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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 ]

Stellingen 2

In vezelmetaallaminaten wordt de vorming van afschuiflippen verhinderd door vezeloverbrugging.
[ dit proefschrift ]

In Fibre Metal Laminates, shear-lip formation is prevented by fibre bridging. [ this thesis ]

Stellingen 3

Om een gelijkwaardige nauwkeurigheid in de voorspelling van vermoeingsscheurgroei te verkrijgen,
impliceert een toenemende materiaalcomplexiteit (van monlitisch metaal naar vezelmetaallaminaat)
niet een toenemende complexiteit van het model. [Dit proefschrift]

To achieve similar accuracy in predicting fatigue crack growth, increasing material complexity (from
monolithic metals to fibre metal laminates) does not imply increasing model complexity. [ this thesis ]

Stellingen 4

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 ]

Stellingen 5

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.

Stellingen 6

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.

Stellingen 7

Een goed wetenschapper is een goed communicator.

Good scientist should be good communicator .

Stellingen 8

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.]

Stellingen 9

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.

Stellingen 10

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.

Deze stellingen worden opponeerbaar en verdedigbaar geacht en zijn als zodanig goedgekeurd

door de promotor, Prof. dr. ir. Rinze Benedictus.

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

by the supervisor, Prof. dr. ir. Rinze Benedictus.
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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 mehanial and damage toleraneproperties than the individual onstituents. FMLs have been developed pri-marily for airraft strutures as a substitute to high strength aluminium al-loys. To manufature FMLs, a stak of plies is ured at elevated temperatureand pressure. This uring proess results in residual tensile stress in metallayers and ompressive stresses in �bre layer. Post-strething is sometimesused to reverse this un-favourable residual stress distribution by plastiallydeforming the metalli layers. This tehnique improves the fatigue rakgrowth properties but an only be applied to uni-diretional FMLs. Uni-diretional FMLs are mainly used in stringers and straps [1℄.In the past, FMLs have been thoroughly investigated espeially in the area1



2 INTRODUCTIONof fatigue rak growth and related mehanisms [1℄. Major part of theseinvestigations [2℄ onern 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 Tehnology, intensive researh has been done in orderto study the di�erent fatigue related phenomena of FMLs. In 1988 a fatiguerak growth predition model for ARALL was developed [7℄ followed byanother more aurate and generi model in 2005 [8℄. The seond model isapable of prediting fatigue rak growth, bridging stress distribution anddelamination shape (pro�le) under CA loading.

Figure 1.1: A typial Fibre Metal Laminate Lay-up [8℄1.1 Sienti� Researh MotivationFMLs are developed mainly for aerospae appliations [9{12℄. In servietheywill be subjeted to variable amplitude (VA) loading ranging from simpleoverloads to more omplex loadings (e.g. take-o�/landing, gust, et.).Constant amplitude (CA) predition methods an be used to predit the fa-tigue rak growth of a strutural omponent under VA loading. Beum-ler [13℄ has disussed spetrum fators to translate the full spetrum intoa CA load sequene using equivalent stress. But there are some issues:1. Prediting the rak growth for VA ase with CA test using spetrum



INITIAL RESEARCH PROBLEM & FRAMEWORK 3fators [13℄ remains an intelligent guess. The on�dene level of theseVA preditions an be overed by inreasing the safety fator. Thissafety fator may solve the issue but at the ost of weight, due to over-designed omponents.2. In addition, rak growth retardation due to rak-tip plastiity andother VA loading related phenomena will not be addressed in the CAase. If rak-tip plastiity is not onsidered, spetrum fators an onlybe determined for eah VA separately by tests. No generi fator anbe determined without understanding the VA sequene e�ets.In order to develop a generi predition model, addressing the above men-tioned issues, it beomes neessary to develop the understanding about thefatigue and rak growth phenomena existing in FMLs under VA loading.After aquiring detailed understanding of phenomena in FMLs under VA loa-ding, the next step is the development of an analytial predition model.However, it is neessary to think about the OEMs' onern in the preditionmodel. OEMs' need an e�etive and eÆient predition model requiringless proessor time.1.2 Initial Researh Problem & FrameworkTo ome to a predition model for VA loading in FMLs, all related aspetsneed to be investigated.The main question addressed in this thesis is: Whih aspets related to ar-bitrary load sequenes have an additional e�et on the urrently identi�edfrature mehanisms? How should these inuenes be desribed, with pra-tial onstraints of an e�etive, eÆient and simple predition model.The researh is detailed into spei� questions1. When only delamination growth is onsidered, an any additional in-uene be observed attributed to arbitrary loading? If so, how an itbe aounted for in the predition method?2. When onsidering the ombination of rak-delamination growth, anthe information aquired in step-1 explain observations on delamina-tion. If not, what are additional inuenes?3. How does the methodology for VA fatigue in the end, relate to CAfatigue? Does it require reonsidering the knowledge on CA?



4 INTRODUCTION4. Considering rak 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-analytial approahhas been adopted. Fatigue rak growth and delamination growth tests havebeen performed to understand the mehanisms or the interation of di�erentmehanisms 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 rak growth,double-rak lap shear speimens have been used. While for delaminationshape, entre rak tension speimens have been used. In addition, digitalimage orrelation (DIC) has been used as strain measurement tehnique toobserve the delamination shapes in-situ testing. For fatigue rak growth,entre rak tension speimens have been tested under seletive VA loadingand ight spetrum loading. This delamination and fatigue rak growthobservations and understanding is used in the development of an analytialpredition model for VA loading.
1.3 Struture of this DissertationChapter 2 briey introdues FMLs and relevant fatigue mehanisms. In ad-dition the signi�ane of VA loading is also explained in this hapter.Details about the delamination growth speimen, proedure and setup aswell as disussion of the results are given in hapter 3.Detailed investigation of the e�et 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 rak tip plastiity analysis.The development of an Analytial predition model for FMLs under VA loa-ding, using all the above researh is given in hapter 6. Followed by thedevelopment of a sub-routine to predit the fatigue and delamination inpost-strethed FMLs, given in hapter 7.The �nal hapter outlines the onlusions and reommendations for researhin 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 introdution on Fibre Metal Laminates, their main harate-ristis, manufaturing and inspetion proess. In addition, the major phenomena observed inthe fatigue mehanisms of Fibre Metal laminates are disussed. Finally, Variable Amplitudeloading and its e�et on the rak growth is disussed.

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 ofomposite materials. Researh on appliation of �bres to thebond line has been started in seventies at Fokker failities, 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 spetrum loa-ding, to study the e�ets 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 airraft 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: Commerially available �bre metal laminatesGrade Metal Metal Fibre Fibre Strethed Charaterististype thikness layer diretion(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, impat4 2024-T3 0.2-0.5 0.266 0/90/0,90/0/90 0.0 Fatigue, strengthin 0/90 diretion5 2024-T3 0.2-0.5 0.266 0/90/90/0 0.0 Impat6 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 ativi-ties regarding the optimization of this newmaterial onept were terminatedat Fokker, Delft University ontinued its researh. Details about the deve-lopment of FMLs are well doumented in [4℄.ARALL (Aramid Reinfored Aluminium Laminate) was the �rst FML om-merially available for the airraft industry [9℄. In 1983, two grades ofARALL were ommerialized, 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 MDonald-Douglas C-17 aft argo door was the only majorappliation for ARALL [10℄. Major drawbaks of ARALL were �bre miro-bukling, premature failure when subjeted to ompressive loads and mois-ture absorption [11℄.In 1987, on-going researh for the development of an optimal FML resulted



NOMENCLATURE OF FMLS 9in a suessor of ARALL, named GLARE (GLAss-REinfored). 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 airraft industry [12, 13℄ beause of the better mehanial and damagetolerane properties, espeially under ight (spetrum) loading.2.1 Nomenlature of FMLsSimilar to a traditional omposite, di�erent FML lay-ups are possible andto identify or ategorize these laminates, a oding system is preferred. Thisoding system is important for design, prodution 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 respet to loadingdiretionB indiates the number of aluminium alloy pliesC indiates the number of glass �bre prepreg pliest indiates the thikness 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 thik.2.2 Properties of FMLsFMLs have a number of advantages when ompared with onventional alu-minium alloys or even �bre reinfored plastis. FMLs have a superior rakgrowth rates and fatigue performane whih allow long inspetion intervals.In omparison to omposites, they o�er simple maintenane methods, easyinspetion during servie, higher impat resistane and less environmentaldegradation.Unlike ARALL, GLARE has good fatigue properties in ombination with om-pressive loading [5℄. Beside the exellent fatigue harateristis, GLARE alsohas good impat and damage tolerane harateristis [14℄. In addition,the �bre/epoxy layers at as barriers against orrosion of the inner metallisheets, whereas the metal layers protet the �bre/epoxy layers from pikingup moisture. The laminate has an inherent high burn-through resistane 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 funtion of temperature [15℄.
2.3 Manufaturing ProessThe aluminium layers in GLARE have a thikness of 0.3 - 0.5 mm and arepretreated before being laminated into a panel. This pre-treatment onsistsof hromi aid or phosphori aid anodizing and subsequent priming withBR-127 adhesive systems [17℄. The �bres are delivered as a prepreg inlu-ding the FM94 adhesive system from Cyte [18℄.The aluminium and prepreg layers are bonded together in an autolave u-ring proess 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�erene in oeÆients 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: Mehanial properties of Aluminium 2024-T3 and Prepreg S2/FM94 [16℄Unit 2024-T3 S2-glass, FM-94
‖ Fibre axis ⊥ Fibre axisThikness 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 oeÆient 10−6C−1 22 6.1 26.2Curing tempera-ture ◦C - 1202.4 Post StrethingFigure 2.1 shows that ooling down results in a tensile stress in the alumi-nium layers, of whih the magnitude depends on the lay-up. This residualstress is unfavorable for fatigue loading. The stress allows an inreased rakopening and so enlarges the stress intensity fator at the rak tip.Post-strething of ured �bre-metal laminates is sometimes performed tooverome potential negative e�ets 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 perentage. It has been proven to have a bene�ial e�et on the fa-tigue properties [15, 19℄. Post-strething an be seen as a means to alter theinternal stress distribution in the laminates to obtain desirable properties.The post-strething mehanism is illustrated in �gure 2.2. Further detail hasbeen provided in the Chapter 7.2.5 Inspetion & Quality ControlThe ultrasoni C-san method an be applied to inspet and verify the qualityof manufatured GLARE panels. This method is a non-destrutive inspetionmethod and it an detet disbonds and porosities within a laminates [18℄.
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Figure 2.2: Illustration of post-strething proess with stress and strain urves
The objetive of non-destrutive inspetion method is to determine whetherthe sanned panel an be aepted or should be rejeted.The defets in GLARE panels an be due to foreign material ontamination,like wrapping foils, raw material ontamination, suh as glass splinters, orporosities or delaminations due to air inlusions. This C-san method is alsoused to detet any positioning error in ase of splies or doublers or even the�bre orientation.To aept or rejet a GLARE panel based on C-san evaluation, it is neessaryto establish ertain riteria. As mentioned by Van Meer and Coenen [18℄,e�et of defets, stati and fatigue tests should be done to investigated thee�ets of any defet.
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Figure 2.3: Crak bridging of the �bres and delamination of the layers2.6 Fatigue in Fibre Metal Laminates2.6.1 Fatigue Crak PropagationIn FMLs, fatigue rak propagation an be divided into two main meha-nisms: rak propagation in metal layers and delamination at the metal-�bre interfae. In reality, both of these mehanisms form a balaned andso-alled oupled proess. These mehanisms are shown in �gure 2.3.The fatigue rak growth behaviour in FMLs an be desribed with LinearElasti Frature Mehanis (LEFM). This implies that, like monolithi me-tals, the rak growth rate in FMLs is related to a rak-tip stress intensityfator. But it is not that simple, beause in FMLs the rak-tip stress in-tensity fator is inuened by the ontribution of bridging �bres, whih ise�eted by the delamination at the �bre-metal interfae.When the raks in the metal layers start growing, the �bres remain intat inthe wake of the rak. These �bres provide a path of the load transfer overthe rak and restrain the rak from opening. As a onsequene, less loadneeds to be transfered around the rak-tip in the metal layers, resulting ina lower rak-tip stress intensity fator.During fatigue rak growth in the metal layers, a ontinuous stress distribu-tion around the rak in eah layer and shear stresses at the interfae ours.



14 FIBRE METAL LAMINATESThis redistribution, results in an almost onstant rak-tip stress intensityfator during major part of the rak growth life. The �bre bridging meha-nism depends on a number of fators, suh as the sti�ness and thiknessof eah individual layer, the number of metal-�bre interfaes, the diretionof eah �bre-adhesive layer with respet to the loading diretion, the ap-plied loading, the rak on�guration (surfae of part through raks) andthe environmental onditions (temperature) [20℄.Delamination growth is a proess in whih the layers adjaent to the rakedmetalli layers delaminate due to the yli shear stresses that our, beauseof load transfer at the �bre-metal interfae [21℄. No stresses our betweenthe layers in the delaminated area. But the stress relaxation will our inthe �bre layers itself [22℄. The advantage of delamination growth is the fatthat the inrease in the length of the bridging �bres redues the strains andstresses in the �bres, preventing �bre failure.In the following setions, these mehanisms will be disussed in detail.2.6.2 Crak Bridging and Restraint on Crak OpeningThe �bres in FMLs are insensitive to fatigue. They transfer a signi�antpart of the load over the rak and restrain the rak opening, as shown in�gure 2.3. Due to this restraining, the rak opening in GLARE is smalleras ompared to monolithi metal. The amount of load that is transferredaround the rak in the metal layers is smaller due to the transfer of themajor part through the �bres, over the rak. This mehanism results insmaller rak-tip stress intensity fator as ompared to monolithi metal, forequal rak length and applied load. Moreover, the rak-tip stress intensityfator is not signi�antly inuened by the inrease of the rak length whihis ontrary to what is observed in monolithi metals.Crak bridging beomes maximumly e�etive after a ertain rak length isreahed, whih means, after the rak opening displaement reahed a er-tain magnitude. A small rak opening means low strain in the �bres andas a onsequene low bridging stress. Therefore, the �bre bridging and therestraint on rak opening will be small for small rak lengths, but will be-ome e�etive after the rak length reahes a ertain size [21, 22℄.2.6.3 Delamination at the InterfaeMarissen [21℄ has reported that rak opening during the rak propagationphase is due to the two main fators:
• Fibre elongation in the delamination area (Figure. 2.4(a)).
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16 FIBRE METAL LAMINATES
• 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 fators.The yli shear stresses at the metal-�bre interfae due to the load transferfrom the metal to �bre layers are ausing this delamination growth. Themagnitude of yli shear stress is determined by the material and loadingparameters, suh as the thikness 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 yli shear stresses, the delamination growthrate depends on the delamination resistane of the prepreg. Inreasing thedelamination resistane provides better �bre bridging [21℄.During loading, when the rak-anks are opened in aluminium layer, theintat �bres are elongated over the delamination length. This means for agiven rak opening, that the delamination length determines the strain andthus the stress in the �bre layers. Large delamination lengths result in smallbridging stresses, with small yli shear stresses at the interfae induingsmall delamination growth rates. In other words, the delamination growthrate and the bridging stress are in balane, ontinuously inuening eahother.The bridging stress also ontributes to the stress intensity fator at the raktip in the aluminium layers, whih determines the rak growth rate. Highbridging stresses along the rak result in low stress intensities at the raktip and thus small rak growth rates.This means that the fatigue rak growthmehanism in Glare is haraterisedby the proesses of rak growth in the aluminium layers and delaminationgrowth at the interfaes, whih ontinuously inuene eah other. The ra-tio between rak length and delamination length depends on the laminatelay-up and on the rak growth harateristis of the aluminium and thedelamination resistane of the interfae.2.6.4 Adhesive Shear DeformationBesides the elongation of �bres, Marissen attributes a part of the rak ope-ning to the deformation of the adhesive rih 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 interfae. This results in shear stressesat the interfae, induing shear deformation of the adhesive rih layer.



