
losed loopme
hani
al and 
omputer 
ontrolled servo-hydrauli
 material testing system(MTS) with a load 
apa
ity of 6 metri
 tons. Constant amplitude sinusoidalshaped 
y
les were applied at frequen
y of 10 Hz. The 
ra
k length wasvisually inspe
ted with a mi
ros
ope (magni�
ation 15X). The tests werestopped at a 
ra
k length of a=20 mm or at a number of 500,000 fatigue
y
les. The half 
ra
k length of the left and right 
ra
k was re
orded every20,000 
y
les for the �rst 100,000 
y
les and later for every 50,000 
y
les.Final 
ra
k growth 
urves were generated with an average between left andright half 
ra
k length. Details of these tests have been given in Table 7.1.7.3 Results and Dis
ussionFigure 7.6-(a) exhibits the 
omparison of test results with the predi
tions forGLARE1-2/1-0.3 with Smax=150 MPa and R = 0.05. The 
omparison is donefor the 0.065% and 0.27% post-stre
hing. For both post-stret
hing per
en-tages the fatigue 
ra
k growth predi
itons are fairly 
lose to the test data.But in 
ase of high post-stre
hing pre
entages, i.e., 0.30 and 0.42, shownin �gure 7.6-(b) and (a), predi
tions are not a

urate enough. However, for



RESULTS AND DISCUSSION 133Table 7.1: GLARE1 test matrix for validation of 
al
ulationsMaximum applied Stress ratio Post-stret
hing Lay-upstress Smax R %120 0.1 0.065,0.30,0.45 2/10,0.20,0.32,0.45 3/20,0.20,0.40 4/30,0.14,0.33 5/4150 0.1 0.065,0.27 2/10.08,0.2,0.27,0.42 3/20.13,0.30 5/4the low post-stret
hing per
entages and smaller 
ra
k lengths, the predi
tionmodel is able to 
apture the trends. The di�eren
e between the predi
tionsand test results in 
ase of highly post-stret
hed laminates 
an be explainedusing dK/da, whi
h has been introdu
ed by S
hijve [13℄. The strongly ne-gative dK/da value for the highly post-stret
hed materials (e.g.as shown in�gure 7.6-(a)), will redu
e the 
ra
k growth rate and will lead to the 
ra
karrest. For negative dK/da, even in the 
ase of CA loading, previous load
y
les 
an a
t similar to peak loads for the following 
y
les and redu
e the
ra
k growth. This 
an be one of the reason of redu
tion in 
ra
k growthrate. S
hijve [14℄ has explained this de
reasing K(a) fun
tion using 
ra
kedge loading.The a

ura
y of predi
tion is also in
uen
ed by the layup. Comparing �-gure 7.6-(a), (b) and (a) it is observed that by in
reasing the number ofmetalli
-�bre interfa
es, the error in
reases between the predi
tion and testresults. Similar trend is observed in the 
ase of Smax=120 MPa, shown in �-gure 7.7-(a), (b), (a) and (b). This observation 
an be explained by lookingat the post-stret
hing pro
ess. During post-stret
hing pro
ess, aluminiumlayers are plasti
ally deformed. Due to yielding and subsequent strain har-dening the yield strength 
hanges, whi
h has an e�e
t on the 
ra
k growthbehavior [15{17℄. This is not a

ounted for in the model. In addition, one
ould expe
t that the post-stret
hing pro
edure a�e
ts the interfa
e betweenaluminium and �bre. The aluminium yields and elongates, while the �bresdo not and the adhesive in-between has to remain 
ompatible. This 
ouldalso e�e
t the fatigue delamination resistan
e. Despite the fa
t that numberof �bre-metal interfa
es are 
onsidered in the model but the 
hange in beha-viour at the interfa
es is not a

ounted for in the model. This also explainsthe initial 
orrelation between the test and predi
tion. Furthermore, duringthe 
al
ulation only the elasti
 Poisson ratio is used whi
h as-a-matter-of-fa
t 
an 
ontribute to the error in the predi
tions and tests. On top of allthat, the a

ura
y of post-stret
hing pro
edure 
an not be negle
ted. Obtai-
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(b)Figure 7.6: Comparison of test result and fatigue 
ra
k growth predi
tion for (a)GLARE1-2/1-0.3, Smax=150MPa, R=0.05; (b) GLARE1-3/2-0.3, Smax=150MPa,R=0.05ning a required per
entage of post-stret
hing within very small toleran
es isnot easy, but has signi�
antly e�e
t the stress distribution and subsequent
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(a)Figure 7.6: Comparison of test result and fatigue 
ra
k growth predi
tion for (a)GLARE1-5/4-0.3, Smax=150MPa, R=0.05
ra
k growth behavior.Finally, high a

ura
y 
an never be expe
ted for highly post-stret
hed lami-nates. The K values 
al
ulated with the model are the result of mu
h higher(in absolute sense) positive K values due to external loading and negativeK values resulting from post-stret
hing, have smaller relative error. Howe-ver, when the absolute magnitude of these K values is added up, a largerelative error 
an be expe
ted. Nevertheless, the strongly de
reasing pre-di
ted 
urves (shown in �gures 7.6-(b), 7.7-(a) and 7.7-(b)), demonstrate thequality of the model.The main fo
us of this 
hapter is post-stret
hing and the method to 
al
ulatethe stress redistribution. From the 
omparison of test results and predi
-tions, it 
an be 
on
luded that the 
al
ulation of stress redistribution seemsto work. The di�eren
e in predi
tion and test data is only related to 
ra
kgrowth and delamination as explained. To enhan
e the 
ra
k growth pre-di
tion, further investigation of these aspe
ts is required. For example, the
ra
k growth resistan
e 
ould be determined for plasti
ally stret
hed barealuminium. In addition, delamination tests as reported in [10℄ 
ould berepeated on post-stret
hed laminates.
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tion for (a).GLARE1-4/3-0.3, Smax=120MPa, R=0.05; (b) GLARE1-5/4-0.3, Smax=120MPa,R=0.057.4 SummaryDuring 
uring of FMLs metalli
 layers have tensile stresses while the �breshave 
ompressive stress. Post-stret
hing is the method to alter this unfa-
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Chapter8

CONCLUSION
With a suddenness that startled them all, the wizard Gandalf
sprang to his feet. He was laughing! “I have it!” he cried. “Of
course, of course! Absurdly simple, like most riddles when you

see the answer.”

