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Sommaire

Les stratifies ou lamin6s en composites haute performance sont de plus en plus

employes dans les structures en adronautique en raison de leur attirante rigidity ou

resistance par unit6 de poids. Toutefois, ces mat6riaux sont tr6s sensibles ^

1'endommagement sous choc. Lorsque 1'impact est de faible vitesse, les dommages sont

essentiellement du type fissuration transversale et ddlaminage. Ces modes de dommage

6tant internes. Us ne peuvent etre d6tect6s par un simple examen visuel de la surface; Us

peuvent cependant d6t6riorer de fa^on significative la performance de la structure. Par

consequent l'6tude de 1'endommagement sous choc a faibles vitesses est tris importante

pour les applications des mat^naux composites.

De nombreux chercheurs se sont efforc^s ^ pr^dire Ie rapport entre la force de

1'impact et 1'importance des dommages cr66s. A 1'heure actuelle, les m^thodes de

prediction sont bashes sur la throne de la resistance des mat6riaux. La mdthode classique

consiste ^ calculer les contraintes dynamiques dans un stratify en parfait 6tat,

1'importance des dommages 6tant 6valu6e en fonction de certains criteres de d^faillance

sous contraintes. Or, lorsqu'on tient compte de 1'aspect physique de la question, on doit

reconnattre que la demarche est fort discutable puisque Ie champ de contraintes est

redistribu6 dis la premise phase de 1'endommagement et il ne peut servir a pr^voir la

propagation des dommages. Actuellement, on ne connatt pas r6ellement les param^tres

m^caniques ni les propri6t6s des mat^naux qui d^terminent 1'ampleur des dommages

subis sous un choc donn^.



Cette th6se pr^sente les recherches aussi bien exp^rimentales qu'analytiques sur

les dommages subis par un composite thermoplastique PEEK/carbone (fibre de

carbone/poly6ther6therk6tone) sous des chocs b faible vitesse. L'^tude porte

essentiellement sur les param^tres m^caniques et les propri6t6s du mat6riau susceptibles

de gouverner 1'ampleur du d61aminage et de la fissuration transversale pour les stratifies

soumis aux chocs. On a 6valu6 la demarche ax6e sur la resistance des mat6riaux afin de

voir dans quelle mesure on pourrait 1'appliquer pour pr^dire 1'importance des

dommages. Une m6thode faisant appel ̂  la m^canique de mpture a 6t6 propos6e dans Ie

but de caract&iser Ie d^laminage caus6 par 1'impact. On a ^galement 6mdi6 les influences

des contraintes thermiques r6siduelles, de la resistance des plis in situ et de la t^nacit^ b la

rupture interlaminaire du composite thermoplastique.

Dans Ie but de caract^riser 1'endommagement da composite PEEKVcarbone, trois

types de stratifi^ crois6 (stratifies h couches crois6es dits "crossply"); [05/905/05],

[03/903/03/903/03] et [0/90, ..., 90/0] i5t> ont 6t6 soumis aux essais de choc ^ poids

tombant. Les ̂ prouvettes sont des plaques carries de dimension 152 mm x 152 mm.

Encashes aux quatre cot6s, elles ont 6t6 alors soumises aux essais d'impact h des

niveaux d'^nergie allant de 1 ^ 20 joules. L'enregistrement de la force d'impact a 6t6

effectu^e h 1'aide d'un appareil de choc instrument^. Les dommages subis par les plaques

ont 6t6 examines d'abord a 1'oeil nu ensuite par un proc6d6 de radiographie (rayons X)

avec p6n6trant opaque et finalement par une technique thermique de separation des plis

individuels du stratifi6.

II a 6t6 trouvd que Ie thermoplastique pr6sente les memes modes

d'endommagement que les composites 6poxy thermodurcissables. En particulier. Ie

d61aminage et la fissuration transversale prddominent dans Ie cas des stratifies

[05/905/05] et [03/903/03/903/03], tandis que pour Ie stratify [0/90,..., 90/0^^ la
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penetration a lieu, due ^ la rupture des fibres. Le composite PEEK/carbone s'av^re

sup^rieur aux composites Kevlar/^poxy et graphite/ 6poxy pour ce qui est de la resistance

au d61aminage par impact.

En ce qui conceme Ie d^laminage, la surface de fracture a 6t6 observ6e a 1'oeil nu

ainsi qu'^ 1'aide d'un microscope 61ectronique ^ balayage (MEB). II a 6t6 observe que Ie

d61aminage est initi^ h partir des fissurations transversales dans la couche situ6e

au-dessus de 1'interface, pour se propager. Ie long de la fibre du pli, en dessous de

1'interface. L'aspect de la surface de rupture indique que Ie d^laminage r^sulte d'un

processus de rupture instable, essentiellement en Mode H.

Pour ^valuer 1'action des contraintes thermiques r^siduelles, on a ^galement

mesur6 la resistance in situ des plis dans les stratifies crois^s. Une m^thode combinant

1'essai de d^faillance de la premiere couche (dit "first-ply failure test") et une analyse

incr^mentale du stratifi^ a 6t6 propos^e. L'analyse tient compte des variations des

propri^t^s du mat^riau, en dessous et au dessus de la temperature de transition vitreuse

du composite. II a 6t6 constat6 que les contraintes r6siduelles dans les stratifies peuvent

atteindre la moiti6 de la resistance transversale du composite unidirectionnel.

D'autre part, la resistance in situ depend de l'6paisseur du pU. Pour une 6paisseur

modeste, la presence des plis adjacents accroTt consid6rablement la resistance du pli

individuel, qui devient nettement sup^rieure b celle du composite unidirectionnel.

A partir des donn6es exp6rimentales, la m6thode bas6e sur la resistance des

mat6riaux pour la provision des dommages causes par un impact a 6t6 v^rifi^e. Les

contraintes dynamiques ont 6t6 calcul^es par la m^thode des 616ments finis; la fissuration

transversale a 6t6 d^finie par un entire de rupture d'Harshin modifi^, tenant cornpte des

contraintes rdsiduelles et de 1'effet de restriction de la fissuration par des plis adjacents. II

apparaTt que la m^thode bas^e sur la resistance des mat6riaux ne permet de pr^voir
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1'importance des fissurations. Cependant, 11 y a une correlation qualitative entre les

contours du champ de contraintes de cisaillement interlaminaire et la g6om6trie du

d61aminage.

Les observations exp6rimentales sugg&rent que 1'approche fond6e sur la

m^canique de mpture permet de pr^dire 1'ampleur du d61aminage. Selon un concept de la

t6nacit6 ̂  1'arret de la fissuration, un entire d'arret du d^laminage est propose dans la

pr^sente 6tude: Ie d^laminage prend fin lorsque Ie taux de restitution de 1'^nergie pr6sente

la meme valeur que la t6nacit6 a 1'arret de la fissuration.

Pour la verification du entire 1'analyse du comportement au ddlaminage des

stratifies [05/905/05] et [03/903/03/903/03] a 6t6 effectu6e. Le taux de restitution de

l'6nergie de deformation a 6t6 calculi selon la m^thode 6nerg6tique de la m6canique de

rupture, utilisant la m^thode des ^l^ments finis pour simuler Ie d61aminage et la

fissuration transversale dans les stratifies. Comme la vitesse de propagation est, dans Ie

cas de la fracture instable, bien sup^rieure a la vitesse de 1'impact, la fracture a lieu sous

une condition de ddHexion controlde. La deflexion des plaques ̂  1'arret du d^laminage a

6i6 extrapol6e b partir des mesures de charge et de d^Hexion fournies par 1'appareil de

choc instmment^.

Les r^sultats de 1'analyse effectu^e selon les principes de la m6canique de rupture

d^montrent que Ie taux de restitution de 1'^nergie de deformation peut etre consid6r6

comme Ie param^tre controlant Ie d^laminage caus6 par un impact. Lorsque Ie d^laminage

est amorc^ ^ une 6nergie de choc critique. Ie taux de restitution augmente d'abord et

ensuite d6croit avec la propagation du d^laminage; on est done en presence d'un

processus de propagation instable, qui sera suivi d'un arret de la fissure.

Lorsque la force de 1'impact est plus 61ev6e, ce processus croissance/arret peut

etre r6p6t6 de manure b engendrer une progression du d^laminage en plusieurs 6tapes.
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On constate qu'il y a concordance entre Ie m6canisme de rupture et les observations de

I'exp^rience. Les r6sultats d^montrent que 1'ampleur du d61aminage est r6gi par un entire

d'arret de fissure. Dans les deux stratifies 6tudi^s, Ie d61aminage semble s'arreter ^ une

^nergie constante de rupture interiaminaire qui est ind^pendant de la taille du d61aminage.

11 est done possible de pr^dire de manure raisonnable 1'ampleur du d61aminage de ces

stratifies, en utilisant la demarche bas6e sur Ie taux de restitution de 1'^nergie et la t6nacit6

a 1'arret de la fissuration.

Le entire d'arret semble constituer une approche fort prometteuse pour ce qui est

de la prediction du d61aminage caus6 par des impacts. Toutefois, un programme

important de recherche devra encore etre entrepris avant que cette demarche puisse etre

g6n6ralis6e a des applications pratiques. Le critere d'arret doit etre essay6 sur divers

types de stratifies et systemes de mat6riaux. II faut ̂ galement mettre au point des

mdthodes d'essai plus simples pennettant de mesurer la t6nacit6 ̂  1'arret de la fissuration.

(Au cours de cette 6tude, on s'est efforc6 de mesurer la t6nacit6 en Mode II du composite

PEEK/carbone, h 1'aide d'un essai de mpture ELS (c. -^-d. "End-Loaded Split"). La

m6thode d'essai a 6t6 optimis^e pour inclure 1'effet d'une large d^Hexion. Cependant, on

devrait 6galement mettre au point des m^thodes permettant de calculer, de manure simple

et efficace. Ie taux de restitution de I'^nergie de deformation dans des stratifies soumis a

un impact.



Abstract

This dissertation presents both experimental and analytical investigations on the

low velocity impact damage in Carbon Fiber/Polyetheretherketone (PEEK/Carbon)

thermoplastic composite. Emphases of the study were focused on the material properties

that may control the extension of impact-induced delamination and transverse crack. The

Strength of Materials approach to predict the damage extension was evaluated by a

dynamic finite element analysis. A fracture mechanics approach is proposed to

characterize the crack growth behavior of impact-induced delamination. Prediction of the

delamination size is discussed using the concept of crack arrest toughness.

In the crossply laminates studied, it has been found that the thermoplastic

material exhibits the same damage modes as that observed in thermoset epoxy

composites. Considering the thermal residual stress and the crack constraining

mechanism, extension of transverse cracks could not be predicted by the Strength of

Materials approach. On the other hand, the impact-induced delamination results from a

Mode II dominated unstable fracture and also cannot be described by a Strength of

Materials criterion. The delamination occurs under a displacement controlled condition

and seems to be arrested at a constant interlaminar fracture energy. The strain energy

release rate and delamination arrest toughness of the material control the delamination

extension.

In addition, the end-loaded-split (ELS) fracture test was conducted to measure



the Mode H delamination toughness of PEEK/Carbon composite. Large deflection effect

on toughness measurement was studied by nonlinear beam theory. Using this test to

measure the Mode H crack arrest toughness of the material is also discussed.
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Chapter 1

Introduction

Laminated composites made of advanced fiber reinforced plastics, such as the

graphite fiber reinforced epoxy or PEEK (polyetheretherketone) matrices, have been

increasingly used in aircraft structures (1, 2). The major advantages of these materials

are the high stiffness- and strength-to-weight ratios, which offer significant weight-

saving potentials for building lighter and more efficient aircraft. The materials also

exhibit improved fatigue properties, better corrosion resistance and, as important, an

easier formability (2).

However, application of composites to the load-bearing aircraft components

such as the fuselage and wing structures is still very limited. The strain allowable used

in the present design is about 0.4% (2), considerably lower than the strain to failure of

about 1.5% of some new fiber systems (2). The conservative design level significantly

limits the efficient use of composite materials (3). Among the many causes for the

situation, it is generally believed that the structural degradation due to impact damage

is one of the most critical design limitations (1-5).

During manufacturing and in service, aircraft components are subjected to a

wide variety of accidental impact by foreign objects (5). Typical examples include the

dropped tools, runway debris, small arm fires, etc. Due to the lack of through-the-



Initiation

Ply Cracking

Delamination

Pro a ation

Extent of
Delamination

Penetration

Fiber Breakage

Figure 1. 1 A typical damage process in composite laminates under trans-

verse impact.



thickness reinforcement, the laminated structures are very susceptible to damage under

the impact load. Fig. 1. 1 illustrates the typical damage process during impact (4). The

major damage modes include the transverse crack, delamination and fiber breakage.

The integrated damage state can be very complex and generally depends on the type of

impact and the material considered.

Among the various impact events and the damages produced, the potentially

most dangerous case is perhaps the subpenetration damage caused by a low velocity

and low energy impact (5). This is because the impact event has a high probability of

occurrence in practice, and the daniage may degrade the laminate performance without

being detected. The damage consists mainly of the matrix-controlled failure modes (i. e.

the transverse crack and delamination). It may be quite extensive in the laminate but, in

many cases, the only indication at the impacted surface is a small dent that is hard to

detect by naked eyes. Such a damage is often referred to as the "barely visible impact

damage", the BVID in short (5). In practice, nondestructive inspection (NDI)

techniques such as the C-scan are used for detecting the BVID. However, the routine

NDI is often limited to the damage-prone components, and frequent NDI is time-

consuming and expensive (5). A small delamination that escapes the inspection may

grow into a critical size under cyclic loading conditions (6).

In spite of less fiber breakage than penetrated damage, the BVID can be very

detrimental to the structure in terms of reduced stiffness, strength and fatigue life (2). A

typical case is the compression-after-impact (CAI) behavior (7, 8). Fig. 1.2a shows a

CAI test on the [02/902/±452]s Graphite/Bismaleimide laminates (8). Damage in the

laminate is the BVID type, and extensive delaminations have been detected by

penetrant-enhanced X-radiography. Under compression, the delaminated plies may

buckle to cause a Mode I dominated fracture (9) (Fig. 1.2b). Due to the low Mode I
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toughness of the composite (8), the fracture occurs at a reduced load, which may be

only 60% of the compressive strength of the damage-free laminate. Similar

observations have also been reported in many other studies as summarized in (5).