FATIGUE IN FIBRE METAL LAMINATES 17Marissen onluded that in the ideal situation of an in�nitely sti� adhe-sive between the layers, the rak opening and the stress intensity fatorwould be zero for a laminate without a starter noth and without delamina-tion. However, in the atual situation due to loal shear deformation of theadhesive, some rak opening will our. This is shematially representedin Figure 2.4(b). As result of the slightly opened rak, the stress intensityfator in the aluminium layers is no longer zero.In the above disussion, the e�et of delamination was negleted. If dela-mination of the layers ours, the length over whih the �bres will elongateinreases, resulting in lower �bre stresses. The situation, however, will bequalitatively the same.
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18 FIBRE METAL LAMINATES2.6.5 E�et on Fatigue Performane of FMLsThe fatigue rak growth behaviour of Glare was desribed with the stressintensity fator approah in a qualitative way. The argument of this thesis isthat the stress intensity fator at the rak tip determines the rak growthrate in the aluminium layers. Control of the stress intensity fator meansontrol of the rak growth rates in the Glare material. The stress intensityfator at the rak tip an be redued by [21℄
• Inreasing the sti�ness of the �bre layers. This an be obtained byapplying �bres with a higher Young�s modulus, or by inreasing the �brelayer thikness or by inreasing the �bre volume fration within theprepreg. The bridging stresses in these ases will be higher at the samerak opening displaement.
• Dereasing the sti�ness of the aluminium layers by dereasing the thi-kness of the aluminium layers.
• Inreasing the delamination resistane. The delamination areas willbe smaller, resulting in higher bridging stresses and thus lower stressintensities.
• Inreasing the adhesive or prepreg shear sti�ness, whih restrains therak opening more and lowers the stress intensity at the rak tip. Ingeneral, the fatigue harateristis of Glare an be enhaned by opti-mization of the laminate with respet to �bres and adhesives in om-bination with the laminate lay-up.2.7 Variable Amplitude LoadingThe retardation e�ets on rak growth resulting from a single overload yleis illustrated in Figure 2.5. During the overload yle, yielding of the ma-terial near the rak tip ours, reating a large plasti zone [25{31℄. Dueto the presene of this plasti zone in front of the rak-tip, surroundedin an elastially deformed region, the rak-tip experienes a squeezing ef-fet, whih results in the development of residual ompressive stresses atand around the rak-tip. The ompressive stress �eld redues the avai-lable rak-tip driving fore and auses a signi�ant redution in fatigue rakgrowth rate [26, 28, 32℄. The rak retardation zone, i.e. the rak extentover whih retardation of rak growth is experiened, may be harateri-zed by parameters, aD (overload a�eted total rak length) and ND (delayyles), and is shematially represented in �gure 2.5. After the rak hasgrown beyond this region, the rak growth rate returns to its original rate



FATIGUE CRACK GROWTH RETARDATION MODEL 19in the absene of other retardation e�ets. This is the typial phenomenonobserved in metals, however, FMLs having metal as a onstituent show thesame retardation phenomenon but presene of �bre redue this e�et.2.8 Fatigue Crak Growth Retardation Model2.8.1 For metalsFatigue rak growth retardation models an be divided into two main a-tegories: those based on rak growth through a plasti zone ahead of therak tip and those based on rak losure in the wake of the rak (see Fi-gure 2.6). Early interation models were based on rak-tip plastiity whihwas assumed to be the major ause of fatigue rak growth retardation. Awell-known and simple model of this ategory is the Wheeler Model [33{47℄. These rak-tip plastiity models were followed by the advane andomplex fatigue rak growth predition models based on the rak losurein the wake of the rak as the major ause of fatigue rak growth retar-dation. These models are ategorized in semi-empirial models (suh asONERA, PREFFAS and CORPUS) and Strip-yield models. Details on thesemodels are given in [48℄
FATIGUE CRACK GROWTH RETARDATION
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Figure 2.6: Classi�ation of Fatigue rak growth retardation models2.8.2 For FMLsIn FMLs, all the metal related phenomena are to some extent redued dueto intat �bres. Beause of this fat, a simple rak growth predition mo-del may be suÆient to predit the fatigue rak growth in FMLs under VA



20 FIBRE METAL LAMINATESloading. This highlights that omplex and advane models may not be requi-red in ase of omplex materials like FMLs under VA loading. A simpli�edinteration model (rak-tip plastiity) is used for fatigue rak growth pre-ditions under VA loading in FMLs. The details about the rak-tip plastiitymodel are disussed in this setion.2.8.3 Crak-Tip PlastiityAording to the theory of elastiity, the stress at the tip of the rak beomesin�nite when a struture is loaded. In reality, the rak-tip beomes bluntedupon loading. Additionally, for a dutile material, the theoretial rak-tipstresses exeed the yield strength of the material, σ0.2, resulting in yielding infront of the rak-tip. As a result, a zone of plastially deformed material oftheoretial size rp is formed ahead of the rak tip, as illustrated in �gure 2.7.When the raked struture is loaded in tension the total elasti and plastistrain within the plasti zone beomes larger than the elasti strain of thesurrounding material. During the subsequent unloading stage, the surroun-ding elasti material ats like a spring that lamps the residual strain withinthe plasti zone and exerts ompressive fores on to the zone. As a result,a zone of ompressive residual stress ahead of the rak-tip is reated afterunloading (from tensile applied stress).
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Figure 2.7: Shemati stress distribution at the rak-tip under tensile loadingThe rak-tip plasti zone an also be viewed as the load interation zone



FATIGUE CRACK GROWTH RETARDATION MODEL 21sine the residual stress interferes with the applied stress to the rak-tip.The interferene of the residual stress with the applied stress is known tohave a signi�ant e�et on the fatigue rak growth rates of the strutureunder VA loading. In the event of a tensile overload, a more extensive andlarger zone of ompressive residual stress is reated ahead of the rak-tip.As the rak advanes through the zone during subsequent fatigue yles,the ompressive residual stress ontributes to the well-known fatigue rakgrowth retardation in the subsequent yles following a tensile overload.2.8.4 The Irwin ApproahIrwin made a simple estimation of the plasti zone along the rak plane forelasti, perfetly-plasti materials. The simplest estimate an be made bysubstituting θ = 0 in
σ0.2 =

KI√
2πr
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θ
2

(

1+ sin
θ
2

sin
3θ
2

) (2.1)and solving for a distane, ry, at whih 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 distane ry is shematially illustrated in �gure 2.7. This estimate ofplasti zone is inorret, beause 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 fore equilibrium in y-diretion. This ondition an be met by making rp suh that the followingequation is satis�ed:
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dx−σ0.2ry = σ0.2(rp − ry) (2.3)Solving for rp gives:
rp = 2ry =
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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 Desription of Wheeler Yield Zone ModelAording to Gallagher [52℄ and Shijve [53℄, the models that try to explainthe interation e�et by onsidering the ondition in front of rak tip (plastizone) are labelled as Yield Zone Models. Wheeler [54℄ started this genera-tion of predition models involving interation e�ets in the predition ofrak growth.The Wheeler predition model uses the modi�ed linear damage aumula-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 aumulation provides a predition of VA fatigue life byadding yle-by-yle rak growth inrements ∆ai, mathematially repre-sented in equation 2.7. The modi�ed rak length and rak growth rateequations an be written as:
da
dn

=CP ·Ccg∆Kncg (2.8)where CP varies from 0 to 1 depending on the loation of the rak tip in apreviously reated larger zone (rp,OL in �gure 2.1) and the plasti zone size ofthe urrent load yle rp,i. The CP is alulated 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 rak length at overloading, illustrated in �gure 2.8. m is theexperimentally alulated exponent whih depends on the stress level, therak shape as well as the load spetrum.Wheeler assumed that m, one alibrated, an be used for other spetra.But later it was shown that the auray of preditions will su�er if di�erentloading spetra are used with the same m value [33, 55℄. For metallistrutures, the Wheeler model is unable to predit the phenomenon of rakarrest after a high overload, beause the predited retardation fator imme-diately after the overloadwill not be zero [35℄. Seondly, the Wheeler modeldid not reognize the ourrene of delayed retardation. Atually, the mo-del assumes very simple rak growth behavior; whereas immediately afterappliation of peak loads the real phenomena are very omplex.
 

rp,OL 

ap 

aOL 

a i
rp,i

∆a 

Current effective

plastic zone

Overload Effective

Plastic Zone
 

σ
OL  

σmax 

σmin  

σmax,i

∆σ  

Figure 2.8: Relative sizes of plasti zones in the Yield Zone Models. [56℄



24 FIBRE METAL LAMINATES2.8.6 Modi�ed Wheeler ModelIn the original Wheeler model, the Paris equation is used for rak growthalulation. A problem of the Paris equation is its dependeny on the stressratio. To inlude the stress ratio e�et in the CA rak growth predition,a number of equations have been proposed in the literature [57℄. Gal-lagher [52℄ used the Walker [58℄ rak growth relation, while Pereira etal. [59℄ and Finney [33℄ used the Forman relation [60℄. Here the Shijverelation [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 rak growth relation (Equation 2.8) is modi�ed as

da
dn

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

Monotonic Plastic Deformation 

Reversed Plastic Deformation  

Figure 2.9: Plasti ZoneThe ourrene of rak losure of a fatigue at a positive tensile stress levelafter removing the load on the speimen is a physial reality [62℄. In orderto be aurate, this phenomenon should be an essential element of a rakgrowth predition model. During rak growth, the plasti zone is movingwith the tip of the rak as well as inreasing in size, �gure 2.9. The samewill be true for the reversed plasti zone. This deformation involves elonga-tion in the y-diretion. As a result of this elongation the rak will lose (atleast partly) during unloading, and after full unloading (P = 0) ompressiveresidual stresses will be present in the wake of the rak. As the fratured



FATIGUE CRACK GROWTH RETARDATION MODEL 25surfaes are pressed together by plasti deformation left in the wake of therak, the residual ompressive stresses are transmitted through the rak.This phenomenon in literature is referred to as \Crak Closure". It was �rstobserved by Elber [62℄. and it is sometimes referred to as the Elber Meha-nism. The presene of this phenomenon an be justi�ed either by sti�nessmeasurement [61℄, whih is not an aurate way of measurement, or by thee�et on fatigue rak growth.Elber suggested that only that part of the load yle will ontribute to rakextension where the rak is fully open until the rak tip, beause rak tipsingularity does not exist during the part of the load yle when the rak tipis losed. This leads to the de�nition of an e�etive stress range and stressintensity fator.
∆Se f f = Smax− Sop;∆Ke f f = Kmax−Kop (2.13)Elber devised the famous rak losure relation involving the stress intensityfator 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 rak losure relations as a funtion of R.Elber's relation indiate that Sop is inreasing again for a negative R-valuewhih is physially unrealisti. Analytial work of Newman [63℄ has shownthat it should be a dereasing funtion for R− > −1. For this reason, Shi-jve [64℄ proposed a new relation between U and R based on the trends aspredited by Newman.

U = 0.55+0.35R+0.1R2 (2.15)This relation shows a ontinuously dereasing Sop for a dereasing R-value.This trend should be expeted beause for a ertain Smax value, a lower R-value implied a lower Smin value. The weakness of this approah is the im-pliit and unproven assumptions that rak losure is responsible for all loadratio e�ets and that these an be orrelated by an equation. But this rela-tion is proved to be the only rak losure estimation method due to una-vailability of aurate diret rak losure measuring tehniques [3℄.After the introdution of the rak losure onept by Elber [62℄, a lot ofe�ort was put in understanding the phenomenon to predit rak growth.These e�orts inlude the early phase work whih were mainly numerialtehniques (�nite element analysis) as detailed by Newman [65℄ and Ohijiet al. [66℄. Numerial tehniques were shown to be very aurate but aremore ompliated for modeling and meshing aspets. The major issues were
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Figure 2.10: The rak opening stress level aording to di�erent relationsthe alulation osts and time, whih made sientists developing simple ana-lytial rak losure models [67{69℄. Crak losure models for VA-loadingrequire yle-by-yle alulation of the rak opening stress, Sop and theorresponding Kop. The three main models whih are based on Elbers raklosure assumption were primary developed to predit fatigue rak growthunder ight simulation loading [70℄. These models are:1. ONERA Model2. CORPUS Model3. PREFFAS ModelIn this thesis CORPUS model is disussed and later implemented for predi-ting fatigue rak growth in FMLs.
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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 rak growth predition under ight simulation load sequenes.The CORPUS model was based on the hump mehanism, i.e. rak losureis visualized by the hump formation (�gure 2.11) on rak surfaes. Thereis no evidene supporting the formation of the humps on the rak surfaepresented in literature. However, only shematis 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 yle, a hump is reated with assoiated Sop level, and forthe estimation of Sop a yle-by-yle alulation is required, sine Sop is anessential part of CORPUS model for rak extension.De Koning [71℄ was able to introdue a few new onepts in the rak growthmodels. These were related to the onept of primary and seondary plastizones, the onsideration of plane strain/plane stress for plasti zone esti-mation and the multiple overload e�et. Although the onept behind themodel is quite simple, the mathematial interpretation of the model appearsto be fairly omplex. Padmadinata [72℄ and Putra [73℄ explained the COR-PUS model very systematially in their thesis. The desription in this paperis mainly attributed to both authors and is based on their analyses.In order to desribe the hump behaviour after appliation of an overload-underload ombination, a form similar to Elber's funtion was determinedempirially 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,whih Newman assumed as an average yield stress. In order to inorporatethe inuene of high load levels, De Koning de�ned a orretion fator hfor the Sop values. The orretion funtion was obtained by a urve �ttingproedure to Newman's results.An overload is playing a major rule in reating the hump while an under-load will redue the hump and hump opening stresses. A lower underloaddereases the Sop level of the previous yles while an overload higher thanthe previous overload yles inreases 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 plastizone extending in already plastially deformed material. The �rst ones arealled Primary Plasti Zone (PPZ) and the latter ones are alled SeondaryPlasti Zone (SPZ).De Koning formulated a speial equation by modifying the Irwin [75℄ equa-tion as well as the Dixon �nite width orretion for entrally raked spei-men, in order to aount for a large zone if Smax approahes the net setionyield-limit. This resulted in a fairly ompliated equation for alulating aPPZ involving a variable for the stress state assumption. The plasti zonesize has an important role in the delay swith and the material memoryonsideration.Interations between an overload with an overlapping PPZ auses an in-rease of the rak opening levels, whih will give more rak growth re-tardation. This e�et 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 reah an upper bound stationarylevel de�ned by

1+mst,n

[

1
U

−1

] (2.18)Where mst,n is a stationary parameter whih depends on the rak 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 rak has grown through the overload plasti zone (∆a/Dn>1),the overload interation is ignored and equation 2.13 is used to alulatethe ∆Ke f f values for Paris relation. If a series of overloads is applied, thehump opening stress will reah the stationary value given by equation 2.13.



SUMMARY 29After the appliation of the overload, the value of Sop,n is inreased step bystep. To ompute the load interation e�et, a relaxation fator δ was takeninto onsideration (0.28 for 2024-T3). This value is valid for the interatione�ets of overloads of the same level in plane stress ondition. For a generalase, where overload of di�erent levels interat at di�erent states of stress,two orretion fators were introdued. The orreted relaxation fator is
δ = 0.28δ1δ2 (2.19)

δ1 aounts for interation of di�erent overload levels and δ2 aounts forthe e�et of redued interation in plane strain ondition. It should be keptin mind that only interation between the reent overload and the overloadassoiated with dominant hump is onsidered.Conepts adopted in the CORPUS model are related to rak losure (Elbermehanism), plasti zone size, loation of rak tip in plasti zone, hump andretardation mehanism.After omparing the predited and tested results, Padmadinata stated thefollowing onlusions:1. Crak growth in most severe ights was under estimated.2. The CORPUS model gives muh importane to a rarely ourring ne-gative load if that load is more ompressive (gust load) than the fre-quently ourring ground stress level. The predition is inaurate butonservative in that ase.3. Some improvements have to be done on the load sequene, as in someases with simple load sequenes, a sequene e�et was predited butit was not observed in the test series and sometimes it ourred in testsbut CORPUS model did not predit it.4. The CORPUS model predits a higher rak growth rate for a loweryield stress if the other material onstants are not hanged. The latterondition is not realisti, but it indiates that relevant CA rak growthrates are essential for good preditions.5. The CORPUS model does not onsider the multiple overload e�ets onthe 7075 alloy.2.9 SummaryThis hapter has briey introdued the onept 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

Reprodued from Khan, S.U., Alderliesten, R. C., Beneditus, R. Delamination growth in Fibre Metal La-mintes under Variable Amplitude Loading. Composite Siene and Tehnology,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 analytial investigation of the e�et of variable amplitude (VA) load se-quenes on delamination behavior in Fibre metal laminates FMLs is presented in this hapter.Delamination tests are performed and results are ompared with linear damage aumulationpredition. The orrelation between the test results and preditions highlighted the absene ofload sequene and interation e�ets in delamination growth rate under VA loading.