From The Fellowship, part 1 of the trilogy,
The Lord of the Rings

by J. R. R. Tolkien (Tolkien, 1954)

T
he investigation presented in this thesis is 
on
erned with thefatigue 
ra
k growth behaviour of the aluminium layers inGLARE with the 
orresponding delamination growth beha-viour at the aluminium/�bre interfa
es under variable ampli-tude fatigue loading. The fatigue 
ra
k geometry 
onsidered is the through
ra
k 
on�guration with 
ra
ks in all aluminium layers having the same lengthequal to the visible 
ra
k length in the outer aluminium layers (this assump-tion is validated in 
hapter 5) .The already developed fatigue 
ra
k and delamination growth model for
onstant amplitude has been extended to in
lude variable amplitude loa-ding. This variable amplitude predi
tion model has been implemented in anumeri
al programme, whi
h has been veri�ed with the results of an exten-sive test program presented in 
hapter 6141



142 CONCLUSIONThe model is based on the following assumptions:
• The damage me
hanisms 
an be des
ribed with the 
on
epts of LinearElasti
 Fra
ture Me
hani
s.
• The 
ra
k growth rate 
an be related to the stress intensity fa
tor withan empiri
al Paris equation.
• Plane stress 
onditions are appli
able to the 
ra
k growth in metallayers.
• Plane strain 
onditions are appli
able to the delamination growth atthe interfa
es.
• The delamination growth 
an be related to the strain energy releaserate with an empiri
al Paris equation.
• The stress intensity fa
tor at the 
ra
k tip 
an be determined by super-imposing the stress intensity fa
tor for the far �eld opening stress andthe stress intensity for the 
ra
k 
losing bridging stress.
• The intera
tion e�e
ts 
aused by the overload and VA loading is redu-
ed by the inta
t �bres bridging the 
ra
k opening.From the 
urrent investigation, several 
on
lusions 
an be drawn with res-pe
t to the 
ra
k growth behaviour of GLARE and the 
ra
k growth predi
tionmodel. The 
on
lusions are summarised hereafter.8.1 Phenomena under Variable Amplitude LoadingDuring this resear
h, fatigue 
ra
k growth and delamination growth werestudied under variable amplitude loading. Although the me
hanisms are
oupled, they have been investigated independently prior to the study of
ombined growth me
hanisms. The detailed 
on
lusions about these phe-nomena are:8.1.1 Delamination growthThe delamination growth behaviour in GLARE has been investigated withdelamination experiments using double 
ra
ked lap-shear spe
imens, va-rious load sequen
es and load spe
tra. It has been observed in the blo
k loadsequen
e tests that the average delamination growth rate is independent of



PHENOMENA UNDER VARIABLE AMPLITUDE LOADING 143the applied load sequen
e. In addition, no in
uen
e of di�erent delamina-tion growth measurement te
hniques has been observed on the growth ratein parti
ular at the transition from low to high loads blo
k.Full 
ight spe
trum tests have been performed, be
ause it was thought thatthe blo
k load sequen
e tests might not be suÆ
iently a

urate to 
apturepotential intera
tion e�e
ts. Correlation of the observed growth with li-near damage a

umulation predi
tion 
learly showed that the delaminationgrowth a

eleration or retardation, due to overloads or load variations, un-der mode II delamination growth in GLARE are absent.However, the Rain-
ow 
ounting te
hnique must be used to load spe
trawith intermediate small 
y
les in the large 
y
les to 
al
ulate the delamina-tion growth rate. Predi
tions 
orrelated very well with the test results forthe 
ight spe
trum as well as the programmed blo
k loading spe
tra, afterapplying this te
hnique. This highlights the 
on
lusion that delaminationgrowth is mainly dependent on the high monotoni
 loads and load ampli-tudes.ARALL and GLARE laminates have di�erent delamination 
hara
teristi
s.Intera
tion e�e
ts were reported byMarissen in 
ase ofARALL. On the otherhand, GLARE spe
imens, when tested using the same load spe
tra, did notshow any intera
tion e�e
t. Further investigation on ARALL and GLAREshowed that �bre-adhesive bonding, peel strength and multiple delamina-tion paths have insigni�
ant in
uen
e on the resulting delamination growthrate. Here, the topography of the �bres is 
onsidered to be the major reasonto 
ause di�erent delamination behaviour between ARALL and GLARE.While looking at the delaminated surfa
es in GLARE using SEM, no mar-kings were observed at the �bre side, but at the resin/metal side striations(markings) due to delamination growth were observed. In 
ase of blo
k loadsequen
es (LO-HI and HI-LO), no intera
tion e�e
ts were observed 
onside-ring the striations and their spa
ing. For the periodi
 load sequen
es stria-tions were observed and their spa
ings 
ould be related to the maximumapplied stress Smax.8.1.2 Delamination shapesThe load variations slightly 
hange the delamination shape in a CCT spe
i-men. This 
hange in delamination shape predominantly relates to the 
ra
kgrowth retardation in metal layers after appli
ation of the overload. Ho-wever, this me
hanism is insuÆ
ient to 
ompletely des
ribe the transitionof the delamination after the appli
ation of an overload. The transition 
anfully be understood, if in addition, the lo
al post-stret
hing me
hanism nearthe 
ra
k tip is 
onsidered.



144 CONCLUSIONThe e�e
t of this transition in delamination shape on subsequent fatigue
ra
k growth has been related to the 
hange in stress intensity. This inves-tigation has evidently shown that the transition in delamination shape hasno evident e�e
t on the 
hange in stress intensity fa
tor and �nally on thesubsequent fatigue 
ra
k growth.In other words, for a

urately predi
ting the fatigue 
ra
k growth after anoverload, it will be suÆ
ient to attribute the transition of delaminationshape solely to the 
ra
k retardation in metal layers, thus ignoring the post-stret
hing me
hanism.
8.1.3 Cra
k-tip plasti
ityPlasti
 zones 
reated during the fatigue 
ra
k growth tests are predi
tedusing the Irwin plasti
 zone relation, and are measured in the tests usingDigital Image Correlation (DIC). In 
ase of monolithi
 metal and metal la-minates, a big di�eren
e is observed between the predi
ted and measuredsizes. Contrary, a small di�eren
e is observed between the predi
ted andmeasured plasti
 zone size in GLARE. The plasti
 zone size 
al
ulated andas measured for GLARE is almost 
onstant at any 
ra
k length, whi
h 
orre-sponds to the 
onstant Ktip observed for GLARE.
8.1.4 Shear-lip formationShear-lip formation has been studied for monolithi
 metal, metal laminatesand FMLs.Monolithi
 metals have shown the typi
al shear-lip pro�le with the earlytensile mode followed by a transition mode and �nally the shear mode. Formetal laminates (without �bres) the mode transition happens quite late du-ring the fatigue 
ra
k growth life, but the transition length is smaller as
ompared to monolithi
 metals.In FMLs, the 
ra
k propagates mainly in the tensile mode. Cra
k surfa
esshowed a quite 
lear tensile mode and no transition from tensile to shearmode.



