Composite Materials 
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Various composite materials are used in structures such as the Boeing 777 because of their strength, and weight savings. Composites also offer resistance to fatigue, corrosion and impact damage. 



Composites are different from metals. They are combinations of materials differing in composition or form. The constituents retain their identities in the composites and do not dissolve or otherwise merge completely into each other although they act together. Reinforced concrete is an excellent example of a composite structure in which the concrete and steel still retain their identities. The steel bars carry the tension loads and the concrete carries the compression loads. In aircraft construction the term composite structures refers to fabric resin combinations in which the fabric is embedded in the resin but still retains its identity. 

Advanced composite materials consist of new high strength fibers embedded in an epoxy matrix. These composites provide for major weight savings in airplane structures since they have high strength to weight ratios. When replacing aluminum structure with graphite/epoxy composite weight reductions of 20% or better are possible. Weight reduction is the greatest advantage of composite material and is one of the key items in decisions regarding its selection. other advantages over conventional structure include its high corrosion resistance and its resistance to damage from cyclic loading (fatigue). 

The major disadvantage of using advanced composite materials in airplane construction is the relatively high cost of the materials. 

Composite Hybrids: Hybrids are made by the addition of some complementary material such as fiberglass or kevlar to the basic carbon fiber/epoxy matrix. The added materials are used to obtain specific material characteristics such as greater fracture toughness and impact resistance, and should be considered for areas subject to foreign object damage. The addition of carbon / epoxy to fiberglass structure is used to provide additional stiffness.
Ricerca su affaticamento dei composti

La politica principale di ricerca dei meccanismi del laboratorio delle strutture e dei materiali è un metodo numerico-sperimentale integrato. Gli impianti sperimentali sono destinati sempre per soddisfare le esigenze specifiche del programma della prova e per fornire i dati tanto sperimentali come possibile. Questi dati di prova allora sono usati per sviluppare i modelli teorici che riflettono il comportamento materiale osservato.

Anche se i generi differenti di modelli di danni di affaticamento sono stati sviluppati, tutti i modelli sono sviluppati come modelli materiali intrinsechi . Quello significa che dipendono soltanto dal comportamento del materiale reale, ma non dipende dagli stati di contorno o dal senso di caricamento durante il caricamento di affaticamento.

Questo Web page primo documenta il contesto e l'attinenza industriale del lavoro di ricerca. Dopo i risultati sperimentali ed i modelli teorici sono discussi dettagliatamente: 

· Contesto ed attinenza industriale della ricerca 
· contesto di ricerca 

 HYPERLINK "http://216.239.39.104/translate_c?hl=it&u=http://allserv.rug.ac.be/~wvpaepeg/fatigue/composites_research.html%23context&prev=/search%3Fq%3Dcomposite%2Bmaterials%2Bhistory%26start%3D20%26hl%3Dit%26lr%3D%26ie%3DUTF-8%26sa%3DN" 
· attinenza industriale 

 HYPERLINK "http://216.239.39.104/translate_c?hl=it&u=http://allserv.rug.ac.be/~wvpaepeg/fatigue/composites_research.html%23relevance&prev=/search%3Fq%3Dcomposite%2Bmaterials%2Bhistory%26start%3D20%26hl%3Dit%26lr%3D%26ie%3DUTF-8%26sa%3DN" 
· Risultati sperimentali 
· prove di piegatura spostamento-controllate di affaticamento 

 HYPERLINK "http://216.239.39.104/translate_c?hl=it&u=http://allserv.rug.ac.be/~wvpaepeg/fatigue/composites_research.html%23bending_test&prev=/search%3Fq%3Dcomposite%2Bmaterials%2Bhistory%26start%3D20%26hl%3Dit%26lr%3D%26ie%3DUTF-8%26sa%3DN" 
· strumentazione (ombra Moiré, fibre ottiche, estensimetri) 

 HYPERLINK "http://216.239.39.104/translate_c?hl=it&u=http://allserv.rug.ac.be/~wvpaepeg/fatigue/composites_research.html%23instrumentation&prev=/search%3Fq%3Dcomposite%2Bmaterials%2Bhistory%26start%3D20%26hl%3Dit%26lr%3D%26ie%3DUTF-8%26sa%3DN" 
· descrizione materiale 

 HYPERLINK "http://216.239.39.104/translate_c?hl=it&u=http://allserv.rug.ac.be/~wvpaepeg/fatigue/composites_research.html%23material&prev=/search%3Fq%3Dcomposite%2Bmaterials%2Bhistory%26start%3D20%26hl%3Dit%26lr%3D%26ie%3DUTF-8%26sa%3DN" 
· risultati sperimentali tipici 

 HYPERLINK "http://216.239.39.104/translate_c?hl=it&u=http://allserv.rug.ac.be/~wvpaepeg/fatigue/composites_research.html%23results&prev=/search%3Fq%3Dcomposite%2Bmaterials%2Bhistory%26start%3D20%26hl%3Dit%26lr%3D%26ie%3DUTF-8%26sa%3DN" 
· Modelli teorici 
· introduzione 

 HYPERLINK "http://216.239.39.104/translate_c?hl=it&u=http://allserv.rug.ac.be/~wvpaepeg/fatigue/composites_research.html%23introduction&prev=/search%3Fq%3Dcomposite%2Bmaterials%2Bhistory%26start%3D20%26hl%3Dit%26lr%3D%26ie%3DUTF-8%26sa%3DN" 
· modello unidimensionale di danni di affaticamento 

 HYPERLINK "http://216.239.39.104/translate_c?hl=it&u=http://allserv.rug.ac.be/~wvpaepeg/fatigue/composites_research.html%23onedim_model&prev=/search%3Fq%3Dcomposite%2Bmaterials%2Bhistory%26start%3D20%26hl%3Dit%26lr%3D%26ie%3DUTF-8%26sa%3DN" 
· modello multidimensionale di danni di affaticamento 

 HYPERLINK "http://216.239.39.104/translate_c?hl=it&u=http://allserv.rug.ac.be/~wvpaepeg/fatigue/composites_research.html%23multidim_model&prev=/search%3Fq%3Dcomposite%2Bmaterials%2Bhistory%26start%3D20%26hl%3Dit%26lr%3D%26ie%3DUTF-8%26sa%3DN" 
· esecuzione limitata dell'elemento in SAMCEF v10.0 

 HYPERLINK "http://216.239.39.104/translate_c?hl=it&u=http://allserv.rug.ac.be/~wvpaepeg/fatigue/composites_research.html%23implementation&prev=/search%3Fq%3Dcomposite%2Bmaterials%2Bhistory%26start%3D20%26hl%3Dit%26lr%3D%26ie%3DUTF-8%26sa%3DN" 
Le informazioni più dettagliate su questi soggetti di ricerca sono fornite sotto. Se aveste bisogno delle informazioni supplementari, consulti prego la lista delle pubblicazioni , o nel caso aveste domande più specifiche, le nostre informazioni del contatto .



