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ABSTRACTFibre Metal Laminates (ARALL, GLARE) are haraterized by several inter-esting properties. The fatigue rak growth resistane is outstanding thanks to�bre rak bridging. In the present paper results are presented of rak prop-agation under onstant amplitude loading and �ight-simulation load histories.Fibre-rak bridging and ontrolled delamination around fatigue raks an bepredited by a model of Alderliesten for onstant amplitude load yles. Thisproblem is now investigated under variable amplitude loading. Results willbe presented. Limited interation e�ets on the delamination are observed.Prospets for future appliations in airraft strutures are indiated.1 INTRODUCTIONFibre Metal Laminates (FMLs) are fatigue e�ient materials with exeptionaldamage tolerane properties. FMLs are built up of alternating thin metalsheets and unidiretional high strength �bres. In the past FMLs have beenthoroughly investigated speially in the area of fatigue rak growth and re-lated mehanisms [1℄. Major part of these investigations [2℄ onern ConstantAmplitude (CA) loading in order to understand the basi phenomena followedby limited work dealing with Variable Amplitude (VA) loading [3, 4℄ and �ightspetrum loading [5, 6℄. But still behaviour of FMLs under VA loading needsto be further investigated and developed.At Delft University of Tehnology Delft, intensive researh has been done inorder to study the di�erent fatigue related phenomena of FMLs. In 1988 afatigue rak growth predition model mainly for ARALL was developed [7℄followed by another more aurate and generi model in 2005 [8℄. The seond1PhD student, P.O. Box 5058, 2600 GB, Delft, The Netherlands,Phone.+31(0)152786279, Fax. +31(0)152781151, (Email. S.U.Khan�tudelft.nl.)1
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model is apable of prediting fatigue rak growth, bridging stress distribu-tion and delamination shape (pro�le) under CA loading. Now the questionarises, whether and how Alderliesten CA model an be applied to VA loadingases.In order to answer this question as well to understand the behaviour of FMLsunder VA loading, it is neessary to investigate the e�et of VA loading onthe two main phenomena, delamination and fatigue rak growth. Sine thedelamination and rak growth are interrelated and hene, delamination andrak growth tests have been performed. Crak growth tests have been per-formed using Centre Crak Tension (CCT) speimens while the delaminationtests have been performed using double rak lap share (DCLS) speimens.Di�erent VA loading sequenes like blok loading, programmed blok loading,et. are used in the tests. Test results have been orrelated with the preditiondone by the simple VA loading rak growth model implemented in Alderli-esten model.This paper desribes the experiments and results. The preditions models areompared to the data and the orrelation is disussed.2 FIBRE METAL LAMINATESARALL [7℄, GLARE [1℄ are two famous members of the FMLs family devel-oped at Delft University of Tehnology. Unlike ARALL, GLARE has goodfatigue properties in ombination with ompressive loading [9℄.For standard GLARE, aluminium (alloy) 2024-T3 sheets and S2-glass �bresare bonded together with FM94 epoxy adhesive to form a laminate. Thisstak is ured in an autolave at 120 ◦C and 6 bar for 1− 1/2 hour. The �breorientation is de�ned with respet to the rolling diretion of the aluminiumlayers and eah orientation represents a prepreg layer of 0.133 mm thikness.Detailed desription of GLARE grades are given in [1℄.2.1 FATIGUE MECHANISMSThe metalli layers in FMLs show fatigue rak growth similar to monolithimetals and the omposite layers show delamination at the metal-ompositeinterfaes. The �bres in FMLs are insensitive to the fatigue loading, whilethe metal layers exhibit rak initiation and propagation. The �bres transferload over the fatigue rak in the metal layers and restrain the rak opening.This phenomenon is alled �bre bridging (Figure 1). Another phenomenonillustrated in Figure 1 is the delamination at the metal-�bre interfae in thewake of the rak. The yli shear stresses at the interfae as result of theload transfer from the metal to the �bre layers indue delamination growth.2
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Figure 1: Crak bridging of the �bres and delamination of the layers [10℄Both the fatigue rak growth in the metal layers and the delamination growthat the interfaes form a balaned and so alled oupled proess.3 EXPERIMENTAL PROGRAM3.1 DELAMINATIONTo study delamination, a DCLS speimen has been used. This speimen ex-hibits delamination growth independent of fatigue rak growth in metal layers,as shown in �gure 2. Although this on�guration has a mode I ontributionto the delamination mehanisms [11℄, it was shown by Alderliesten et. al [12℄that this mode has no e�et on the observed delamination growth. The spei-mens have been manufatured with two 0.3 mm thik outer layers of aluminium2024-T3 with sandwihed glass �bres epoxy layers. This on�guration is basedon standard GLARE 2-2/1-0.3 [1℄.3.1.1 TEST MATRIXThe experiments were onduted with blok loading with a HI-LO, a LO-HI sequene, programmed blok loading, multiple blok loading and �ightspetrum. The test matrix is given in table 1, showing the load sequene andthe applied stress values.3.1.2 TEST EQUIPMENT & PROCEDUREThe tests were onduted in lab air at room temperature on a losed loopmehanial and omputer ontrolled servo-hydrauli testing system with a loadapaity of 10 metri tons. The delamination lengths were measured from oneside of speimen at the four loations near the arti�ial rak in the aluminiumlayers and then averaged. The delamination measurements were performed at3