PREDICTION MODEL 1458.2 Predi
tion Model8.2.1 Linear Damage A

umulationA Linear Damage A

umulation based model has been introdu
ed and eva-luated with experimental results. It has been shown that the model doesnot predi
t the 
ra
k growth well when distin
t load sequen
es o

ur in theapplied spe
trum. However, for load variations with small intera
tion ef-fe
ts and for full air
raft load spe
tra with randomly distributed load 
y
les,the model 
orrelated fairly well with experimental results.8.2.2 Modi�ed Yield Zone ModelThe fatigue 
ra
k growth behavior in FMLs has been further investigatedusing a simple intera
tion model. The experimental data for di�erent sele
-tive variable amplitude loading and 
ight spe
tra 
orrelates reasonably withthe Yield Zone model predi
tions.8.2.3 Cra
k-
losure modelA 
ra
k 
losure model was used to predi
t the 
ra
k growth for the sele
-tive load sequen
es and 
ight load spe
tra. The model is able to show thedelayed retardation after the appli
ation of overloads and the number ofdelayed 
y
les 
orrelated better with the experimental data than the Yieldzone model. However, for the 
ight load spe
tra, the predi
tions are quitefar from the experimental data. The under predi
tion of fatigue 
ra
k growthunder 
ight spe
tra 
an be attributed to the over estimation of 
ra
k-tipplasti
 zone espe
ially due to the se
ondary plasti
 zone.8.3 Future WorkDelamination growth under variable amplitude loading needs to be furtherinvestigated, espe
ially on a mi
ros
opi
 level at the �bre and metal inter-fa
e. At ma
ros
opi
 level no plasti
ity is observed in the resin layer, asdetailed in this thesis. However, questions that may require further funda-mental resear
h are: how the delamination resistan
e be in
uen
ed by theelasti
 plasti
 behaviour of resin (and this plasti
ity at the delamination tip)?and How the thi
kness of resin would in
uen
e the results presented in thisthesis?



146 CONCLUSIONThe next step in understanding fatigue in FMLs is the transition of mode-I(tensile) to mode-I and II (shear). Current resear
h brie
y tou
hed uponthis topi
 but 
ompared the 2 mm Al monolithi
 metal with the laminateshaving 
umulative 2 mm metal thi
kness. The logi
al next step would be tounderstand the e�e
t of thi
kness of metal layers on the moment of tran-sition and transition length. The follow-up questions 
an be whether thetransition has any in
uen
e on the 
ra
k growth resistan
e, and whether thepostponing the transition in inner sheets has a greater e�e
t on the 
ra
kresistan
e. How does the stress state 
an be explained for the laminateswith thi
k metal layers by using the understanding developed with the thinmetal layers?The next step in the modeling phase would be to understand the mismat
hof 
ra
k 
losure model predi
tion with the test results for the 
ight spe
tra.This 
an be done by detailed study of di�erent spe
tra and further validationof De Koning primary and se
ondary plasti
 zone assumption for FMLs.Finally, it would be a logi
al step to integrate the VA loading model with the
ra
k growth predi
tion model of laminates with variable thi
kness of metallayers (i.e., work of Greg Wilson), whi
h 
an result in fatigue 
ra
k growthmodel for arbitrary FMLs under arbitrary loads. However, this integration
an be quite 
hallenging due to the e�e
t of di�erent metal layer's thi
knesson the 
ra
k growth, delamination shape and growth phenomena.



AppendixA

Energy Release Rate

EquationsFor delamination over a distan
e b, the elasti
 energies of the sheets andthe �bre layers 
hange due to a 
hange of the stress in those layers afterdelamination. The external energy 
hanges as well due to a displa
ement ofthe external load P. Figure A.1 shows the situation before and after somedelamination.The total energy balan
e is given
d

db
W =

d
db

(F −∆U) (A.1)
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Figure A.1: The 
hange of stress levels after delamination147



148 Appendix Awhere ∆U is the in
rease in elasti
 energy within the laminate due to dela-mination extension of length b, F is the work applied to the system duringthe displa
ement δy of the external for
e P, and W is the energy availableper in
rement of 
ra
k extension.As for the energy
F = Pδy ⇒ P(b∆ε∗) (A.2)where ∆ε∗ is the strain di�eren
e between the delaminated and non-delaminatedarea of the laminate and 
an be 
al
ulated using

∆ε∗ =
(

σal,P −σal

Eal

) (A.3)where σal,p is the stress in the delaminated area, σal is the stress in thenon-delaminated area of the laminate and Eal is the Young's modulus ofaluminium. Applied load P is
P = σalnaltal +σ f ,0n f ,0t f ,0+σ f ,90n f ,90t f ,90 (A.4)From equations A.2 to A.4, it follows that

F = σlamtlam

[

b
σal,P −σal

Eal

] (A.5)where σlam is laminate stress and tlam is the laminate thi
kness.If U1 is the in
rease of elasti
 energy in the delaminated laminate and U2 thede
rease of elasti
 energy in the non-delaminated laminate the total 
hange(in
rease) of the elasti
 energy during delamination over distan
e b is
∆U =U1−U2 (A.6)The elasti
 energy of a uni-axially loaded body is given by

Ux =
1
2

σ2

Ex
volumeThe strain energy in non-delaminated laminate is given by

U2 =
b
2

[

σ2
al

Eal
naltal +

σ2
f ,0

E f ,0
n f ,0t f ,0

+
σ2

f ,90

E f ,90
n f ,90t f ,90

] (A.7)



149And for the delaminated laminate it is written as
U1 =

b
2

[

σ2
al,P

Eal
(nal − ncr)tal +

σ2
f ,0,P

E f ,0
n f ,0t f ,0

+
σ2

f ,90,P

E f ,90
n f ,90t f ,90

] (A.8)In these equations E is the Young's modulus, n is the number of layers and t isthe layer thi
kness. The subs
ripts al, f ,0 and f ,90 indi
ate respe
tively thealuminium, the prepreg with �bres in the loading dire
tion and the prepreglayer with �bres perpendi
ular to the loading dire
tion.Lamina stresses 
an be expressed as fun
tions of the total applied laminatestress σlam using parameters λ and γ.
σal = λ σlam σal,P = γσlam

σ f ,0 =
E f ,0

Eal
λ .σlam σ f ,0,P =

E f ,0

Eal
γ.σlam

σ f ,90 =
E f ,90

Eal
λ .σlam σ f ,90,P =

E f ,90

Eal
γ.σlam

γ and λ are de�ned as
γ =

tlam

(nal − ncr)tal +
E f ,0
Eal

n f ,0t f ,0+
E f ,90
Eal

n f ,90t f ,90

λ =
tlam

naltal +
E f ,0
Eal

n f ,0t f ,0+
E f ,90
Eal

n f ,90t f ,90where ncr is the number of 
ra
ked aluminium layers. Equations A.5, A.7and A.8 
an be simpli�ed by repla
ing γ and λ .
F = bσ2

lam [γ −λ ] tlam (A.9)
U1 =

bσ2
lam

2

[

λ 2

Eal
(nal − ncr)tal +

(E f ,0
Eal

γ
)2

E f ,0
n f ,0t f ,0

+

(E f ,90
Eal

γ
)2

E f ,90
n f ,90t f ,90

]

(A.10)
U2 =

bσ2
lam

2

[

λ 2

Eal
naltal +

(E f ,0
Eal

λ
)2

E f ,0
n f ,0t f ,0

+

(E f ,90
Eal

λ
)2

E f ,90
n f ,90t f ,90

]

(A.11)