Consequently, the study of low-velocity impact damage, especially the impact-induced

delamination, is of critical importance to the damage tolerance design and in-service

maintenance of composite aircraft structures.

Since the 1970's, extensive research works have been devoted to studying the

low velocity impact damage in laminated composites (10, 11). Most of the studies are

by testing. It is found that the damage generally depends on the structural response and

the material behavior under impact. Many test parameters may significantly affect the

damage behavior. As summarized in (11), these include the test method, fiber/matrix

selection, laminate stacking sequence, specimen geometry, the nose shape and velocity

of the impactor, etc. It appears that large and costly efforts would be required to cover

the various combinadons of the test parameters (12). Therefore, the current interest in

the field is to model the damage by analytical or numerical means (12-25), by which

effects of the above parameters could be readily considered.

One of the objectives in modeling impact damage is to predict the damage

extent that an impact event can produce in a given laminate (16-25). The prerequisite

for achieving this objective is to understand what mechanics parameters and material

properties actually control the damage extension during impact. Due to the extremely

complex damage process, the present knowledge in these aspects is still not clear. For

example, the dynamic stresses in damage-free laminates have been considered to

characterize the damage size (16-21). However, such stresses should have been

redistributed at onset of the progressive damage process.

This dissertation studies the damage growth mechanisms in Carbon Fiber



6

/Polyetheretherketone (PEEK/Carbon) composite under low velocity impact. Ten

chapters and two appendices are included in this dissertation. Chapter 2 consists of two

parts which review respectively the experimental studies and modeling of impact

damage. Chapter 3 explains the research program. A preliminary study on measuring

the thermal residual stress and in situ lamina strength of PEEK/Carbon composite is

presented in Chapter 4. Experimental characterization of impact damage behavior in

the material is reported in Chapter 5. Chapter 6 evaluates the Strength of Materials

approach for predicting the damage extension. In Chapter 7, the crack growth

mechanism of impact-induced delamination is studied by fracture mechanics approach.

Chapter 8 deals with the measurement of Mode II delamination toughness of the

composite. Chapter 9 presents the summary and conclusions of this dissertation. Some

recommendadons for further research are included in Chapter 10. In Appendix A, the

end-loaded-split (ELS) fracture test is analyzed by nonlinear beam theory. Large

deHection correction factors for measuring the Mode II delamination toughness are

given in Appendix B.



Chapter 2

Literature Review

2.1 Experimental Studies on Impact Damage

2.1.1 Low Velocity Impact Response

As discussed in (26), a low velocity impact refers to the impact event in which

the dynamic effect on target response is insignificant. In other words, the structural

response is dominated by quasi-static response. Typical examples in practice include

the structure being impacted by dropped tools or ground service vehicles. The impact

velocity ranges from the order of cm/s to that of tens of m/s, depending on the mass,

stiffness and end support of the structure. The type of impactor should also be

considered (26). The low velocity impact condition is often simulated by swaying

pendulum or drop weight impact tests (11, 26). Comparison studies by test (26-29) and

analysis (30) have shown that the sample response to drop weight impact is close to

that in an equivalent static indentadon case.

Impact damage in laminated composites depends on both the structural

response and the material behavior under impact. Under a transverse impact load, the

laminate undergoes the combination of a local contact deformation near the impact site
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and a global bending deformation in the far-field region (12-14, 18). Such

deformations produce a complex and non-uniform stress field in the laminate because

of the inhomogenous and anisotropic material properties (12-14, 18). Advanced

composites are generally considered as brittle materials because plastic deformation is

significantly limited by the fiber reinforcement (11). Therefore the material responds to

impact load in terms of elastic deformation and multiple failures in its constituents.

The major damage modes, as shown in Fig. 1. 1, include the transverse crack,

delamination and fiber breakage. The matrix-controlled damage modes, the transverse

crack and delamination, typically occur under low velocity impact load because low

fracture energies are involved in such damages (11). In addition, the fracture energies

may further decrease at the loading rate due to impact (see Section 2.3), so an

extensive damage may result from a low impact energy.

Fiber breakage may also occur under low velocity impact if a large energy or a

sharp impactor is used (31). However, fiber breakage is the controlling damage mode

in penetration failure, which is mostly concerned under high velocity impact conditions

(32-34). For the reasons discussed in Chapter 1, the matrix-controlled damage modes,

particularly the impact-induced delamination, will be the major concerns of the present

study.

2.1.2 Transverse Crack

Transverse cracking is the matrix fracture within a layer to form a crack (or a

group of cracks) along the fiber direction of the layer. The transverse crack is a

secondary damage mode in tenns of the small energy absorption during impact and its



effect on structural performance. Nevertheless, it plays an important role in the damage

process. It may initiate delamination and fiber breakage, and it interacts with the

delamination growth.

Takeda, et al(35) used a velocity gage made of a silver paint on the laminate

surface to measure the transverse crack velocity during impact. The association of

transverse cracking with flexural waves was also studied by the authors using surface

and embedded strain gage technique (36). Test results indicate that transverse cracks

are the initial damage mode during impact (37, 38).

The effects of transverse cracks in inidating other damage modes have been

revealed by microscopic examination of the cross section of impacted laminates (13,

39-41). Fig. 2. 1 shows the fracture patterns in a [05/905/05] Graphite/Epoxy laminate at

the impact site (13). The delamination at each interface seems to be initiated from a

few transverse cracks in the layer above the interface. These cracks are inclined with

an angle to the interface and located near, but a certain distance away from, the impact

center. Stress analysis (13) showed that such cracks are produced by the transverse

shear stress concentration below the edge of contact area. They are therefore defined as

the transverse shear cracks (13). When the shear crack propagates up to the interface, a

stress concentration occurs at the crack tip (14) (Fig. 2.2). The increased interlaminar

stresses are responsible for initiating the delamination. The stress concentration also

exists in the adjacent layer around the crack tip. In testing composites with a tough

interface (40, 41), the stress concentration may cause fiber breakage in the layer

instead of delamination at the interface. The damage initiation mechanisms have also

been observed in laminates with complex stacking sequences (38, 41).

Away from the impact site, another set of cracks may extend over a large area

(13, 29, 42). These cracks are defined as the transverse bending cracks because they
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(a)

(b)

Figure 2. 1 Transverse cracks in [05/905/05] Graphite/Epoxy laminates near

the impact site: (a) cracks in the 0-degree plies; (b) cracks in

the 90-degree ply [13].
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are produced by the Hexural stresses during plate deflection (13). The bending cracks

are perpendicular to the interface and almost evenly distributed in the layer (29, 42).

The crack pattern implies a similar failure mechanism to that in the off-axis ply of a

laminate coupon under tensile load (43). It is found that the crack density increases

with impact velocity (42). And the crack distribution exhibits a close association with

the propagation of Hexural waves during impact (29). Interactions between the

transverse crack and delamination are also observed (29).

2.1.3 Delamination

Impact-induced delamination appears as the planar crack embedding at the

interface between two layers of different fiber orientations. Since the delamination is

potentially detrimental to laminate performance, its fracture mechanism has been the

topic of extensive studies (2). Most of the studies are by testing. The laminate is

impacted at a certain energy and is inspected to determine the size and location of

delaminations in the plate. The test apparatus include the pendulum and drop weight

impact machines and the air-gun test setup (11). The damage inspection methods, such

as the C-Scan (2), X-radiography (6), edge replication (13) and the thermal deplying

technique (44), are very effective in detecting the delamination. Many important

features of the delaminadon have been observed.

As discussed in the previous section, the delamination is initiated from the

transverse shear cracks in the layer above the interface. It then propagates along the

fiber direction of the layer below the interface (45-47). Therefore the delamination area

depends in some way on the two fiber direcdons below and above the interface. At the
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interface between perpendicular fiber directions (e.g. at the 0/90 or +45/-45 interfaces),

the delamination is a symmetric "peanut shape" area. Otherwise, it has a distorted

"peanut shape" and may not be symmetric. At the same impact conditions, the

delamination area seems to increase with the difference between the two fiber

orientations (47). The delamination area also increases with the thickness of the

adjacent plies (48, 49).

Through the plate thickness, the delamination area distributes in a growing

sequence in the impact direction. The largest delamination tends to occur at the last

interface from the impacted surface. The total delamination area, which is the

summation of the delamination at each interface, varies approximately linearly with

impact energy (47-49).

High speed photography has been used to study the delamination process

during impact (35, 50, 51). Takeda, et al (35) recorded the damage development in

[05/905/05] Glass/Epoxy laminate under projectile impact. It was found that the

delamination is a dynamic fracture process with crack initiation at a high velocity (200-

500 m/s), followed by a decrease in crack velocity, and then by crack arrest. The

fracture behavior also depends on the interface position with respect to the impacted

surface. The delaminations at the fust interface (near the impacted surface) was

initiated almost simultaneously as the second interface delamination, but it propagated

somewhat slower and stopped earlier. The second interface delamination was arrested

at or within half of the contact duration. The unstable crack growth was little affected

by the impactor types and the impact velocities considered (35).

In another work (50), the delamination growth in pre-cracked Graphite/Epoxy

beams under projectile impact was studied. The crack growth also occurred at high

velocities and seemed to be associated with the propagation of flexural waves. Again,
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the delamination position in the thickness direction was found to affect the crack

growth mechanism. The midplane delamination experiences a primarily Mode II

fracture. While for the off-midplane delamination, when the near-surface delaminated

region is under flexural compressive stress during the beam vibration, the delaminated

plies may buckle locally and cause a Mode I dominated extension of the delamination.

Unstable delamination growth has also been observed in swaying pendulum

and drop weight impact tests (21, 26, 27). The delamination does not occur until a

critical energy level is reached, at which the delamination is suddenly initiated and

pops into a definite size. Such a fracture behavior has been observed in both thermoset

and thermoplastic composites. It is also observed in the delamination caused by static

indentation load (26, 27).

2.2 ModeMng Impact Damage

2.2. 1 Damage Prediction

Experimental studies provide physical insight into the damage process.

Empirical relations between damage extent and impact level may also be established

from the test data. But such relations are limited to the test condition detennined by

numerous test parameters (11). In order to characterize the damage for design

purposes, there exists a need for the approach by which the damage could be predicted

by analysis.

Test observations show that the damage is initiated at a critical impact level,

above which the damage extends to a definite size depending on the level of impact.
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Therefore, from the viewpoint of damage resistance design, predicting the damage

initiation determines the threshold energy that the structure can withstand without

incumng damage. While the damage tolerance design may requu'e predictions of the

damage type and extent that a given impact can produce in the laminate. In the case of

low velocity impact, the predictions concerning impact-induced delamination are of

pnmary importance.

2.2.2 Damage Initiation

In principle, damage initiation may be predicted by the Strength of Materials

approach (12). The approach consists of studying the impact stress field in intact

laminate and applying a stress (or strain) failure criterion. It is important to identify the

initial failure mode and the stress (strain) components that control the failure. The

material strength related to the failure should also be determined. In low velocity

impact on relatively thin laminates, transverse crack is the first damage mode.

Consequently, onset of transverse cracking defines the threshold impact level below

which no damage would occur.

The stresses in laminates under transverse impact may be studied using the

globaVlocal approach (18). The dynamic flexural response of the laminate is studied in

the global analysis, in which the local contact defonnation is simulated by a nonlinear

spring at the impact point (14-18, 52). The spring obeys the contact law which relates

the impact force to the depth of indentation (52, 53). The impact force history and

laminate Hexural deformation can be calculated in tenns of the impact parameters and

laminate properties. Subsequently, in the local analysis, the contact stress field is
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calculated from the impact force using the classical Herzian approach (12, 13, 18, 53).

Grezuzczuk (12) studied the impact stresses and failure modes in a half-space

made of quasi-isotropic composite. The analysis seems to be applicable to very thick

laminates (28). For thin laminates, Joshi and Sun (13) reported a two-dimensional

finite element analysis of [05/905/05] and [905/05/905] laminate beams under projectile

impact. Numerical results showed that the stress field approximately consists of two

parts: the local contact stresses under the impactor and the plate bending stresses

outside of the contact area. The basic feature of the contact stress field is a transverse

shear stress concentration under the edge of contact area. Locus of the stress

concentration qualitatively agrees with the inclined transverse crack in Fig. 2. 1,

verifying the primary transverse shear effect in producing such cracks. Just outside of

the contact area, the plate bending stress field, featuring a layerwise linear variation of

the flexural stresses through the plate thickness, a parabolic variation of the transverse

shear stress and the zero transverse normal stress, is rapidly recovered. Similar stress

distributions have also been observed in static indentation cases (53, 54).

Based on the impact stresses calculated by finite element method, Choi, et al

could predict the initial transverse cracks in laminate beams (14, 15) and plates (17)

under projectile impact. Harshin's matrix failure criterion (55) was applied to each

layer in the laminate. It was found that the transverse shear stress and the flexural

tensile stress in the matrix direction (i.e. perpendicular to the fiber direction of the

layer) are responsible for initiating the cracks. The thermal residual stress resulting

from fabrication (56) and the crack constraining mechanism (57) in the laminate should

also be considered. The predictions agree with the test observations (14, 15, 17).
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2.2.3 Damage Extension

The Strength of Materials approach is also used to predict the damage extent in

many studies (16-19). Based on the impact stress field and a stress (or strain) failure

criterion, the damage extent is mapped out from the points where the stress state has

satisfied the failure criterion. Vanous ply failure criteria have been used to predict the

extent of transverse crack and fiber breakage (18, 19). Some interface failure criteria

were also proposed (16-18) to predict the size, location and geometry of the

delamination. Although the predictions seem to agree with the test measurements, it is

noted that some empirical constants exist in the failure criteria which must be

detemiined by correlating with the test data (16, 17).