T
he fatigue rak growth behavior of Fibre Metal Laminates hasbeen extensively investigated in the past deades. The ma-jority of papers published on this topi report fatigue andfrature experiments on various oupon speimens, analysisof observations and development of understanding by means of empirial ortheoretial models [1{14℄. The main advantage of FMLs is the very slow andapproximately onstant rak growth under even full spetrum loading as aresult of rak bridging by intat �bers. The rak growth is aompanied37



38 DELAMINATION GROWTHby delamination growth in the wake of the rak, whih to some extent isonsidered to be favorable for these materials, in ontrast to �bre reinforedpolymer omposites.
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FIBRE - ADHESIVE LAYERS

FIBRE - ADHESIVE LAYERFigure 3.1: a. Illustration of typial delamination and CCT speimens, b. Center-raked lap shear CCLSspeimen geometry [15℄, . Double raked lap shear DCLSspeimen geometry [21℄Although various rak growth experiments on FMLs have been reportedwhere simple VA load sequenes or atual ight simulation spetra wereapplied [8{11℄, a detailed understanding of the interation e�ets in FMLsis not yet at hand. At least not to the same level of understanding as forrak growth under onstant amplitude (CA) loading.Alderliesten and Woerden [14℄, for example, studied delamination shapesreated during CA loading with and without overloads. A major questionfollowing from their disussion is whether the delamination growth is a�e-ted solely by the behavior of the metals (plastiity) or whether additionalsequene e�ets (retardation, aeleration) inuene the growth. This ques-tion beomes espeially important when looking at the study by Alderliestenet al. [15℄, where delamination observations were made during testing of asingle speimen at subsequently di�erent load levels. The presene of in-



DELAMINATION GROWTH RATE CALCULATIONS 39teration e�ets in the delamination growth rate might have an e�et on theresults obtained.To enable the development of an analytial model desribing the physialfrature behavior under arbitrary fatigue loading in FMLs, this questiononerning interation e�ets in delamination growth must be addressed.This hapter reports on additional delamination growth tests on similar FMLspeimens with various blok load sequenes and VA load spetra. The re-sults are ompared and analyzed with urrent frature mehanis based des-riptions for delamination growth [15{20℄ to answer the question, whetheror not interation e�ets are present in the delamination growth.3.1 Delamination Growth Rate CalulationsThe energy release rate for delamination is alulated based on energy ba-lane in the entered-raked lap shear (CCLS) as well as double-raked lapshear (DCLS) speimen delamination speimen as shown in �gure 3.1 [1, 15,16℄. The details about these types of speimen is given in the next setion.Delamination growth is desribed using a Paris type relation with two ex-perimentally determined onstants Cd ,nd and the di�erene 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.
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Crack initiation  

Figure 3.2: Early failure of intat metal layers in enter-raked lap shear speimenThe linear damage aumulation (LDA) rule is based on a yle-by-yle ana-lysis independent of preeding load yles. It is an integration of alulateddelamination growth inrements ∆bi using equation 3.2 to obtain a predi-tion for the full load spetrum or one blok of load sequenes. As a result, itis the simplest method to predit the delamination growth under VA loading.The advantage of the LDA rule is omputational eÆieny. In the presentresearh, LDA is used to prove the absene of any interation e�ets. In theother words, interation e�ets will be absent in delamination growth underVA loading if the delamination growth rate predited using LDA orrelateswell with the experimentally obtained growth rate.In general, the LDA rule an be presented mathematially as:
b = b0+

N

∑
i=1

∆bi (3.3)3.2 Experimental Program3.2.1 Test SpeimenTo investigate delamination growth, a speimen should be seleted that willnot indue interation with other frature phenomena. In enter-rakedtension (CCT) speimen for example, delaminations oexists with metal rakgrowth, whih annot be exluded when analyzing the delaminations. Betterspeimens are CCLS and double-raked lap shear (DCLS), see �gure 3.1,whih an be related to CCT afterwards as illustrated in the same �gure.



EXPERIMENTAL PROGRAM 41Initially, a CCLS speimen (on�guration illustrated �gure 3.1-b) has beenseleted, whih is believed to represent a pure mode II on�guration [16℄.These speimens have been manufatured using the standard GLARE 2-3/2-0.3 on�guration. Due to the early failure of the intat 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 speimens havebeen manufatured using standard GLARE 2-2/1-0.3 layup with two 0.3 mmthik raked outer layers of aluminium 2024-T3 with in-between two uni-diretional glass �bres epoxy layers with a nominal thikness after uringof 0.26 mm. Although this on�guration mathematially seems to have amode I ontribution to the delamination mehanisms [16℄, it was shown byAlderliesten et al. [15℄ that this mode has no e�et on the observed delami-nation growth. The mehanial properties of the onstituents of the testedspeimens are summarized in Table 2.3.3.2.2 Test Equipment & Proedure
DCLS

Specimen

CCD

Camera

Delamination

Edges

Figure 3.3: Testing setupThe tests were onduted in lab air at room temperature in a losed loopmehanial and omputer ontrolled servo-hydrauli testing system with a



42 DELAMINATION GROWTHload apaity of 10 metri tons. The delamination lengths were measuredfrom one side of speimen at the four loations near the arti�ial raks 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 ondutedwithHI-LO and LO-HI blok load sequenes,with programmed blok loading, multiple blok loading and ight spetrumloading. The test matrix is given in table 3.1, showing the load sequeneand the applied stress levels.3.3 Results & Disussion3.3.1 Blok Load SequenesDelamination test results for blok and multiple blok load sequenes areshown in �gure 3.4-(a), (b) and 3.5-(a). Delamination lengths measuredfrom the four edges are plotted against the number of yles 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 beame linear after the delamination progressed a short distane.The length of this distane appeared to depend on the applied stress levels.There are two aspets that might have an e�et on this initial non-linearbehaviour. The appliation of Teon inserts and the deburring of the metallayer edges (as shown in �gure 3.6). During fabriation of speimens, a thinTeon tape was plaed at the delamination initiation loation in order toaelerate 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 onsequene, the delamination initiallyhas to grow along the deburred surfae, during whih delamination will behaving a signi�ant ontribution of Mode I to the Mode II delaminationgrowth. This start-up e�et was also observed by Mall et al. [23℄ in ase ofa omposite-to-omposite bonded joint tested under CA fatigue.The blok and multiple blok 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 Sequene Stress Values Stress Ratio[MPa℄ [R℄Blok loading  LO-HI 150-169 0.05HI-LO 169-150 0.05Blok loading  LO-HI 150-187.5 0.05HI-LO 187.5-150 0.05Multiple BlokLoading 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 285yles 0.86 to 0.03Short period 105 to 195 in 100yles 0.86 to 0.03Periodi Over-loads Inreasing step 80 to 220 to 80Dereasing 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 0.05ProgrammedBlok 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, Trunation level=IV, Ground-air-ground stress=0.02 × σmeanWFS Typial wide-body fuselage spetrum
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Figure 3.6: Deburred metal layers and Teon tape loation
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NLARGEFigure 3.9: Delamination growth tests results omparison of ARALL and GLAREOn the other hand, between the test result and predition forWFS a orrela-tion is absent. The di�erene between the Mini-Twist and WFS spetrum isthe presene of a number of intermediate yles that break up the large ylesinto smaller yles in WFS spetrum, as shown in �gure 3.8-(a). The rain-ow ounting tehnique [24{26℄, mentioned in literature as a yle ountingand �ltering tehnique for rak growth in metal strutures, is used here toaount for these intermediate yles. As a result, in the �ltered situationthe large yles are onsidered only, shematially shown in �gure 3.8-(a).As shown in �gure 3.8-(b), the rain-ow ounting tehnique ombined withLDA preditions resulted in a lose math between the test result and pre-dition for WFS and program blok load test. The orrelation of test dataand rain-ow ounted spetrum predition highlighted that the delamina-tion growth rate depends on the large yles and the delamination is nota�eted by the intermediate yles within large yles.



RESULTS & DISCUSSION 493.3.3 Delamination Behaviour of ARALL & GLAREMarissen [1℄ tested ARALL delamination speimens under repetitive blokloads, mentioned as `Programmed Blok Loading' in table 3.1. In this loadspetrum, single OL yles NLARGE were applied with varying the number ofpreeding small yles, NSMALL. He reported some interation e�ets, whihare di�erent in nature than the ones known to exist in metal rak growth.In his tests, inrease in delamination growth rate, alulated using Miner'sLDA rule, was observed by inreasing the number of small yles betweenOL yles (Figure 3.9).To ompare the urrent researh with Marissen's �ndings, a similar spe-trum has been applied to GLARE. No interation was observed, as an beillustrated by omparing the results with LDA preditions, whih is basedon non-interation (Figure 3.9). This observation does not agree with theMarissen's observation. Then the question arises what an be di�erent inARALL from GLARE whih aused interation e�ets? Further evaluationis done to study the possible auses of di�erent delamination behaviour ofARALL and GLARE.
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50 DELAMINATION GROWTHsure the delamination length, while a CCD amera was used in the urrentresearh. In priniple, there should not be any error due to the measure-ment tehnique beause in the orrelation (Fig. 3.9) the delamination growthrate - db/dN is used instead of delamination length - b. A systemati di�e-rene in apturing the length would only provide a di�erene in delaminationlength, not in rates. In addition, Mall et al. [23℄ ompared three di�erentmeasurement tehniques to measure the debond length. They onludedthat measurements using di�erent tehniques are quite lose to eah otherand any of the method an be adopted.Seond, the metal/�bre interfae may be the ause of di�erene 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 manufaturing proesses or later in-servie,he onsidered high peel strength being advantageous.
FATIGUE DELAMINATION
SURFACE

(b)(a) PEELING SURFACE

DELAMINATION DIRECTIONFigure 3.11: Fatigue delamination surfae in ARALL: a. Imprint of the fabri in theadhesive, b. Delamination front at the �bre side. [1℄The number of possible frature paths in ARALL is larger beause of its inho-mogeneous omposition. Mirosopi examination of a ross-setion of theARALL speimen showed that it onsists of a resin-rih layer (1/10 of pre-preg thikness) near the adherends and a �bre-rih layer (8/10 of prepregthikness) 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 interfae. 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 resistane as GLARE (FM-94). This meansthat all of these di�erenes have insigni�ant e�et on the CA delamina-tion resistane and hene annot ontribute to the di�erene between thedelamination behaviour of ARALL and GLARE.In ARALL, Twaron HM fabri in ombination with BSL-312-UL adhesive isused. Delaminated surfaes show an irregular pattern (surfae), as shownin �gure 3.11. Due to twaron weaved fabri, the delamination front alwaysstops at the roving perpendiular to the loading diretion. These rovings ap-parently at as 'delamination stoppers', and the overall delamination growthis redued [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, aertain jump over the roving or inrease in delamination length an be ex-peted whih leads to the higher delamination growth rate observed by Ma-rissen. This inrease in delamination growth rate is more pronouned whenthe number of OLs were inreased in the CA yles. On the other hand, inGLARE, S2 Glass uni-diretional prepreg in ombination of FM-94 is used.The delaminated surfaes in GLARE show a straight (smooth) pro�le alongthe metal-�bre interfae, as shown in �gure 3.12. Phenomenon like de-lamination stoppers was not observed beause there are no �bres presentperpendiular to the delamination growth diretion. There is not a big dif-ferene between the test results and LDA preditions.The major di�erenes in GLARE and ARALL are briey given in table 3.2Table 3.2: Possible auses of di�erent delamination behaviour of ARALL and GLAREARALL GLARE RefereneMetal type 7075-T6 2024-T3 [1, 21℄Metal layer thikness [mm℄ 0.45 0.3 [1, 21℄Fibre type Tawaron Glass [1, 21℄Fabri Prepreg [1, 21℄woven Uni-diretional [1, 21℄Fibre layer thikness [mm℄ 0.3 2×0.133 [1, 21℄Adhesive Type BSL-312-UL FM-94 [1, 21℄Resin rih layer Present Absent [29℄Fibre volume fration 54% 60%Fibre/Epoxy bonding Weak bonding Strong interfaial bonding [27℄Peel-strength 2.5 N/mm 7.5 N/mm [28℄Possible delamination path 1: Interfae failure at theresin rih layer-adherendinterfae 2: Cohesive fai-lure in resin rih layer 3:Interfae failure at resin-�bre interfae 4: Fibre fai-lure 1: Interfaial failure atadhesive-adherend inter-fae Figure 3.10
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DELAMINATION DIRECTION

Figure 3.12: Delamination surfae of �bre side3.3.4 SEM Analysis of Delaminated SurfaesSeveral speimens have been analyzed using Sanning Eletroni Mirosopy(SEM) to investigate the delamination surfaes 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 presene of striationson the delaminated surfae at the metal side. However, he was unable torelate these striations to the delamination growth data and thus to drawonlusions on the presene of interation e�ets (i.e. delamination growthaeleration). Nonetheless, Marissen reported that SEM might be helpfulif striations ould be related to applied stress values. In the present re-searh, SEM has also been performed in order to aquire information aboutthe presene or absene of interation e�ets 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, whih highlights the good adhesion betweenresin and �bres. Beause all �bres are overed with adhesive residue, thedelamination evidently ours 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 surfae;usps an be observed that aording to Purslow [30℄ indiate shear failure.
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Figure 3.14: Delamination markings (striation) observed in the �bre imprints at themetal side of the delaminated speimens.Markings that may be onsidered delamination growth striations were ob-served in the �bre imprints at the metal side of the delaminated speimen,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-quene are ounted, twie as muh markings were observed over the samedistane in the LO yle, as ompared to the HI yle. This fator 2 di�e-rene between both spaings, shown in Figure 3.15, orresponds with theobserved marosopi delamination growth rates (i.e., delamination growthrate during the LO yles is db/dN = 3.9×10−4 mm/yle, while atHI yles,db/dN = 8.5×10−4 mm/yle). The spaing/yle may not be exatly relatedto db/dN but a relative omparison is justi�ed.In ase of ight spetrum and periodi blok load sequene, similar striationsare observed. The spaing between these striations an be related to the
Smax, as shown in �gure 3.16 for periodi blok load sequene. Delaminationstriations (�gure 3.16 and 3.17) observed in �bre imprints are not ontinuouslike fatigue rak growth striation observed in metals, whih is also observedby Roebroeks [31℄ in ase of ARALL. This disontinuity 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 loadsequene: a. Long Period. b.Short Period3.3.5 Delamination Predition AspetsDelamination growth at the interfaes in GLARE under VA loading is inde-pendent of interation e�ets, whih enables the use of CA delamination
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Visible range of markings

Figure 3.17: Disontinuity observed in Delamination markings (striation).growth predition as formulated by Alderliesten et al. [15℄ for preditionunder VA loading. However, for ARALL and FMLs with similar interfaeharateristis, further investigation is required to formulate the onlusionsabout the potential interation e�ets.In FMLs the fatigue delamination is always loalized around the rak and isoupled with the rak growth in metal layers. In ase of ARALL, as repor-ted by Marissen, if on one hand the OL inreases the delamination growthrate, but on the other hand, it dereases the rak growth rate (rak growthretardation). The rak growth retardation subsides the inrease in the de-lamination growth rate. This an be seen in the fatigue rak 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 sequenes and load spetra.It has been observed in the blok load sequene test that the average dela-mination growth rate is independent of the applied load sequene. In ad-dition, with the applied measurement tehnique no inuene on the growthrate ould be observed related to the transition from one load level to other
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Chapter4

DELAMINATION SHAPE

Reprodued from Khan, S.U., Alderliesten, R. C., Beneditus, 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 inuene that load variations have on delamination shapesin Fibre Metal Laminates. Previously fatigue tested entre-rak tension speimens have beenhemially ethed to obtain the �nal delamination shapes. In addition, fatigue rak growthtests on similar speimens have been performed to investigate the formation of delamina-tion shapes. For this purpose, digital image orrelation has been used as strain measurementtehnique to reord the delamination shapes in-situ testing. An explanation is put-forward inorder to understand the e�ets of variable amplitude loading on the formation of delaminationshapes. A transition in delamination shapes was observed, but evaluating this observationusing an analytial fatigue rak growth predition model inluding the observed hange indelamination shapes revealed no signi�ant e�et on subsequent rak growth.

I
n priniple, the delamination growth and fatigue rak growthare balaned and oupled phenomena that signi�antly in-uene eah other. During onstant amplitude (CA) loading,this balane between the delamination and rak growth is63
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(a)

(b)

a ai i

a a
OL OL

ai
aiFigure 4.1: Delamination between outer aluminium layer and adjaent�bre/adhesive layer for Glare 3-3/2-0.3 loaded with Sappl = 6 - 120 MPa, inase no overload is applied (a) and in ase an overload of Smax = 200 MPa isapplied (b) [2℄ahieved after a ertain rak extension . An illustration of the geometry ofa delamination in the wake of a rak is given in �gure 2.3.To understand this balane during variable amplitude (VA) loading, one mustunderstand the behaviour of rak growth and delamination growth underVA loading independently. For the fatigue rak on�guration illustratedin Figure 2.3, interation e�ets due to overloads have already been repor-ted [1℄. On the other hand, interation e�ets were not observed whenlooking only at delamination growth, as disussed in Chapter 3.So, hypothetially, 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 sequenes. They observed a hange indelamination shape after the appliation 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 aproess similar to post-strething indued by the overload, as disussed insetion 2.4.However, based on the urrent understanding of the mehanisms, the au-thor believes that even if post-strething may ontribute to the delaminationshape transition, it may not be the dominating mehanism. In fat, raktip plastiity indued by the overload may have a greater impat on the for-mation of the delamination than loal stress reversal related to the sameplastiity. This an be explained with the illustration given in Figure 4.2.After the appliation of an overload, the rak growth in the metal layers re-tards for a ertain number of yles, known as delay yles (ND), as illustrated
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CRACK GROWTH

DELAMINATION

BEFORE OVERLOAD AT OVERLOAD AFTER OVERLOAD AFTER OVERLOAD
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Figure 4.2: Illustration of delamination extension after appliation of OLin �gure 4.2-b. Although the rak retards, the delamination present in thewake of the rak ontinues growing perpendiular to the rak as result ofthe ontinuing yli loading (�gure 4.2-). After about ND yles, the rakontinues propagating at its original rate, induing new delaminations to beformed in the wake of the subsequent rak length inrements ∆a. This isillustrated in �gure 4.2-d. The shape of the new delamination may appeardi�erent from the delamination shape before the appliation of overload,but may have been formed under the same onditions.To verify this explanation, several aspets had to be addressed prior to theurrent work. The �rst aspet is overed by another study performed by theauthor [3℄. In that experimental study, rak tip plastiity and rak growthretardation were observed to be similar to monolithi metals, but limited inmagnitude due to �bre bridging. The seond aspet relates to the responseof delamination growth itself to VA loading. This work has been disussedin hapter 3.To orrelate the work on rak tip plastiity and delamination growth inter-ations, this hapter fouses on entre-rak tension (CCT) speimen to om-bine the mehanisms of rak growth and delamination growth while atingtogether and inuening eah other. In this speimen geometry, the rakgrowth an be easily monitored in the outer metal layers in situ-testing. Toobtain information about the delaminations, both Digital Image Correla-tion (DIC) and hemial ething tehniques have been exploited in-situ andafter testing. In earlier studies [4℄ only the delaminations obtained afterhemial ething were reported, but the spei� questions in the urrentstudy require the observation of the shape and extension of the delamina-tions in-situ. Therefore, DIC being a rapid, e�etive, non-destrutive andnon-ontat strain measurement tehnique was applied to measure the de-lamination shapes. The priniple of visualising the subsurfae delaminationsby this surfae measurement tehnique are explained in this hapter.