150 Appendix ASubstituting equations A.9, A.10 and A.11 in equation A.1, one 
an 
al
ulate
G

d
db

W =
d
db

[F − (U1−U2)] =
d

db
(F −U1+U2)

G =
d

db
W =

d
db

[

bσ2
lam

2

[

2(γ −λ )tlam

− λ 2

Eal
(nal − ncr)tal −

(E f ,0
Eal

γ
)2

E f ,0
n f ,0t f ,0

−
(E f ,90

Eal
γ
)2

E f ,90
n f ,90t f ,90

λ 2

Eal
naltal

+

(E f ,0
Eal

λ
)2

E f ,0
n f ,0t f ,0

+

(E f ,90
Eal

λ
)2

E f ,90
n f ,90t f ,90

]

]

(A.12)
Equation A.12 gives the total energy release rate for four �bre-aluminiuminterfa
es. The energy release rate per �bre-aluminium interfa
es is givenby G/4, or it 
an be generalized by G/ j, where j is the number of �bre-aluminium interfa
es. The energy release rate for delamination, per �bre-aluminium interfa
e Gd 
an be, then, simpli�ed as

Gd =
σ2

lam

2 jEal

[

λ 2

Eal
(nal − ncr)tal −λ 2naltal+

E f ,0

Eal
n f ,0t f ,0(γ2−λ 2)+

E f ,90

Eal
n f ,90t f ,90(γ2−λ 2)

]

(A.13)



AppendixB

Post­Stretched Classical

Laminate Theory

The three-dimensional thermoelasti
 anisotropi
 stress-strain relations are
εi = Si jσ j + εi,pl +αi∆T i, j = 1,2, ...,6 (B.1)Wherein the total strains, εi, are the sum of the me
hani
al strains, Si jσ j,pre-strains, εi,pl and the six free thermal strains, αi∆T , for a temperature
hange ∆T . The three dimensional stress-strain relations are obtained byinversion

σi =Ci j
[

εi − εi,pl −αi∆T
]

i, j = 1,2, ...,6 (B.2)In both Equations B.1 and B.2, the six αi are the 
oeÆ
ients of thermaldeformation (expansion or 
ontra
tion and distortion, i.e., shear), and ∆Tis the temperature di�eren
e. In Equation B.2, the terms Ci jαi∆T are thethermal residual stresses if the total laminate strain is zero.For a plane stress state in an orthotropi
 lamina in the prin
ipal material
oordinates yields




σ1

σ2

τ12



=





Q11 Q12 0
Q12 Q22 0
0 0 Q66









ε1− ε1,pl −α1T
ε2− ε2,pl −α2T

γ12



 (B.3)151



152 Appendix BUD Glass 7475-T761Prepreg
E11 [MPa℄ 54000 72000
E22 [MPa℄ 9410 72000
G12 [MPa℄ 5550 26400
µ12 0.33 0.33
µ21 0.0575 0.33
α11 [10−6C−1℄ 6.1 24
α22 [10−6C−1℄ 26.2 24Table B.1: Material Properties [1℄Where

Q11 =
E1

1−µ12µ21
Q22 =

E2
1−µ12µ21

Q12 =
µ12E2

1−µ12µ21

Q66 = G12Values of all these material parameters for GLARE are given in Table B.1.Note that the 
oeÆ
ients of thermal expansion a�e
t only extensional strains,not the shear strain. Equation B.3 
an be written as




σ1

σ2

τ12



= [Q]





ε1− ε1,pl −α1∆T
ε2− ε2,pl −α2∆T

γ12



For transformation of the properties from the prin
ipal material 
oordinatesto laminate 
oordinate, transformation matrix, M is used
M =





cos2 θ sin2 θ 2 ·cosθ ·sinθ
sin2 θ cos2 θ −2 ·cosθ ·sinθ

−cosθ ·sinθ cosθ ·sinθ cos2 θ − sin2 θ



Where θ is the angle from x-axis to the 1-axis (see �gure B.1).The transformation matrix is applied using the transformation relation withsupers
ript T denoting the matrix transpose.
[

Q̄
]

= [M]−1 [Q] [M]−TThe stresses in the laminate 
oordinates for the Kth layer obtained by thetransformation of 
oordinates (Figure. B.1) are
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LAMINATE
COORDINATESFigure B.1: Positive rotation of prin
ipal material axes from arbitrary x-y axes





σx

σy

τxy



=
[

Q̄
]





εx − εx,pl −αx∆T
εy − εy,pl −αy∆T

γxy



 (B.4)The strains for the kth layer at a distan
e z from the middle of the laminate,as shown in �gure B.2, are




εx

εy

γxy





k

=





εx

εy

γxy





0

+ z





kx

ky

kxy





0

+





εx,pl

εy,pl

0





0

(B.5)Where εi0 are the middle surfa
e strains, ki0 are the middle surfa
e 
urvaturesand εi,pl0 are the middle surfa
e plasti
 strains of the laminate.When the linear variation of strain through the thi
kness, equation B.5, issubstituted into equation B.4 and the resulting expressions for the layerstresses are integrated through the thi
kness, the for
e resultants for uni-dire
tional FMLs (the prin
ipal material 
oordinates 1,2 of the layers 
oin-
ides with the laminate 
oordinates x,y i.e., θ = 0), are
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LAYER NUMBER Figure B.2: Geometry of an n-layered laminate
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 (B.7)Where:
Ai j =

n

∑
k=1

(

Q̄i j
)

k (Zk −Zk−1)

Bi j =
1
2

n

∑
k=1

(

Q̄i j
)

k

(

Z2
k −Z2

k−1

) (B.8)
Di j =

1
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n

∑
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



NT
1

NT
2

NT
12



= ζ +
Eal,1talnal

1− µal,1





1
1
0



 (B.9)
ζ = ∆T · t f

(1− µ f ,12·µ f ,21)
·





E f ,1α f ,1+ µ f ,12E f ,2α f ,2

E f ,2α f ,2+ µ f ,12E f ,1α f ,2

0





∆T = TRT −TcureIn equation B.6, B.7 and B.8 , the Ai j are extensional sti�nesses, the Bi j arebending-extension 
oupling sti�nesses and Di j are bending sti�nesses. NT
i isthe for
e due to thermal expansion and Ni is the for
e due to external loading.In 
ase of symmetri
 and balan
ed laminates Bi j matrix will be zero. Theelimination of Bi j matrix has two important pra
ti
al bene�ts. First, su
hlaminates are usually mu
h easier to analyze than laminates with bending-extension 
oupling. Se
ond, symmetri
 laminates do not have a tenden
yof bending or twisting from the inevitable thermally indu
ed 
ontra
tionsthat o

ur during 
ooling following the 
uring pro
ess. However, in 
ase ofa 
ross-ply laminate (laminate with every �bre layer oriented at either 0◦ or