It is not clear if the Strength of Materials approach could be applied for

predicting the progressive damage process. The damage-free stress field is

redistributed at onset of damage. Disturbance to the stress field due to transverse crack

has been shown in Fig. 2.2. The stress distribution in a composite beam under three

point bending, e.g. in a short beam shear specimen (30), is also essentially altered by

the presence of a delamination, such as in the end-notched-flexure (ENF) test specimen

(58). The existing defect introduces a local stress field which is mathematically

singular at the crack tip and it may control the subsequent damage process. In other

words, with the damage initiation controlled by finite stress concentration and material

strength, the damage extension should be controlled by the fracture mechanics

parameters such as the stress intensity factor or the strain energy release rate, and, on

the part of material, by the fracture resistance of the composite.

Fracture mechanics approach has been applied to deal with the crack growth in

isotropic materials (59). In composites, the heterogeneous and anisotropic material
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properties lead to very complex fracture process, for which it is often difficult to define

a suitable fracture parameter (60). In the case of delamination fracture, many studies

(57) seem to show that the crack behavior may be characterized by the strain energy

release rate (61). This is because the fracture is confined at the interface to undergo a

coplanar crack growth, and the interlaminar fracture toughness could be measured by

relatively simple tests. However, in modeling the impact-induced delamination, it is

extremely difficult to simulate the dynamic fracture process in order to calculate the

fracture parameter. The material resistance to unstable delamination growth is also

little understood. Consequently, simplified models are often used to understand the

delamination growth behavior and its controlling parameters.

Previous studies (26-29) show that drop weight impact and static indentation

tests produce similar mechanical response and damage pattern in laminated

composites. This may suggest the similar fracture mechanisms in both loading cases.

Lu and Liu (62) considered a circular delamination in the [0/90] square plate subjected

to central indentation load. The strain energy release rates, concerning different

fracture modes, were calculated from a three dimensional finite element model.

Numerical results showed that the strain energy release rate consists of the shear

fracture modes, i.e. G// and G/// for Mode II and Mode III respectively. No Mode I

contribution was observed. Along the delamination front, G// is significantly higher

than Giii, and the locus of maximum G// coincides with the fiber direction of the layer

below the interface. Therefore, if the impact-induced delamination possesses the

similar features in strain energy release rate, the delamination in the laminate (47)

should be a Mode II dominated fracture.

In another work (63), Chatterjee, et al studied the three point bending fracture

of thick laminate plates containing circular or elliptical delaminations at the midplane.
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Analytical results for strain energy release rate indicated again that the delamination is

subjected to a Mixed-Mode IVIII shear fracture. The relative magnitudes of G// and

GUI vary along the delamination front and the variation depends on the shape of the

delamination. Fracture tests on [04/±452/±45z/04]s and [04/±452/±452/08/±452/0s]

Graphite/Epoxy laminates showed that the delamination was initiated in a Mode II

dominated fashion. It was also found that the point failure criterion for Mode II

fracture, G//(max) = G//c, underestimated the failure load (G//c is the Mode II fracture

toughness.). The total energy release rate calculated from the realistic delamination

growth pattern seemed to give reasonable predictions.

Delamination fracture under transverse impact has also been studied on pre-

cracked beam specimens (64-67). Dynamic strain energy release rate is calculated by

beam theory analysis or by finite element method. The midplane delamination is under

a primarily Mode II fracture condition (64, 66, 67), while the off-midplane

delamination may undergo a Mode I dominated fracture if local buckling of the

delaminated plies occurs during impact (65). Under drop weight impact conditions, the

strain energy release rate is dominated by quasi-static response and the effect of kinetic

energy is negligibly small (66). Most of the studies concern the dynamic initiation of

delamination growth (64-66), which seems to be governed by the dynamic initiation

toughness of the material.

The delamination extension may depend upon the whole fracture process with

crack initiation, propagation and arrest. Simulation of such a process is extremely

difficult because the delamination propagates at very high crack velocities and the

fracture resistance is hard to measure as a function of the crack speed. Sankar and Hu

(67) modeled the unstable delamination growth in composite beams subjected to

transverse impact. The dynamic strain energy release rate G was computed by a beam
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finite element model. The crack propagation was controlled by G = Gc, where the

toughness Gc was assumed to be constant and equal to the dynamic initiation

toughness. The crack arrest was defined when G < Gc. With the measured impact force

history, the model seemed to be able to predict the delamination extension. Application

of the approach to delamination growth in plate specimens has not been considered.

2.3 Interlanrinar Fracture Toughness

At a given impact, the delamination growth is governed by the material

resistance to interlaminar fracture. Therefore characterization of the delamination

extension requires measuring the interlaminar fracture toughness. This is a difficult

task because the fracture energy generally depends on the material type, the mode of

fracture, and the rate of load application (60, 64, 66, 68-71), etc. The delamination

toughness under static and cyclic loading conditions have been studied extensively (60,

61), while for dynamic fracture process, the delamination toughness is little

understood. In this section, the current studies on delamination toughness is brieHy

reviewed. Loading rate effects on Mode II toughness is primarily concerned.

Initiation toughness of Mode II delamination has been studied by various

researchers (66, 68). The fracture energy is found to be sensitive to loading rate. The

typical variadon of G//c as a function of the crack tip displacement rate is shown in Fig.

2. 3. For both the thermoset Graphite/Epoxy and thermoplastic PEEK/Carbon

composites, Gjic remains fairly constant over the range of low loading rates but

substantially decreases at the relatively high loading rates. Significant drop in G//c has

also been observed in drop weight impact test on such materials (66). Similar loading
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rate effects also exist in the Mode I toughness (69) (Fig. 2. 3), and in the Mode III

toughness (70) of composite materials.

The Mode II toughness during unstable delamination has been considered in

(66, 71). A very high loading rate exists at the fast running crack tip. The vanation of

fracture energy as a function of crack speed could hardly be measured by the

conventional test methods. As a rough estimate, the average propagation toughness is

determined by the area method, i.e. by dividing the absorbed energy during

delamination propagation with the resulted delamination area. Under drop weight

impact condidons (66), the average Mode II propagation toughness is found to be close

to the dynamic initiadon toughness in Graphite/Epoxy composite, but is lower than the

initiation toughness in PEEK/Carbon composite.

Measurement of the Mode H toughness at delamination arrest after unstable

growth has been studied in (72). It was found that the end-loaded-split (ELS)

specimen, which is a candlever beam with a midplane crack at the loaded end, exhibits

an initially unstable and subsequently stable crack growth behavior. This fracture

behavior may be used to measure the Mode II crack arrest toughness if the crack could

be arrested within the specimen. For Glass/Epoxy composite, the Mode II arrest

toughness was found to coincide with the initiation toughness of the material (72). The

ELS fracture test is recendy improved to take into account the large deflection effect

on toughness measurement (73).

2.4 Discussion

In summary, the impact-induced delamination in association with transverse
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cracks is the major damage mode in laminated composites under low velocity impact.

The damage initiation in tenns of initial transverse cracking may be predicted by the

Strength of Materials approach. However, using the same approach to predict the

damage extent remains debatable because the damage growth is a dynamic fracture

process. The fracture mechanism of the unstable delamination growth and subsequent

arrest is still unknown. The material resistance to unstable interlaminar fracture is little

understood.

In another respect, most of the studies in low velocity impact damage are on

thermoset epoxy composites. In recent years, high performance thermoplastic

composites such as PEEK/Carbon are favorably considered for structural applications

(74). The materials have higher interlaminar fracture toughness which is also more

sensitive to loading rate (66, 68, 69). The materials require higher processing

temperatures which result in increased thermal residual stresses in the laminate (56).

These matrix-controlled properties may significantly affect the impact-induced

delamination and transverse cracks. Compared to thermoset composites, the study of

impact damage in thermoplastic composites is still in its early stages (21-26, 34, 66).



Chapter 3

Research Program

The present study is to investigate the low velocity impact damage in Carbon

Fiber/Polyetheretherketone (PEEK/Carbon) thermoplastic composite APC-2.

Emphases of the study are focused on the material properties that may control the

damage extension of impact-induced delamination and transverse crack. The study

consists of five parts:

1) Measurement of the thermal residual stresses and in situ lamina strength in

the PEEK/Carbon composite laminates;

2) Experimental characterization of the damage behavior in PEEK/Carbon

crossply laminates by drop weight impact test;

3) Evaluation of the Strength of Materials approach for its applicability in

characterizing the damage extension in impacted laminates;

4) Characterization of the crack growth behavior of impact-induced

delamination by fracture mechanics approach. Identify the material properties that may

control the delamination extension;

5) Measurement of the Mode II delamination toughness of PEEK/Carbon

composite.



Chapter 4

Measurement of Thermal Residual

Stress and In Situ Lamina Strength

4. 1 Objective

It has been shown (14) that the thermal residual stress and crack constraining

mechanism affect the initiation of transverse cracks in epoxy composite laminates

under impact. Such effects may also be significant in thennoplastic laminates because

of the increased residual stresses and enhanced fracture toughness. In order to evaluate

such effects on transverse crack extension during impact, the residual stress and in situ

lamina strength in PEEK/Carbon laminates are measured in this preliminary study.

4.2 Material and Processing

The thermoplastic APC-2 composite is used in the present study. The material

is provided in the form of unidirectional prepreg tape by Imperial Chemical Industries

(ICI). It consists of AS4 carbon fiber impregnated with polyetheretherketone (PEEK)

thennoplastic matrix. Table 4. 1 gives the mechanical properties of the material cited
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from the ICI document (75).

Table 4. 1 Mechanical properties of APC-2 composite.

Moduli (GPa)

Longitudinal tensile modulus E i
Transverse tensile modulus E r

In-plane shear modulus G LT

Longitudinal flexural modulus
Transverse flexural modulus

In-ptane longitudinal Poisson's ratio

Mass density p (kg/m3)

LT

134

8.9

5.1

121

8.9

0.29

1600

Strength (MPa)

Longitudinal tensile strength <r^

Longitudinal compressive strength

Transverse tensile strength or^

Longitudinal shear strength T^
Transverse shear strength T-,

estimated value.

2130

1100

80

150
150*

In the present study, 152.4 by 152.4 mm flat panels were fabricated from the

prepreg tape using a matched steel mold and a Wabash heat press. The recommended

processing procedure (76) consists of three steps (Fig. 4. 1):

1) heating the matedal to about 400°C within about 25 minute under the con-

tact pressure of 0.4 MPa;

2) holding the temperature for 5 minute and applying a consolidation pressure

of 0.8 MPa;

3) cooling the mold at the rate of about 20°C/min. with the consolidation pres-

sure applied.
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The rapid cooling was achieved by passing a mixture of air and water through the

coolant passages incorporated in the platens of the press. The temperature was

monitored by a thermocouple located in the mold. The procedure resulted in a

crystallinity of about 31% in the PEEK matrix. Mechanical tests conducted in (76) and

in the present study showed that the material properties achieved by the present

processing procedure are very close to that in Table 4. 1.

4.3 Static Test Procedure

In order to evaluate the thermal residual stress and the in situ lamina strength in

crossply laminates, static tensile tests were conducted on the following specimens:

[905/05/905] (Laminate AT), [903/03/903/03/903] (Laminate BT), [90/07 ... /0/90]i5t

(Laminate CT) and [05/905^/05] (n = 1, 2, 3, 4, 6). Tensile samples were cut from the

molded plates using a diamond coated saw. Water was continuously sprayed on to the

specimen to prevent excessive local heating during the cutting process. The samples

had a test section length of 80 mm. The sample width was 20 mm for AT, BT and CT

specimens and 12 mm for the [05/905^05] series. The side edges of the samples were

polished using silicone carbide abrasive papers of #400 and #800 in succession, in

order to minimize the effect of surface defects on lamina failure. Aluminum tabs were

provided to the [05/9051/05] specimens while it is not necessary for the AT, BT and CT

specimens as discussed in (56).

During testing, tensile load was applied in the 0-degree fiber direction. So the

90-degree ply was loaded primarily in the transverse direction. Due to the lower

transverse strength of the material, Ae 90-degree ply might failbefore the final fracture
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occurred. Such a ply cracking, the "first-ply-failure" (FPF) as it is termed, could be

monitored by the crack appearance in the 90-degree ply which was always

accompanied by an audible acoustic emission (56). The load at PPF could thus be

determined. For a better detection of the FPF, the surfaces of AT, BT and CT

specimens and the side edges of the [Os^Osn/Os] series were painted white before

testing. At least four specimens were tested for each laminate type. The measured FPF

loads are shown in Table 4. 2.

In addition, a group of [90^] samples were also tested. The transverse strength

of unidirectional APC-2 composite was found to be 80 MPa, which agrees with the

value reported by ICI (75). All the tensile tests were performed on an Instron-1125

tester at a crosshead speed of 2 mm/min.

Table 4.2 Results of static tensile test.

No. of
Specimen samples

AT [905/0s/90s] 6

BT [903/03/903/03/90a] 6
CT [90/0/... /0/90], sT 6

AN1 [Os/905/Os] 6

AN2 [0 s/90,0/Og] 4

AN3 [Os/SOis/Oa] 4

AN4 [0 5/90zo/0g] 4

AN6 [0 s/9030/Os] 4

FPF load
(kN/m)

479. 5(329. 6-560. 1)

537.9 (455.2-690.9)

1644. 0(1422. 3-1747. 9)*
2813.5(2791.9-3095.2)*
2103.2(2064.0-2162.5)
1463. 3(1306. 7-1526. 6)

1239.0(1153.4-1329.4)

998.7(830.8-1091.8)

Residual stress In-situ strength
in 9CP ply(MPa) in9CPply(MPa)

* "First-ply-failure" did not occur.

" calculated by incremental laminate analysis.