Contesto ed attinenza industriale della ricerca

• Contesto di ricerca 
Nell'affaticamento generale è un fenomeno abbastanza complesso e un grande sforzo di ricerca sta spendendo oggi su esso. L'affaticamento può essere definito come degradazione graduale di un materiale strutturale dall'applicazione ripetuta dei cicli di caricamento, che sono il più spesso irregolari, ma che rimanga sempre sotto certo valore di soglia. Il guasto finale è difficile da predire e soltanto avviene dopo che la struttura o il componente abbia sopportato con successo i carichi esterni di servizio per abbastanza un molto tempo. In molti casi, le rotture a fatica impreviste possono essere catastrofiche. I composti a fibra rinforzata del polimero hanno una valutazione abbastanza buona per quanto riguarda tempo di vita nell'affaticamento, ma ci sono un certo numero di differenze importanti fra il comportamento di affaticamento dei metalli e dei composti a fibra rinforzata continui del polimero. 

In metalli la fase di deterioramento graduale ed invisibile occorre una parte relativamente grande della vita totale. Nessuna riduzione significativa di rigidezza è osservata in metalli durante il processo di affaticamento. La fase finale del processo comincia con la formazione di piccole crepe, che sono l'unica forma di danni in modo macroscopico osservabili. Lo sviluppo graduale e la coalescenza di queste crepe producono rapidamente un grande guasto di finale e della crepa del componente strutturale. 

I polimeri a fibra rinforzata continui sono fatti di lungamente, rinforzando le fibre incastonate in una tabella del polimero. Ciò li rende eterogenei ed anisotropi. La prima fase di deterioramento da affaticamento è osservabile dalla formazione "di danni suddivide in zone", che contengono un gran numero di crepe microscopiche e di altre forme di danni, quale l'interfaccia di fibre/matrix che debonding ed estrazione delle fibre dalla tabella. È importante osservare che inizio di danni molto presto, dopo soltanto alcuni o alcuni cento cicli di carico. Ciò danni iniziali è seguita da una seconda fase di degradazione molto graduale del materiale, caratterizzata tramite una riduzione graduale della rigidezza. I tipi più serii di danni compaiono nella terza fase, quali rottura della fibra e sviluppo instabile di delaminazione, conducendo ad un declino accelerato e ad un guasto infine catastrofico. 

Una rappresentazione schematica delle differenze fra il comportamento di danni dei metalli e dei composti a fibra rinforzata continui è stata data da Curtis: 

[image: image2.png]Cyclic

loading

0° splits
+45° crack
Delamination between
0°and « 45° plies

— Delamination between

——=" .45°and -45° plies
+45° cracks atong
-45° crack
~~45° ¢crack
Metal - single crack Composite laminate -many cracks in

through thickness different plies and between plies




(Curtis, P.t. (1989). L'affaticamento dei materiali compositi della tabella organica. In: Pernice, I.k. (ed.). Composti avanzati. Londen, Elsevier, pp 331-367.) 
Queste differenze importanti nel comportamento di danni devono essere riflesse nel metodo modellante. Effettivamente, mentre la rigidezza di un metallo rimane quasi inalterata durante la vita di affaticamento, il rapporto lineare fra lo sforzo e lo sforzo rimane valido. Anche se più e le leggi più complicate di affaticamento per i metalli sono sviluppato dovuto il loro disegno materiale complesso ed i caricamenti in servizio severi di affaticamento, il processo di affaticamento può ancora essere simulato nella maggior parte dei casi comuni da un calcolo limitato dell'elemento. Allora, nella fase di post-processing, la durata di affaticamento di diversi nodi della maglia limitata dell'elemento è valutata che considera la condizione (multi-assiale) di sforzo in quel nodo particolare. Il concetto piano critico è usato spesso a questo fine. 

Al contrario, nei composti a fibra rinforzata continui del polimero, le zone di danni si sviluppano durante il processo di affaticamento e coinvolgono i vari meccanismi d'interazione di guasto (per esempio la piccola tabella si spezza generando le grandi delaminazioni di formato). Il deterioramento graduale di un composto a fibra rinforzata - con una perdita di rigidezza nelle zone danneggiate - conduce ad una ridistribuzione dello sforzo e di una riduzione delle concentrazioni di sforzo di un componente strutturale, che incita i meccanici classici impossibili di frattura a avvicinarsi a. Una valutazione della condizione reale o di una previsione della condizione finale (quando e dove il guasto deve essere previsto) richiede la simulazione seguire il percorso completo delle condizioni successive di danni, considerante lo sviluppo "storia" di danni ed identificante i meccanismi progressivi di guasto. Poiché il comportamento di affaticamento dei composti a fibra rinforzata è caratterizzato da una degradazione graduale, i meccanici di danni di continuità compare chiaramente come il metodo più adatto all'analisi progressiva di danni.

• Attinenza industriale 
Le applicazioni dell'eccedenza a fibra rinforzata dei composti il quarto-secolo passato sono state soprattutto nelle zone di specialità quali attrezzature atletiche e le strutture aerospaziali. Più recentemente le applicazioni sono sviluppate nell'infrastruttura, compreso i programmi per un ponticello tutto-composito sopra una strada principale da uno stato all'altro negli Stati Uniti e l'anticipazione di un'automobile tutto-composita che provocherà il miglioramento significativo nella distanza in miglia del combustibile, nella sicurezza migliorata e nella manutenzione ridotta. Alcune di queste applicazioni strutturali sono inclini affaticare danni ed alcuni esempi sono forniti sotto per dimostrare che queste applicazioni affaticamento-critiche coprono una vasta gamma dei campi. 