90◦) the 
omponents A16, A26,B16,B26,D16 and D26 are all zero. These laminate
ategories are dis
ussed in detail in [2, 3℄. It is important to mention thatpresen
e of bending and twisting in laminate will result in Bi j 6= 0.Sin
e uni-dire
tional FMLs i.e., GLARE1 are symmetri
 and balan
ed, put-ting the Bi j matrix to zero and substituting equation B.6 in equation B.3yields the stresses in the prin
iple dire
tions of the layers due to externalloading, thermal loading and pre-strain. This yields for the aluminium layers




σ1

σ2

τ12





al

=





Q11 Q12 0
Q12 Q22 0
0 0 Q66





al

ηal (B.10)
ηal =





ε1,pl

ε2,pl
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


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+


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A11 A12 0
A12 A22 0
0 0 A66





−1

·N−





1
1
0



αal∆T −





ε1,pl

ε2,pl

0





alAnd for the �bre layers:




σ1

σ2

τ12





f

=





Q11 Q12 0
Q12 Q22 0
0 0 Q66





f

η f (B.11)
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η f =





ε1,pl

ε2,pl

0





lam

+





A11 A12 0
A12 A22 0
0 0 A66





−1

·N −





1
1
0



α f ∆TWhere
N = Ni +NT

iPlasti
 Strain of the Aluminium LayersIn order to 
ouple the deformations due to the post-stret
hing of the layersand the laminate, an extra equilibrium equation is ne
essary (external for
esequal to 0):




σ1

σ2

τ12





al

tal +





σ1

σ2

σ3





f

t f =





0
0
0



 (B.12)A

ording to the von-Mises 
riterion, yielding o

urs when:
σe =

√

1
2
((σ1−σ2)2+(σ2−σ3)2+(σ3−σ1)2) = σ0.2 (B.13)At the yielding, the stresses in the aluminium layers satisfy equation B.8with both εi,pllam and εi,plal equal to 0:
[

σ1

σ2

]

al
=

[

Q11 Q12

Q12 Q22

]

al
·

(

[

A11 A12

A12 A22

]−1

N −
[

1
1

]

αal∆Tpostr

) (B.14)Where matrix N is 
al
ulated with ∆T during the post-stret
hing pro
ess :
∆Tpostr = Tpostr −Tcure. With these stresses the deviator stresses [4℄ are 
al
u-lated as:

ST 1 = 2/3σ1−1/3(σ2−σ3)

ST 2 = 2/3σ2−1/3(σ3−σ1)

ST 3 = 2/3σ3−1/3(σ1−σ2)



B.1. Cal
ulation of the Residual Internal Stress Distribution 157In FMLs σ3 = 0 be
ause of the plane stress 
ondition. The plasti
 straindistribution is de�ned by the deviator stresses:




ε1,pl

ε2,pl

ε3,pl





al

=





ST 1
ST 2
ST 3



∆λWhere
∆λ =

ε1,pllam

tal((C11S11al +C12S12al)ST 1+(C11S12al +C12S22al)ST 2)The stress-strain distribution results obtained with the von-Mises yield 
ri-terion, are suÆ
ient a

urate for aluminium with a low anisotropy of theyield stress. It should be kept in mind that this 
al
ulation method is notsuitable to aluminium with a high anisotropy of yield stress. The reason isthat the von-Mises 
riterion does not a

ount for the anisotropi
 yield stressof aluminium sheet material. To 
onsider anisotropi
 behaviour, a 
ompli
a-ted iterative 
al
ulation of the development of the internal stress and straindistribution during the post-stret
hing will be required.B.1 Cal
ulation of the Residual Internal Stress Dis-tributionB.1.1 Non-Stret
hed FMLsFor non-stret
hed FMLs, both ε1,pllam and ε3,plal are equal to zero. The resi-dual internal stress distribution then satis�es equation B.10 and B.11 with
Ni = 0.B.1.2 FMLs Stret
hed in One Prin
iple Material Dire
tionFor FMLs stret
hed in only dire
tion 1, ε1,pllam is known. During the yieldpro
ess, N2 is equal to 0. This means that N1 at the moment of yield 
an besolved from equation B.13 and B.14. ε2,pllam 
an be 
al
ulated using:

ε1,pllam

(C11S11al +C12S12al)ST 1+(C12S12al +C22S22al)ST 2

(C11S11al +C12S12al)ST 1+(C11S12al +C12S22al)ST 2The residual internal stress distribution 
an now be 
al
ulated with equa-tion B.10 and B.11, where Ni = 0.
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AppendixC

Model Validation

C.1 ARALLC.1.1 TWIST and MiniTWISTThe TWIST (TransportWIng STandard) 
ight-simulation load history was the�rst standardized 
ight-simulation history developed in 1973 [1℄. The loadspe
trum was obtained as an average of several 
ivil transport air
rafts wingload spe
tra.In one blo
k 4000 
ights of 10 di�erent types (A to J shownin table C.1) o

ur in a random number sele
tion. The severity of spe
trumvary from light (type J, ni
e weather) to highly severe (Type A, severe storm).MiniTWIST [2℄ was generated be
ause experiments with TWIST were rathertime 
onsuming due to the large average number of 100 
y
les per 
ight.MiniTWISTwas derived fromTWIST by omitting small amplitude 
y
les fromthe load spe
trum, shown in �gure C.1. The average number of 
y
les per
ight was thus redu
ed to 15 whi
h is a drasti
 redu
tion in spe
trum as wellas the testing time.C.1.2 EXPERIMENTAL PROGRAMSpe
imen GeometryThe spe
imens were made with the loading dire
tion in parallel to the rollingdire
tion. The 
utting edges of the spe
imens were removed by 
ontour159



160 Appendix CFlight Number oftype 
ights inone blo
kA 1B 1C 3D 9E 24F 60G 181H 420I 1,090J 2,211Table C.1: TWIST 
ight-simulation loadspe
trum 
ights detail [1℄
S

a/
S

m
f

100 101 102 103 104 1050

0.5

1

1.5

Level I

Level III

Level V
MiniTWIST

TWIST

Figure C.1: MiniTWIST load spe
trum, 3trun
ation levels usedmilling to the dimensions shown in �gure C.2. The holes were drilled usingan NC ma
hine in order to obtain a good and uniform hole edge quality.
150 

400 

50 50 

All dimensions are 
in mm 

Ø10 
125 

 

25 

Crack wire 

Open hole 
Diameter 5 mm 

Figure C.2: Spe
imen geometry



C.1. ARALL 161
Smf Material Trun
ation level (Sa,max/Smf)MPa I(1.6) II(1.3) III(0.995)