40

41

41.5"
42"

42"
41"
40"
39"

170

142

107.5

85.5

81
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4.4 Thermal Residual Stresses

In the present study, the thermal residual stresses were detennined using a

similar method as proposed in (56). The method is based on the classical laminate

theory and an incremental analysis procedure which takes into account the changes

with temperature of the thermal expansion coefficients and elastic properties of the

material. As measured in (56) for APC-2 composite (Fig. 4.2a), the fiber-controlled

longitudinal modulus (E^) remains constant with increasing temperature. The

transverse modulus (E^) is found to decrease slightly below the glass transition

temperature (Tg) but to drop rapidly above Tg. The transverse thennal expansion

coefficient also changes at around Tg (Fig. 4. 2b). Therefore two steps are considered in

the incremental analysis, i.e. from the stress-free temperature (Tgf) to T , and then from

T to the room temperature (Ty). It is found in (56) that a constant value of 1 GPa could

be used to average the rapidly decreasing E-p from Tg to T^, and the predicted residual

stresses agree very well with test measurements (56). Although the same material is

considered in this study, the average modulus cannot be used because the cooling rate

in (56) is 3°C/min. and is about 20°C/min. in the present work. The cooling rate may

affect the material properties (77). Therefore, a modified procedure is considered in

this study, i.e. the residual stress measured by the "first-ply-failure" method (56) is

used in association with the incremental laminate analysis to determine the average

transverse modulus ET at above T .

The "first-ply-failure" (FPF) in the AT, BT and CT specimens corresponds to

transverse cracking in the 90-degree surface plies. At onset of such cracks, the

following relation exists in the transverse direction of the surface ply
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(4. 1)

where o^ is the mechanical stress caused by FPF load, Op is the transverse residual

stress, and CTT is the transverse tensile strength of the lamina. CT^ may be calculated by

laminate theory from the FPF load. As discussed in (56), the crack constraining effect

may be negligible in the surface plies, so the unidirectional strength of 80 MPa

reference can be substituted for O"T in Eq. 4. 1 to determine the residual stress. Although

transverse cracks are always observed in (56) for laminates with different surface ply

thickness, they cannot be detected in Laminate CT in the present study. This implies

that the crack constraining effect is still significant when the surface ply thickness is

very small. It can be expected that the thicker the surface ply, the- less significant the

crack constraining effect. From the FPF load of AT and BT specimens, a can be

determined by assuming CTT = 80 MPa in Eq. 4. 1. The residual stress for the two

laminates is given in Table 4. 2 and is subsequently used to identify the average

modulus ET by the incremental analysis. The material properties used in the calculation

are shown in Table 4. 3. Most of the material constants are taken from the ICI

document (75) because the tests in (76) give similar material property values. The glass

transition temperature Tg = 143°C is also from (75), while the stress-free temperature

Tgf was determined by the same method as that in (56). A group of [03/903] beam

specimens were heated and Tgf was measured as the temperature at which the specimen

flattened. T^fis about 290°C in the present study. It is found that ET is 1.23 GPa in the

AT specimen and 1.29 GPa in the BT specimen. These values are higher than 1 GPa

used in (56). The average ET is subsequently included in Table 4.3 to predict the

residual stress in the other laminates.
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Table 4.3 Material properties of APC-2 used for residual stress calculation.

Constant

Longitudinal tensile modulus
Transverse tensile modulus

In-plane shear modulus
Longitudinal Poisson's ratio

Longitudinal thermal expansion coefficient
Transverse thermal expansion coefficient

Below Tg Above Tg
(23°C-143°C) (143°C-290°C)

EL(GPa)

Er(GPa)
GLT(GPa)
VLX

(XL
OtT

134

8.9

5

0.29
0.5

30

134

1. 23
*

0.5"
1

75

* Shear modulus does not affect the residual stress in crossply laminates [56].
** estimated value [56].

4.5 In Situ Lamina Strength

Transverse cracking of a lamina in a laminate depends upon the layer thickness

and the constraint from adjacent layers. The in situ strength of the lamina (57) is

typically higher than the strength measured on specimens made of unidirectional

composite (57). To evaluate the crack constraining effect on impact damage, the in situ

strength of the lamina in crossply laminates was measured in the present study by the

"first-ply-failure" test on [05/905n/05] laminate family, where n = 1, 2, 3, 4, 6. The test

results are shown in Table 4.2. Again, Eq. 4. 1 holds in the central 90-degree layer at

FPF, and o^ is the in situ lamina strength. The mechanical stress o^ can be calculated

from the FPF load by laminate theory, and the residual stress Oy is evaluated by the

incremental laminate analysis. The in situ strength is given in Table 4. 2 and is plotted

in Fig. 4. 3 as a function of the layer thickness. Also shown in Fig. 4. 3 is the transverse

residual stress in the 90-degree layer.

The in situ strength of APC-2 composite shows the same variation as that of

epoxy composites (57), i.e., the thinner the layer, the more significant the crack
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constraining effect. In the [05/905/05] specimen, transverse cracking of the 90-degree

layer could not be observed before the ultimate failure occurred. The in situ strength of

this laminate was calculated from the ultimate failure load and might have been

underestimated. Fig. 4.3 suggests that, at n = 6, the in situ strength is very close to the

unidirectional strength. This agreement verifies the residual stress calculation because,

as the 90-degree layer becomes thicker, the constraining effect decreases rapidly while

the residual stress varies only slightly. Therefore, if the residual stress is not accurately

estimated, the in situ strength cannot converge to the unidirectional value.

In the AT, BT and CT specimens discussed earlier, the in situ strength of the

surface ply should follow a similar variation to that in Fig. 4. 3, but a more rapid drop

to the unidirectional value may be expected because the constraining effect exists at

only one side of the ply. The assumption of a^. = 80 MPa for the surface plies of AT

and BT specimens seems to be acceptable in the sense that reasonable prediction of the

residual stress has been made in the [05/905^/05] laminate family.



Chapter 5

Experimental Characterization of
Low Velocity Impact Damage

5. 1 Objective

The objective of this part of the study is to establish the damage behavior of

PEEK/Carbon composite under low velocity impact. The damage behavior is

characterized in both qualitative and quantitative manners, so as to provide a physical

insight into the damage process and a solid test data base for the analyses in Chapters 6

and 7.

5.2 Impact Test Procedure

5.2. 1 Spedmen Preparation

Square plates 152.4 by 152.4 mm were fabricated following the procedure in

Section 4.2. Three crossply laminates were selected for impact testing, i.e. [05/905/05]

(Laminate A), [03/903/03/903/03] (Laminate B) and [0/90/... /90/0] 151 (Laminate C).
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These laminate types have been studied in (33, 48) for impact damage mechanisms of

epoxy composites, and in (34) for the penetration resistance of the thermoplastic

polyphenylene sulfide (PPS) composite.

In order to study the fracture surfaces of the Mode I and Mode II interlaminar

fracture under impact load, end-notched beam specimens with [Oi3/90/0i3] lay-up were

prepared with the dimensions 152 by 25.4 by 3. 8 mm. A strip of Kapton film, 25 p,m

thick, was inserted between one of the 0/90 interfaces during laying up to provide a 35

mm precrack at one end.

5.2.2 Drop Weight Impact Test

The impact tests were conducted on a Dynatup-8200 drop weight tester, as

shown in Fig. 5. 1. The instrumented impact tester can provide a digitized record of the

impact force history. Since the impactor mass of the tester, 3. 1 kg in minimum, is not

suitable for testing the laminates in a low energy range, an aluminum crosshead was

built to which the Dynatup load cell could be attached. The modified impactor is 12.7

kg in mass and has a steel hemispherical nose of 12.7 mm in diameter.

A fixture was designed to hold the plate specimen during testing (Fig. 5.2). It

could be adjusted according to the plate thickness so as to provided a tight and uniform

clamp at the plate edges. The test section was 128 by 128 mm. In order to exclude the

possibility of buckling-related delamination growth (50), reverse bending of the plate

was suppressed during impact test. A grid-shaped steel frame was attached to the top

holder of the fixture, and eight screws were placed in the frame to provide local

constraints to the impacted plate surface. Actually, each screw was adjusted to leave
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Figure 5.2 Impact test of a [05/905/05] PEEK/Carbon (APC-2) laminate.
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about 0.5 mm spacing before touching the plate surface, because a small reverse

bending may occur at the beginning of impact (36).

During tesdng, the impactor was released at a given height to strike the plate

center. In the case of subpenetration damage, the impactor rebounded. By capturing the

impactor at its first rebound, only a single strike was allowed. The impact velocity

varied between 1.25 m/s and 5.61 m/s, resulting in an energy range from 1 to 20 J.

5.2.3 Indentation Test

After impact, the first half of the specimens (the first set) were subjected to

damage detection. For the other half (the second set), before damage detection, a static

indentation test was conducted to measure the Hexural compliance of the damaged

plates. In such cases, the plate was clamped as in impact test and the same intender

nose as the impactor was used. A central indentation load of 0.3 kN was applied with

an Instron-1125 tester at the crosshead speed of 5 mm/min. The low load level did not

cause further damage to the plate.

5.2.4 Damage Detection

Three methods were used to detect the damage extent in impacted plates, i.e.,

visual inspection, penetrant-enhanced X-radiography and the thermal deplying

technique (44).

Visual inspection reveals the damage in the surface layers of the laminate. To
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visualize the delamination surface inside the laminate, a few A type plates were cut

along the 0-degree fiber direction into beam samples containing the delamination area.

Away from the damage area, a surface notch was cut across the beam width with a

depth into the middle layer. The beam was then subjected to a static peeling test

similar to that as shown in Fig. 5. 3a. A stable Mode I delamination was initiated from

the surface notch and the delamination surface was gradually exposed. The Mode I

fracture surface provided a distinct background to that of the impact-induced

delamination.

Internal damage in the laminates could be detected by the penetrant-enhanced

X-radiography. Tetrabromoethane (TBE) agent was used as the X-ray opaque

penetrant. At first, some small holes (0.5 or 1.0 mm in diameter) were drilled at and

around the impact site to help penetration of the TBE agent into the damaged area. It

was later found that the TBE agent could penetrate into the plate from the transverse

cracks in the surface layer, giving the same results as from the holes. The X-ray

exposure at 100 kV for 10 second, with the focus-sample distance of 80 mm, was

found to give the best damage image on the Dupon NTT30 film. After X-radiography,

the plates were ventilated to volatilize the TBE agent and were prepared for the

thermal deplying examination.

Based on the damage image from X-radiography, the plates with extensive

delaminations were unstacked by the thermal de plying technique (44). Though

invented for thermoset composites, the technique was found to be applicable to the

thermoplastic APC-2 composite as well. Ether solution of gold chloride was used to

penetrate the damage area. The sample was then heated in an oven to about 550°C for

a duration of about 30 to 50 minute (depending on the laminate type). The sample was

then taken out of the oven and cooled down for deplying. Size and location of the
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delaminadon at each interface could be determined from the damage area marked by

gold. The extent of fiber breakage could also be found in the deplied layers.

5.2.5 Scanning Electron Microscope (SEM) Examination

To identify the failure mechanism, fractography of impact-induced

delamination was examined using SEM and was compared to that of the pure Mode I

and Mode II impact fracture surfaces. The Mode I and Mode II fracture surfaces were

produced by the impact tests on the pre-cracked beam specimens as shown in Fig. 5.3.

10 to 12 J impact energy was used to initiate the delamination in both modes. The

beam was then opened and the fracture surface examined under SEM.

5.3 Results and Discussion

5.3.1 Damage Modes and Impact Energy

Figs. 5.4 shows the typical damage states in the APC-2 laminates. The same

damage modes as in thermoset epoxy composites occur in succession with increasing

impact energy: the transverse crack, delamination and fiber breakage. The dominant

damage modes differ from one laminate type to the other. Therefore, in the preliminary

phase of testing, the impact energy was varied to cover the range from damage

initiation to final penetration.

It was found that, in Laminates A and B, the transverse cracks occur at a very
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low energy level (about 0.5 to 1 J) while the delamination suddenly inidated at about 3

J. These two matrix-controlled damage modes predominate the damage state under the

impact of below 10 J, and no apparent fiber breakage was produced. A shallow

impression due to impactor indentadon was observed at the impact site. Local

indentation crash and fiber breakage began to occur in both laminates at around 10 J

impact. In Laminate A, the delamination area could extend nearly up to the clamped

edges at 10 J impact but penetration did not occur. Partial penetration occurred at about

15 J impact in Laminate B.

In contrast to Laminates A and B, very limited transverse crack and

delamination were observed in Laminate C until penetration occurred. At about 10 J

impact (Fig. 5.4e), a "cross crack" through the plate thickness was formed by the

overlapped transverse cracks in the 0 and 90-degree layers. This "cross crack" confined

itself near the contact area, and the fibers in each layer began to be cut along this

"cross crack" due to the stress concentration at the transverse crack tips. Such a "cross

crack" was the first sign of the penetration process. Complete penetration occurred at

about 13 J impact but, as can be seen in Pig. 5.4f, little delamination and fewer

transverse cracks extended beyond the penetrated area.

It is worth noting that, though the impact energy of about 10 J seemed to be the

threshold for fiber breakage in the three laminates, a distinctly different failure process

existed in Laminates A and B compared to that in Laminate C. At 10 J impact, the

residual contact impressions in Laminates A and B were about 10 mm and 8 mm in

diameter respectively, while only 5 mm in Laminate C. The larger contact area

associated with extensive transverse crack and delamination in Laminates A and B

seemed to prevent the immediate localization of damage process as that in Laminate C,

and the penetration was also retarded.
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Preliminary tests showed that transverse crack and delamination dominate the

damage state in Laminates A and B, while fiber breakage controls the penetration

failure in Laminate C. Since the primary objective of the present work is to study the

matrix-controlled damage modes, the delamination in particular, additional tests were

conducted on Laminates A and B in order to characterize the damage behavior.

Accordingly, the impact energy was carefully selected to generate different

delamination sizes without causing significant fiber breakage. The energy range was

between 3 and 10 J for both A and B type laminates. As can be seen in Figs. 5.4a and

5.4c, the delaminations are always associated with transverse cracks. So the two

damage modes were characterized respectively in the following sections.