Aerospaziale 
Il velivolo, nave spaziale, satelliti, spazio si infila, la spola di spazio, la stazione di spazio, elicotteri? è tutti gli esempi dove i materiali compositi sono stati usati a vantaggio. I motivi principali per usando i composti in velivolo includono la rigidezza specifica e la resistenza specifica e progettano il tailorability. 

A resina epossidica a fibra rinforzata del carbonio di uso dell'aereo militare lamina estesamente in sia strutture primarie che secondarie. L'uso più vasto dei materiali compositi è trovato nei bombardieri di B-2 Stealth. È valutato che fra 18 000 e 25 000 chilogrammi di carbonio a resina epossidica a fibra rinforzata è usato in ogni bombardiere di Stealth. 
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(cortesia della foto di Northrop Grumman. In: Herakovich, C.t. (1998). Meccanismi dei composti fibrosi. Nuovo York, John Wiley & Figli, Inc.) 
L'accettazione dei composti a fibra rinforzata in velivolo commerciale è stata molto più lenta. Inizialmente, questi composti sono stati usati principalmente in strutture secondarie quali le carenature, i cappucci del motore e le superfici di controllo di volo. Tuttavia, lo sviluppo costante nell'uso delle strutture secondarie composite si è presentato durante gli ultimi 20 anni in Boeing. 
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(cortesia della foto dell'aereo commerciale Co del Boeing. In: Mallick, P.k. (1997). Composti Che Costruiscono Manuale. Nuovo York, Marcel Dekker Inc.) 
Lamierine di rotore delle turbine del vento 
dovuto l'interesse aumentante nelle risorse energetiche rinnovabili, parchi del laminatoio del vento sono costruiti in parecchi paesi. Le lamierine di rotore possono variare di lunghezza da 15 tester (250 chilowatt) a circa 50 tester (2.5 Mw) e devono essere progettate per affaticamento. 
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(cortesia della foto di LM Glasfiber. In: http://www.lm.dk, archivio della foto) 
Altre applicazioni 
Altre applicazioni affaticamento-critiche coinvolgono:

· applicazioni marine (coperture della piattaforma e del guscio di corsa le barche, dei battelli da diporto...), 

· applicazioni industriali (contenitori a pressione).

Applicazione industriale dei modelli di danni di affaticamento 
L'uso aumentante dei materiali compositi in questi dominii sollecita l'esigenza di un disegno integrato di affaticamento. Tuttavia, la maggior parte dei pacchetti limitati commerciali dell'elemento maneggia i problemi di affaticamento usando la teoria classica dei meccanici di frattura, che, come spiegata sopra, è inadeguata modellare la degradazione di affaticamento dei materiali compositi. Dai contatti personali dell'autore con i tecnici della progettazione nell'industria aerospaziale automobilistica, navale e, sembra che sia ancora pratica corrente progettare i composti a fibra rinforzata per affaticamento effettuando analyis statici e valutando nella fase di post-processing la durata di affaticamento di ogni nodo della maglia limitata dell'elemento per mezzo di Sn curva. In alcuni casi, un'analisi supplementare di degradazione di affaticamento è effettuata. Allora, la degradazione di affaticamento è simulata il più spesso supponendo che i componenti di rigidezza sono ridotti a zero quando lo sforzo elastico corrispondente raggiunge certo valore di soglia. Chiaramente, i modelli basati meccanici di danni di continuità, compreso le variabili interne della condizione di danni, fornirebbero i risultati molto più realistichi. 

Attualmente, le imperfezioni delle simulazioni numeriche sono remediated dall'applicazione di grandi fattori di sicurezza o di vasta e prova costosa del prototipo. Naturalmente, questi fattori di sicurezza grandi parzialmente sono giustificati, perché lo spargimento dei risultati della prova di affaticamento è più grande di per altri materiali da costruzione. Tuttavia, le simulazioni certe certamente contribuirebbero ad una comprensione più chiara del comportamento del materiale e di un disegno ottimizzato di affaticamento. 

I modelli del materiale che sono stati sviluppati nel nostro gruppo di ricerca, tengono conto simulazione del comportamento di degradazione dei componenti compositi sotto affaticamento. I modelli sono stati effettuati in un codice limitato commerciale dell'elemento, permettente di estendere la modellistica fino gli stati di caricamento più generali e fino le dimensioni geometriche più complesse e di valutare lo sviluppo di danni di affaticamento nelle posizioni differenti della struttura. Con il metodo coppia di rigidezza e di resistenza, le simulazioni limitate dell'elemento possono predire le condizioni successive di danni, così come guasto finale del componente composito. 

Although a minimum of tests remains indispensable to determine the parameters of the material model and to calibrate the results, considerable cost saving can be expected through numerical modelling instead of performing long-term fatigue experiments. This will result in more efficient, economic and safer design of composite structures. In addition, decision making will be more reliable as regards the replacement of structural components and unnecessary repair will be prevented. 





Experimental results

• Displacement-controlled bending fatigue tests 

All fatigue tests have been performed in bending with a small but efficient device. The specimen was clamped at one side, while a constant-amplitude displacement was prescribed at the other side, so that the composite specimen was loaded as a cantilever beam (see also Experimental facilities). The Figure shows the complete setup. 
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The schematic drawing of the experimental set-up is shown below: 
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This type of loading was chosen because it simulates some characteristics of in-service fatigue loading: (i) due to the varying bending moment along the specimen length, damage is not constant in each cross-section, (ii) due to stress redistribution, neither stresses nor strains are constant during fatigue life, and (iii) tensile and compressive damage occur simultaneously in the structure. Further, the corresponding finite element implementation guarantees a far more general applicability, because there are no premisses about the constant amplitude of neither stresses, nor strains or damage. 