Sground/Smf-0.5 -0.1 -0.5 -0.1 -0.5 -0.181.6 ARALL2 x not86.0 ARALL2 x x x x x used81.6 ARALL3 x x x x x86.0 ARALL3 x x x x x86.0 GLARE1 x x x x x95.0 GLARE1 x86.0 GLARE2 x x x x x95.0 GLARE2 xTable C.2: Test Matrix
C.1.3 Results & Dis
ussionThe 
omparison of test results with the predi
tions using the Yield zone mo-del (presented in 6.2) shows that the predi
tions are suÆ
iently a

urate forGLARE 2 (�gure C.3(a)). This highlights the fa
t that all the metal relatedphenomena like 
ra
k growth retardation and plasti
-zone exist in FMLs un-der 
ight-simulation loading but to a small extent. These phenomena 
anbe investigated using a simple intera
tion model. However, for ARALL 2(�gure C.3(b)) the predi
tions are not very a

urate. The di�eren
e is due tothe �bre failure, 
orresponding delamination is shown in �gure C.4(a). The
urrent model is not 
apable of predi
ting the 
ra
k growth in the presen
eof �bre failure. Post-stret
hing is used to avoid the �bre failure and improvethe fatigue properties. Therefore, a better 
orrelation between test data andpredi
tions is obtained for ARALL 3 (�gure C.3(a)) whi
h shows the e�e
t ofpost-stret
hing.Figure C.3(a) shows the 
omparison of predi
tions and test results forGLARE2 under 86MPa and 95MPa. The tests were stopped at a small 
ra
k length,when 
ra
k growth rate was still de
reasing due to the start of �bre bridgingphenomenon. This trend was 
aptured by the predi
tion model. However,more information about the a

ura
y of predi
ting the full 
urve 
ould havebeen provided if the tests had been 
ontinued till the 
ra
k growth rate getsto larger 
ra
k lengths.
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(b)Figure C.3: Comparison of 
ra
k growth predi
tion and test data for ARALL for
Sgr/Smf =−0.5,Sa,max/Smf = 0.995 ((a)) and GLARE for Smf = 86 and 95 MPa ((b))
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Delaminated Area 
 

Tip of crack in the metal layers  (a)
 

Fibre 
Failure 

No Fibre 
Failure 

a 

2b 

Tip of crack in the metal layers 

(b)Figure C.4: Delamination shape of GLARE ((a)) and ARALL ((b))C.2 HSS-GLARE Cra
k growth resultsFor the model validation work, test results of HSS Glare were 
omparedwith the predi
tion done using Yield Zone Model under three di�erent 
ightspe
tra mentioned in table 6.1.Referen
es[1℄ J. B. d. Jonge, D. S
hutze, H. Lowak, J. S
hijve, A standardized load se-quen
e for 
ight-simulation tests on transport air
raft wing stru
tures,Te
h. Rep. NLR-TR-73029, National Aerospa
e Laboratory NLR, Am-sterdam (1973).[2℄ H. Lowak, J. B. De Jonge, J. Franz, D. S
hutze, Mini-twist, a shorte-ned version of twist, Te
h. Rep. NLR-MP 79018, National Aerospa
eLaboratory NLR, Amsterdam (1979).
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(
)Figure C.5: Correlation between experimental HSS Glare and Yield Zone predi
tionfor 
ight spe
tra: (a). Spe
trum I, (b).Spe
trum II, (
).Spe
trum III,



AppendixD

Plastic Zone and

Delmination Shape

Experiments

D.1 spe
imenThree types ofCCT spe
imens, as shown in Figure D.1, were used for the de-lamination shape and plasti
 zone size investigation. These spe
imens weremanufa
tured with 
umulative metal thi
kness of 2 mm. The spe
imen usedfor delamination shape investigation were manufa
tured with 5 metal layersof 0.4 mm thi
kness and 4 
omposite 
ross-ply �bre layers with a nominalthi
kness of 0.266 mm (i.e., Glare3-5/4-0.4). Beside Glare spe
imen, mo-nolithi
 metal spe
imen of 2 mm thi
kness and laminated metal spe
imensmanufa
tured with 5 metal layers of 0.4 mm thi
kness were used. The widthof these spe
imen was 140 mm. The starter not
hes were made by drilling ahole of 3 mm diameter with two saw 
uts oriented perpendi
ular to the loa-ding dire
tion. The length of the starter not
h (2a0) was also approximately5 mm.D.2 Testing SetupDigital Image 
orrelation DIC was used as the delamination shape obser-vation te
hnique for the Glare test program, detailed in table D.1. For all165
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Figure D.1: Geometry of test spe
imen and 
ross se
tion of materials used for DIC
CCD CAMERA

SPECIMEN

Figure D.2: Testing setupthree materials, plasti
 zone size was measured using the DIC. The test se-



D.3. Test Matrix 167tup is shown in �gure D.2. These tests were performed using a 
omputer
ontrolled servo-hydrauli
 testing system with a load 
apa
ity of 25 metri
tons.D.3 Test MatrixThe set of spe
imens have been tested using a CA baseline spe
trum witha maximum stress Smax = 100 MPa and a stress ratio R = 0.1. The singleoverload spe
trum has an overload SOL = 145 MPa at aOL=10 mm. Themultiple overload spe
trum has three overloads i.e. SOL1 = 145 MPa; SOL2= 130MPa and SOL3 = 115MPa at aOL=9, 12 and 15 mm respe
tively. Blo
kload spe
tra are 
onstituted of two stress levels Smax,LO = 100MPa and Smax,HI= 140 MPa.Detail of the test program is given in table D.1 for Glare spe
imens, whilefor monolithi
 metal the details are given in table D.2 and laminated metaltest matrix is given in table D.3.
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CA 
y
les Load va-riationLoad variation Maximumstress Stressratio[MPa℄ [MPa℄B1 Constant amplitude S        =100MPa

MAX

S       =10MPa
MIN 100 0.1

B2 Single overload
S    =145MPa

OL

S        =100MPa
MAX

S       =10MPa
MIN

a    =9.0mm
OL 100 0.1 145

B3 Multiple overload
S       =145MPa

OL1

S        =100MPa
MAX

S       =10MPa
MIN

a       =9.0mm
OL1

S       =130MPa
OL2

S       =115MPa
OL3

a       =12.0mm
OL2

a        =15.0mm
OL3 100 0.1 145,130,115

B4 Blo
k loading-LO-HI S          =100MPa
MAX1

S       =10MPa
MIN

S          =145MPa
MAX2

a    =6.94mm
TR 100 0.1 145B5 Blo
k loading-HI-LO S          =100MPa

MAX1

S         =10MPa
MIN

S          =145MPa
MAX2

a    =12.7mm
TR 145 0.1 100Table D.1: Fatigue 
ra
k growth test matrix - GLARE3-5/4-0.4 spe
imen
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CA 
y
les Load va-riationLoad variation Maximumstress Stressratio[MPa℄ [MPa℄C1 Constant amplitude S        =100MPa

MAX

S       =10MPa
MIN 100 0.1

C2 Single overload
S    =145MPa

OL

S        =100MPa
MAX

S       =10MPa
MIN

a    =9.0mm
OL 100 0.1 145

C3 Multiple overload
S       =145MPa

OL1

S        =100MPa
MAX

S       =10MPa
MIN

a       =9.0mm
OL1

S       =130MPa
OL2

S       =115MPa
OL3

a       =12.0mm
OL2

a        =15.0mm
OL3 100 0.1 145,130,115

C4 Blo
k loading-LO-HI S          =100MPa
MAX1

S       =10MPa
MIN

S          =145MPa
MAX2

a    =6.94mm
TR 100 0.1 145C5 Blo
k loading-HI-LO S          =100MPa

MAX1

S         =10MPa
MIN

S          =145MPa
MAX2

a    =12.7mm
TR 145 0.1 100Table D.2: Fatigue 
ra
k growth test matrix - Monolithi
 metal spe
imen
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CA 
y
les Load va-riationLoad variation Maximumstress Stressratio[MPa℄ [MPa℄D1 Constant amplitude S        =100MPa