5.3.2 Delamination Area

Similar to epoxy composites (45-47), impact-induced delamination in the APC-2

crossply laminates is a "peanut shape" area at the interface. The delamination geometry

may be defined by its length (L) and width (W) along and perpendicular to the fiber

direction of the layer below the interface, respectively (21, 45). Fig. 5. 5 shows the

delaminadon at the second interface in an A type laminate after 5 J impact. The

delamination was initiated from the transverse cracks in the 90-degree middle layer

and propagated in the fiber direction of the 0-degree bottom layer. The delamination

width, Wz, seems to involve a sequential crack initiation process from the transverse

cracks along the delamination path. After initiation, the delaminadon edges which

define W^ were under a Mixed-Mode IVIII loading (62) and did not seem to have a

significant growth. This is probably because the strain energy release rate at such
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Figure 5.5 Delamination surface at the second interface of an A type

laminate after 5 J impact.
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locations is lower (62) while the mixed mode shear toughness is comparable to the

pure Mode II toughness in the APC-2 composite (78). The delamination propagated in

the 0-degree fiber direction in which the strain energy release rate may be higher and

be Mode II dominated (62). The delamination length, Lr^, seems to be controlled by an

unstable fracture and subsequent crack arrest process (21, 35). Such mechanisms can

be seen in Fig. 5. 5 by the zigzag geometry at the delamination edges which define W^.

Each zig corresponds to a transverse crack in the middle layer. And the crack front

becomes smooth at the delamination edges which define L^, where the crack arrest

occurred.

The delamination surface was also studied by scanning electron microscope

(SEM). Figs. 5.6a and 5.6b present, respectively, the typical morphologies of the Mode

I and Mode II impact fracture surfaces; Fig. 5. 6c shows the fracture surface of the

impact-induced delamination in plate specimens. These photographs were taken on the

0-degree ply surface. The crack propagation direction was from the top to the bottom.

An obvious comment is that the impact-induced delamination surface resembles that of

the Mode II fracture, which may possibly be the dominant failure mechanism. In both

cases, the delamination surface exhibited significant shear deformation of the matrix,

with no distinct hackles such as observed in epoxy-based composites (79). However, in

the Mode I delamination surface, an irregular hackle pattern was observed, which

seems to be formed from the resin rich region between the fibers. The above

observations seem to suggest that the impact-induced delamination is mainly governed

by a shear Mode II fracture.

Fig. 5.7 shows the ply-by-ply delaminations in the typical laminates. The

delamination at each interface is initiated from the transverse shear cracks in the upper

layer and propagates in the fiber direction of the lower layer of the interface. The
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Figure 5.6 (Continued): (c) impact-induced delamination.
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Figure 5. 7 Delamination geometry and distribution in impacted laminates:

(a) Laminate A; (b) Laminate B.
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delaminations are distnbuted in a growing sequence if viewed in the impact direction.

The largest delamination occurs at the 2nd interface of Laminate A and the 4th

interface of Laminate B, always the last interface near the non-impacted surface of the

plate. Variations of the delamination sizes are plotted in Fig. 5. 8 against the impact

energy.

To compare with the delamination resistance of epoxy composites, the total

delaminadon area in Laminate A is plotted in Fig. 5.9 against the imparted impact

energy. The total delamination area is the summation of the delamination area at every

interface. The previously reported linear dependence (47-49) was found to be valid.

Results for the same laminate type but for epoxy composites were taken from (47, 49)

for comparison. Considering the difference in plate dimensions, the APC-2 composite

seems to be more resistant to impact-induced delamination than the Kevlar/Epoxy and

Graphite/Epoxy composites. It is seen that the delamination resistance depends not

only on the matrix systems but also on the fiber systems. The low resistance in

Kevlar/Epoxy composite is due to the relatively poor fiber/matrix adhesion in the

material (49). The Glass/Epoxy composite exhibits a good resistance because the lower

modulus of glass fiber reduces the stiffness mismatch between the layers and thus the

interlaminar stresses are reduced as well (49).

5.3.3 Transverse Crack Distribution

Transverse cracks in the surface layers can be found by inspection of the plate

surfaces. In the A and B type laminates, some short cracks are observed in the

impacted layer near the contact area. A few cracks occur in the non-impacted surface
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layer which extend over the whole span of the plate. Such cracks began to occur at the

low energy level at which the delamination was not initiated, and the crack distribution

did not change significantly from one energy level to the other.

The cracks in the internal layer(s) can be identified in the X-ray pictures. In

both A and B type laminates, a set of evenly distributed extensive 90-degree cracks is

observed. Some short cracks are also found around the delamination area, which are

evidently associated with the delamination growth (29). Distribution of the extensive

90-degree cracks can be characterized by the area of crack distribution and the average

crack spacing, which are shown respectively in Figs. 5. 10 and 5. 11. It is seen that the

extensive transverse cracks began to occur at the low energy level before delamination

initiation, and only slight variations in crack distribution could be observed over the

interested energy range.

It is worth noting that the extensive 90-degree cracks in Laminate B refer to the

cracks in the 4th layer of the laminate. This is confirmed by the observation that the 0-

degree cracks in the 3rd layer, which can be identified in Fig. 5.4c, distribute in a much

smaller area than the extensive 90-degree cracks. Even smaller cracking area can be

expected in the 2nd layer which is at the compressive side of the bending deformation.

Therefore, the extensive 90-degree cracks cannot be in the 2nd layer and must be in the

4th layer of the laminate.

5.3.4 Impact Force and Deflection

Fig. 5. 12a shows the load-time history of an A type laminate subjected to 5 J

impact. A relatively high frequency oscillation is found to superimpose on the basic
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Figure 5. 10 Area of transverse crack distdbution versus impact energy:

(a) Laminate A, the 2nd layer; (b) Laminate B, the 4th layer.
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Figure 5. 11 Spacing of transverse cracks versus impact energy:

(a) Laminate A, the 2nd layer; (b) Laminate B, the 4th layer.
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load-time curve. This oscillating signal seems to be related to the damage growth

during impact (26, 27, 37). It occurred and lasted during the loading period, and ceased

when unloading began, possibly implying that the damage growth finished around the

time of maximum impact load. As a verification, the same plate was impacted again at

a slightly lower energy level. The response in Fig. 5. 12b shows no oscillations like

those in Fig. 5. 12a and the subsequent damage detection indicated no apparent further

damage from the second strike.

It is noted that the noise on the impact load may also be caused by the inertia

effect at collision between the impactor and the specimen, or by friction of the crack

surfaces. Such noise, however, seems to be smaller in amplitude than that induced by

damage growth, as can be seen in Fig. 5. 12b. It is worth noting that Fig. 5. 12a is

representative of the tests in which the laminate did not incur extensive fiber breakage

during impact. When significant fiber failure occurred, the noise on the load-time

signal was more pronounced and could last after the time of maximum load. A similar

observation was also reported in (27).

Also shown in Fig. 5. 12 is the plate deflection at impact point. It is seen in Fig.

5. 12a that the impact event had finished before reverse bending of the plate began.

Thus suppressing the reverse bending did not affect the impact event, and it can be

assumed that the damage was produced only during impact. In addition, comparing

Figs. 5. 12a and 5. 12b, it is observed that the maximum load remains basically the same

for the first and second strikes, but the maximum deflecdon at the second strike shows

a slight increase. The result suggests that the compliance change due to the matrix-

controlled damages is relatively small.
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Chapter 6

Impact Stresses and Damage Extension

6. 1 Objective

Experimental studies show that impact damage in laminated composites is a

dynamic fracture process with multiple damage modes interacting with one another.

Simulation of the damage process seems to be inaccessible by the available analysis

procedures. Therefore, instead of modeling the damage details, two simple approaches

are used in this study to understand the damage growth behavior and its controlling

parameters.

In this chapter, the dynamic stress response in intact laminates is considered.

The stress field is redistributed at the onset of damage, but it may help to explain the

basic features of damage growth. The extension of transverse crack and delamination

has been shown to be related to the flexural defonnation of the laminate (29, 41). And,

in general terms, the damage growth occurs in the region where the nominal stresses

are high. However, in principle, only qualitative studies can be made through such

analyses.

Later in Chapter 7, the fracture behavior of impact-induced delamination is

studied from the view point of fracture mechanics.
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6.2 Numerical Model

The impact stress field consists of two parts: the local contact stresses which

control the damage initiation, and the plate bending stresses which act in the area of

damage growth. For the purpose of the present study, the plate bending stress field was

calculated by finite element method. The problem was simulated as a square plate

being impacted at its center by a concentrated force. The 9-node shear deformable shell

element with reduced integration scheme was used to model the plate. Only the first

quadrant of the plate was considered because of symmetry conditions. The measured

impact force history was used in the calculation. Linear dynamic stress analysis was

performed using the finite element code ABAQUS (80).

In ABAQUS code (version 4.7), the stress or strain output for shell elements is

only available at the top and bottom surfaces of the shell. In the present study, a post-

processing procedure was developed to determine the stress and strain inside the

laminate. According to the laminate theory (81), the in-plane stress and strain can be

obtained as

{ff}=[Q]{e} (6. 1)

and

{e}={e°}+z{k} (6. 2)

where {<r} = {%, <^,, lyy }T and {e} = [Ex, £y, Yjy }T are the stress and strain vectors

respectively. The coordinate system has been defined in Fig. 5. 2. [Q] is the lamina

stiffness matnx which can be determined from the elastic moduli and Poisson's ratio of

the unidirectional composite (81). The midplane strain {£°} = {ei), £?, ̂  } and
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curvature {k} = [kx, ky, k^y }T are calculated from the strain components in the top

surface {et} and in the bottom surface {eb}, i.e.

^o^{et}+{sb}

{k}= {et}-{eb}
h

(6. 3)

(6. 4)

where h is the plate thickness. Although the transverse shear stresses are not included

in the formulation of laminate theory, their values can be approximately estimated by

integrating the local equilibrium equations through the layer thickness (82). These are

3T.'XT. _

3z

9^
~3T

(3% +
9T,.xy__ -)

3x 9y

^ . aT
^'

l~37+-3T

(6. 5)

(6. 6)

where Txz and Tyz are the transverse shear stresses. Since Eqs. 6. 5 and 6. 6 represent the

in-plane equilibrium of a material point which undergoes negligible in-plane

movement, both gravity and inertia forces have been dropped in the equations.

Fig. 6. 1 shows the 8 by 8 finite element mesh used to model a quarter of the

plate. This non-uniform mesh and the stress calculation procedure have been verified

against the elasticity solution of Pagano and Hatfield (83). In (83), a simply supported

square crossply laminate under sinusoidally distributed static load is considered. The

problem was analyzed by the finite element method and the numerical results are

compared with the elasticity values. For the A type laminate, as shown in Fig. 6.2,
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Figure 6. 1 Finite element mesh for a quarter of the damage-free laminates.
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precision of the finite element analysis increases with the span-to-thickness ratio of the

laminate. At the span-to-thickness ratio of 50, the maximum stresses are within 5%

from the elasticity values, except the in-plane shear stress lyy. While Xyy is a secondary

stress in the laminate (83). In the present study, the span-to-thickness ratio is 61. And

better accuracy can be achieved in laminates with more than three layers (83), such as

in Laminates B and C. Consequently, the 8 by 8 mesh was used to analyze the plate

response under local impact load.

The APC-2 composite was assumed to be linear elastic. The material properties

in Table 4. 1 were used in the dynamic analysis. The thermal residual stresses were

calculated using the approach discussed in Chapter 4. As given in Table 6. 1, the

residual transverse stress in the three crossply laminates is as high as half of the

transverse tensile strength of the unidirectional material. The in situ lamina strength

may be interpolated in Fig. 4. 3 from the layer thickness.

Table 6. 1 Transverse residual stress in APC-2 crossply laminates.

Laminate A Laminate B Laminate C

0° layer
90° layer

40

42

41

42

41.5

42

6.3 Dynamic Stresses and Transverse Cracking

As discussed in (14), both intralaminar and interlaminar stresses may contribute

to producing transverse cracks. Therefore, Harshin's matrix failure criterion (55) was

used to define the strength ratio of transverse matrix failure, Rm, in each layer, that is



_ ^. ̂ _ ̂ . (^2 + ^)
tm ~"^"r ~^-

ff TT Ti,T
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(6.7)

where 022> ̂ n, ̂ 13 and ̂ 3 are the stress components, while cfy, ̂ . and Tu- are the lamina

strengths, all defined in the material symmetry axes with 1 being the longitudinal fiber

direction (L), and 2 and 3 being the in-plane and out-of-plane transverse directions (T)

respectively. The material symmetry axes vary from layer to layer with respect to the

Cartesian coordinate system defined in Fig. 5.2. The transverse normal stress, Ojj, has

been omitted in Eq. 6. 7 because it rapidly drops to zero away from the contact zone

(13, 85). The matrix failure is defined as R,n = 1.0.

Consider the extensive 90-degree cracks in Fig. 5. 4a (the 2nd layer in Laminate

A) and in Fig. 5.4c (the 4th layer in Laminate B). Results of the analyses show that,

considering the residual stress and crack constraining effect, no matrix failure would

occur in such layers according to Eq. 6.7. The results suggest therefore that the

Strength of Material analysis is not an appropriate approach. If the in situ lamina

strength is arbitrarily reduced to the unidirectional strength of 80 MPa, simulating the

loading rate effect on transverse strength (84), the failure region as shown in Fig. 6.3

qualitatively describes the crack distnbution in Laminate B but not in Laminate A.

Therefore, as expected, the point failure criterion cannot be used to predict the

transverse crack extension. In fact, it has been suggested that the crack extension is

rather controlled by a dynamic fracture process (35).

6.4 Interlaminar Shear Stresses and Delamination Growth

Away from the impact point, interlaminar shear stresses are the only stresses
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Figure 6.3 Comparison of transverse crack distribution with matrix failure region pre-
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acting at the interface(13, 85). The stress distnbution may explain some features of the

delamination growth. The A type laminate is considered first because of its simple

construction. Fig. 6.4 shows the interlaminar shear stress as a vector field at the

interface of an A type laminate. The stress field is identical at both interfaces since the

contact deformation has been neglected (85). It is seen that the stress field is non-

unifonn and with a strong directionality. A stress concentration occurs near the impact

point. In the region around the x-axis, where Ty^ = 0, the stress vectors are more

inclined to the ̂ --axis, showing a forward shearing in the ̂ -direction. A similar region

with forward shearing in the y-direction exists around the y-axis, where T^ = 0.