Only the amplitude umax of the applied displacement is constant. It is defined as the orthogonal distance between the centre of the hinge and the vertical line passing through the midplane of the undeformed specimen. 
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The amplitude umax can be adjusted by changing the position of the crank, and its sign is positive in the direction indicated in the Figure above. An additional parameter is the displacement ratio [image: image9.jpg]


(analogous to the stress ratio R), where umin and umax are evaluated with their algebraic signs. If Rd = 0.0, the fatigue test is performed in single-sided bending, while it is performed in fully-reversed bending if Rd = - 1.0; i.e. the deflection can vary from zero to the maximum deflection in one direction, or in two opposite directions, respectively. 

• Instrumentation (shadow Moiré, optical fibres, strain gauges) 

A full Wheatstone bridge on the connecting rod is used to measure the force acting on the composite specimen. Due to the (bending) stiffness degradation of the specimen during fatigue life, the measured force will gradually decrease as the amplitude umax of the prescribed displacement remains constant. The selection of the strain gauges must be done carefully, since the connecting rod is fatigued as well and internal energy dissipation leads to small temperature rises at the site of the active strain gauges, which are not compensated by the dummy strain gauges in the neighbourhood. Therefore two self-temperature compensated strain gauges are placed on the two opposite surfaces of the connecting rod and they measure both the longitudinal and transversal strain. In that way temperature effects, as well as small bending moments, are compensated. 

Additionally, optical fibre sensors have been used to perform strain measurements. Their main advantages are: (i) absolute measurements, (ii) insensitive for electromagnetic interference, and (iii) very high precision. 

In order to record the out-of-plane deformation, a digital variant of the phase-shift shadow Moiré method was developed. Phase-shift shadow Moiré is a contactless optical technique for measuring the shape of surfaces. It requires a set of precise mechanical devices to shift the reference Moiré grating relative to the object surface to be measured. A digital variant of this method has been developed, so that all mechanical devices can be eliminated and only one image of the projected Moiré grating lines onto the object surface is required. The left side of the picture shows the reference grating with the fringe pattern yielded by standard shadow Moiré. The right side shows the shadow of the grating lines onto the bent specimen surface. 
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This digital phase-shift shadow Moiré method has widespread applicability due to the general formulation of its set of equations, but a more simplified method can be applied to the case of the bending composite beam. Following this simplified method, a digital image of the out-of-plane displacement profile is taken and by means of an edge detection method in image processing, the height of the bending surface is measured. The Figure below shows an example of the edge detection algorithm. 
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These efforts for measuring the out-of-plane displacement profile of the composite specimen are justified, because this profile yields important information about the relation between the bending moment and the curvature along the specimen length. Further, the deformation measurements provide additional data for validation of the developed models. 

• Material characterization 

The selected material was a plain woven glass fabric/epoxy composite, because of its widespread application in naval, automotive and aerospace industry. The use of fabrics is particularly attractive due to their better drapability for complex geometries, reduced manufacturing costs and increased resistance to (impact) damage. Further, due to the renewed interest in environment-friendly energy resources, the material is used extensively in wind turbine blades which are prone to fatigue damage. Finally, its transparency facilitates visual inspection for damage. The material was fabricated by vacuum-assisted resin transfer moulding in a closed steel mould. After curing they had a thickness of 2.72 mm. The fibre volume fraction Vf was 0.48. The samples were cut to dimensions of 145 mm long by 30 mm wide on a water-cooled diamond saw. A full characterization of the composite material was performed. 

Two stacking sequences of the composite material, each eight layers thick, were selected for fatigue testing. In the first layup, all plies were aligned with the loading (bending) direction (notation: [#0°]8), while all plies made up an angle of 45° with the loading direction in the second layup (notation: [#45°]8). The two stacking sequences are supposed to represent two fundamentally different stress states. The bending of the [#0°]8 stacking sequence results in a quasi one-dimensional loading of the laminate, with large stresses along the longitudinal fibre direction. In the [#45°]8 stacking sequence, the load is sustained by a combined state of normal stresses in the two orthogonal fibre directions of the fabric, and shear stresses. 

• Typical experimental results 

The fatigue experiments were performed with different values of the prescribed displacement amplitude umax, as well as with single-sided bending (Rd = 0.0) and fully-reversed bending (Rd = -1.0). The figure shows the force-cycle history for a [#0°]8 and [#45°]8 specimen, subjected to single-sided bending with umax = 34.4 mm. The abscissa contains the number of cycles; the ordinate axis shows the corresponding maximum value of the force [Newton] for each loading cycle, as measured by the strain gauge bridge on the connecting rod during the fatigue tests. 
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The [#0°]8 specimen degrades gradually in the early loading cycles, but its stiffness is reduced significantly after about 40,000 cycles. The initial force on the [#45°]8 specimen is smaller, because its (bending) stiffness is lower. However, after 50,000 cycles, its remaining stiffness has become larger than that of the [#0°]8 specimen. 

The arrows in the figure indicate the cycle numbers (N = 1; 9,000; 67,682; 142,540), at which an out-of-plane displacement profile of the [#0°]8 and [#45°]8 specimens has been recorded. These shapes are shown for the [#0°]8 specimen Pr10_4 (digital phase-shift shadow Moiré method) and for the [#45°]8 specimen Pr11_2 (edge detection algorithm), respectively. 
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It is clearly demonstrated that the fatigue behaviour of both specimen types is very different. With regard to the [#0°]8 specimen, a hinge is formed at the clamped cross-section (which corresponds with the sharp decline in the force-cycle history) and the strains in the parts remote from the fixed clamp are nearly reduced to zero. On the other hand the out-of-plane displacement profile of the [#45°]8 specimen remains nearly the same, as well as the force necessary to impose the bending displacement. 

So far, the force-cycle history and out-of-plane displacement profile of the [#0°]8 and [#45°]8 specimens have been discussed. Other differences in the fatigue behaviour of both stacking sequences can be found in the damage patterns. The next Figure shows the typical fatigue damage patterns for [#0°]8 (left) and [#45°]8 (right) specimens. 
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In the [#0°]8 specimen, several fibres are broken at the clamped end of the specimen and a sort of 'hinge' is formed, while in the [#45°]8 specimen a more regular pattern is found. Further away from the fixed clamp a regular pattern of transverse cracking in the weft tows at the fabric cross-over points is shown in the [#0°]8 specimens. This "characteristic damage state" is very similar to the steady state matrix cracks in tension fatigue. The [#45°]8 specimen on the other hand shows no fibre breakage at the fixed clamp, because the load is smaller and is taken by both the weft and warp tows. For the [#0°]8 specimen the load is larger and has to be taken by the warp tows only. 