66 DELAMINATION SHAPETo determine the e�et of overloads on the subsequent formation of delami-nations, a distintion must be made between the ase without and the asewith the appliation of the overload. For this reason, an analytial predi-tion model for onstant amplitude fatigue in FMLs, presented in hapter 6,has been used to evaluate the rak and delamination growth for the asestested. In addition, the orrelation between the experiments and the predi-tions enables to determine the e�et of overload appliation on the bridgingstress diretly, and to desribe the e�et on the stress intensity fator drivingrak growth.4.1 EXPERIMENTAL PROGRAMTo investigate the delamination shape, it was neessary to observe its de-velopment in-situ testing and to apture the �nal shape after �nishing thetest. Two sets of CCT speimens were studied; The �rst set onsisted ofpostmortem investigation of speimens from a previous study [1, 3℄, whilethe seond set onsisted of new speimens tested with in-situ delaminationobservation using DIC.4.1.1 Test speimensThe speimen for postmortem investigation were CCT speimens illustratedin �gure 4.3. These speimens had 4 metal layers with 0.3 mm thiknessand 3 omposite ross-ply �bre layers with a nominal thikness of 0.266 mm(i.e., Glare3-4/3-0.3). These speimens had three parallel starter nothes ofapproximately 5 mm, made by drilling 3 mm diameter holes and subsequentutting both sides.The newly tested speimens were CCT speimens shown in Figure D.1. Thesespeimens were manufatured with 5 metal layers of 0.4 mm thikness and 4omposite ross-ply �bre layers with a nominal thikness of 0.266 mm (i.e.,Glare3-5/4-0.4). The starter nothes were made by drilling a hole of 3 mmdiameter with two saw uts oriented perpendiular to the loading diretion.The length of the starter noth (2a0) was approximately 5 mm.4.1.2 Test MatrixThe postmortem speimens had been tested and reported by Plokker et. al.These tests were performed using a CA baseline yle with Smax=120 MPaand R = 0.1. A single overload of SOL=175 MPa was applied at rak length
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Figure 4.3: Postmortem rak growth speimen geometry [3℄of aOL=9.5 mm. A multiple blok overload spetrum onsisted of 1000 ylesof 160 MPa was applied at rak length aTR=6.92. For the blok load tests,two blok load sequenes i.e., LO-HI and HI-LO were used. Both of theblok loads had the same stress levels i.e., Smax,LO = 100 MPa and Smax,HI= 140 MPa. In ase of LO-HI sequene, the transition rak length was
aTR=6.9 mm and for HI-LO aTR=12.7 mm.The new speimens have been tested using a CA baseline spetrum with amaximum stress Smax = 100 MPa and a stress ratio R = 0.1. The singleoverload spetrum has an overload SOL = 145 MPa at aOL=10 mm. Themultiple overload spetrum has three overloads i.e. SOL1 = 145 MPa; SOL2= 130MPa and SOL3 = 115MPa at aOL=9, 12 and 15 mm respetively. Blokload spetra 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 disussed



68 DELAMINATION SHAPE CA yles 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 blok overload S          =100MPa
MAX1

S         =10MPa
MIN

S          =160MPa
MAX2

a    =6.92mm
TR

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

MAX1

S       =10MPa
MIN

S          =140MPa
MAX2

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

MAX1

S         =10MPa
MIN

S          =140MPa
MAX2

a    =12.7mm
TR 140 0.1 100Table 4.1: Fatigue rak growth test matrix for hemially Ethed (Postmortem) spe-imenin hapter 54.1.3 Test Equipment & ProedureThe postmortem speimens were already/previously tested at a 6 metritons servo-hydrauli testing system and measurements were made using apotential dropmeasurement tehnique. Details about the seond set of spe-imens, testing proedures and equipments are given in Plokker et. al. [1,3℄.The new speimens were tested in lab air at room temperature in a lo-



EXPERIMENTAL PROGRAM 69sed loop mehanial and omputer ontrolled servo-hydrauli testing systemwith a load apaity of 25 metri tons. The test frequeny was 10Hz. Thetest setup is shown in �gure D.2.
4.1.4 Measurement Tehnique - Digital Image CorrelationDIC is a fully non-ontat and non-destrutive image evaluation tehniqueused to trak the surfae displaements of deforming materials. It is basedon the omparison of two images aquired using a CCD amera at di�erentde�ned stages, one before the deformation (known as referene image) andthe other one after the deformation (known as deformed image) [5, 6℄. Thedisplaement of applied grid points is omputed from the positions in eahof the two images. It has been widely used to examine the deformations ofengineering materials inluding monolithi metals, FMLs and adhesives [7,8℄. Comparing with other strain and delamination measurement tehniqueslike C-san [9℄ and �bre-bragged grating sensors [9℄, DIC is onsidered to beone of the most versatile and suitable non destrutive and in-situ tehniquefor detailed full-�eld strain measurements in FMLs.For the urrent researh, an in-house developed DIC tool has been used.This tool is programmed in Matlab in suh 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 desribed in detail in [6, 7℄.The priniple of observing subsurfae delamination shapes by reording sur-fae deformations is based on the strain di�erene between delaminated andnon-delaminated areas. The delaminated metal layers do not arry any loadas most of this load is transferred to the �bre layers, shematially shownin �gure 2.3. This 'zero strain' (or in other words delaminated) region aneasily be deteted with DIC, as illustrated by the dark region in Figure 4.4-(a). Details about the validation of this tehnique for delamination shapemeasurements an be found in [8, 10℄.Delamination shapes aquired using DIC at di�erent rak lengths are shownin �gure 4.4-(b). The �nal delamination shape in the speimen observed af-ter hemial ething the surfae is added to the same �gure. An exellentorrelation between delamination shape observed using DIC and after he-mial ething has been obtained.
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Smax=150 MPa, R=0.05 [8℄
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72 DELAMINATION SHAPE4.2 RESULTS & DISCUSSIONThe delamination shapes observed after ething the outer metalli layers aswell as those observed in-situ fatigue testing are disussed here. In addi-tion, delamination shapes predited using the FMLs fatigue rak growthpredition VA loading model, detailed in setion 6.2, are ompared with theobserved shapes. The e�et of the hange in the delamination shape in thefatigue rak growth parameters and fatigue rak growth predition is alsodisussed in detail.4.2.1 Observed Delamination ShapeThe observed delamination shapes in both sets of speimens are disussed inthis setion. A detailed study is presented omparing observed and prediteddelamination shapes.Chemial EthingFigure 4.5 shows the delamination shapes observed in post-mortem spei-mens. It is observed that after a hange in the load sequene (i.e., overloador HI-LO), the delamination shape hanges from a semi-elliptial shape to ashape ontaining a kink at the loation where the load sequene 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�et of VA load sequenes. Fi-gure 4.5-(b) shows the delamination shape, after the appliation of a singleoverload. The kink and hange is visible in �gure 4.5-(b). In ase of blokload sequenes, no hange was observed for LO-HI sequene (Figure 4.5-()).For HI-LO and blok 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 predited usingthe VA Yield zone mode for FMLs and measured after hemial ething, forCA and single overload ases. The details about the predition model anbe looked in setion 6.2. The predition model seems to underpredit thedelamination shape in both the ases.Digital Image Correlation-DIC (In-situ fatigue test)Figure 4.7 shows the DIC results of the seond set of tested speimens fordi�erent load ases. A omparison between single overload and CA loadingresults is shown in Figure 4.7-(a).
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RESULTS & DISCUSSION 75After appliation of the overload, the rak growthwas retarded for 10 kyles.Although the rak growth was retarded, the delamination present in thewake of the rak remained growing perpendiular to the rak due to theontinuing yli loading. But as soon as the rak ontinued to propagate, akink an be observed between the new and the already present delaminationshape.Similarly, for the HI-LO blok load sequene, a hange in the delaminationshape was observed. Due to the large number of higher stress yles theobserved number of delay yles was 40 kyles. After the hange of loadsequene, 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 blok load se-quene. No hange or kink was observed in the delamination shape, be-ause of the absene of any interation e�et that an ause rak growthretardation.The hange in the delamination shape for the single and HI-LO blok loadsequene was due to the appliation of overloads or beause of rak-tipplastiity that retarded the rak growth. During the CA baseline loading(�gure 4.2-(a)), raks started to grow in the metalli layers aompaniedwith the delaminations at the metal-�bre interfae around the rak. Afterappliation of the overload, the rak growth was retarded that stopped thedelamination growth (in the wake of propagating rak, perpendiular to theloading diretion). However, the delamination ontinued to grow parallelto the loading diretion, beause delamination growth has been observedto be independent of any interation e�ets (3), as shown in �gure 4.2-().The delamination started to grow perpendiular to the loading diretion, assoon as the rak-tip was out of the retardation region. A kink was observedbetween the delamination shapes before and after the loation of overload,as illustrated in �gure 4.2-(d). Similarly for blok loads, when the load washanged from HI to LO, rak growth retardation ourred and a�eted thedelamination shape.Figure 4.8 shows the omparison of the delamination shape and its exten-sion predited with and without onsidering rak-tip plastiity due to anoverload. The predition without onsidering the rak growth retardation(CA represented by thin lines) did not show any hange in the delaminationshape. While the preditions onsidering rak growth retardation showed ahange in the delamination shape after the appliation of the overload. Ho-wever, it is also shown in the same �gure that the �nal delamination shapespredited with and without onsidering rak growth retardation are almostidential.One major observation about the delamination shape preditions is that themodel underpredits the delamination shape (shown in Figures 4.6 and 4.7).
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RESULTS & DISCUSSION 77The mismath may imply that the urrently proposed rak growth retar-dation theory alone is insuÆient to desribe the hange in delamination.Thus, there may be still some e�et of loal pre-strething as proposed byAlderliesten and Woerden [2℄.The question arises whether this di�erene in delamination shape and areahas an e�et on the subsequent rak growth and whether it needs to beonsidered during fatigue rak growth predition. These questions are ad-dressed hereafter.4.2.2 E�et of Delamination ShapeThe modi�ed Wheeler model (will be disussed in details in 6.2), being arak-tip plastiity based retardation model, is used to predit the fatiguerak growth in FMLs. To investigate the e�et of the delamination shapehange on fatigue rak growth, the delamination shape aquired from thesingle overload test (Figure 4.6-(a)) after hemially ething the speimen,is used as an input to ompute the �bre bridging stress as well as stress in-tensity fator at the rak tip, Ktip, the stress intensity fator desribing �brebridging, Kbr, and far-�eld stress intensity fator K∞ [12℄. In general, Ktipis omputed as the di�erene of between far-�eld and �bre bridging [12℄,and it is used to alulate fatigue rak growth in FMLs. For this investi-gation, two delamination shapes were studied for the ase where the rakontinues propagating from the length where the test was terminated:1. Delamination shape predited with the model inluding plastiity2. Delamination shape measured at the end of the test.For the predited delamination shape, a typial bridging stress pro�le wasomputed that is approximately onstant along the rak, exept for the areanear the rak tip. For the measured delamination, a shape is alulatedthat shows signi�ant variation along the rak. Both pro�les are shown in�gure 4.9-(a), and �gure 4.10-(a).It is observed from the measured shape that after appliation 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 yles, the delamination shape will form ashape loser to delamination shape predited with the model inluding plas-tiity. As a result, the stress intensity fator Ktip alulated with the modeloriginally underestimates the value that is expeted based on the measureddelamination shape. However, as illustrated in Figure 4.9-(b) and 4.10-(b),
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Chapter5

CRACKTIP PLASTICITY

Reprodued from Khan, S.U., Alderliesten, R. C., Beneditus, R. Fatigue rak growth in �bre metal laminatedunder variable amplitude loading. Aepted for International Committee on Aeronautial 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 rak-tip plastiity under seletive variable ampli-tude (VA) fatigue loading. Centre rak tension speimens made from three types of materials(i.e., monolithi aluminium, laminated aluminium sheets and �bre metal laminates (FMLs))were used for this researh. Plasti zone sizes indued by overloads were alulated using Ir-win rak-tip plastiity 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 alulated plasti zone size. From theomparison it is dedued that the Irwin relation ombined with a Paris rak growth relationan be utilized in FMLs for prediting fatigue rak growth under VA loading. This hypothe-sis has been validated by omparing the test results with the preditions using the extendedfatigue rak growth predition model inorporating both relations.

Fatigue rak growth is ommonly predited using stress inten-sity fators that are based on the linear elasti frature me-hanis priniples. Although the linear elasti representation83



84 CRACK-TIP PLASTICITYis onvenient from an engineering perspetive, it is ommon knowledge thatsmall sale plastiity ours at the rak tip, whih inuenes the rak pro-pagation. This is partiularly true for VA loading, where interation pheno-mena are observed for rak tip plastiity related to di�erent load yles.To develop a rak growth predition method for FMLs based on the similarpriniples as urrently applied for monolithi metals, one should not onlyunderstand the inuene of delamination growth, as disussed the previoustwo hapters. One should also investigate to what extent the small saleplastiity and related phenomena in the thin sheets of FMLs are similar tomonolithi aluminium.
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Figure 5.1: Crak growth urves in solid and laminated panels with entral rak [1℄Obviously the �rst question to address is whether the general appearane ofthe frature surfae is similar for monolithi aluminium and FMLs. Typialfeatures as shear lip formation and the transition from a mode I to a mixedmode I/III, often denoted as rak slanting have to be evaluated. In ad-dition, the appliation of VA loading requires a more detailed investigationspei�ally about the rak tip plastiity in addition to the earlier mentioneddelamination phenomena in hapters 3 and 4.Shijve et al. [1℄ have tested and ompared monolithi metals with the la-minated sheet speimens for part-through and through raks. Aording tothem, the laminates have 1.5 times slower rak growth than solid materials(as shown in �gure 5.1). In addition, it was onluded in their investigationthat, the laminated material implied some extra weight for the adhesive,whih 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 sale plastiity, whih in Linear Elasti Frature Mehanis(LEFM) is related to the Stress Intensity Fator (SIF) is still valid for the thinsheets in FMLs. Here, is it ommonly known that in thik monolithi sheetsthe plasti zone varies over the thikness. This variation is attributed to thetransition of stress state from the surfae (plane stress) towards the middleof the sheet (plane strain). It may be expeted that the thin sheets used inFMLs exhibit smaller plasti zone sizes through-thikness 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 setion 4.1.4.Figure 5.2-a illustrates a typial plasti zone with plane stress (at surfae) andplane strain (through the thikness). It is also illustrated in �gure 5.2-b thehypothetial e�et of reduing the thikness (Metal laminate) and �gure 5.2- shows the hypothetial e�et of further adding the �bre layers to the metallaminate. It is illustrated in �gures 5.2-a and 5.2-b, the hypothetial e�etsof reduing the thikness (monolithi metal to laminated sheet of metal). Byreduing the metal thikness, plane stress beomes the dominant stress stateand results in large plasti zone sizes at eah metal sheet surfae. While inase of thik monolithi metal the plasti zone is large on the surfae (planestress) and smaller through the thikness (Plane strain). The stress intensityfator is redued by the addition of �bres that ontribute to the load transferwith the �bre bridging stress. This redution in the stress intensity fator