MAX

S       =10MPa
MIN 100 0.1

D2 Single overload
S    =145MPa

OL

S        =100MPa
MAX

S       =10MPa
MIN

a    =9.0mm
OL 100 0.1 145

D3 Multiple overload
S       =145MPa

OL1

S        =100MPa
MAX

S       =10MPa
MIN

a       =9.0mm
OL1

S       =130MPa
OL2

S       =115MPa
OL3

a       =12.0mm
OL2

a        =15.0mm
OL3 100 0.1 145,130,115

D4 Blo
k loading-LO-HI S          =100MPa
MAX1

S       =10MPa
MIN

S          =145MPa
MAX2

a    =6.94mm
TR 100 0.1 145D5 Blo
k loading-HI-LO S          =100MPa

MAX1

S         =10MPa
MIN

S          =145MPa
MAX2

a    =12.7mm
TR 145 0.1 100Table D.3: Fatigue 
ra
k growth test matrix - Laminated Aluminium Sheets spe
imen



SummaryFATIGUE CRACK & DELAMINATION GROWTH IN FIBRE METALLAMINATESunder Variable Amplitude Loading
T

his thesis presents the investigation into the fatigue propaga-tion and delamination growth of FibreMetal Laminates undervariable amplitude loading. As explained in the �rst 
hapter,the motivation of the resear
h is twofold: �rst, to obtain a
lear understanding and detailed 
hara
terization of the failure me
hanismsin GLARE under variable amplitude loading (sele
tive and 
ight load spe
-tra). Se
ond is to obtain an a

urate predi
tion model for fatigue 
ra
k pro-pagation in GLARE a

ounting for �bre bridging, delamination and in
uen
eof plasti
ity.The major 
on
ept in this thesis is that the stress intensity at the 
ra
k tipin the metal layers of a Fibre Metal Laminates FML is the fa
tor determi-ning the extension of that 
ra
k under 
y
li
 loading. This implies that thestress intensity fa
tor 
an be des
ribed with Linear Elasti
 Fra
ture Me
ha-ni
s, in
luding the 
ontribution of the �bre layers and the with the 
ra
kgrowth asso
iated delamination behaviour. The investigation presented inthis thesis, 
overs the theoreti
al analysis of the 
ra
k growth phenomenaand experiments to support and validate the developed predi
tion model.This investigation has been restri
ted to through-the-thi
kness 
ra
ks withthe same 
ra
k length in all metal layers.In the se
ond 
hapter, the various GLARE grades and lay-ups are de�nedtogether with a des
ription of the manufa
turing pro
ess, quality assuran
e171



172 SUMMARYpro
edures and fatigue 
ra
k growth phenomena. The aspe
ts introdu
ed arethe fatigue 
ra
k growth in the aluminium layers, 
ontrolled by the stress in-tensity fa
tor at the 
ra
k tip, and the delamination of the aluminium andprepreg layers, whi
h o

urs in the wake of the propagating 
ra
k. The 
ra
kopening is 
onstrained by the bridging �bre layers, while the stress redis-tribution to these �bre layers determines the delamination growth. In ad-dition, this 
hapter dis
usses the e�e
ts of variable amplitude loading inmetals, together with the models developed so far to predi
t fatigue 
ra
kgrowth.The in
uen
e of variable amplitude loading on the delamination growth (i.e.a major phenomenon 
ontributing to the slow fatigue 
ra
k growth in FMLs)is dis
ussed in 
hapter 3. An extensive test programme is presented in this
hapter utilizing double and multiple blo
k loads, and 
ight load spe
trato validate the hypothesis that delamination in FMLs is independent of re-tardation e�e
ts under variable amplitude loading. Furthermore, the useof s
anning ele
troni
 mi
ros
opy is presented to study the delaminationgrowth striations on the disbonded fra
ture surfa
es.Chapter 4 presents the e�e
t of variable amplitude loading on delaminationshapes. These delamination shapes in
uen
e the bridging stresses and the
ra
k tip stress intensity fa
tor. The 
hange in the delamination shape due tovariable amplitude loading is understood, and the hypothesis on the reasonof this 
hange in delamination shapes has been validated. The use of DigitalImage Correlation (DIC) is presented to observe delamination shapes and
ra
k tip plasti
 zones in-situ fatigue testing. Although a 
hange in dela-mination shape 
an be observed, its e�e
t on the bridging stress pro�le isobserved to be negligible.Cra
k tip plasti
ity and shear-lip formation both were investigated, as pre-sented in 
hapter 5. Di�eren
e in shear-lip morphology was observed inmonolithi
 metals, adhesively bonded metal laminates and FMLs. Mono-lithi
 metals revealed typi
al shear-lip pro�les with the early tensile modefollowed by a transition mode and �nally the transverse shear mode. Formetal laminates (without �bres), the mode transition happened quite lateduring fatigue 
ra
k growth, but the transition length was smaller than thoseof monolithi
 metals. In FMLs the shear lip pro�les were rather diÆ
ult tosee with the naked eye or opti
al mi
ros
ope. However, the straight ap-pearan
e of the 
ra
k when observed from the spe
imen side, implied a 
at
ra
ked fra
ture surfa
e without shear lips. Plasti
 zone sizes are 
omparedin the same 
hapter. In 
ase of monolithi
 metals and metal laminates, a bigdi�eren
e is observed between the predi
ted plasti
 zone sizes (using Irwinsrelation) and the sizes measured with DIC. However, 
omparing these sizesfor FMLs revealed only a small di�eren
e. In FMLs, the plasti
 zone sizesare observed to be independent of the 
ra
k length whi
h 
orresponds to the
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onstant 
ra
k tip stress intensity fa
tors.Chapter 6 presents the development and validation of three di�erent typesof predi
tion models. These models in
lude a linear damage a

umulation(non-retardation) model, a yield zone model and a 
ra
k 
losure model.The predi
tions using these models 
orrelated with experimentally obser-ved 
ra
k growth behaviour.Chapter 7 outlines the sub-routine added to the predi
tion model for post-stret
hed laminates. This routine has been validated with the data frompost-stret
hed GLARE 1 and ARALL from the literature.Chapter 8 summarizes the 
on
lusions of the investigation. It 
an be 
on
lu-ded that with the proposed predi
tion model, the me
hanism of 
ra
k propa-gation and delamination growth in GLARE is fully des
ribed and understood.The predi
tion model has been validated with experimental 
ra
k growthdata, and is 
onsidered a

urate. In its implemented form, the model hasthe potential to be extended to other material-, geometri
al- and test para-meters.