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Figure 2: Double raked lap shear speimen geometryLoad Sequene Stress Values Stress Ratio[MPa℄ [R℄Blok loading LO-HI 150-169 0.05HI-LO 169-150 0.05Multiple Blok Loading HI-LO 200-187.5-150-125 0.05LO-HI 125-150-187.5-200 0.05Programmed Blok Loading I 105 to 195 in 285 yles 0.86 to 0.03II 105 to 195 in 100 yles 0.86 to 0.03mini-TWIST σmean=100SPECTRUM-I Wide body fuselage spetrumTable 1: Delamination test matrixintervals during the fatigue tests, while the test was on hold at its maximumapplied stress level. The measurements were performed with a CCD amerausing in-house developed imaging software Impress to apture the images andto enable measurements.3.2 FATIGUE CRACK GROWTHIn the urrent model, fatigue rak growth preditions are done using either alinear damage aumulation or a yield zone model. Details about the applia-tion of these models to FMLs an be found in [10℄. For the model validation,fatigue rak growth experiments on GLARE 3-4/3-0.3 with ross-ply �breorientation have been performed. These fatigue rak growth tests have beenperformed on enter-raked tension (CCT) speimens. The starter nothesare made by drilling a hole of 3 mm diameter with two saw uts, diretingperpendiular to the loading diretion. The total length of the starter noth
(2a0) is approximately 5 mm. The speimen geometry is disussed in detailin [10℄. 4



Load variation CA yles Load variationMaximum 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 font fuselage spetrumSpetrum loading-III Mega liner aft fuselage spetrumTable 2: Fatigue rak growth test matrix3.2.1 TEST MATRIXThe experiments were performed on speimens made of Glare3-4/3-0.3. TheCA yles, between the load variations, had a maximum stress of 120 MPaand a stress ratio of 0.1. The test matrix is given in table 2.3.2.2 TEST EQUIPMENT & PROCEDUREThe tests were onduted in lab air at room temperature on a losed loopmehanial and omputer ontrolled servo-hydrauli testing system with a loadapaity of 6 metri tons. The test frequeny was 10 Hz.4 RESULTS & DISCUSSION4.1 DELAMINATIONBlok and multiple blok loading ases' Results (Multiple blok loading aseshown in �gure 3-a) have been presented before by the authors [13℄ with twomain onlusions:1. Delamination growth rate omes to a steady-state value for eah loadase and there exists an startup region with slow delamination growthrate. The size of the startup region is highly in�uened by the maximumstress value. For example in ase of LO-HI sequene this startup regionis larger than the ase of HI-LO sequene.2. The delamination growth rate is related to the stress magnitude andis independent of the sequene. No matter if one starts with a lowamplitude stress yle and hange to high amplitude or reverse the orderof sequene, the delamination growth rate remains the same dependingon the stress magnitude.In order to study the e�et of variable spetra and �ight simulation loadingspetra further tests have also been performed. For the better understand-ing of loading e�et on delamination growth rate, linear damage aumulationalulations have been performed. Results of programmed blok loading and�ight spetra are shown in �gures 3-b, 3-, 3-e. Even in the ase of these5
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3-eFigure 3: Delamination growth tests results: 3-a. Multiple blok loading (De-lamination rate Vs. Delamination length), 3-b. Programmed blok loading(Delamination rate Vs. Delamination length), 3-. Mini-TWIST (Delamina-tion rate Vs. Delamination length - σmean =100 MPa), 3-d. Rain-�ow ountingproedure 3-e. Flight Spetrum I 6
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4-dFigure 4: Fatigue rak growth tests results: 4-a. Single overload, 4-b. Blokloading (HI-LO), 4-. Flight Spetrum-I, 4-d. Flight Spetrum-II,spetra startup region exists and as the delamination starts to grow, steady-state delamination growth rate is attained. The linear damage aumulation(LDA) alulations are very lose to the test data averages exept the aseshown in �gure 3-e. The spetrum-I is having a number of intermediate y-les that break up the large yles into smaller yles. The rain-�ow ountingtehnique, mentioned in literature as a yle ounting and �ltering tehnique,is used to omit these intermediate yles. As a results, in the �ltered situa-tion the large yles are onsidered, shematially shown in 3-d. As shown in�gure 3-e, the rain-�ow ounting tehnique ombined with LDA alulationsresulted in a lose math between the test and alulations. It also provesthat the intermediate yles in a large yles do not ontribute if the largeyles are onsidered as a single large yle. Similar to rest of the test results,�gure 3-e shows that the delamination growth rate attains a onstant value assoon as it is out of the initial startup region.Delamination growth under VA loading is independent of interation e�ets,whih make it possible to use the Alderliesten [8℄ CA delamination growth and7