Referring to the test observation in Fig. 5.7a, the delaminations at the 2nd and 1st

interfaces occurred within these two regions, as well as in the forward shearing

directions, respectively. It is thus believed that the delaminations resulted from a Mode

II dominated fracture process. This is in agreement with the fractography of the

delamination surface as shown in Fig. 5.6.

Fig. 6. 5 shows the contour plots of the shear stress components T^ and ̂  at the

time of maximum impact load, for different impact energies respectively. It is found

that Txz possesses much higher values than Ty^ over most of the plate area. The high

value stress contours of T^ and Tyz exhibit "peanut shapes" which resemble the

delaminations at the 2nd and 1st interfaces respectively. The 1st delamination was

initiated from the transverse cracks in the 0-degree upper layer. It propagated in the 90-

degree direction under the nominal stress Tyz. Since ̂  decreases rapidly along the

crack path, the first delamination was arrested after a short growth. The 2nd

delamination, on the other hand, was initiated from the transverse cracks in the middle

layer. It propagated in the 0-degree direction, along which T^ predominates and keeps

higher values over a large extension. So a large delamination occurred at the interface.
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Figure 6.5 Interlaminar shear stress contours in Laminate A at the instant

of maximum impact load: (a) 1 J; (b) 5 J; (c) 10 J.
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Therefore, the delamination growth depends not only on the interlaminar shear stresses

but also on the transverse cracks in the layer above the interface.

It is noted that, in Fig. 5.4a, the 90-degree transverse cracks extended far

beyond the width of the second delamination. This means that the delamination was

not initiated along the full length of such cracks. Referring to Fig. 6.5b, it seems that

the transverse cracks initiated delamination only in the section where Txz is sufficiently

high. This explains the test observation that the delamination width was basically

controlled by a crack initiation process.

Based on the discussions in Section 5. 3.4, the delamination arrest is assumed to

occur at around the maximum impact load. Thus, for comparison purposes only, the

2nd delamination in Laminate A is correlated with the shear stress T^ contours in Fig.

6.5. The results are presented in Figs. 6.6a and 6. 6b for the length Lz and width Wz

respectively. Within the scatter of test measurements, the arrested delamination sizes

appear to correspond to a constant interlaminar shear stress, although the stress values

associated with Wz are somewhat higher than that with Lz. As plotted in Fig. 6.7, the

nominal shear stress at delamination arrest seems to be independent of the

delamination length. Such observations may possibly explain why some interface

failure criteria (16-18) could be used to correlate the measured delamination size.

However, as discussed in Chapter 2, the correlation is essentially qualitative, because

the interlaminar shear stress field has been redistributed at initiation of the

delamination.

Similar analyses have also been conducted for Laminates B and C. The results

demonstrate again that the delamination depends on the combination of interlaminar

shear stresses and the transverse cracking in the layer above the interface. Figs. 6. 8 and

6. 9 show the shear stress contours in Laminates B and C at the last interface from the
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impacted surface. In Laminate B, under 10 J impact, extensive transverse cracks

occurred in the 90-degree 4th layer (Fig. 5.4e), so a large delamination resulted from

the high T^ at the last interface. In Laminate C, however, the 10 J impact caused a

small amount of matrix failure in the 14th layer, and only a limited delamination

occurred due to the low shear stress at the last interface. Higher shear stresses existed

near the midplane of the plate but the matrix failure did not occur to initiate the

delamination. This combination of crack initiation and crack growth mechanisms

explains why delamination is very limited in Laminate C. In fact, the impact produced

the "cross crack" in the contact area and the plate began to be penetrated by fiber

breakage. The competition between the damage modes is evident in Fig. 5.4e.

It should be noted that, although the correlation between the interlaminar shear

stress contours and the delamination geometry verifies the test observation (Fig. 5. 6)

that the delamination is a Mode H dominated fracture, contributions from other fracture

modes may also present. A unique mechanism of mode change has been observed in

(50): when the near-surface delaminated region is under Hexural compressive stresses

during impact, the delaminated plies may buckle locally and cause a Mode I dominated

extension of the delamination. Such a mechanism, however, did not act in the present

study because reverse bending of the plate has been prevented. However, the Mode I

contribution may come from other sources. Previous work (86) has shown that the off-

midplane delamination in a flexural beam does not result in a pure Mode II fracture but

Mode I is also present. The transverse cracks, on the other hand, may also give rise to a

local peeling stress at the crack tips (14). Fig. 6. 10 shows the through-the-thickness

distribution of the transverse matrix failure region in Laminate B calculated by Eq. 6.7.

Since the transverse compressive strength is generally higher than the tensile strength

in composite materials (14, 41), litde matrix failure occurs above the midplane (on the
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Figure 6. 10 Distribution of transverse matrix failure in Laminate B under

10 J impact.
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compressive side) except near the impact point (41). The delamination area follows a

similar sequence of distribution. This suggests that the delamination area also depends

on the transverse cracking which controls the initiadon phase of the delamination.

6.5 Impact Response

It has been shown in (26, 27) that the laminate response to drop weight impact

is basically quasi-static. Therefore the response could be approximated by a static

indentation case (26-28). This point is also verified in the present study. Fig. 6. 1 1

shows the dynamic response of an A type laminate under 5 J impact. The first six

vibration modes are plotted in Fig. 6. 12. It is seen that, in spite of some inertia effects

at the early stage of impact, the plate response is dominated by the low frequency

modes. Actually, with the impact duration of 5.44 ms in Fig. 5. 12a, the load excitation

frequency is 183 Hz, only about one seventh of the natural frequency of the system.

Therefore the high vibration modes are hardly excited by the impact. The static

problem under the equivalent maximum load of 5 J impact was also analyzed. The

interlaminar shear stress, as shown in Fig. 6. 13, is close to the dynamic result (Fig.

6.5b).
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Figure 6. 13 Interiaminar shear stress in an A type laminate under static inden-

tation load equivalent to the maximum load of 5 J impact.



Chapter 7

Fracture Behavior of Impact-Induced
Delamination

7. 1 Objective

Physically, the impact-induced delamination results from a dynamic fracture

process. The fracture behavior cannot be predicted by the Strength of Materials

approach discussed in Chapter 6. It is so far not clear what mechanics parameters and

material properties actually control the delaminadon extension in impacted laminates.

In the present chapter, the crack growth behavior of impact-induced

delamination is studied from the viewpoint of fracture mechanics. Prediction of the

delamination size is discussed based on the concept of crack arrest toughness. Since the

delamination associated with transverse crack is the dominant damage mode in

Laminates A and B, the two laminate types are considered in this chapter.

7.2 Fracture Mechanics Approach

Since the delamination is a process of unstable crack growth and subsequent
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arrest, the fracture mechanics concept of crack arrest (59) might be used to characterize

the delamination extension. Previous studies on impact fracture of polymers and

composites (35, 50, 87, 88) have shown that the crack speed during unstable fracture is

much higher than the impactor speed. So the crack growth generally occurs in a fixed-

displacement condition and the energy available for crack growth is the elasdc energy

stored in the specimen (87, 88). Consequently, the strain energy release rate, G, of an

impact-induced delamination may be expressed in the deHection-controlled fonn:

G^LS^dC
2 c2 rfA

(7. 1)

where 8 is the load-point deflection, C is the flexural compliance and A is the

delamination area. In Eq. 7. 1, the laminate is assumed to be linear elastic and the effect

of kinetic energy is neglected for the case of low velocity impact.

From the viewpoint of energy balance (59), the delamination growth depends

on the variation of G. When G is higher than the material toughness, the delamination

grows in an unstable manner. Such a growth will continue until G drops to a critical

value, i.e., the delamination arrest toughness of the material. At this point, for

additional crack extension, the energy released by the system is insufficient to create

new fracture surfaces and the delamination growth stops. Therefore, under a given

impact condidon, the delamination size should be controlled by the delamination arrest

toughness, G^^, which may be determined from Eq. 7. 1 at the instant of delamination

arrest, i.e.

G_=1&^C
Jarr~l~Ci~dA (7. 2)
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where 8arr is the plate deflection at delamination arrest. The validity of such a criterion

depends on the existence of G^rr, which represents the material resistance to a running

crack and should be independent of the laminate type and the delamination size.

The above viewpoint was first proposed in (22-25). In order to verify the

delamination arrest criterion for the laminates studied, it is important to determine the

plate deflection at delamination arrest Sarr, the flexural compliance C and dC/dA. The

crack growth pattern at delamination arrest should also be defined.

7.3 Crack Growth Pattern at Delamination Arrest

Eqs. 7. 1 and 7. 2 assume that a dominant crack exists in the laminate. So the

largest delamination in both A and B type laminates is considered, which is hereafter

referred to as the major delamination of the plate.

As discussed earlier, the delamination width is controlled by a process of crack

initiation and the length by the unstable crack growth and subsequent arrest. Fig. 5.8

shows that the major delamination length in both laminates increases rapidly with

impact energy while the width varies only slightly. The other delamination(s), at the

other interface(s), is (are) smaller in size and varies (vary) only slightly with impact

energy. Considering the variations of transverse crack distribution in Figs. 5. 10 and

5. 11 as well, the major delamination length seems to be the dominant variable of the

damage state in both laminates.

As shown in Fig. 5.7a, the delaminations in Laminate A are similar to that in

the impacted [05/905/05] Glass/Epoxy laminate (35). High-speed photography of the

damage process (35) revealed that the first interface delamination was arrested earlier
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than the second one. Since the crack growth is governed by the variation of G which,

as shown later, depends on the laminate construction, the same sequence of

delamination arrest can be expected in Laminate A. The extensive transverse cracks

also occur early dunng impact (35-38). Therefore it is appropriate to assume that the

major delamination in Laminate A is the last damage mode to be arrested in the

damage process. One exception to this assumption may be the short transverse cracks

that are associated with the delamination growth. These cracks, however, are

considered secondary in terms of the small energy absorption involved. A similar

damage sequence is also assumed in Laminate B.

With the above discussions, the major delamination growth just before arrest

can be defined by considering the delamination geometry in Fig. 5. 7 and the size

variations in Fig. 5. 8. From Fig. 5. 7, the major delamination in both laminates may be

approximated by an ellipse in which the major and minor axes correspond to the length

(L) and width (W) of the delamination respectively. The delamination area is thus A =

TcWL/4. From Fig. 5. 8, the delamination length increases rapidly with impact energy

while the width varies only slightly. Thus the width may be assumed to be constant.

This implies the crack growth in the form:

dA=nrWdL
4

(7.3)

where W denotes the average width of the major delamination. The other damage

modes, which terminated earlier than the major delamination, are not included in Eq.

7. 3.
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7.4 Plate Deflection at Delamination Arrest

From the impact force record such as that in Fig. 5. 12a, it seems appropriate to

assume that the major delamination is arrested at around the time of maximum impact

load. So the maximum load and the deflection at that moment might be associated with

the crack arrest. However, during the unstable fracture, the plate deHection is almost

fixed and the stored elastic energy is consumed by crack extension. Hence,

theoretically, the load must drop due to sudden increase in compliance. So the load at

delamination arrest should be lower than the maximum load. In the present study, the

delamination arrest is assumed to occur just before the maximum load, as the damage-

related noise in Fig. 5. 12a indicates. So the deflection at maximum load, Sp^ax' is

considered to approximate the deHection at delamination arrest, i.e.

'arr ~ upn (7. 4)

Fig. 7. 1 plots 8pmax against the major delamination length in both A and B type

laminates. The test data represent the damage state with negligible fiber breakage. It is

seen that the delamination is initiated at a critical plate deHection. And the major

delamination length increases linearly with Sp^iax .

7.5 Post-Impact Flexural Compliance

The flexural compliance has been measured on part of the impacted laminates

(the second set of specimens as defined in Chapter 5). Fig. 7. 2 plots the post-impact
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compliance versus the major delamination length in Laminates A and B. The

compliance change due to damage is relatively small when the damage is limited to

delaminations and transverse cracks.

7.6 Garr from Test Data

Evaluation of Garr by Eqs. 7.2 and 7.3 requires determination of dC/dL. This

could be done by test calibration or by stress analysis (59). A simple correlation of the

test data is considered first. It is believed by intuition that the measured relationship

between the delamination size and the level of impact should reveal some information

about the material resistance to the delamination extension.

Consider the damage state in Laminate A. The major delamination is much

larger than the other damage modes, and the delamination area is governed by the

delamination length Lz. Therefore, the compliance change in Fig. 7. 2a may be

approximately attributed to the variation in L^. As a verification, some A type

laminates were fabricated containing an artificial delamination with Ws = 17.5 mm and

a varying Li. The delamination was made by inserting two layers of Kapton film at the

interface during laying up. As shown in Fig. 7.2a, the calibration specimens exhibit the

same range of compliance as the impacted plates.

The increase of delamination size with impact level has been given by the £2 vs

8pmax relation in Fig. 7. 1. The linear variation may be expressed in the form

S»max =aL2+b'pmax (7. 5)
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where a and b are the regression constants. For the A type laminates in Fig. 7. 1, a =

0.0562 and b = 2.6723 mm (correlation coefficient = 0.81). If such a variadon can be

characterized by the delamination arrest criterion in Eq. 7.2 with a constant Garn Eq.

7. 2 may be integrated for compliance C to give

\^^ nWzGarr ^^
C~2a(aL2+b) (7. 6)

where Wz = 17.5 mm is the average width of the major delamination and A, is an

integration constant. The variation of C by Eq. 7.6 can be correlated to the measured

compliance in Fig. 7. 2 in order to verify the assumed independence of G^rr on the

delamination length, and, if so, to determine the value of G^rr by regression.