Another aspect which should be paid attention to, is the accumulation of permanent strain for the [#45°]8 specimens under large prescribed displacements. Indeed, when umax is large, a substantial permanent deformation did remain after removing the grips from the [#45°]8 specimens, while this was much less the case for the [#0°]8 specimens. For each specimen, the permanent deformation was also measured after 3 days, 7 days and one month. However, no recovery of the permanent deformation could be observed. The next Figure shows a picture of the [#45°]8 specimens Pr06_3, Pr06_4 and Pr06_5, after having been subjected to a prescribed displacement umax of 38.9 mm for about 900,000 loading cycles. The specimen at the right-hand side of the picture is an undamaged specimen for comparison purpose. 
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Theoretical models

• Introduction 

Initially, the knowledge about the fatigue behaviour of fibre-reinforced composites was very limited and inspired by the fatigue design methodology for metals, where the design information was extracted from the stress/life, or S-N fatigue life curve. This design procedure is still widely used and the danger was, and is, in making the assumption that the underlying mechanisms of material behaviour that give rise to the S-N fatigue life curve, are the same in metals and composites. The S-N curve represents directly the perceived nature of fatigue in terms of experimental results, but gives no indication of the mechanisms of fatigue damage, of the presence or behaviour of cracks, or of changes in the characteristics of the material caused by the fatigue process. As a consequence, this approach requires extensive experimental work and is only valid for standard specimens in standard fatigue tests, not for realistic composite structures. 

Later on, the residual strength models were developed, which predict the degradation of initial static strength during fatigue life. Here again, the fatigue life is predicted without any interaction of the intermediate damage states: if the residual strength of the composite falls to about the same level as the externally applied load, the material will fail. 

As such, both the S-N fatigue life methodology and the residual strength approach ignore the fact that an appraisal of the actual state or a prediction of the final state (when and where failure is to be expected) of the composite structure depends on the "path" of successive damage states. Indeed, the gradual deterioration of a fibre-reinforced composite - with a loss of stiffness in the damaged zones - leads to a continuous redistribution of stress and a reduction of stress concentrations in a structural component. Moreover, measurement of strength during damage development in a material is not feasible, because only one such measurement can be made for one specimen, and as yet it is very difficult to compare damage states between two specimens. 

The simulation of the successive damage states has been addressed by the phenomenological residual stiffness models and the progressive damage models. The former describe the degradation of the stiffness properties due to fatigue damage in terms of macroscopic variables, while the latter describe the deterioration of the composite material in terms of measurable manifestations of damage (matrix crack density, delamination size). 

Although the progressive damage models quantitatively account for the underlying fatigue damage mechanisms, their constitutive equations are often cumbersome to use and the application of these models to realistic structures is very limited. The major obstacle to developing progressive damage models for composites is the complexity of the fatigue damage mechanisms, both in their geometry and the details of the evolution process. 

Residual stiffness models too take into account the physical nature of the fatigue process, but they model the degradation of the material in terms of macroscopic damage variables which are directly related with the stiffness properties. Through these close relations between damage and stiffness, stiffness can be used to monitor the damage which develops in a component during service. Besides, stiffness can be measured frequently or even continuously during damage development and can be measured without further degrading the material. 

Up till now, most models have only been established for laminates with a particular stacking sequence, under uni-axial cyclic loading with constant amplitude, at one particular frequency, etc. Their application to real structures with a stacking sequence varying from point to point, and more complex variation of the loads, is still very limited, because the simple extrapolation of laboratory results ignores a lot of differences between the fatigue behaviour of small test specimens and large composite structures. Some of these pitfalls are: 

· in tension fatigue tests, the stress distribution is assumed to be equal in each cross-section, while in real structures, stresses are redistributing continuously due to the stiffness degradation during fatigue loading. Most models are not able to account for this effect, because they only predict the moment of failure, not the path to ultimate failure, 

· the vast majority of the laboratory fatigue tests are load-controlled and the elastic stress in the virgin material is used as the quantifying parameter. Based on this same elastic stress, the S-N curves and residual strength predictions are established. In real structures, the presence of damage and accumulation of permanent strain can lead to a totally different stress state, 

· in variable amplitude loading conditions, the fatigue behaviour of composite materials is often dependent on the load history. Nevertheless, most models which do predict fatigue damage, do not take into account the load sequence effect. 

In the long run the application of test results to real problems is only possible by the use of models which are intrinsic to the material used, so that they can be used to simulate the fatigue behaviour of a test specimen or a large component. 

Despite the apparent advantages of such intrinsic material models, common practice design is still based on S-N fatigue life curves and residual strength theory. This can be explained by the fact that (i) the application of present material models is still limited to simple fatigue loading conditions, and (ii) there is a lack of commercial numerical tools to simulate the whole fatigue damage process and the related stress redistribution. 

This stress redistribution phenomenon has far-reaching consequences for the modelling approach: 

· stiffness degradation should be included in the fatigue model, which implies that fatigue life models and residual strength models are inappropriate to this purpose. On the other hand, the phenomenological residual stiffness models prove to be suitable due to their straightforward relation between stiffness and damage, the nondestructive evaluation of the residual stiffness and the small scatter on the elastic properties, 

· the simulation must follow the complete path of successive damage states to make adequate predictions about the actual or final damage state, because at each moment in fatigue life, the actual damage state affects the further damage evolution. 

These problems have been addressed in the development of our fatigue damage models. The new fatigue models have been developed in two stages. First, a one-dimensional formulation of the model has been developed, based on the results of the bending fatigue tests on [#0°]8 specimens, as the stress state in that case can be considered quasi one-dimensional. Next, the model has been extended for multi-axial in-plane fatigue loading conditions, based on the results of the bending fatigue tests on [#45°]8 specimens. 