86 CRACK-TIP PLASTICITYorrelates to a derease in the plasti zone size. This e�et is illustrated in�gures 5.2-b and 5.2-.To determine whether the basi assumptions underlying the LEFM approahfor rak propagation in FMLs are valid forVA loading, the strain �elds in theviinity of the fatigue raks in the speimens disussed in the previous hap-ter (Chapter 4) have been measured withDIC and subsequently analysed. Inaddition, the frature surfaes of these speimens have been evaluated afterthe tests to obtain detailed information about the fatigue frature features.
5.1 Plasti Zone Measurement TehniquesUguz and Martin [2℄ have ompared di�erent plasti zone measurementtehniques. Their remarks about these tehniques are summarized in table5.1, whih lists the various plasti zone measuring tehniques with their ad-vantages, disadvantages, referene and material on whih these tehniqueswere applied. In 1982, Sutton and MNeill [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, speimen size is not a issue, insensitivity to vibrationsand large strains or signi�ant body movements do not ause diÆulties.However, out-of-plane movement an be quite hallenging and omplia-ted. In order to measure out-of-plane displaement more equipment (i.e,3D or two ameras, et.), expertise and omplex mathematis are needed,whih an be a disadvantage.Beasue of these advantages of DIC, it was seleted to use for this researhas a plasti zone size measurement tehnique. A DIC tool developed at DelftUniversity of Tehnology 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 yles were alulated for monoli-thi metal, metal laminate and FMLs using the plasti zone relation (Equa-tion 2.4). Subsequently, the DIC tehnique was used to measure the plastizone 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 distributionan be determined Appliable to very�ne grained materials HSLADigital Image Corre-lation Planestress Diret observation ofplasti zone, pratialand rapid Sensitive to motion 2024-T3, 7475Al-Alloy, FMLsEletron Channelingontrast imaging(ECCI) Both More rapid thanSACP With EBSD an mea-sure strains withinthe PZ Low-C steel,Ething Both Diret observation ofthe plasti zone ispossible Ethants and ethingonditions should bedetermined for eahmaterial:Time onsu-ming Fe-3Si, INCO 718Foil strain-gauges Planestress Strain distributionwithin the plastizone an be determi-ned Deliay of delayingwith tiny strain-gauges Al-alloys and NI-AL alloy, MA87Al P/M alloyImage distortion Planestress Diret observation ofthe plasti zone ispossible Not very sensitive 7075 Al-alloyMirohardness Both Pratial and rapid Appliable to stronglywork hardening orsoftening materials :Sensitivity dependson the indentationsize Maraging andausteniti stain-less steelsMoire interferometry Planestress Submiron dis-plaements andthe amount of de-formation an bedetermined Vibration-free envi-ronment is needed 2024, 7075 Al-Alloy, 4340 steelOptial interferene Planestress Diret observation ofthe plasti zone ispossible : Very sensi-tive Interferene miro-sope and perfetpolishing of thespeimen surfaeneeded 2024, 7075 Al-alloyPhotoeletron miro-sopy Planestress Diret observation ofplasti zone is pos-sible Photoemission mi-rosope is neededand not very sensitive SAE 1018 and1015 steelRerystallization both Real shape and sizeof plasti zone anbe observed, straindistribution an beonstruted Less that 2% defor-mation annot bemeasured:In arbon-ontraining materailsdearburization mayresult 304 stainlesssteel, Mild steelSeleted area hanne-ling patterns (SACP) Both Measurements an berepeated:Sensitivityis good:Appliableto any rystallinematerial Speimen prepara-tion may be timeonsuming:Seletedarea size should besmaller than the grainsize 6061 AL-alloyShear lip size measu-rements Planestress Pratial and rapid Sensitive measu-rements annot bemade Steel and 7075Al-alloyX-ray mirobeam Both The amount of plas-ti deformation anbe determined indepth:PZS an bemeasured on fraturesurfaes Sensitivity is limitedowing to probe size Al-alloy, Low Csteel, Cr-alloyedsteelTable 5.1: Plasti zone size measurement tehniques for metalli materials [2℄



88 CRACK-TIP PLASTICITY5.2 Experimental ProgramFatigue rak 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 thikness of spei-mens was seleted to be approximately equal (i.e., 2 mm). The thikness ofmonolithi metal speimens was 2 mmwhile for metal laminate and GLARE,the metal layer thikness was 5× 0.4 = 2 mm, exluding adhesive and �bres.The geometry of CCT speimen and ross setion of the three materials areillustrated in �gure D.1. The starter nothes were made by drilling a hole of3 mm diameter with two saw uts at both opposite sides oriented perpen-diular to the loading diretion. The total length of the starter noth (2a0)was approximately 8 mm.5.2.1 Test MatrixLoad variations were applied in a CA baseline spetrum with a maximumstress Smax = 100 MPa and a stress ratio R = 0.1. The single OL spetrum hasan overload SOL = 145 MPa at aOL=11 mm. The multiple OL spetrum hasthree overloads i.e. SOL1 = 145MPa; SOL2 = 130MPa and SOL3 = 115MPa at9, 12 and 19 mm respetively. Blok loading spetra are onstituted of twostress levels Smax1 = 100MPa and Smax2 = 140MPa and vie 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 & ProedureThe tests were onduted in lab air at room temperature on a losed loopmehanial and omputer ontrolled servo-hydrauli testing system with aload apaity of 250 KN. The test frequeny was 10 Hz. The test setup isshown in �gure D.2.5.3 Results & DisussionThe 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 aquired with theDIC. Figure 5.6(b) shows theomparison of plasti zone ontours aquired 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 presene of plane stress as the majorstress state due to the thin metalli sheets. While for the FMLs the plastizone size is quite small due to the presene of the �bres. with the addition of�bres the stress intensity fator beomes quite small, whih results in smallerplasti zone sizes. The quantitative plasti zone size omparison betweenalulation and measurement is given in table 5.2.In ase of monolithi metal and metal laminates the alulated 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 preditions usingonly the plasti zone alulation ombined with the Paris's rak growth re-lation (Wheeler) will be erroneous. This mismath between the alulationand measurement also indiate the existene of other overload related phe-nomena suh as delayed retardation, gradual inrease of rak growth rateafter retardation, et. On the other hand, for FMLs the di�erene betweenthe alulated 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 rak growth relation.Here, the Wheeler yield zone retardation model [12℄ is hosen as the modelthat ombines the Irwin approah and, the Paris rak 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 inreased with the inrease in rak length, as illustrated in�gure 5.7. From equation 2.4, it is known that the plasti zone is diretlyrelated to the rak-tip stress intensity fator (Ktip). In monolithi metals
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FMLs

METALS
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Figure 5.7: Plasti zone formation and sizes omparison in Metals and FMLsand metal laminates, Ktip depends on the rak length and inreases withthe orresponding inrease in rak length. But in ase of FMLs, the plastizone size remained onstant. One expet that inreasing the rak length, forthe same stress, will inreases the Ktip. However, inrease in rak lengthresults in the inrease of number of �bres bridging the rak and �bre brid-ging stress intensity fator Kbr. Aording 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 blok OL. The shear-lips shown in this �gure have typial sur-fae topology of tensile mode in start and followed by shear mode. The rakstarts with a pure tensile mode, followed by the hange in mode from puretensile to a shear mode or mix-mode ausing a shift in rak surfae (ank)from at to slant. In addition, dark markings are observed for single andmultiple OL. Details about this typial formation of shear-lips an be foundin [13{15℄.



94 CRACK-TIP PLASTICITY Monolithi Aluminium 2024-T3Crak length Plasti zone sizeCalulated 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 ours very late during the fatigue rak growth. This shows a smallertensile region than observed in the ase of monolithi metals. The sameobservations were reported by Shijve et al. [1℄ when omparing monolithimetal and metal laminate. While for the multiple OL and blok OL ase, abold striation mark is observed on the rak surfae at the aOL. It is observedin the overload speimens that the rak lengths in all the metal layers areequal. This on�rms equal rak growth rate in all the layers.Figure 5.10 shows the shear-lip formation in FMLs. It was observed duringthe test that raks grow almost in a straight line. After removing the spei-mens from the test mahine, it was quite hard to see the rak beause of thepresene of �bres losing the rak. In addition, the rak 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. Blok overload (HI-LO)and quite smooth having a perfet math with eah 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 optial mirosope while in ase of FMLs it is quite dif-�ult to use either of these tehniques to see the shear-lip. Rodi et al. [16℄has used SEM to investigate the shear-lips topology in FMLs under statiloads. For this investigation, although they has removed the �bre layersbut have the similar observations.The rak growth rate and stress intensity fators of metal laminate, mono-lithi metal and FMLs are shown in �gure 5.11. The rak growth rate ofmonolithi metal is faster than the two other materials and the same is thease for the stress intensity fator range. The urves for monolithi metaland metal laminate are quite similar to eah other with the only di�erene 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 indiated in the �gure witha dotted box. For the FMLs no shear lip transition is observed beause therak surfae remained quite smooth.The other notieable observation is the equal rak 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. Blok overload (HI-LO)metal layers of FMLs. During all the previous studies, equal rak lengthwas assumed. But during this study, it was proven to be a quite aurateassumption. The overload mark on all the metalli surfaes and the raklengths at the end of fatigue rak growth test were quite lose to eah other.SummaryDIC was used for measuring plasti zone sizes in monolithi metal, metal la-minates and FMLs. Plasti zones reated by overloads were predited usinga simple theory and measured using DIC. In ase of monolithi metals andmetal laminates, a big di�erene was observed between the predited andmeasured sizes. On the other hand, a small di�erene was observed bet-ween the predited and measured plasti zone size in FMLs. The plastizone size alulated as well as measured for FMLs is almost onstant at anyrak length, whih 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 typial 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).Blok 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 rak growth, but the transition length is smal-ler as ompared to monolithi metals. In FMLs, it is quite diÆult to seethe shear-lip pro�le with naked eye or optial mirosope. Like the metallaminate, the major part of rak surfae is at and apparently no shear-lipsformation is observed on the rak surfae.Referenes[1℄ J. Shijve, 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 Tehnology (Deember 1978).[2℄ A. Uguz, J. W. Martin, Plasti zone size measurement tehniques formetalli materials, Materials Charaterization 37 (1996) 105{118.[3℄ W. T. Riddell, R. S. Piasik, M. A. Sutton, W. Zhao, S. R. MNeill,J. D. Helm, Determining fatigue rak opening loads from near-rak-tip displaement measurements, in: R. C. MClung, J. C. Newman
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Figure 5.11: Crak growth rates for laminated metal, Monolithi metal and FMLs(Eds.), Advanes in Fatigue Crak Closure Measurement and Analysis:Seond Volume, no. 1343 in ASTM STP, Amerian Soiety for Testingand Materials, West Conshohoken, PA,, 1999, pp. 157{174.[4℄ M. A. Sutton, W. J. Wolters, W. H. Peters, W. F. Ranson, S. R.MNeill,Determination of displaements using an improved digital orrelationmethod, Image and Vision Computing 1 (3) (1983) 133139.[5℄ M. A. Sutton, M. Cheng, W. H. Peters, Y. J. Chao, S. R. MNeill,Appliation of an optimized digital orrelation method to planar de-formation analysis, Image and Vision Computing 4 (3) (1986) 143150.[6℄ M. A. Sutton, J. L. Turner, H. A. Bruk, T. A. Chae, Full-�eld repre-sentation of disretely sampled surfae deformation for displaementand strain analysis, Experimen tal Mehanis 31 (1991) 168177.



REFERENCES 99[7℄ H. J. K. Lemmen, R. C. Alderliesten, R. Beneditus, J. C. J. Hof-stede, R. Rodi, The power of digital image orrelation for detailedelasti-plasti strain measurements, in: M. K. Nikolinakou, G. Tse-kouras, V. Gekas, D. G. Pavlou (Eds.), New aspets of engineeringmehanis, struutres and enginereing geology, WSEAS, WSEAS Press,Athens, 2008, pp. 73{89.[8℄ R. Rodi, G. Campoli, R. C. Alderliesten, R. Beneditus, Charateri-zation of the rak tip behavior in �bre metal laminates by means ofdigital image orrelation, in: 50th AIAA/ASME/ASCE/AHS/ASC Stru-tures, Strutural Dynamis, and Materials Conferene, Palm Springs,CA., no. AIAA-2009-2586 in AIAA, AIAA, 2009, pp. 1{18.[9℄ H. J. K. Lemmen, Fatigue and damage tolerane of frition stir wel-ded joints for aerospae appliations, Ph.D. thesis, Delft University ofTehnology (2010).[10℄ H. J. K. Lemmen, Fatigue and damage tolerane of frition stir wel-ded joints for aerospae appliations, Ph.D. thesis, Delft University ofTehnology, Delft, The Netherlands. (2011).[11℄ R. Rodi, The residual strength failure sequene in �bre metal lami-nates, Ph.D. thesis, Delft University of Tehnology, Delft, The Ne-therlands. (2012).[12℄ O. Wheeler, Spetrum loading and rak growth., Teh. rep., ASMR 72MetX also G.D. Report FZM 5602 (1970).[13℄ J. Shijve, Shear lips on fatigue fratures in aluminium alloy sheet ma-terial, Engineering Frature Mehanis 14 (4) (1981) 789{800.[14℄ J. Shijve, Fatigue damage aumulation and inompatable rak frontorientation, Engineering Frature Mehanis 6 (1974) 245{252.[15℄ J. Zuidema, H. S. Blaauw, Slant fatigue rak growth in aluminium 2024sheet material, Engineering Frature Mehanis 29 (4) (1988) 401{413.[16℄ R. Rodi, R. C. Alderliesten, R. Beneditus, Experimental harateriza-tion of the rak-tip-opening angle in �bre metal laminates, Enginee-ring Frature Mehanis 77 (2010) 1012{1024.[17℄ R.Marissen, Fatigue rak growth in arall, a hybrid aluminium-aramidompositematerial, rak growthmehanisms and quantitative predi-tions of the rak growth rate, Ph.D. thesis, Delft University of Teh-nology,Delft (1988).





Chapter6

PREDICTION MODEL

Reprodued from
• Khan, S.U., Alderliesten, R. C., Beneditus, R. Linear Damage Aumulation for Prediting Fatiguein FMLs under Variable Amplitude Loading. AIAA Journal of Airraft,46(5),pp. 1706-1713, (2009).
• Khan, S.U., Alderliesten, R. C., Rans, C. D., Beneditus, R.AModi�edWheelerModel to Capture TheLimited Interation E�ets in FibreMetal Laminates under Variable Amplitude Loading. EngineeringFrature Mehanis, 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 analytial researhon the appliability of the fatiguerak growth predition models to Fibre Metal Laminates under variable amplitude loading. Areently developed onstant amplitude analytial predition model for Fibre Metal Laminateshas been extended to predit fatigue rak growth under variable amplitude loading using Li-near Damage Aumulation, Yield Zone and Crak Closure Models. These updated modelshave been ompared with rak growth tests on Fibre Metal Laminates enter-raked tensionspeimen. In the end it is disussed to what extent or under whih onditions the preditionsfrom these models are suÆiently aurate for Fibre Metal Laminates strutures.

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 preditionmodelsranging from simple non-interation models to more advaneinteration models [1℄. 101



102 PREDICTION MODELOne main advantage of FMLs is the slow and almost onstant rate of rakgrowth under onstant amplitude (CA) fatigue loading. This property is dueto the load bridging behaviour of the intat �bre layers around a rakedme-talli layer. This bridging e�et redues the e�etive stress intensity fatorin the raked metalli layers, resulting in a smaller rak tip plasti zone,and thus smaller interation e�ets under variable amplitude (VA) loading.As far as interation e�ets are onerned, Plokker et. al. [2℄ have reportedthe absene of rak growth aeleration e�ets in FMLs under di�erent un-derloads and over/under load ombinations and highlighted the presene,although to a lesser degree ompared to monolithi metals, of rak growthretardation in FMLs. Due to this limited retardation, fatigue rak growthpreditions under VA based on Linear Damage Aumulation (a simple non-interation model [2, 3℄), orrelate well with experimental data for loadspetra with minor variations. However, a mismath is observed in aseof spetra where load variations are more distint.A major follow up question is whether a simple interation model wouldbe suÆient to desribe the retardation e�ets during the large and distintload sequenes ourring in these load spetra. To answer this question, theWheeler rak growth predition model [4℄, being one of the simplest andmost widely employed [5{19℄ model to quantify the fatigue rak growthretardation under seletive VA loadings, is seleted for fatigue rak growthpredition in FMLs. Fatigue rak growth preditionsmade with theWheelermodel for monolithi metals are quite inaurate due to the existene oflarge plastiity due to overloads, details an be found in [1, 7, 20{24℄. Anadditional modi�ation to the Wheeler model is also inluded to inorporaterak losure e�ets in addition to the plasti zone e�ets.Finally, CORPUS- the rak losure model is also models to ompare theprediitons of Yield zone model with the rak losure model. This ompa-rison failitates the approah of simpli�ed model for omplex material likeFMLs.
Ktip = K∞ −Kbr (6.1)6.1 Linear Damage Aumulation (LDA)The linear damage aumulation model is based on a yle-by-yle analy-sis independent of proeeding load yles. It is an integration of alulatedrak growth inrements ∆ai using rak growth relations [25℄ to obtain apredition for the full load spetrum. As a result, it is the simplest mo-del to predit the rak growth under VA loading. The advantage of the LDArule is omputational eÆieny, while the disadvantage is non-onsiderationof non-linear frature mehanis onepts suh as plasti zone formation in



LINEAR DAMAGE ACCUMULATION (LDA) 103front of the rak tip, rak losure in the wake of rak, rak growth re-tardation and rak growth aeleration. In general, the LDA rule an bepresented mathematially 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 rak growth predition modelto investigate the predition auray 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 predition model using LDA rule for FMLs. Theow diagram of the LDA predition 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�ets in FMLs as ompared to monoli-thi aluminium are easier to predit with simple methods. A simple non-interation model based on Linear Damage Aumulation (LDA) was deve-loped . LDA model predits well for the ases with limited rak growthretardation as observed in steep spetra with few high stress yles. But thepreditions were inaurate for the load spetra ausing large fatigue rakgrowth retardation as observed in at spetra with a large number of highstress yles. Details about the model and its performane an be foundin [2, 3℄.The next step in the model development is to inlude a simple retardationmodel. The yield zone model (equation 2.8) is seleted for implementationfor fatigue rak growth predition in FMLs. The modi�ed Wheeler model,equation 2.12, is used for alulating the rak 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 Crak Closure ModelThe details of the rak losure models are given in setion 2.8.7. One of thefamous rak losure model (CORPUS) is used, in this thesis, for the fatiguerak growth predition in FMLs. The ow diagram of this model is shownin �gure 6.3.6.4 Model validation using test dataTo validate the model, fatigue rak growth experiments on GLARE 3-4/3-0.3 with ross-ply �bre orientation have been performed. These fatiguerak growth tests have been performed on enter-raked tension (CCT)speimens, for whih the geometry is illustrated in �gure D.2. The starternothes are made by drilling a hole of 3 mm diameter with two saw uts, di-reting perpendiular to the loading diretion. The total length of the starternoth (2a0) is approximately 5 mm.