Multiplying both sides of Eq. 7.6 by Eq. 7.5 yields

5^=^aL^^b+nw2 Garr
2a

(7. 7)

Hence, if G^r is a constant, <^n/C should vary linearly with L^. This is verified by the

test data as plotted in Fig. 7.3. Linear regression of the test data gives

u^=aL2+P (7. 8)

where a = 0. 0096 kN/mm and ft = 0. 9354 kN are the regression constants (correlation

coefficient = 0.68). Consequendy, G^r seems to be independent of the delamination

size and can be determined from Eqs. 7.7 and 7.8 as



Laminate A

y

<G

92

40 60 80 100 120

MAJOR DELAMINATION LENGTH L 3 (mm)

Figure 7.3 Variation of 8arr/C versus delamination length L^ in Laminate A.
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(7. 9)

From the regression constants, it is found that Ga^ = 0-98 kJ/m2 in the A type

laminate.

7.7 Finite Element Analysis

The fracture mechanics analysis based on test calibration of the compliance

versus crack length relation needs to be verified. Since the compliance change due to

delamination growth is reladvely small, the scatter in compliance measurement may

cause error in the analysis. As suggested in (89), the hybrid theory/experiment

approach could be used to improve the analysis. The basic feature of the approach is to

determine the compliance variation by stress analysis. So dC/dA in Eqs. 7. 1 and 7.2

may be determined. The analytically (or numerically) determined dC/dA is then

combined with test data to perform the fracture analysis. In the present study, finite

element method is used to calculate dC/dL in the damaged laminates. The damage state

is simplified in order to take into account the other damage modes which terminated

before the major delamination arrest.

Fig. 7.4 illustrates the damage state in Laminate A as observed in test and

modeled by finite element method. The simplified damage state consists of the

delaminations at both interfaces, the transverse crack region in the middle layer, and

the central transverse crack in the bottom layer. The local damage in the (impacted)

upper layer is neglected. Rectangular delaminations are assumed in order to model the
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analysis.



95

multiple delaminations. The transverse crack region is approximated by a cross-span

strip. Sizes of such damages may be determined from test measurements in Figs. 5. 8a

and 5. 10. However, since the major delamination length is the dominant variable of the

damage state, the damage state can be modeled by varying Ls while approximadng the

other damages by their average sizes. The following dimensions are assumed in the

model: the major delamination width Wz = 17.5 mm, the first delamination length Ly =

17.5 mm and width W^=5 mm, and the width of the transverse crack region D^ = 38

mm.

The damage in Laminate B is simplified in a similar manner. It consists of the

delaminations at the 2nd, 3rd and 4th interfaces, the transverse crack region in the 4th

layer, and the central transverse crack in the 5th layer. The transverse crack region is

assumed to be a rectangular area. The major delamination length L^ is assumed to be

the only variable in the model. Based on the test measurements in Fig. 5. 8b, the

following sizes are assumed for the other delaminations: W^=L2 = ^2 =Lj = W^=

14 mm. The length and width of the transverse crack region in the 4th layer are taken

to be H4 = 33 mm and D^ == 50 mm respectively.

Finite element model of the damaged laminates can be constructed using plate

bending element and the multi-point constraint (MFC) technique (65, 90).

Accordingly, every layer of the laminate is modeled by plate elements using the same

mesh for all the layers. The displacements of adjacent nodes between the layers are

constrained by a set of MFC equations so as to guarantee the deformation assumptions

made in laminate theory. These assumptions include:

1) The plane section remains plane during defonnation, i.e.

ui=u°+zt e; (7. 10)
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(7. 11)

(7. 12)

(7. 13)

2) No deformation occurs in the thickness direction:

wl =w° (7. 14)

>0 /, 0,
where (u°, v°, w°) and (6^, 0y") are the midplane displacements and rotations of the

reference layer respectively. While (ui, vl, wi) and (0,c, 0y) are respectively the

displacements and rotations of the i-th layer at position z; from the midplane of the

reference layer. The middle layer in Laminate A and the 3rd layer in Laminate B are

used as the reference layers.

In the delaminated region at the interface, the above constraints are replaced by

interface elements to simulate the delamination. The interface element allows the

relative sliding and separating displacements of the layers at both sides of the

delamination, and prevents them from penetrating each other.

The single transverse crack in the model is simulated by setting free the related

degrees of freedom in the layer at positions where the crack occurs. The transverse

crack region is modeled using the modulus degradation approach (91). Since the layer

containing dense transverse cracks contributes negligible stiffness in the transverse

direction to the laminate, it is assumed in such a layer that ET ̂  0 and Vir " 0, where

Ef and VLT are the transverse Young's modulus and Poisson's ratio respectively. The
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longitudinal modulus E^&nd in-plane shear modulus G^ remain unchanged. The

following material properties have been used in the calculation: E^ = 110 GPa, Ej. =

8.9 GPa, GZT = 5. 1 GPa and v^ = 0.29.

The finite element analyses were conducted using ABAQUS code. Flexural

compliance of the plate under central indentation load was determined by dividing the

predicted deflection with the given load value. Only one quadrant of the plate was

modeled because of symmetry considerations. One of the typical meshes used in the

calculadon is shown in Fig. 7.5a. This 11 x 11 mesh has been verified by predicting

the deHection of intact laminates under sinusoidal distributed load, to which the exact

solution is available (83). The prediction is within 4% from the exact value. A mesh

refinement study has also been conducted for the damaged laminate under central

indentation load. As shown in Fig. 7.5b, the flexural compliance converges rapidly

with mesh refinement. The computation cost also increases sharply due to the iterations

required for the contact problem.

The predicted compliance is shown in Fig. 7.2 for comparison with the test

data. The predicted compliance seems to reasonably agree with the measured data in

Laminate A, but to underestimate the measurements in Laminate B at larger

delamination sizes. The damage state in Laminate B, which becomes more localized at

higher impact energies, may be more severe than the simplified model. Nevertheless

the predicted compliance curve reproduces the basic variation in test data of both

laminates. Therefore, dC/dL is determined from the predicted compliance curve. The

numerical dC/dL is plotted in Fig. 7.6 as a function of the major delamination length.

In spite of a similar tendency in variation in both laminates, dC/dL seems to depend on

the laminate construction.

It should be noted that the flexural modulus of £^, = 110 GPa has been used in
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the calculation, instead of E^= 121 GPa as measured from unidirectional beam

specimens (75). Actually, the layer modulus in the fiber direction depends on the

loading condition the layer is subjected to. The in situ layer modulus in the laminate

under central indentation load is unknown. As shown in Fig. 7.2a, using E^ =121 GPa

results in underestimate of the flexural compliance. In the present study, an equivalent

EL was determined by correlating the predicted compliance with the measured data for

intact laminates. E^ =110 GPa was found to give good correlation in both A and B

type laminates.

7.8 Delamination Arrest Criterion

According to the hybrid theory/experiment approach (89), the numerical dC/dL

in Fig. 7. 6 may be combined with test data to determine the delamination arrest

toughness. Fig. 7.7 shows Garr as a function of the arrested delamination length. Garr

was calculated from Eq. 7.2 using the measured compliance and the numerical dC/dL.

For the two laminates and the limited test data obtained, Garr seems to be relatively

constant regardless of the delamination size. Garr is about 1 kJ/m2, verifying the value

obtained in Section 7.6. A scatter between 0.5 and 1.5 kJ/m2 is observed. The scatter

may come from the measurements of C and 8arr, and from the dynamic effects during

impact test. A similar scatter has also been observed in measuring the Mode II

delamination arrest toughness of Glass/Epoxy composite (72).

In order to evaluate the delamination arrest criterion, Eq. 7.2 may be converted

into the following form:
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(7. 15)

The right-hand side of Eq. 7. 15 is a prediction of the delamination arrest deflection 8arr

based on the measured compliance C and the numerical dC/dL. The predicted 8arr

using different Garr values are plotted in Fig. 7. 8 for both laminates. It is found that the

predicted Sarr data, as shown for example in the case of Garr = 0. 5 kJ/m2, reproduce the

measured linear variation between 8arr and the delamination extension. The test data

distribute around the predicdons with Garr = 1 kJ/m2. This suggests that, knowing 8arr

and Garr, the delamination size could be determined by the delamination arrest

cntenon.

In Section 7.6, for Laminate A, it has been shown by test data that SarrlC should

vary linearly with the delamination length to reflect a constant Garr- This point may be

verified from Eq. 7. 15 using the numerical dC/dL. As shown in Fig. 7.9, the linear

variation of test data is reproduced by the predicted curve for both A and B type

laminates, taking Garr = 1 kj/m2. This shows again that the intnnsic variations of both

Sarr and C over the arrested delamination length are consistent with the constant

delamination arrest toughness in the laminates.

It should be noted that Garr by Eq. 7.2 does not include the effect of kinetic

energy. Kinetic energy is generated by both the impact load and the unstable fracture.

Part of the energy may be added to the crack driving force, so the crack may propagate

further than expected from the release of stored elastic energy (59). If the effect of

kinetic energy is significant, Garr by Eq. 7.2 should decrease with the delamination

size because the amount of kinetic energy increases with impact energy and crack

extension (59). In Fig. 7.7, however, such an effect does not seem to be significant and

may be within the scatter of test data. Actually, the contribution of kinetic energy to
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crack growth depends on many factors such as the material properties, the sample

geometry and the loading condition (92). In the present study, the plate response to the

range of drop weight impact is basically quasi-static. In addition, the active crack front

is much smaller than the dimension of the flexible plate. Much of the kinetic energy

may be contained in the material away from the crack front (59), and its effect on crack

arrest is limited. Similar observations have also been reported in other studies (66, 92-

94).

Since the delamination arrest is under a Mode II dominated condition, it is

interesting to compare Garr with the Mode II toughness of the material. It is found that

Garr is close to the average propagation toughness of 1. 02 kJ/m2, and lower than the

dynamic initiation toughness of 1. 30 kJ/m2. The two values are measured on cracked

beam specimens subjected to drop weight impact load (66). Moreover, Garr is much

lower than the initiation toughness under static loading (1. 81-2.97 kJ/m2 (66, 68, 78,

95, 96)). This sequence agrees with the loading rate dependence of the thermoplastic

composite (68). For the less rate-dependent Glass/Epoxy composite, the Mode II arrest

toughness is found to coincide with the static initiation toughness (72).

It must be noted that the Mode II toughness in (66, 68, 78, 95, 96) concerns the

delamination between 0-degree plies. While Garr in this study is not for a pure Mode H

delamination and is the toughness at the 0/90 interface. In another respect, the Garr

value depends upon the measurement of the plate deHection at delamination arrest,

8arr. From Eq. 7.2, the error in Sarrcan contribute a doubled error to Garr, i.e.

^G'arr-i ^a:=2:
rarr

'arr

(7. 16)

In the present study, 8arr was approximated in Eq. 7. 4 by the deflection at maximum
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impact load, Spmax. This assumption is based on the damage-related noise on the load-

time signal which terminated at about the time of maximum load. High-speed

photography of impact damage in [05/905/05] Glass/Epoxy laminate (35) has shown

that the major delamination stopped at or just before half of the contact duration, but

no load record was available in (35). In the present study, as shown in Fig. 5. 12a for

example, 8pmax also corresponds to about half of the contact duration. Further studies

are required to verify this point. The combination of instrumented impact tester and the

high speed photography should be able to accurately determine the load and deflection

at the instant of delamination arrest.

7.9 Unstable Delamination Growth

Unstable fracture of impact-induced delamination has been observed in both

thennoset and thermoplastic composites (21, 26, 27, 35, 50). However the mechanism

of the fracture behavior has not been studied. Energy theory of fracture indicates that

the stability of fracture depends on the variations of strain energy release rate and

material resistance during crack growth. Since the unstable fracture takes place in a

deflection-controlled condition, the strain energy release rate G defined by Eq. 7.1

varies with the plate compliance which changes as the delamination propagates.

Therefore, if the interactions between the damage modes are neglected, G variation due

to the major delamination growth can be obtained from the numencal C and dC/dL. On

the other hand, the fracture resistance of polymer composites is generally sensitive to

loading rate (66, 68-71). Under impact load or during rapid delamination growth, the

strain rate at crack tip can be very high and the material toughness significantly
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reduced. Based on these considerations, the fracture behavior of impact-induced

delamination can be qualitatively studied.

Fig. 7. 10 shows the variation of G in Laminates A and B under given plate

deHections. Due to symmetry considerations, the G variation at either propagating

crack fronts is shown, with / = L/2 being half of the major delamination length. At a

given deflection, G first increases and then decreases as a function of the delamination

length. As discussed in (59), this variation represents a typical case of unstable crack

growth and subsequent arrest. Taking Laminate A as an example, the fracture behavior

can be explained in more detail in Fig. 7. 11.

It is assumed in Fig. 7. 11 that the delamination is initiated from an initial length

/A. The initiadon depends upon the value of G at l^. When the impact energy is low, the

plate deflection is small (such as 8 = §o), so the delamination cannot be initiated

because G is lower than the initiation toughness G^r-

When the impact energy is at such a level that a critical deflection 8 = 8cr is

reached, the delamination will be initiated at Point A where G = G^r. At onset of the

delamination, an increasing amount of energy is released since G increases as the

delamination grows. So the delamination may speed up due to more energy available

for crack growth. At the same time, the material toughness, which is also shown

schematically in the figure, decreases at the crack tip. Thus the delamination is

accelerated to result in an unstable crack growth. The unstable growth continues when

G remains higher than the material toughness, but the delamination may decelerate as

G passes over its maximum (Point B) and decreases, as observed in (35). The material

toughness might also recover as the crack slows down (59). The crack arrest occurs at

Point C where G = G^rr Thus, at the critical impact energy, the delamination suddenly

initiates at l^ and extends to /<-;.
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When a higher impact energy is applied, the delamination will be a multiple

crack growth process. First, the delamination is initiated at Point A when the plate

deHection reaches 8^- The delamination rapidly propagates at this deflection, with G

varying from Pint A to Point C. It is temporarily arrested at Point C because G = Garr

This results in an inidal crack extension from ^ to /c. Since the deHection still

increases, G at the current delamination front l^ also increases. If the plate deflection is

large enough to rise G to G^r once again (i.e. to Point D), the delamination will be

initiated to have a subsequent crack growth from ̂  to /g. The delamination is arrested

at IE because G drops to G at Point E. Depending on the level of impact, the

subsequent growth may repeat a few times until final crack arrest is reached at 5= 8^r

It is seen from Fig. 7. 11 that the subsequent growth extends a small distance within the

region of a decreasing G. However, the growth may still be unstable because the

dynamic effects or material inhomogeneity could induce an initial crack speed and

cause the material toughness to drop as shown in the figure.