SamenvattingFATIGUE CRACK & DELAMINATION GROWTH IN FIBRE METALLAMINATESunder Variable Amplitude Loading
D

it proefs
hrift presenteert het onderzoek naar vermoeiingss-
heurgroei en -delaminatiegroei van vezelmetaallaminaten o-nder variabele amplitude belastingen. Zoals in het eerstehoof dstuk uitgelegd, is demotivatie voor dit onderzoek twee-ledig: In de eerste plaats, het verkrijgen van een duidelijk begrip en gede-tailleerde karakterisering van de faalme
hanismen in GLARE onder variabeleamplitude belastingen (sele
tieve en vliegbelastingspe
tra). Ten tweede, hetverk rijgen van een nauwkeurig voorspellingsmodel voor vermoeiingss
heur-groei in GLARE met inbegrip van vezeloverbrugging, delaminatie en invloe-den van plasti
iteit.The belangrijkste 
on
ept in dit proefs
hrift is dat de spanningsintensite itaan de s
heurtip in the metaallagen van een FML de bepalende fa
tor is vo orde s
heuruitbreiding onder 
y
lis
he belastingen. Dit houdt in dat de span-ningsintensiteit fa
tor bes
hreven kan worden met linear elastis
he breuk-me
hani
a, in
lusief de bijdrage van de vezellagen en de met de s
heurgroeigeasso
ieerde delaminatiegroei. Het onderzoek in dit proefs
hrift gepre-senteerd omvat the theoretis
he analyse van de s
heurgroei fenomenen, ende experimenten ter ondersteuning en validatie van het ontwikkelde voor-spellingsmodel. Dit onderzoek is gelimiteerd tot s
heuren door de dikte metgelijke lengte in alle metaallagen. 175



176 SAMENVATTINGIn het tweede hoofdstuk worden the vers
hillende GLARE 
on�guraties engede�nieerd, tezamen met een bes
hrijving van het produ
tiepro
es, thekwaliteitsbewaking en de vermoeiingss
heurgroei fenomenen. De gentro-du
eerde aspe
ten zijn de vermoeiingss
heurgroei in de aluminium lagen,ge
ontroleerd bij de spanningsintensiteit fa
tor aan de s
heurtip, en de de-laminatiegroei tussen de aluminium en prepreg lagen, welke a
hter de s
heur-tip plaatsvindt. De s
heuropening is gelimiteerd door de overbruggendevezellagen, terwijl de herverdeling van spanningen naar deze lagen de de-laminatiegroei bepaald. Bovendien bespreekt dit hoofdstuk de e�e
ten vanvariabele amplitude vermoeiing in metalen, samen met de modellen tot nutoe ontwikkelt voor het voorspellen van s
heurgroei.De invloed van variabele amplitude belasting op delaminatiegroei (een be-langrijp fenomeen dat bijdraagt aan de langzame s
heurgroei in FMLs) is be-dis
ussieerd in hoofdstuk 3. Een uitgebreid test programma is gepresenteerdin dit hoofdstuk dat gebruik maakt van dubbele en meervoudige Blo
k be-lastingen, en vleugel belastingspe
tra, om de hypothese te valideren dat de-laminatie in FMLs onafhankelijk is van retardatie e�e
ten. Bovendien is hetgebruik van elektronenmi
ros
oop gepresenteerd om de delaminatiegroeistriations te bestuderen op de gedelamineerde breukvlakken.Hoofdstuk 4 presenteert het e�e
t van variabele amplitude belastingen opdelaminatie vormen. Deze delaminatievormen benvloeden de overbrug-gingsspanningen en de s
heurtip spanningsintensiteit fa
tor. De verander-ing in de delaminatievorm als gevolg van variabele amplitude belastingenis begrepen, en de hypothese betre�ende de reden van deze verandering indelaminatievormen is gevalideerd. Het gebruik van Digitale Beeld Corre-latie (DIC) is gepresenteerd om delaminatievormen en plastis
he zones tij-dens de testen te observeren. Hoewel een verandering van delaminatievormwaargenomen kon worden, bleek het e�e
t daarvan op de overbruggingss-panning verwaarloosbaar.S
heurtip plasti
iteit en s
heurlip vorming zijn beide onderzo
ht, zoals inhoofdstuk 5 gepresenteerd. Vers
hil in s
heurlip morfologie is waargenomenin monolithis
h metaal, gelijmde metaallaminaten en FMLs. Monolithis
hmetaal liet typis
he s
heurlip pro�elen zien met een in aanvang trekmodus,gevolgd door een transitie modus, en uiteindelijk een transversale afs
huif-modus. Voor metaallaminaten (zonder vezels), trad de transitie laat op tij-dens de vermoeiingss
heurgroei, maar de lengte van de transitie was kleinerdan die voor monolithis
he metalen. In FMLs bleken de s
heurlip pro�elentamelijk moeilijk waarneembaar met het blote oog of met optis
he mi
ro-s
open. E
hter, het re
hte voorkomen van de s
heur wanneer geobserveerdvan de proefstukzijkant, betekent een vlak breukvlak zonder s
heurlippen.De grootte van plastis
he zones zijn vergeleken in ditzelfde hoofdstuk. Ingeval van monolithis
he metalen en metaal laminaten, een groot vers
hil



SAMENVATTING 177werd waargenomen tussen de voorspelde plastis
he zone grootte (gebruik-makend van Irwins vergelijking) en de grootte gemeten metDIC. Maar wan-neer deze groottes vergeleken werden voor FMLs, dan bleek dit vers
hil kleinte zijn. De delaminatie groottes geobserveerd in FMLs bleken onafhankelijkte zijn van de s
heurlente, wat 
orrespondeert met een 
onstante s
heurtipspanningsintensiteit fa
tor.Hoofdstuk 6 presenteert de ontwikkeling en validatie van drie vers
hillendetypen voorspellingsmodellen. Deze modellen betre�en een lineair s
hadea
-
umulatie model (zonder s
heurretardatie), een plastis
he zone model, eneen s
heursluiting model. De voorspellingen met behulp van deze modellen
orreleerden met experimenteel waargenomen s
heurgroei gedrag.Hoofdstuk 7 s
hetst de subroutine die toegevoegd is aan het model voorvoorgestrekte laminaten. Deze routine is gevalideerd met data van voorges-trekt GLARE1 en ARALL uit de literatuur.Hoofdstuk 8 vat de 
on
lusies van dit onderzoek samen. Er kan ge
on-
ludeerd worden dat met het voorgestelde voorspellingsmodel, het me
h-anisme van s
heurgroei en delaminatiegroei in GLARE volledig is bes
hrevenen begrepen. Het voorspellingsmodel is gevalideerdmet experimentele s
he-urgroei data, en wordt bes
houwd nauwkeurig te zijn. In de wijze waarophet gemplementeerd is, heeft het model potentie om uitgebreid te wordenvoor andere materiaal- geometris
he- en testparameters.
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