• One-dimensional fatigue damage model 

The one-dimensional model has one damage state variable D, which is directly related with the stiffness degradation (D = 1 - E/E0). The damage evolution law dD/dN predicts the damage increment per cycle N, depending on the value of the applied stress and the damage itself. It has been demonstrated that the damage law for tensile stresses should be different from the one for compressive stresses, but each of these laws clearly distinguishes between damage initiation and damage propagation. Research on the impact behaviour of composite materials at the Mechanics of Materials and Structures research group has shown that damage growth rate equations which distinguish between damage initiation and damage propagation lead to very good results. Besides, these two distinct phases could be clearly seen on the force-cycle histories of all fatigue tests. 

The major drawback of residual stiffness models is that they do not have an inherent failure criterion to predict final failure. Already in the early 70s, Salkind suggested to draw a family of S-N curves, being contours of a specified percentage of stiffness loss, to present fatigue data of residual stiffness models. To alleviate this problem, a new stress measure has been defined: the fatigue failure index Σ. To that purpose, the Tsai-Wu static failure criterion was used in a different way and, instead of the applied nominal stress σ, the effective stress σ/(1 - D) was inserted in the Tsai-Wu equation. In the one-dimensional case, the fatigue failure index Σ is calculated from this Tsai-Wu failure criterion as the ratio of the effective stress to the respective static strength. Its value is lying between zero (σ = 0) and one (effective stress equals static strength). The fatigue failure index Σ governs the damage growth rate equation dD/dN, but at the same time indicates the reserve to failure. As such, the model is capable of both simulating stiffness reduction and predicting final failure. Five material constants have been introduced in the damage initiation and propagation functions, each having a very distinctive meaning in relation with the underlying damage mechanisms. 

The developed one-dimensional formulation has been validated against the experimental results of several fatigue tests, including the force-cycle history, the recorded out-of-plane displacement profiles, the optical micrographs of damage distribution and the failure loci (tensile/compressive side) of the specimens. The figure shows the experimental and simulated force-cycle history for [#0°]8 specimens with varying prescribed displacements umax. Although experimental fatigue lives range from 20 000 cycles up to 800 000 cycles, the agreement is very good. All finite element simulations have been done with the same set of five material constants. 
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Further, the load sequence effect has been studied qualitatively by numerical simulations with the developed model. The load sequence effect is often investigated by performing block loading fatigue experiments, where the specimens are subjected to low-high and high-low sequences of the applied stress level. The literature survey revealed that there is no agreement at all in open literature which sequence (low-high or high-low) is the most damaging for composites. Numerical simulations with the developed model have shown that transitions from low to high stress levels are the most damaging, and that the number of transitions and the actual damage state at these transitions in particular, determine which block loading sequence (low-high or high-low) is the most damaging. The fatigue failure index Σ has appeared a very useful measure in these simulations, and as the damage evolution law dD/dN is valid for each stress level, no damage accumulation rules (e.g. Miner's rule) are needed to assess the cumulative damage due to block loading. 

Next, the one-dimensional formulation has been extended for fully-reversed bending. In this loading case, the stress amplitude changes sign during one loading cycle in each material point. The adverse effect on fatigue life of this loading type has been accounted for by coupling the damage evolution law for tensile damage and compressive damage in each material point. This coupled system of differential equations provides a very general formulation of the interacting effect of tensile and compressive damage. As can be seen on next figure, the time history of the stress in one and the same material point changes during life time, and even more, the stress ratio between maximum and minimum stress amplitude varies during life time due to the different damage behaviour in tension and compression. The closure of cracks during compressive loading causes the specimen to behave stiffer under compression. 
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• Multi-dimensional fatigue damage model 

Next, the one-dimensional model has been extended for multi-axial in-plane loading conditions, based on the experimental data for the [#45°]8 specimens. Although the bending displacement is only applied in one direction in the bending fatigue tests, the stress state in the [#45°]8 specimens is no longer one-dimensional. As can be seen from the Figure below, both σ11, σ22 and σ12 are present in each ply of the [#45°]8 specimens. It is clear that a true intrinsic material model can no longer be one-dimensional. Therefore a multi-dimensional formulation of the fatigue damage model has been developed.
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The multi-dimensional formulation is very consistent with the one-dimensional one: (i) the physical meaning, as well as the value of the material constants is retained, (ii) no new material constants have been introduced, and (iii) if only one stress component is applied, the multi-dimensional model reduces to the one-dimensional one. Further, the one-dimensional formulation of the fatigue failure index Σ has been extended for a multi-axial stress state through the modified use of the Tsai-Wu static failure criterion for a plane stress state. 

Finally, it was clearly demonstrated that the permanent deformation of the [#45°]8 specimens under large prescribed displacements cannot be neglected and should be modelled. To that purpose, the permanent strain has been introduced as an additional state variable, and its evolution law is coupled with the evolution laws of damage. The Figure shows the experimental measurement and finite element prediction of the permanent deformation of a [#45°]8 specimen after having been fatigued for 700 000 cycles. 
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The next figure shows the experimentally measured force-cycle history, together with the finite element prediction without taking into account permanent strain (open triangles) and with taking into account permanent strain (solid triangles). The effect of permanent deformation on the force-cycle history is very large. 
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The finite element simulation also provides the time history of the bending force during half a loading cycle (prescribed displacement ranging from zero to umax). The next figure shows that after 700 000 cycles, the initial force (when the specimen is in its vertical position) is not zero, but slightly compressive. Indeed, due to the permanent strains, a compressive force is needed to push the specimen back in its vertical position. 
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The last figure shows the simulated stress distribution throughout the thickness of the [#45°]8 composite laminate at the clamped cross-section after about 700 000 cycles, when the prescribed displacement ranges from zero to umax. 
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• Finite element implementation in SAMCEF v10.0 

At the start of the research, there was - to the author's knowledge - not a single example in open literature of the implementation of a fatigue model in a commercial finite element code, capable of progressively simulating fatigue behaviour for a composite component subjected to more complex loadings, and taking into account the continuous stress redistribution during fatigue life. On the other hand such a finite element implementation was indispensable to develop the fatigue model, because the stress redistribution and varying damage distribution in the bending fatigue tests were too complicated to simulate with analytical tools. Also, the implementation of the new fatigue model into finite element software should demonstrate its feasibility to be applied to real composite structures. 