shape predition tool for predition under VAloading.4.2 FATIGUE CRACK GROWTHThe omparisons of preditions with the tests results are shown in �gure 4.Figure 4-a shows the omparison for single overload of 175 MPa in the CAbaseline yles of Smax = 120 MPa and stress ratio R = 0.1. The LDA beinga non-interation model is unable to predit the retardation e�et but on theother hand the yield zone model is able to predit the rak growth retar-dation in agreement with the experimental data. An interesting observationfrom �gure 4-a is that there is hardly any di�erene between the yield zonemodel's predition and experimental data after the appliation of overload. Inother words, the number of delay yles are almost equal whih indiates thatit is only the plasti zone that ause the retardation. In ase of pure mono-lithi metals, preditions of yield zone model are quite far from the test [14℄.However, for FMLs, the error is limited beause of the intat �bres whih re-strain the rak opening leading to the small plasti zone formation whih isomparable to the one alulated by yield zone model.In single overload ase (�gure 4-a), the rak growth rate gets bak to orig-inal level depending on the magnitude of SOL and ROL. It is known fromthe literature that in metals the retardation region is highly in�uened by themagnitude of SOL, and similar behavior is seen in ase of FMLs.Figure 4-b shows the omparison between test results and the yield zone modelpreditions in ase of the High-Low blok loading sequene. The retardationlevel is omputed by the yield zone model. Similar to metals, in FMLs a largeblok of overload yles reates larger plasti zones resulting in large retarda-tion and related phenomena.The omparison of the spetrum I is shown in �gures 4-. The omparisonof test results with the yield zone model preditions for the spetrum I showvery small error. But for the spetrum II (�gure 4-d) the yield zone modelpreditions are quite far from the test results. The di�erene lies in the spe-trum itself, beause the number of overload yles in spetrum II are morethan in spetrum I. In the yield zone model's preditions and experimentalresults, it is obvious from the plot ( 4-a) that da/dN gets bak to the originallevel as soon as the retardation e�ets are over. While in ase of spetrumII it looks like the rak tip is trapped in frequently ourring overloads andplasti zones. We an also relate this behavior to de Koning's [15℄ primaryand seondary plasti zone onept that makes the large di�erene betweenthe predition and test results. 8



5 CONCLUSIONUnder VA loading, the exeptional fatigue properties are observed similar toCA. The overload and blok loading experiments show signs of interation ef-fets (rak growth retardation). On the other hand, due to the presene ofthe �bres, the interation e�et an be onsidered as limited interation e�etsin omparison to monolithi metals.In order to understand the interation e�ets a non interation and simpleinteration model has been used. The results from non-interation model or-relates well with most of the experimental tests onsisting of simple VA and�ight spetrum loading. Unlike monolithi metals there is a limited intera-tion e�ets in FMLs and a simple interation model an be used to preditthe fatigue rak growth. However, in ase of a spetrum having frequentlyourring overloads, this simple interation model is insu�ient.Delamination tests under blok, programmed blok and �ight spetra showno history or interation e�ets. Even, the mismath between the test dataand LDA preditions shown in ase of �ight spetra, is overome by applyingthe rain-�ow ounting tehnique to the spetrum. The orrelation of testdata and rain-�ow ounted spetrum results highlights that the delaminationgrowth rate depends on the large yles and the delamination is not e�eted bythe intermediate yles that breaks up the large yles. Finally, the absene ofinteration e�ets in delamination growth rate during VA loading proves thatthe Alderliesten's delamination alulation method an be applied in the aseof VA loading with the rain-�ow ounting tehnique to onsider the higheryles only. However, it should be onsidered that for fatigue rak growthpredition the spetrum an be di�erent from the �ltered spetrum used fordelamination.Referenes[1℄ A. Vlot, J. W. Gunnink, Fibre Metal Laminates-An introdution, KluwerAademi Publishers, Dordreht, The Netherlands, 2001.[2℄ R. C. Alderliesten, On the available relevant approahes for fatigue rakpropagation predition in glare, International Journal of Fatigue 29 (2007)289�304.[3℄ H. M. Plokker, R. C. Alderliesten, R. Beneditus, Crak losure in �bermetal laminates, Fatigue and Frature of Engineering Materials andStrutures 30 (2007) 608�620.[4℄ R. C. Alderliesten, H. J. M. Woerden, Load history e�ets during fatiguerak propagation in glare, in: M. Guillaume (Ed.), Fatigue of Aeronau-tial strutures as an Engineering Challenge, Vol. I, 2003, pp. 509�530.9
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