MODEL VALIDATION USING TEST DATA 105
START PROGRAM

Nc=0, ∆N=1, =0

σmax,i>σmax,i-1

σBr(x)

∆Keff, Gmax, Rd

rPi=1/π (K2
OL/σ

2
YS)

λ< r Pi

da/dN=CP.C.∆Kn

db(x)/dN

∆a=∆N.da/dN

∆b(x)=∆N.db(x)/dN

ai=ai+∆a

b(x)=b(x)+∆b(x)

Nc=Nc+∆N

EOF (SPECTRUM)

OR 

a=0.5.W

OUTPUT FILES

END PROGRAM

INPUT FILE 

(SPECTRUM)

YES

CP=1 CP=( rPi/λ)mYES NO

NO

rPOL=1/π(K
2

OL/σ
2

YS)

ai=aOL

λ=aOL+RPOL-ai

YES

R
E

T
A

R
D

A
T

IO
N

 

M
O

D
U

L
E

INPUT 

PARAMETERS
λ

Figure 6.2: Flow diagram for the modi�ed Wheeler rak growth predition model
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Figure 6.3: Flow diagram for the Crak losure model



MODEL VALIDATION USING TEST DATA 1076.4.1 Test MatrixFour types of VA load sequenes are used for the performane evaluation ofall predition models. Detail of these tests are given in table 6.1.To study the retardation and other overload related phenomena, a buildingblok approah is used; starting from a simple OL to omplex ight spe-tra. For the single overload ase a CA baseline spetrum 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 kyles equivalent to a rak length of
aOL=9.5 mm.A multiple overload spetrum is the seond load sequene type. The sameCA baseline spetrum is used with three overloads of SOL1 = 175 MPa; SOL2= 158 MPa applied at 100,160and 220kyles equivalent to aOL1 = 9.3 mm;
aOL2 = 13.5 mm; aOL3 = 17.5 mm and respetively. The multiple overloadspetrum is used to investigate whether the modi�ed Wheeler model an beused to predit rak growth retardation after eah overload and to whatextent the three overloads interfere with eah other.The third type of load sequenes investigated is a blok load sequene withtwo on�gurations i.e., LO-HI and HI-LO. The same stress levels are usedfor both the blok load sequenes. Two stress levels Smax1 = 100MPa for theLO yles and Smax2 = 140 MPa for the HI yles with a stress ratio R = 0.1are used. The hange in the stress level is applied at 100 kyles. In aseof LO-HI sequene stress level are hanged at aTR=6.9 mm and for HI-LO
aTR=12.7 mm. These load sequenes are used to investigate the e�et ofblok of overload yles on the fatigue rak growth.Apart from these seletive VA load spetra, representative omplex ightspetra are also used for the model evaluation. Qualitatively, these spetraare Spetrum-I whih is a typial wide body fuselage spetrum, spetrum-IIwhih is a Mega linear front fuselage spetrum and Spetrum-III whih is aMega liner aft fuselage spetrum. Spetrum I and Spetrum II are almostidential with a small number of overloads while Spetrum-II is di�erentand a more severe spetrum. Spetrum-II has a large number of overloadsapplied very lose to eah other.6.4.2 Test Equipment & ProeduresThe tests were onduted in lab air at room temperature on a losed loopmehanial and omputer ontrolled servo-hydrauli testing system with aload apaity of 6 metri tons. The test frequeny was 10 Hz.
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Table 6.1: Fatigue rak growth test matrixCA yles Load variationType of Loading Maximum stress Stress ratio[MPa℄ [MPa℄Single overload 120 0.1 175Multiple overload 120 0.1 175,158,139Blok loading-LO-HI 100 0.1 140Blok loading-HI-LO 140 0.1 100Spetrum loading-I Wide body fuselage spetrumSpetrum loading-II Mega liner front fuselage spetrumSpetrum loading-III Mega liner aft fuselage spetrum



RESULTS AND DISCUSSION 1096.5 Results and Disussion6.5.1 Linear damage aumulationThe omparisons of LDA preditions 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 yles of Smax = 120 MPa and stress ratio R = 0.1.The rak growth retardation is not predited due to the limitation of LDAapproah being a non-interation model. The magnitude of retardation inase of a FMLs is less than the monolithi metals ase making the LDA pre-ditions slightly more reliable for FMLs. The omparison also shows thatthe rak growth rate gets bak to the original rate as soon as the rak isout of retardation region (whih is always larger than plasti zone size).Multiple OverloadSimilar to the single overload ase (�gure 6.4(a)), the rak growth rate in themultiple overload ase (�gure 6.5(a)) gets bak to original level dependingon the magnitude of SOL and ROL. Figure 6.5(a) shows the omparison for thease with multiple overloads of 175, 158 and 139 MPa respetively in the CAbaseline yles of Smax=120 MPa and R = 0.1. It is known from the literaturethat in metals the retardation region is highly inuened by the magnitudeof SOL, and similar behavior is seen in ase of GLARE. By reduing the SOLfrom 175 to 158 and then to 139 MPa the rak growth retardation keepdereasing (�gure 6.5(a)).Blok loadFigures 6.6 and 6.7 show the omparison between LDA predition and testresults for the two di�erent sequenes of blok loads. The stress values are
Smax1=100 MPa, R = 0.1 and Smax2=140MPa, R = 0.1. Figure 6.6(a) shows theomparison for the Low-High blok loading ase. Sine the loading sequeneis going from low to high values, there will not be any retardation but dueto inrease in stress level, rak growth aeleration is observed. The errorin this ase is less than the ases shown in �gures 6.4 and 6.5, beause theinteration e�ets are absent in the test.
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(b)Figure 6.4: Correlation between experiment and preditions for single overload: (a).Crak growth rate Vs. Crak length, (b). Crak length Vs. Number of ylesFigure 6.7(a) shows the omparison between test results and the LDA pre-ditions in ase of the high-low blok loading sequene. The error in rakgrowth predition is evident from this omparison. Due to the presene of
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(b)Figure 6.5: Correlation between experiment and preditions for multiple over-loads: (a). Crak growth rate Vs. Crak length, (b). Crak length Vs. Number ofylesblok of high (overload) yles the rak growth retardation is more thanthe ase of a single overload. Here it is lear that the LDA being a non-



112 PREDICTION MODELinteration model is unable to predit the rak growth and retardation.Flight spetraFigure 6.8- 6.10 exhibit the omparison of rak growth test results with theLDA preditions for representative omplex airraft spetra. Three di�erentspetra are used with di�erent Smax values and sequenes. Spetrum I is awide body fuselage spetrum while spetrum II is a mega liner front fuselagespetrum and Spetrum III is mega liner aft fuselage spetrum, as detailed intable 6.1. The loading spetrum (Spetrum II) used in �gure 6.9 is a severespetrum with a lot of variations in the stress peaks.The observed mismath in LDA predition and test result for spetrum II(�gure 6.9), while only a small error is observed for the other two spetra(�gures 6.8,6.10) an be attributed to the nature of these spetra. To avoiddislosing proprietary information, only the graphial representation of thethree spetra in �gure 6.8, 6.9 and 6.10 will be used for omparison anddisussion. Comparing the spetra, one an observe that spetrum I and IIhave all loads randomly distributed between minimum and maximum va-lues. Only spetrum III seems to have less amplitude yles on the lowerstress range, but that has no signi�ant e�et on rak growth, resultingin similar behavior as spetrum I. However, spetrum II has learly largeload yles distributed throughout the spetrum with mostly stress yles inthe lower stress range. These high stresses have a retardation e�et on thesmaller stress yles that are not aptured by LDA preditions.Comparing to a single overload situation �gure 6.4, the rak in �gure 6.9seems unable to grow out of the retardation zone of previous high load in thespetrum II before faing subsequent high load. This ontinuous retardationnot aptured by LDA results in the systemati mismath.6.5.2 Yield Zone ModelFigures 6.4-6.10 show the omparisons of the preditions with the FMLsmodels with the tests results.Single OverloadThe omparison for single overload of 175 MPa in the CA baseline yles of
Smax = 120 MPa and stress ratio R = 0.1 is shown in �gure 6.4. The modi�edWheeler is able to aurately predit the rak growth retardation observedfor a single overload yle as shown in �gure 6.4. An interesting observation
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(b)Figure 6.6: Correlation between experiment and preditions for blok load sequene
(LO−HI): (a). Crak growth rate Vs. Crak length, (b). Crak length Vs. Number ofyles
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RESULTS AND DISCUSSION 115from �gure 6.4 is that there is hardly any di�erene between the preditionand experimental data after the appliation of overload. In other words, thenumber of delay yles predited and observed in the test are almost equal.This an be attributed to the existene of intat �bers whih restrain the rakopening and redues the Ktip (equation 6.1) leading to the small plasti zonewhih is equal to the one alulated using Irwin's relation(equation 2.4). Therak growth rate returns to the previous level as soon as the rak tip is outof the plasti zone formed by the overload. Figure 6.4-(b) shows the raklength Vs. number of yles for single overload ase.Multiple OverloadFigure 6.5 shows the omparison for the ase with multiple overloads of 175,158 and 139MPa respetively in the CA baseline yles of Smax=120MPa and
R = 0.1. The rak 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 highlyinuened by the magnitude of SOL, and similar behavior is observed in aseof FMLs. By reduing the SOL from 175 to 158 and then to 139 MPa therak growth retardation e�et dereases (�gure 6.5. As far as preditionsare onerned, the modi�ed Wheeler model seems able to perform auratepreditions for isolated overload ases up to ROL=1.45. Figure 6.5-(b) showsthe rak length Vs. number of yles.Blok LoadFigures 6.6 and 6.7 show the omparison between the modi�ed Wheelermodel predition and test results for the two di�erent sequenes of blokloads. 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 blok loading ase.As the load sequene is going from low to high values, there will not beany retardation, but due to an inrease in the stress level, the rak growthrate inreases to the level assoiated with the higher stress level. The errorobserved in this ase is less than the other ases shown in �gures 6.4 and6.5, beause the interation e�ets are absent in the test.Figure 6.7 shows the omparison between test results and the modi�edWheeler model preditions in ase of the HI-LO blok load sequene. 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 preditions. Similar to metals, in FMLs a large blok of overloadyles reates larger plasti zones resulting in large retardation. As far as the



116 PREDICTION MODELmodi�ed Wheeler model in ase of HI-LO blok loading is onerned, theinitial retardation after the transition from HI-LO load is predited, but thenumber of delay yles is inaurate. After prediting the initial retardationaurately, after the overload, a mismath is observed in the predition andexperiment, as shown in �gure 6.7-(b). This an be explained as, in ase oflarge plastiity due to large number of high yles the preditions are ina-urate.Flight SpetraFigures 6.8-6.10 show the omparison of rak growth test results with thethe modi�ed Wheeler model preditions for representative omplex airraftspetra. Three di�erent spetra are used with di�erent Smax values and se-quenes. The loading spetrum used in �gure 6.9 is a severe spetrum with alot of variations in the stress peaks. To avoid dislosing proprietary informa-tion, only the graphial representation of the three spetra in �gures 6.8-6.10will be used for omparison and disussion.A mismath is observed for the modi�ed Wheeler predition and test re-sult for spetrum II (�gure 6.9), while only a small error is observed for theother two spetra (�gures 6.8-6.10). This an be attributed to the natureof these spetra. Comparing the spetra, one an observe that spetrum Iand II have all loads randomly distributed between minimum and maximumvalues. Only spetrum III seems to have less amplitude yles on the lowerstress range, but that has no signi�ant retardation e�et on rak growth,resulting in similar behavior as spetrum I. However, spetrum II has learlylarge load yles distributed throughout the spetrum with the majority ofthe stress yles in the lower stress range.Comparing to a single overload situation �gure 6.4-(a), the rak in �gure 6.9seems unable to grow out of the retardation zone of previous high load in thespetrum II before faing a subsequent high load. This ontinuous retarda-tion, not aptured by the modi�ed Wheeler model, results in the systematimismath. This onept is illustrated in �gure 6.11. In the modi�ed Wheelermodel, the rak growth rate returns to the original rate(prior overload) veryquikly, while in reality it takes longer (larger number of delay yles). Se-ondly, in ase of the omplex Spetrum II, the situation is further omplia-ted by the appliation of additional overloads before the atual rak growthrate has reahed its original level. A small error is generated due to the dif-ferene of atual and predited rak growth rate when another overload isapplied (point B shown in �gure 6.11). This small error is ompounded dueto the appliation of onseutive overloads (point C in �gure 6.11). Beauseof this, a lower rak growth rate is observed in experiments ompared tothe preditions (�gure 6.9).
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Figure 6.11: Illustration explaining the reason of mismath for omplex spetra (e.g.Spetrum II)One may also relate this behavior to de Koning's [28℄ primary and seondaryplasti zone onept that makes the large di�erene between the preditionand test results.6.5.3 Crak Closure ModelFigures 6.4-6.8 show the omparisons of the preditions with the Crak lo-sure FMLs model with the tests results.Single OverloadThe omparison for single overload of 175 MPa in the CA baseline yles of
Smax = 120 MPa and stress ratio R = 0.1 is shown in �gure 6.4. The raklosure model is able to aurately predit the rak growth retardation ob-served for a single overload yle as shown in �gure 6.4-(a). An interesting



RESULTS AND DISCUSSION 121observation from �gure 6.4-(a) is the predition of delayed retardation atthe time of appliation of overload. This phenomenon is not predited byLDA and Modi�ed yield Zone Model. In addition, unlike yield zone modelthe rak tip takes sometime to get bak to the pre-overload rak growthrate. Figure 6.4-(b) shows the rak length Vs. number of yles for singleoverload ase.Multiple OverloadFigure 6.5 shows the omparison for the ase with multiple overloads of175, 158 and 139 MPa respetively in the CA baseline yles of Smax=120MPa and R = 0.1. The rak growth rate in the multiple overload ase, alsoshow the delayed retardation at the appliation of overload. But the delayedretardation is verymuh depending on the overload ratio, sine it is not quiteprominent in the SOL=158 and 130MP ases. Similar to single overload ase,rak-tip takes sometime to get bak to the pre-overload rak growth rate.Figure 6.5-(b) shows the rak length Vs. number of yles.Blok LoadFigures 6.6 and 6.7 show the omparison between the rak losure modelpredition and test results for the two di�erent sequenes of blok 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 blok loading ase. As theload sequene is going from low to high values, there will not be any re-tardation, but due to an inrease in the stress level, the rak growth rateinreases to the level assoiated 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,beause the interation e�ets are absent in the test.Figure 6.7 shows the omparison between test results and the rak losuremodel preditions in ase of the HI-LO blok load sequene. Crak losuremodel is able to predit number of delay yle quite lose to the experimentaldata similar to single and multiple overload ase. This statement an beobserved in the rak length Vs. Number of yle urve shown in �gure 6.7-(b).Flight SpetraFigures 6.8-6.10 show the omparison of rak growth test results with thethe rak losuremodel's preditions for representative omplex airraft spe-tra. Three di�erent spetra are used with di�erent Smax values and sequenes.