A simulation of all loading cycles is practically impossible, but the successive damage states must be simulated to account for stress redistribution. Therefore the cycle jump approach has been introduced: the loading cycle N is fully simulated, and then, the simulation is restarted at cycle N + Njump, taking into account the effect of the Njump cycles in between. 
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This means that the damage increment during the loading cycle N, as predicted by the fatigue model, is calculated for each point of the composite structure. This damage increment is then used to calculate in each point the damage accumulation over Njump cycles beyond the simulated loading cycle. The cycle jump approach allows for a realistic calculation in terms of computation time and computer resources. All numerical aspects of the integration of the damage evolution law have been investigated in detail. The implemented predictor-corrector procedure has proved to guarantee an accurate integration of the constitutive equations of the model, and an efficient finite element environment for implementation and validation of a wide range of residual stiffness fatigue models. 

Further all experimental boundary conditions have been carefully modelled in finite elements. Especially the finite element model of the clamping plates at the fixed side of the composite specimen appeared to be very important for reliable results. 

A picture of the finite element mesh is shown below. Solid brick elements were used to model the composite specimen, with for each composite layer one finite element through the thickness. Due to geometrical nonlinearities and of course material nonlinearity, the finite element simulations were all nonlinear. 
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The pultrusion process is one of the most cost-effective methods for the production of composite materials. It is a continuous process that produces little waste material. In the pultrusion process for thermoset resins, fiber reinforcement is pulled through a resin impregnation area to coat the reinforcement with resin, through preform plates to begin to shape the fiber/resin bundle, and through a heated die to cure the resin. A cured part in the desired shape that requires no further processing exits from the die. Although the process appears to be simple, numerous process variables such as pull speed, die temperature, quality of fiber/resin wet-out, and fiber volume can affect the quality of pultruded composites. In order to take full advantage of the pultrusion process, the effect each process variable has on mechanical properties must be completely understood. Because it is a cost-effective method for the production of advanced composites, the pultrusion process has tremendous potential for traditional composite applications as well as currently expanding applications such as infrastructure revitalizaiton. 
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	Aerospace Applications
TORAYCA® carbon fibers are recognized as a critical part of modern aviation and aerospace applications including primary and secondary structure for Boeing and Airbus commercial aircraft, the International Space Station, satellites, rocket motor casings, and expendable launch vehicles like the Boeing Delta programs. TORAYCA® T800 carbon fiber is the only carbon fiber that has attained certification from the FAA for the critical flight path components for the Boeing 777.
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Boeing 777
Industrial Applications
New uses for TORAYCA® carbon fibers are developing at a rapid pace. From lightening a firefighter's load to making an automobile more fuel efficient, lightweight tanks made from TORAYCA® fiber are replacing heavy traditional metallic pressure vessels. Improved X-ray equipment, energy storage batteries, ground based antennas, blades for wind generators, and rollers for the converting industry are but a few of the applications in which TORAYCA® carbon fiber is changing our lives.
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Bridge Repair
Recreational Applications
TORAYCA® carbon fibers are proven material solutions for the demanding and competitive nature of recreational and sports applications. Typical products include golf club shafts, commercial and game fishing rods, wind surfing equipment, bicycle components, skiing equipment and tennis racquets. On a larger scale, TORAYCA® carbon fiber is the choice for America's Cup sailboats and other high performance marine craft.
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Carbon fiber is a high strength, high stiffness synthetic fiber that is used in a variety of structural and electrical applications. Carbon fiber is manufactured by heating, oxidizing, and carbonizing polyacrylonitrile polymer fibers. The resulting carbon fibers are typically molded into high strength composite materials for structural applications or are used in their pure form for electrical and friction applications.

Carbon fiber composites have amazing structural properties. Carbon fiber composites are ten times stronger than steel, yet are still five times lighter. In comparison to aluminum, carbon fiber composites are eight times stronger, two times stiffer, yet still 1.5 times lighter. Carbon fiber composites have superior fatigue properties to all known metallic structures, and when coupled with the proper resins, carbon fiber composites are one of the most corrosion resistant materials available.

In electrical applications, carbon fibers can be used to tailor the electrical properties of injection molding compounds, paints, and adhesives. The resulting products provide the benefits of plastics with the conductivity and electrical shielding capabilities of metals. When used in adhesives, the electrical conductivity of carbon can be used to enhance cure times in RF environments by an order of magnitude. The electrical properties of carbon fiber and the ability to configure the material into a semi permeable membrane with defined mass transport properties makes carbon an ideal choice for Next Generation fuel cell engines.

In friction applications, carbon fiber is used to create materials that can withstand extremely high temperature coupled with brutal abrasive wear. Small amounts of carbon can even be used to control the explosive burn of airbag propellants, resulting in safer deployment of airbags in automotive applications.

The applications for the amazing properties of carbon fiber continue to grow every day.
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Polyacrylonitrile (PAN)

In its most pure form, Polyacrylonitrile is used as the precursor polymer fiber to make carbon fiber. PAN intended for use to make Carbon fiber are high purity and contain high molecular weight molecules (i.e. long chains). 
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Copolymers containing mostly polyacylonitrile are also used as fibers to make knitted clothing, like socks and sweaters, as well as outdoor products like tents. If the label of some piece of clothing says "acrylic", than it's made out of a blended copolymer of polyacrylonitrile. PAN intended for common use in textiles is usually lower purity and contains shorter polymer chains (low molecular weight) 
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Polyacrylonitrile is a vinyl polymer, and a derivative of the acrylate family of polymers. It is made from the monomer acrylonitrile by free radical vinyl polymerization.

Making Carbon Fiber

Carbon fiber is made by heating, oxidizing and carbonizing polyacrylonitrile (PAN) polymer fibers. First, the PAN fiber is heated in air. The heat causes the cyano sites within the PAN polymer chain to form repeat cyclic units, of tetrahydropyridine. This polymer is also known as the ladder polymer. 




Continuing the heating process in air, oxidation occurs. This process causes the carbon atoms to kick off their hydrogen atoms, and the rings become aromatic. The modified PAN polymer is now a series of fused pyridine-pyridone rings. 




The heating process is continued in the absence of air. The heating process is now called carbonization, where the heat is raised to above 1300 oC. Adjacent polymer chains are joined together to give us a ribbon-like fused ring polymer. 