122 PREDICTION MODELThe loading spetrum used in �gure 6.9 is a severe spetrum with a lot ofvariations in the stress peaks. To avoid dislosing proprietary information,only the graphial representation of the three spetra in �gures 6.8-6.10 willbe used for omparison and disussion.A mismath is observed for the rak losure predition and test result forall three spetra (�gure 6.8-6.10). However, the di�erene between the pre-dition and experimental data is quite large for the Spetrum I while thedi�erene is smaller for the other two spetra. But the model is under-prediting the rak growth rate and this is observed as well in the raklength Vs. Number of yle urves. This mismath an be attributed to theover estimation of rak-tip plasti zone size espeially due to the seondaryplasti zone.6.6 SummaryA Linear Damage Aumulation based model has been introdued and eva-luated with experimental results. It has been shown that the model does notpredit the rak growth well, when distint load sequenes our in the ap-plied spetrum. However, for load variations with small interation e�etsand full airraft spetra with randomly distributed load yles, the modelorrelated fairly well with experimental results.Furthermore, it has been observed from the experiments, that the rakgrowth retardation after an overload gradually diminishes until the rakgrowth rate has reahed its level prior to the appliation of the overload.Although di�erent in magnitude, the phenomenon orresponds qualitati-vely with the behavior observed for monolithi metals. Similar to metals isthe dependeny of the rak growth retardation on the overload ratio ROL.Small ratio's results in less retardation and smaller delay zones.Out of the three evaluated airraft fuselage spetra, two orrelated quite wellwith the preditions based on non-interation. The spetrum for whih theorrelation was insuÆient ontained distint severe peak yles as ompa-red to the remainder of the spetrum yles. This might indue more distintrak growth retardation, whih is not aptured by the non-interation mo-del. This supports the onlusion that the LDA based predition of rakgrowth in FMLs an only be aurate if the load yles are evenly and ran-domly distributed throughout the applied load spetrum.The fatigue rak growth behavior in FMLs has been further investigatedusing a simple interation model. The experimental data for di�erent sele-tive variable amplitude loading and ight spetra reasonably orrelates withthe Yield Zone model preditions. The basi assumption of small interation



REFERENCES 123e�ets due to rak bridging proves to be valid.In ase of seletive VA loading the predition model performs well. In singleoverload, modi�ed Wheeler model is able to predit the rak growth re-tardation and number of delay yles exeptionally well. The same an beonluded for multiple overload and blok load (LO-HI).For blok loading, LO-HI is the spetrum whih annot ause rak growthretardation. Modi�ed Wheeler model preditions are in good agreementwith the test data. The model is able to follow the trend as the SMAX ishanged from LO to HI. However, for the HI-LO the model is able to pre-dit the rak growth retardation but the number of delay yles is di�erentsequene, from the test data. This error is due to the basi de�nition ofrak-tip plastiity being the only ause of rak growth retardation in themodi�ed Wheeler predition model.For ight spetra, the model predit well for Spetrum I (Wide body fuselagespetrum) and Spetrum III (Mega liner front fuselage spetrum). For Spe-trum II (Mega liner aft fuselage spetrum) preditions are relatively poor.This mismath is due to the di�erent nature (frequent overloads are our-ring losely) of Spetrum II from other spetra.Finally, the rak losure model is used to predit the rak growth for theseletive and ight spetra. Although, the model is able to show the delayedretardation at the appliation of overload and the number of delayed ylesmathes the experimental data more than Yield zone model. but for theight spetra, the preditions are quite far from the experimental data. Thismismath an be attributed to the over estimation of rak-tip plasti zoneespeially due to the estimation of seondary plasti zone.In short, the yield zone model, predited well for most of the spetra with li-mited load variations i.e. small peak-to-peak ratio and less arbitrary/distintdistribution of load yles in spetrum.Referenes[1℄ S. U. Khan, R. C. Alderliesten, J. Shijve, R. Beneditus, On the fa-tigue rak growth predition under variable amplitude loading, in:D. G. Pavlou (Ed.), Computational and experimental analysis of da-maged materials 2007, Transworld Researh Network, Kerala, India.,2007, Ch. 4, pp. 77{105.[2℄ H. M. Plokker, S. U. Khan, R. C. Alderliesten, R. Beneditus, Fatiguerak growth in �bre metal laminates under seletive variable ampli-
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Chapter7

PREDICTIONS:POST

STRETCHED

LAMINATES

Reprodued from Khan, S.U., Alderliesten, R.C., Beneditus, R. Post-Strething Indued Stress Redistri-bution In Fibre Metal Laminates For Inreased Fatigue Crak Growth Resistane. Composite Siene andTehnology, 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-strething is a potential method to hange the unfavorable residual stress system in Fibremetal laminates (FMLs). During post-strething 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 redued or even reversed dependenton the amount of strething. Classial laminate theory is further extended to alulate the stressredistribution after strething the uni-diretional laminates (ARALL and GLARE). This hapterpresent the method to alulate the residual internal stress distribution in the �bre diretion.For the validation of the post-strething formulations, fatigue rak growth tests performed onGLARE1-2/1, 3/2, 4/3, 5/4-0.3 have been ompared with post-strethed predition 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 proess the thermal ontra-tion of the aluminium layers will be greater than the thermalontration of the �bre layers as result of the di�erene in thermal expan-sion oeÆients. 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, whih depends on the lay-up. This stress is unfavorable onsi-dering fatigue loading. The stress allows an inreased rak opening and soenlarges the stress intensity fator variation at the rak tip.
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Figure 7.1: Residual stresses in the aluminium and �bre layers of ARALL in the asured onditions and after post-strething for room temperature and −55◦C [1℄Post-strething of ured �bre-metal laminates is sometimes performed tooveromepotential negative e�ets 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�et on the fatigue properties.Post-strething an be seen as a means to alter the internal stress distri-bution in the laminates to obtain desirable properties. The post-strethingmehanism is illustrated in �gure 2.2.The material state diretly after the uring yle 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 strething proess is alled post-strethed or pre-strained state of the material.
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Figure 7.5: Test speimen dimensionsThe tests were onduted in lab air at room temperature on a losed loopmehanial and omputer ontrolled servo-hydrauli material testing system(MTS) with a load apaity of 6 metri tons. Constant amplitude sinusoidalshaped yles were applied at frequeny of 10 Hz. The rak length wasvisually inspeted with a mirosope (magni�ation 15X). The tests werestopped at a rak length of a=20 mm or at a number of 500,000 fatigueyles. The half rak length of the left and right rak was reorded every20,000 yles for the �rst 100,000 yles and later for every 50,000 yles.Final rak growth urves were generated with an average between left andright half rak length. Details of these tests have been given in Table 7.1.7.3 Results and DisussionFigure 7.6-(a) exhibits the omparison of test results with the preditions forGLARE1-2/1-0.3 with Smax=150 MPa and R = 0.05. The omparison is donefor the 0.065% and 0.27% post-strehing. For both post-strething peren-tages the fatigue rak growth prediitons are fairly lose to the test data.But in ase of high post-strehing preentages, i.e., 0.30 and 0.42, shownin �gure 7.6-(b) and (a), preditions are not aurate enough. However, for



RESULTS AND DISCUSSION 133Table 7.1: GLARE1 test matrix for validation of alulationsMaximum applied Stress ratio Post-strething 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-strething perentages and smaller rak lengths, the preditionmodel is able to apture the trends. The di�erene between the preditionsand test results in ase of highly post-strethed laminates an be explainedusing dK/da, whih has been introdued by Shijve [13℄. The strongly ne-gative dK/da value for the highly post-strethed materials (e.g.as shown in�gure 7.6-(a)), will redue the rak growth rate and will lead to the rakarrest. For negative dK/da, even in the ase of CA loading, previous loadyles an at similar to peak loads for the following yles and redue therak growth. This an be one of the reason of redution in rak growthrate. Shijve [14℄ has explained this dereasing K(a) funtion using rakedge loading.The auray of predition is also inuened by the layup. Comparing �-gure 7.6-(a), (b) and (a) it is observed that by inreasing the number ofmetalli-�bre interfaes, the error inreases between the predition 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-strething proess. During post-strething proess, aluminiumlayers are plastially deformed. Due to yielding and subsequent strain har-dening the yield strength hanges, whih has an e�et on the rak growthbehavior [15{17℄. This is not aounted for in the model. In addition, oneould expet that the post-strething proedure a�ets the interfae betweenaluminium and �bre. The aluminium yields and elongates, while the �bresdo not and the adhesive in-between has to remain ompatible. This ouldalso e�et the fatigue delamination resistane. Despite the fat that numberof �bre-metal interfaes are onsidered in the model but the hange in beha-viour at the interfaes is not aounted for in the model. This also explainsthe initial orrelation between the test and predition. Furthermore, duringthe alulation only the elasti Poisson ratio is used whih as-a-matter-of-fat an ontribute to the error in the preditions and tests. On top of allthat, the auray of post-strething proedure an not be negleted. Obtai-
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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 onerned with thefatigue rak growth behaviour of the aluminium layers inGLARE with the orresponding delamination growth beha-viour at the aluminium/�bre interfaes under variable ampli-tude fatigue loading. The fatigue rak geometry onsidered is the throughrak on�guration with raks in all aluminium layers having the same lengthequal to the visible rak length in the outer aluminium layers (this assump-tion is validated in hapter 5) .The already developed fatigue rak and delamination growth model foronstant amplitude has been extended to inlude variable amplitude loa-ding. This variable amplitude predition model has been implemented in anumerial programme, whih 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 mehanisms an be desribed with the onepts of LinearElasti Frature Mehanis.
• The rak growth rate an be related to the stress intensity fator withan empirial Paris equation.
• Plane stress onditions are appliable to the rak growth in metallayers.
• Plane strain onditions are appliable to the delamination growth atthe interfaes.
• The delamination growth an be related to the strain energy releaserate with an empirial Paris equation.
• The stress intensity fator at the rak tip an be determined by super-imposing the stress intensity fator for the far �eld opening stress andthe stress intensity for the rak losing bridging stress.
• The interation e�ets aused by the overload and VA loading is redu-ed by the intat �bres bridging the rak opening.From the urrent investigation, several onlusions an be drawn with res-pet to the rak growth behaviour of GLARE and the rak growth preditionmodel. The onlusions are summarised hereafter.8.1 Phenomena under Variable Amplitude LoadingDuring this researh, fatigue rak growth and delamination growth werestudied under variable amplitude loading. Although the mehanisms areoupled, they have been investigated independently prior to the study ofombined growth mehanisms. The detailed onlusions about these phe-nomena are:8.1.1 Delamination growthThe delamination growth behaviour in GLARE has been investigated withdelamination experiments using double raked lap-shear speimens, va-rious load sequenes and load spetra. It has been observed in the blok loadsequene tests that the average delamination growth rate is independent of



PHENOMENA UNDER VARIABLE AMPLITUDE LOADING 143the applied load sequene. In addition, no inuene of di�erent delamina-tion growth measurement tehniques has been observed on the growth ratein partiular at the transition from low to high loads blok.Full ight spetrum tests have been performed, beause it was thought thatthe blok load sequene tests might not be suÆiently aurate to apturepotential interation e�ets. Correlation of the observed growth with li-near damage aumulation predition learly showed that the delaminationgrowth aeleration or retardation, due to overloads or load variations, un-der mode II delamination growth in GLARE are absent.However, the Rain-ow ounting tehnique must be used to load spetrawith intermediate small yles in the large yles to alulate the delamina-tion growth rate. Preditions orrelated very well with the test results forthe ight spetrum as well as the programmed blok loading spetra, afterapplying this tehnique. This highlights the onlusion that delaminationgrowth is mainly dependent on the high monotoni loads and load ampli-tudes.ARALL and GLARE laminates have di�erent delamination harateristis.Interation e�ets were reported byMarissen in ase ofARALL. On the otherhand, GLARE speimens, when tested using the same load spetra, did notshow any interation e�et. Further investigation on ARALL and GLAREshowed that �bre-adhesive bonding, peel strength and multiple delamina-tion paths have insigni�ant inuene 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 surfaes 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 blok loadsequenes (LO-HI and HI-LO), no interation e�ets were observed onside-ring the striations and their spaing. For the periodi load sequenes stria-tions were observed and their spaings ould be related to the maximumapplied stress Smax.8.1.2 Delamination shapesThe load variations slightly hange the delamination shape in a CCT spei-men. This hange in delamination shape predominantly relates to the rakgrowth retardation in metal layers after appliation of the overload. Ho-wever, this mehanism is insuÆient to ompletely desribe the transitionof the delamination after the appliation of an overload. The transition anfully be understood, if in addition, the loal post-strething mehanism nearthe rak tip is onsidered.



144 CONCLUSIONThe e�et of this transition in delamination shape on subsequent fatiguerak 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�et on the hange in stress intensity fator and �nally on thesubsequent fatigue rak growth.In other words, for aurately prediting the fatigue rak growth after anoverload, it will be suÆient to attribute the transition of delaminationshape solely to the rak retardation in metal layers, thus ignoring the post-strething mehanism.
8.1.3 Crak-tip plastiityPlasti zones reated during the fatigue rak growth tests are preditedusing 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�erene is observed between the predited and measuredsizes. Contrary, a small di�erene is observed between the predited andmeasured plasti zone size in GLARE. The plasti zone size alulated andas measured for GLARE is almost onstant at any rak length, whih 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 typial 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 rak growth life, but the transition length is smaller asompared to monolithi metals.In FMLs, the rak propagates mainly in the tensile mode. Crak surfaesshowed a quite lear tensile mode and no transition from tensile to shearmode.



PREDICTION MODEL 1458.2 Predition Model8.2.1 Linear Damage AumulationA Linear Damage Aumulation based model has been introdued and eva-luated with experimental results. It has been shown that the model doesnot predit the rak growth well when distint load sequenes our in theapplied spetrum. However, for load variations with small interation ef-fets and for full airraft load spetra with randomly distributed load yles,the model orrelated fairly well with experimental results.8.2.2 Modi�ed Yield Zone ModelThe fatigue rak growth behavior in FMLs has been further investigatedusing a simple interation model. The experimental data for di�erent sele-tive variable amplitude loading and ight spetra orrelates reasonably withthe Yield Zone model preditions.8.2.3 Crak-losure modelA rak losure model was used to predit the rak growth for the sele-tive load sequenes and ight load spetra. The model is able to show thedelayed retardation after the appliation of overloads and the number ofdelayed yles orrelated better with the experimental data than the Yieldzone model. However, for the ight load spetra, the preditions are quitefar from the experimental data. The under predition of fatigue rak growthunder ight spetra an be attributed to the over estimation of rak-tipplasti zone espeially due to the seondary plasti zone.8.3 Future WorkDelamination growth under variable amplitude loading needs to be furtherinvestigated, espeially on a mirosopi level at the �bre and metal inter-fae. At marosopi level no plastiity is observed in the resin layer, asdetailed in this thesis. However, questions that may require further funda-mental researh are: how the delamination resistane be inuened by theelasti plasti behaviour of resin (and this plastiity at the delamination tip)?and How the thikness of resin would inuene 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 researh briey touhed uponthis topi but ompared the 2 mm Al monolithi metal with the laminateshaving umulative 2 mm metal thikness. The logial next step would be tounderstand the e�et of thikness of metal layers on the moment of tran-sition and transition length. The follow-up questions an be whether thetransition has any inuene on the rak growth resistane, and whether thepostponing the transition in inner sheets has a greater e�et on the rakresistane. How does the stress state an be explained for the laminateswith thik metal layers by using the understanding developed with the thinmetal layers?The next step in the modeling phase would be to understand the mismathof rak losure model predition with the test results for the ight spetra.This an be done by detailed study of di�erent spetra and further validationof De Koning primary and seondary plasti zone assumption for FMLs.Finally, it would be a logial step to integrate the VA loading model with therak growth predition model of laminates with variable thikness of metallayers (i.e., work of Greg Wilson), whih an result in fatigue rak growthmodel for arbitrary FMLs under arbitrary loads. However, this integrationan be quite hallenging due to the e�et of di�erent metal layer's thiknesson the rak growth, delamination shape and growth phenomena.



AppendixA

Energy Release Rate

EquationsFor delamination over a distane 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 displaement ofthe external load P. Figure A.1 shows the situation before and after somedelamination.The total energy balane 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 inrease in elasti energy within the laminate due to dela-mination extension of length b, F is the work applied to the system duringthe displaement δy of the external fore P, and W is the energy availableper inrement of rak extension.As for the energy
F = Pδy ⇒ P(b∆ε∗) (A.2)where ∆ε∗ is the strain di�erene between the delaminated and non-delaminatedarea of the laminate and an be alulated 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 thikness.If U1 is the inrease of elasti energy in the delaminated laminate and U2 thederease of elasti energy in the non-delaminated laminate the total hange(inrease) of the elasti energy during delamination over distane 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 thikness. The subsripts al, f ,0 and f ,90 indiate respetively thealuminium, the prepreg with �bres in the loading diretion and the prepreglayer with �bres perpendiular to the loading diretion.Lamina stresses an be expressed as funtions of the total applied laminatestress σlam using parameters λ and γ.
σal = λ σlam σal,P = γσlam
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Eal
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Eal
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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 raked aluminium layers. Equations A.5, A.7and A.8 an be simpli�ed by replaing γ and λ .
F = bσ2

lam [γ −λ ] tlam (A.9)
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(A.10)
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150 Appendix ASubstituting equations A.9, A.10 and A.11 in equation A.1, one an alulate
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(A.12)
Equation A.12 gives the total energy release rate for four �bre-aluminiuminterfaes. The energy release rate per �bre-aluminium interfaes is givenby G/4, or it an be generalized by G/ j, where j is the number of �bre-aluminium interfaes. The energy release rate for delamination, per �bre-aluminium interfae Gd an be, then, simpli�ed as
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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 mehanial strains, Si jσ j,pre-strains, εi,pl and the six free thermal strains, αi∆T , for a temperaturehange ∆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 oeÆients of thermaldeformation (expansion or ontration and distortion, i.e., shear), and ∆Tis the temperature di�erene. 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 prinipal materialoordinates 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 oeÆients of thermal expansion a�et 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 prinipal 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 withsupersript 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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 (B.4)The strains for the kth layer at a distane z from the middle of the laminate,as shown in �gure B.2, are
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(B.5)Where εi0 are the middle surfae strains, ki0 are the middle surfae urvaturesand εi,pl0 are the middle surfae plasti strains of the laminate.When the linear variation of strain through the thikness, equation B.5, issubstituted into equation B.4 and the resulting expressions for the layerstresses are integrated through the thikness, the fore resultants for uni-diretional FMLs (the prinipal material oordinates 1,2 of the layers oin-ides with the laminate oordinates x,y i.e., θ = 0), are
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 (B.7)Where:
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∑
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 (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 fore due to thermal expansion and Ni is the fore due to external loading.In ase of symmetri and balaned laminates Bi j matrix will be zero. Theelimination of Bi j matrix has two important pratial bene�ts. First, suhlaminates are usually muh easier to analyze than laminates with bending-extension oupling. Seond, symmetri laminates do not have a tendenyof bending or twisting from the inevitable thermally indued ontrationsthat our during ooling following the uring proess. 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 laminateategories are disussed in detail in [2, 3℄. It is important to mention thatpresene of bending and twisting in laminate will result in Bi j 6= 0.Sine uni-diretional FMLs i.e., GLARE1 are symmetri and balaned, put-ting the Bi j matrix to zero and substituting equation B.6 in equation B.3yields the stresses in the priniple diretions of the layers due to externalloading, thermal loading and pre-strain. This yields for the aluminium layers
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iPlasti Strain of the Aluminium LayersIn order to ouple the deformations due to the post-strething of the layersand the laminate, an extra equilibrium equation is neessary (external foresequal to 0):
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 (B.12)Aording to the von-Mises riterion, yielding ours 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:
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=
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1
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αal∆Tpostr

) (B.14)Where matrix N is alulated with ∆T during the post-strething proess :
∆Tpostr = Tpostr −Tcure. With these stresses the deviator stresses [4℄ are alu-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. Calulation of the Residual Internal Stress Distribution 157In FMLs σ3 = 0 beause of the plane stress ondition. The plasti straindistribution is de�ned by the deviator stresses:
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∆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 suÆient aurate for aluminium with a low anisotropy of theyield stress. It should be kept in mind that this alulation method is notsuitable to aluminium with a high anisotropy of yield stress. The reason isthat the von-Mises riterion does not aount for the anisotropi yield stressof aluminium sheet material. To onsider anisotropi behaviour, a omplia-ted iterative alulation of the development of the internal stress and straindistribution during the post-strething will be required.B.1 Calulation of the Residual Internal Stress Dis-tributionB.1.1 Non-Strethed FMLsFor non-strethed 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 Strethed in One Priniple Material DiretionFor FMLs strethed in only diretion 1, ε1,pllam is known. During the yieldproess, 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 alulated 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 alulated 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 loadspetrum was obtained as an average of several ivil transport airrafts wingload spetra.In one blok 4000 ights of 10 di�erent types (A to J shownin table C.1) our in a random number seletion. The severity of spetrumvary from light (type J, nie weather) to highly severe (Type A, severe storm).MiniTWIST [2℄ was generated beause experiments with TWIST were rathertime onsuming due to the large average number of 100 yles per ight.MiniTWISTwas derived fromTWIST by omitting small amplitude yles fromthe load spetrum, shown in �gure C.1. The average number of yles peright was thus redued to 15 whih is a drasti redution in spetrum as wellas the testing time.C.1.2 EXPERIMENTAL PROGRAMSpeimen GeometryThe speimens were made with the loading diretion in parallel to the rollingdiretion. The utting edges of the speimens were removed by ontour159



160 Appendix CFlight Number oftype ights inone blokA 1B 1C 3D 9E 24F 60G 181H 420I 1,090J 2,211Table C.1: TWIST ight-simulation loadspetrum ights detail [1℄
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Figure C.1: MiniTWIST load spetrum, 3trunation levels usedmilling to the dimensions shown in �gure C.2. The holes were drilled usingan NC mahine in order to obtain a good and uniform hole edge quality.
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C.1. ARALL 161
Smf Material Trunation 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 & DisussionThe omparison of test results with the preditions using the Yield zone mo-del (presented in 6.2) shows that the preditions are suÆiently aurate forGLARE 2 (�gure C.3(a)). This highlights the fat that all the metal relatedphenomena like rak 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 interation model. However, for ARALL 2(�gure C.3(b)) the preditions are not very aurate. The di�erene is due tothe �bre failure, orresponding delamination is shown in �gure C.4(a). Theurrent model is not apable of prediting the rak growth in the preseneof �bre failure. Post-strething is used to avoid the �bre failure and improvethe fatigue properties. Therefore, a better orrelation between test data andpreditions is obtained for ARALL 3 (�gure C.3(a)) whih shows the e�et ofpost-strething.Figure C.3(a) shows the omparison of preditions and test results forGLARE2 under 86MPa and 95MPa. The tests were stopped at a small rak length,when rak growth rate was still dereasing due to the start of �bre bridgingphenomenon. This trend was aptured by the predition model. However,more information about the auray of prediting the full urve ould havebeen provided if the tests had been ontinued till the rak growth rate getsto larger rak lengths.
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C.2. HSS-GLARE Crak growth results 163
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(b)Figure C.4: Delamination shape of GLARE ((a)) and ARALL ((b))C.2 HSS-GLARE Crak growth resultsFor the model validation work, test results of HSS Glare were omparedwith the predition done using Yield Zone Model under three di�erent ightspetra mentioned in table 6.1.Referenes[1℄ J. B. d. Jonge, D. Shutze, H. Lowak, J. Shijve, A standardized load se-quene for ight-simulation tests on transport airraft wing strutures,Teh. Rep. NLR-TR-73029, National Aerospae Laboratory NLR, Am-sterdam (1973).[2℄ H. Lowak, J. B. De Jonge, J. Franz, D. Shutze, Mini-twist, a shorte-ned version of twist, Teh. Rep. NLR-MP 79018, National AerospaeLaboratory NLR, Amsterdam (1979).
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AppendixD

Plastic Zone and

Delmination Shape

Experiments

D.1 speimenThree types ofCCT speimens, as shown in Figure D.1, were used for the de-lamination shape and plasti zone size investigation. These speimens weremanufatured with umulative metal thikness of 2 mm. The speimen usedfor delamination shape investigation were manufatured with 5 metal layersof 0.4 mm thikness and 4 omposite ross-ply �bre layers with a nominalthikness of 0.266 mm (i.e., Glare3-5/4-0.4). Beside Glare speimen, mo-nolithi metal speimen of 2 mm thikness and laminated metal speimensmanufatured with 5 metal layers of 0.4 mm thikness were used. The widthof these speimen was 140 mm. The starter nothes were made by drilling ahole of 3 mm diameter with two saw uts oriented perpendiular to the loa-ding diretion. The length of the starter noth (2a0) was also approximately5 mm.D.2 Testing SetupDigital Image orrelation DIC was used as the delamination shape obser-vation tehnique for the Glare test program, detailed in table D.1. For all165
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D.3. Test Matrix 167tup is shown in �gure D.2. These tests were performed using a omputerontrolled servo-hydrauli testing system with a load apaity of 25 metritons.D.3 Test MatrixThe set of speimens have been tested using a CA baseline spetrum witha maximum stress Smax = 100 MPa and a stress ratio R = 0.1. The singleoverload spetrum has an overload SOL = 145 MPa at aOL=10 mm. Themultiple overload spetrum has three overloads i.e. SOL1 = 145 MPa; SOL2= 130MPa and SOL3 = 115MPa at aOL=9, 12 and 15 mm respetively. Blokload spetra 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 speimens, 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 yles 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 Blok loading-LO-HI S          =100MPa
MAX1

S       =10MPa
MIN

S          =145MPa
MAX2

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

MAX1

S         =10MPa
MIN

S          =145MPa
MAX2

a    =12.7mm
TR 145 0.1 100Table D.1: Fatigue rak growth test matrix - GLARE3-5/4-0.4 speimen
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CA yles 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 Blok loading-LO-HI S          =100MPa
MAX1

S       =10MPa
MIN

S          =145MPa
MAX2

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

MAX1

S         =10MPa
MIN

S          =145MPa
MAX2

a    =12.7mm
TR 145 0.1 100Table D.2: Fatigue rak growth test matrix - Monolithi metal speimen
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CA yles 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 Blok loading-LO-HI S          =100MPa
MAX1

S       =10MPa
MIN

S          =145MPa
MAX2

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

MAX1

S         =10MPa
MIN

S          =145MPa
MAX2

a    =12.7mm
TR 145 0.1 100Table D.3: Fatigue rak growth test matrix - Laminated Aluminium Sheets speimen



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 researh is twofold: �rst, to obtain alear understanding and detailed haraterization of the failure mehanismsin GLARE under variable amplitude loading (seletive and ight load spe-tra). Seond is to obtain an aurate predition model for fatigue rak pro-pagation in GLARE aounting for �bre bridging, delamination and inueneof plastiity.The major onept in this thesis is that the stress intensity at the rak tipin the metal layers of a Fibre Metal Laminates FML is the fator determi-ning the extension of that rak under yli loading. This implies that thestress intensity fator an be desribed with Linear Elasti Frature Meha-nis, inluding the ontribution of the �bre layers and the with the rakgrowth assoiated delamination behaviour. The investigation presented inthis thesis, overs the theoretial analysis of the rak growth phenomenaand experiments to support and validate the developed predition model.This investigation has been restrited to through-the-thikness raks withthe same rak length in all metal layers.In the seond hapter, the various GLARE grades and lay-ups are de�nedtogether with a desription of the manufaturing proess, quality assurane171



172 SUMMARYproedures and fatigue rak growth phenomena. The aspets introdued arethe fatigue rak growth in the aluminium layers, ontrolled by the stress in-tensity fator at the rak tip, and the delamination of the aluminium andprepreg layers, whih ours in the wake of the propagating rak. The rakopening 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 disusses the e�ets of variable amplitude loading inmetals, together with the models developed so far to predit fatigue rakgrowth.The inuene of variable amplitude loading on the delamination growth (i.e.a major phenomenon ontributing to the slow fatigue rak growth in FMLs)is disussed in hapter 3. An extensive test programme is presented in thishapter utilizing double and multiple blok loads, and ight load spetrato validate the hypothesis that delamination in FMLs is independent of re-tardation e�ets under variable amplitude loading. Furthermore, the useof sanning eletroni mirosopy is presented to study the delaminationgrowth striations on the disbonded frature surfaes.Chapter 4 presents the e�et of variable amplitude loading on delaminationshapes. These delamination shapes inuene the bridging stresses and therak tip stress intensity fator. 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 andrak tip plasti zones in-situ fatigue testing. Although a hange in dela-mination shape an be observed, its e�et on the bridging stress pro�le isobserved to be negligible.Crak tip plastiity and shear-lip formation both were investigated, as pre-sented in hapter 5. Di�erene in shear-lip morphology was observed inmonolithi metals, adhesively bonded metal laminates and FMLs. Mono-lithi metals revealed typial 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 rak growth, but the transition length was smaller than thoseof monolithi metals. In FMLs the shear lip pro�les were rather diÆult tosee with the naked eye or optial mirosope. However, the straight ap-pearane of the rak when observed from the speimen side, implied a atraked frature surfae without shear lips. Plasti zone sizes are omparedin the same hapter. In ase of monolithi metals and metal laminates, a bigdi�erene is observed between the predited plasti zone sizes (using Irwinsrelation) and the sizes measured with DIC. However, omparing these sizesfor FMLs revealed only a small di�erene. In FMLs, the plasti zone sizesare observed to be independent of the rak length whih orresponds to the



SUMMARY 173onstant rak tip stress intensity fators.Chapter 6 presents the development and validation of three di�erent typesof predition models. These models inlude a linear damage aumulation(non-retardation) model, a yield zone model and a rak losure model.The preditions using these models orrelated with experimentally obser-ved rak growth behaviour.Chapter 7 outlines the sub-routine added to the predition model for post-strethed laminates. This routine has been validated with the data frompost-strethed GLARE 1 and ARALL from the literature.Chapter 8 summarizes the onlusions of the investigation. It an be onlu-ded that with the proposed predition model, the mehanism of rak propa-gation and delamination growth in GLARE is fully desribed and understood.The predition model has been validated with experimental rak growthdata, and is onsidered aurate. In its implemented form, the model hasthe potential to be extended to other material-, geometrial- and test para-meters.





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

it proefshrift 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 faalmehanismen in GLARE onder variabeleamplitude belastingen (seletieve en vliegbelastingspetra). Ten tweede, hetverk rijgen van een nauwkeurig voorspellingsmodel voor vermoeiingssheur-groei in GLARE met inbegrip van vezeloverbrugging, delaminatie en invloe-den van plastiiteit.The belangrijkste onept in dit proefshrift is dat de spanningsintensite itaan de sheurtip in the metaallagen van een FML de bepalende fator is vo orde sheuruitbreiding onder ylishe belastingen. Dit houdt in dat de span-ningsintensiteit fator beshreven kan worden met linear elastishe breuk-mehania, inlusief de bijdrage van de vezellagen en de met de sheurgroeigeassoieerde delaminatiegroei. Het onderzoek in dit proefshrift gepre-senteerd omvat the theoretishe analyse van de sheurgroei fenomenen, ende experimenten ter ondersteuning en validatie van het ontwikkelde voor-spellingsmodel. Dit onderzoek is gelimiteerd tot sheuren door de dikte metgelijke lengte in alle metaallagen. 175



176 SAMENVATTINGIn het tweede hoofdstuk worden the vershillende GLARE on�guraties engede�nieerd, tezamen met een beshrijving van het produtieproes, thekwaliteitsbewaking en de vermoeiingssheurgroei fenomenen. De gentro-dueerde aspeten zijn de vermoeiingssheurgroei in de aluminium lagen,geontroleerd bij de spanningsintensiteit fator aan de sheurtip, en de de-laminatiegroei tussen de aluminium en prepreg lagen, welke ahter de sheur-tip plaatsvindt. De sheuropening is gelimiteerd door de overbruggendevezellagen, terwijl de herverdeling van spanningen naar deze lagen de de-laminatiegroei bepaald. Bovendien bespreekt dit hoofdstuk de e�eten vanvariabele amplitude vermoeiing in metalen, samen met de modellen tot nutoe ontwikkelt voor het voorspellen van sheurgroei.De invloed van variabele amplitude belasting op delaminatiegroei (een be-langrijp fenomeen dat bijdraagt aan de langzame sheurgroei in FMLs) is be-disussieerd in hoofdstuk 3. Een uitgebreid test programma is gepresenteerdin dit hoofdstuk dat gebruik maakt van dubbele en meervoudige Blok be-lastingen, en vleugel belastingspetra, om de hypothese te valideren dat de-laminatie in FMLs onafhankelijk is van retardatie e�eten. Bovendien is hetgebruik van elektronenmirosoop gepresenteerd om de delaminatiegroeistriations te bestuderen op de gedelamineerde breukvlakken.Hoofdstuk 4 presenteert het e�et van variabele amplitude belastingen opdelaminatie vormen. Deze delaminatievormen benvloeden de overbrug-gingsspanningen en de sheurtip spanningsintensiteit fator. 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 plastishe zones tij-dens de testen te observeren. Hoewel een verandering van delaminatievormwaargenomen kon worden, bleek het e�et daarvan op de overbruggingss-panning verwaarloosbaar.Sheurtip plastiiteit en sheurlip vorming zijn beide onderzoht, zoals inhoofdstuk 5 gepresenteerd. Vershil in sheurlip morfologie is waargenomenin monolithish metaal, gelijmde metaallaminaten en FMLs. Monolithishmetaal liet typishe sheurlip pro�elen zien met een in aanvang trekmodus,gevolgd door een transitie modus, en uiteindelijk een transversale afshuif-modus. Voor metaallaminaten (zonder vezels), trad de transitie laat op tij-dens de vermoeiingssheurgroei, maar de lengte van de transitie was kleinerdan die voor monolithishe metalen. In FMLs bleken de sheurlip pro�elentamelijk moeilijk waarneembaar met het blote oog of met optishe miro-sopen. Ehter, het rehte voorkomen van de sheur wanneer geobserveerdvan de proefstukzijkant, betekent een vlak breukvlak zonder sheurlippen.De grootte van plastishe zones zijn vergeleken in ditzelfde hoofdstuk. Ingeval van monolithishe metalen en metaal laminaten, een groot vershil



SAMENVATTING 177werd waargenomen tussen de voorspelde plastishe zone grootte (gebruik-makend van Irwins vergelijking) en de grootte gemeten metDIC. Maar wan-neer deze groottes vergeleken werden voor FMLs, dan bleek dit vershil kleinte zijn. De delaminatie groottes geobserveerd in FMLs bleken onafhankelijkte zijn van de sheurlente, wat orrespondeert met een onstante sheurtipspanningsintensiteit fator.Hoofdstuk 6 presenteert de ontwikkeling en validatie van drie vershillendetypen voorspellingsmodellen. Deze modellen betre�en een lineair shadea-umulatie model (zonder sheurretardatie), een plastishe zone model, eneen sheursluiting model. De voorspellingen met behulp van deze modellenorreleerden met experimenteel waargenomen sheurgroei gedrag.Hoofdstuk 7 shetst 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 onlusies van dit onderzoek samen. Er kan geon-ludeerd worden dat met het voorgestelde voorspellingsmodel, het meh-anisme van sheurgroei en delaminatiegroei in GLARE volledig is beshrevenen begrepen. Het voorspellingsmodel is gevalideerdmet experimentele she-urgroei data, en wordt beshouwd nauwkeurig te zijn. In de wijze waarophet gemplementeerd is, heeft het model potentie om uitgebreid te wordenvoor andere materiaal- geometrishe- en testparameters.
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