The newly formed ribbons continue to condense together to form the lamellar, basal plane structure of nearly pure carbon.

The polymer has nitrogen atoms along the edges of the basal planes and which are expelled as Nitrogen gas.

These basal planes will stack to form microcrystalline structures. The size and orientation of these crystallites will alter the properties of the final carbon fiber product. 





Back to top 


 

High - Performance Fibers
Specialty fibers are engineered for specific uses that require exceptional strength, heat resistance and/or chemical resistance. They are generally niche products, but some are produced in large quantities.

Glass is the oldest, and most familiar, performance fiber. Fibers have been manufactured from glass since the 1930s. Although early versions were strong, they were relatively inflexible and not suitable for many textile applications. Today's glass fibers offer a much wider range of properties and can be found in a wide range of end uses, such as insulation batting, fire resistant fabrics, and reinforcing materials for plastic composites. Items such as bathtub enclosures and boats, often referred to as “fiberglass” are, in reality, plastics (often crosslinked polyesters) with glass fiber reinforcement. And, of course, continuous filaments of optical quality glass have revolutionized the communications industry in recent years.

Carbon fiber may also be engineered for strength. Carbon fiber variants differ in flexibility, electrical conductivity, thermal and chemical resistance. Altering the production method allows carbon fiber to be made with the stiffness and high strength needed for reinforcement of plastic composites, or the softness and flexibility necessary for conversion into textile materials. The primary factors governing the physical properties are degree of carbonization (carbon content, usually greater than 92% by weight) and orientation of the layered carbon planes. Fibers are produced commercially with a wide range of crystalline and amorphous contents.

Because carbon cannot readily be shaped into fiber form, commercial carbon fibers are made by extrusion of some precursor material into filaments, followed by a carbonization process to convert the filaments into carbon. Different precursors and carbonization processes are used, depending on the desired product properties. Precursor fibers can be specially purified rayon (used in fabrication of the space shuttle), pitch (for reinforcement and other applications) or acrylics (for varied end uses). Since carbon fiber may be difficult to process, the precursor fiber may be converted into fabric form, which is then carbonized to produce the end product. The following materials are common precursors for carbon fiber:

Rayon, in either fiber or fabric form, is one of the most common precursors for carbon fiber. Specially purified rayon containing a dehydration catalyst (frequently a phosphorus compound) is subjected to heat treatment to dehydrate the cellulose structure. Higher temperature treatment and controlled oxidation produces carbonization. A third, higher temperature, treatment may also be used to further increase the carbon content. Many aerospace applications use rayon fabric to produce material with high thermal resistance but relatively low strength.

Acrylic fiber (based on polyacrylonitrile, or PAN) can also serve as a carbon precursor. The carbonization process is similar to that used for rayon, except that continuous tension is applied to produce a more highly oriented ladder structure and, thus, a fiber with greater tensile strength. Carbon fiber produced from PAN is most frequently used as reinforcement for a wide variety of plastic composites.

Pitch, a polyaromatic hydrocarbon material derived from petroleum or coal, is another common carbon fiber precursor. The pitch is converted into a liquid-crystal state prior to extrusion into fiber form. The shear forces during extrusion and subsequent drawing produce a filament with high molecular orientation in the direction of the fiber axis. This orientation is maintained during oxidation and high temperature carbonization. Carbon fiber can be produced in this way with a variety of strength and flexibility characteristics.

Aramids are among the best known of the high-performance, synthetic, organic fibers. Closely related to the nylons, aramids are polyamides derived from aromatic acids and amines. Because of the stability of the aromatic rings and the added strength of the amide linkages, due to conjugation with the aromatic structures, aramids exhibit higher tensile strength and thermal resistance than the aliphatic polyamides (nylons). The para- aramids, based on terephthalic acid and p-phenylene diamine, or p-aminobenzoic acid, exhibit higher strength and thermal resistance than those with the linkages in meta positions on the benzene rings. The greater degree of conjugation and more linear geometry of the para linkages, combined with the greater chain orientation derived from this linearity, are primarily responsible for the increased strength. The high impact resistance of the para-aramids makes them popular for “bullet-proof” body armor. For many less demanding applications, aramids may be blended with other fibers.

PBI (polybenzimidazole) is another fiber that takes advantage of the high stability of conjugated aromatic structures to produce high thermal resistance. The ladder-like structure of the polymer further increases the thermal stability. PBI is noted for its high cost, due both to high raw material costs and a demanding manufacturing process. The high degree of conjugation in the polymer structure imparts an orange color that cannot be removed by bleaching. When converted into fabric, it yields a soft hand with good moisture regain. PBI may be blended with aramid or other fibers to reduce cost and increase fabric strength.

PBO (polyphenylenebenzobisozazole) and PI (polyimide) are two other high-temperature fibers based on repeating aromatic structures. Both are recent additions to the market. PBO exhibits very good tensile strength and high modulus, which are useful in reinforcing applications. Polyimide's temperature resistance and irregular cross-section make it a good candidate for hot gas filtration applications.

Sulfar (PPS, polyphenylene sulfide) exhibits moderate thermal stability but excellent chemical and fire resistance. It is used in a variety of filtration and other industrial applications.



Melamine fiber is primarily known for its inherent thermal resistance and outstanding heat blocking capability in direct flame applications. This high stability is due to the crosslinked nature of the polymer and the low thermal conductivity of melamine resin. In comparison to other performance fibers, melamine fiber offers an excellent value for products designed for direct flame contact and elevated temperature exposures. Moreover, the dielectric properties and cross section shape and distribution make it ideal for high temperature filtration applications. It is sometimes blended with aramid or other performance fibers to increase final fabric strength.
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Fluoropolymer (PTFE, polytetrafluoroethylene) offers extremely high chemical resistance, coupled with good thermal stability. It also has an extremely low coefficient of friction, which can be either an advantage or disadvantage, depending on the use.

HDPE (high-density polyethylene) can be extruded using special technology to produce very high molecular orientation. The resulting fiber combines high strength, chemical resistance and good wear properties with light weight, making it highly desirable for applications ranging from cut-proof protective gear to marine ropes. Since it is lighter than water, ropes made of HDPE float. Its primary drawback is its low softening and melting temperature.
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