The crack growth mechanism in Fig. 7. 11 seems to be supported by test

observations. During testing, the delamination did not occur in the two laminates under

the impact of below 3 J. It was suddenly initiated at around 3 J, extending about 48 mm

in Laminate A and 23 mm in Laminate B. The dependence of crack extension on

laminate construcdon may be explained by the G-curve in Fig. 7. 10. The G-curve of

Laminate A is more flattened than that of Laminate B, and it possesses a larger span

over a constant Garr- At higher impact energies, larger delaminations may be generated

in both laminates. While the fracture surface, such as that shown in Fig. 5.5, exhibits

the trace of a multiple crack growth process.

It is worth noting that the fracture mechanism in Fig. 7. 11 is based on a

simplified fracture analysis. In reality, the delamination involves a complex fracture
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process. First, it has been shown that the delamination is initiated from the critical

transverse cracks, which are near, but a distance away from, the impact point (13, 14,

39). So the initial delamination length in Fig. 7. 11 is measured between a pair of the

critical cracks (Fig. 5.7a), i.e., 2/g = 21^ = 2.5. However, as can be seen in Fig. 5.5, the

delamination was not initiated from a single pair of transverse cracks, but from a group

of cracks distributed in the initiation region. Secondly, the delamination seems to be

initiated at the same time as the transverse cracks propagate. The delamination at the

first interface is also initiated simultaneously. Therefore the interacdons between the

damage modes must be significant in the initiation phase. In another respect, the

dynamic initiation toughness Gcr = 1.30 kJ/m2 has been assumed in Fig. 7. 11 for a

qualitative discussion. This value belongs to the pure Mode II fracture of unidirectional

APC-2 composite under drop weight impact (66). The complex crack initiation process

as shown in Fig. 5.5 is rather controlled by some mixed-mode fracture properties of the

material.

Experimental studies (26, 27) in terms of comparison testing have shown that

the laminate response under low velocity impact approximates to the static indentation

response. Similar delaminations are also observed in the indentation test as a result of

unstable crack growth and subsequent arrest (26, 27). Since the present analysis is

based on quasi-static considerations, the fracture behavior in Fig. 7. 11 may also apply

to delaminations caused by indentation load.



Chapter 8

Measurement of Mode II Interlaminar

Fracture Toughness

8.1 Objective

Previous studies demonstrate that the impact-induced delamination in the

crossply laminates results from a Mode II dominated unstable fracture. The

delamination seems to be arrested at a constant interlaminar fracture energy. Therefore

the Mode H fracture toughness may be an important parameter for characterizing the

delamination. In the present study, the end-loaded-split (ELS) fracture test (97) is

conducted to measure the Mode II toughness of APC-2 composite.

The ELS specimen, as shown in Fig. 8. 1, is a cantilever beam with a midplane

crack near the loaded end. This specimen is considered because the crack may grow in

an initially unstable and subsequently stable manner (72). The fracture behavior may

be used to measure the Mode II crack arrest toughness if the crack is arrested within

the beam span. The crack arrest toughness has been measured in (72) for Glass/Epoxy

composite. The measurement for APC-2 composite is discussed in the present chapter.
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8.2 ELS Fracture Test

Some [0]26 plates were manufactured for the ELS fracture test, following the

procedure discussed in Section 4.2. The artiHcial delamination was made by inserting a

25^m-thick Kapton film at the midplane of the plate during laying up. After molding,

the plates were cut into 145 x 12.5 x 3.5 mm beam specimens using a diamond coated

saw. Water was used to reduce the local heating caused by cutting.

The ELS test was conducted on an Instron 1125 tester at the crosshead speed of

5 mm/min. The beam span, L, was 80 mm. And the crack length, a, was varied by

clamping the specimen at different positions along the uncracked part of the beam.

Fracture analysis by linear beam theory (98) predicts that the crack growth may be

unstable when a/L < 0. 55 and is stable for longer crack lengths. Both stable and

unstable fracture cases were considered. A modified cylindrical load nose, 3 mm in

diameter, was used to provide a uniform line load over the beam width. Dunng testing,

the load-deflection (P-8) response of the specimen was monitored using the Instron

Series DC automated materials testing system, which was operated through a personal

computer.

Previous studies (96, 99) on Mode II fracture of APC-2 composite have shown

that the resin-rich region at the Kapton-film crack tip results in artificially high values

of Mode II toughness. Therefore, a Mode II precrack was introduced as suggested in

(99). For precracking, the specimen was clamped with a/L > 0. 65 and was loaded until

the crack stably extended for about 10 mm. Then the cracked part of the sample was

slightly opened and the crack tip position determined using a 1 Ox optical microscope.

The crack tip was marked on both sides of the beam.
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8.3 Results and Discussion

8.3. 1. Crack Length and Fracture Load

Determination of fracture toughness depends on measuring the crack length and

the load (or deflection) at fracture. The crack length was measured on the fractured

sample between the initial crack tip and the imprint of load nose on the beam surface.

The measurements on both sides of the sample differ within 1.6 mm and the average

value was used for toughness calculation.

The fracture load. Per, was determined from the P-5 curve as shown in Fig. 8. 2.

Case (a) is a typical unstable fracture and Case (b) is a stable one. In both cases, the P-

8 response is linear at small deHections and gradually becomes nonlinear as the

deflection increases. The extent of nonlinearity becomes more significant when

approaching the maximum load, P max- Nonlinearity in P-8 curve has also been

observed in Mode II test on APC-2 composite using the end-notched-flexure (ENF)

specimen (78, 96, 99). In (78, 96, 99) the ENP specimens were sized to guarantee a

small deHection at fracture, and the observed nonlinearity was attributed to either the

visco-elastic effects or subcritical crack growth in addition to material yielding at the

crack tip. In the ELS specimens, however, the deHection in Fig. 8.2 was relatively

large when the nonlinear response began. Therefore it is expected that the effect of

large deflection may also be a source of the nonlinearity.

In order to determine Per, a few specimens were selectively unloaded at

different load levels. The specimen edges were then examined under the microscope

for crack growth. The unloading points are illustrated in Fig. 8.2b, where Point 1 is in

the range of initial nonlinearity, Point 2 is located just before Pmax, and Point 3
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(obtained only for stable crack growth) is when the load passed over Pmax and began to

Hatten or to drop. It was found that the crack did not seem to grow at the load levels

defined by Points 1 and 2, while crack growth was always observed at Point 3.

Therefore, the initial nonlinearity in the P-5 curve is caused by the large deflection

effect. And it is appropriate to assume that the crack initiation occurred at around Pmax-

It should be noted that some stable crack growth has been observed in ENF

specimens before the maximum load is reached (78, 96, 99). Such growth, if existed,

was not measurable in the ELS specimens. Nonlinear deformation and microdamage

(96) may have also occurred at the crack tip before Pmax was reached. The enhanced

nonlinearity near Pmax might be due to such mechanisms. The mechanisms may be

detected by techniques such as acoustic emission (96), not by visual inspection of the

specimen edges. In the present study, the fracture toughness is defined as the material

resistance to growth of the observable "macro-crack". Thus it is reasonable to take

Pffiax as the critical load for crack initiation. The corresponding deflection, 8pmax, was

also recorded for toughness calculation.

8.3.2 Large Deflection Effect

Linear elastic fracture mechanics theory indicates that (59), if the P-^ response

of a cracked beam remains linear until fracture, the fracture toughness Gc can be

calculated either from the fracture load Per'.

-PJLdC
lc~2b~da (8. 1)
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or from the deHection at fracture 5/.r:

G, =J-^^
fc~2bc^~da (8. 2)

The flexural compliance C may be derived from linear beam theory. For the ELS

specimen it has been shown that (98)

C=7J^('-3^)
bh3Ef'~ 3

(8. 3)

where £/- is the Hexural modulus in the axial direction of the beam, which can be

measured by the method developed in (72). Then the Mode II toughness may be

written in the fonn

GW) = 18P,2, a2
b2h3Ef

(8. 4)

or equivalently

GW-9s^h3E.
8(3a3 + L3)2

(8. 5)

'crwhere Gjj^P) and Gjj^S) denote the toughness values calculated by Per and 5cr

respectively.

Eqs. 8.4 and 8.5 are simple to use and valid in the range of small deflections.

However, in testing APC-2 composite, the ELS specimen requires a large deflection to
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initiate the fracture. In this situation, the toughness could still be calculated from Eqs.

8.4 or 8.5, but the resulting values may not be accurate because the fracture occurs in

the nonlinear range of P-8 curve. Although such effects can be minimized by

increasing the sample thickness, it is of practical significance to evaluate the effects

and to provide corrections to the linear theory results.

Large-deHection analysis of ELS specimen has been considered by Williams

(98, 100). The ELS specimen in (98, 100) is different from the original form (Fig. 8. 1).

And the corrections to Eq. 8.4 were only provided for the limiting cases as fi^L -> 0 and

a/L->l. In the present study, a similar analysis was carried out for the original ELS

specimen, and corrections to Eqs. 8.4 and 8.5 were obtained for all range of crack

length. Details of the analysis are included in Appendix A.

Analyses in Appendix A show that the toughness values calculated from Eqs.

8.4 and 8.5 differ if the specimen is fractured at a large deflection. For the crack length

of a/L > 0. 3, the Mode II toughness G//c is generally underestimated by G^{P) and is

over estimated by Gfj^S). The large deflection effect may be eliminated by using the

following corrections:

Gnc=FpGj^P) (8. 6)

Gnc=FsGsn^ (8. 7)

where Fp and FS are the large deHection correction factors. Figs. 8.3 and 8.4 plot Fp

and FS respectively as functions of the specimen deHection normalized by crack

length. The values are also tabulated in Appendix B for reference. The data reduction

scheme based on Eqs. 8.4 and 8.6, or Eqs. 8.5 and 8.7, maintains the simple calculation
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by linear beam theory and accounts for the large deHection effect.

8.3.3 Mode H Initiation Toughness

Fig. 8. 5 presents the Mode II initiation toughness calculated from Per and 8cr

using Eqs. 8.4 and 8.5 respectively. Each calculation seems to suggest a constant

toughness over the crack length within the scatter in test data, but the value from 8cr is

obviously higher than that from Per. This is consistent with the large deflection effect

as discussed in Appendix A. The results corrected by Eqs. 8.6 and 8.7 are plotted in

Fig. 8.6, where the data of the specimens from one panel are shown for clarity. The

corrected data tend to agree with each other to suggest a common toughness. Gnc

averaged from all test data is 2.82 kJ/m2, which is higher than the value in (66, 68, 99)

but agrees with that reported by other researchers (78, 96).

8.3.4 Unstable Fracture

One of the purposes in testing the ELS specimen is to measure the Mode II

crack arrest toughness of APC-2 composite. Such a measurement requires two

conditions that the unstable fracture is achieved and the crack growth is arrested within

the beam span. Since the unstable fracture occurs at a high crack speed, the sample

deflection remains almost constant during the fracture process. So the arrest toughness,

Gua, may be calculated from Eq. 8. 5 by using the arrested crack length, Oarr-

Gjia has been measured successfully in (72) for Glass/Epoxy composite.
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However, it could not be measured in the present study for APC-2 composite. The

unstable crack was not arrested within the beam span and it propagated into the clamped

end. The crack arrest could not be achieved even if thicker specimens ([0]so and [0]4o)

were used. It seems that, for the rate-sensitive material, the ELS specimen should be

modified or other types of specimen developed for measuring Giia.

Some considerations on the fracture behavior of the ELS specimen may be

helpful for the design of a better test method for Giia measurement. Fig. 8.7 shows the

variation of strain energy release rate, G//, over the crack growth in an APC-2 ELS

specimen at the critical deflection. From the linear beam theory analysis (98), the

unstable fracture may be achieved if

a^ < 0. 55 (8. 8)

where G// increases at crack initiation. However, test observation showed that the

condition for unstable fracture is affected by a number of mechanisms. First, as shown

in Fig. 8. 1, a flexural failure may occur at the clamped end because of excessive axial

compressive stress at the bottom surface of the beam. Such a failure must be prevented

for a valid fracture test. At crack initiation, Gjj = G[ic, so the maximum compressive

stress ffmax may be derived from the bending moment at the clamped end, i.e.

-^^2EfGjjc (8. 9)

CTmax should not exceed the axial compressive strength Ocr of the material. This requires

that

&> lEjGnc
ha^r

(8-10)
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Therefore the crack length without flexural failure depends on the relative magnitudes

of the fracture toughness, flexural modulus and compression strength of the material.

Referring to Eq. 8.8, the unstable fracture may not occur in the material having either a

high fracture toughness or a low compressive strength, unless thick specimens are

used. For the [0]26 APC-2 specimen, with o-cr = 1100 MPa (Table 4. 1), Ef = 118 GPa,

G[[C = 2. 82 kJ/m2 and h = 3. 5 mm, a small range of crack length is available for

producing unstable fracture:

0.4 < a/L <0.55 (8. 11)

In fact, the crack length is more limited than Eq. 8. 11 because of the large deflection

effect. As discussed in Appendix A, the large deflection effect tends to reduce the

crack length for producing unstable fracture. Test results showed that the unstable

fracture could be achieved at about a/L = 0.43. A longer or shorter crack length may

result in either a stable fracture or the bending failure at the clamped end. This

limitadon must be considered in designing a flexural specimen for Gna measurement.

In Fig. 8.7, with similar discussions as in Fig. 7. 11, the posidon of crack arrest

seems to depend on both the shape of the G-curve and the fracture properties of the

material. For a less rate-sensitive composite, G//a is lower but close to Giic. So the

crack could be arrested within the specimen. This is the case in testing Glass/Epoxy

composite (72), where Giia was found to be around the initiation toughness. For the

rate-sensitive composite, G//a may be much lower than G//c. The crack could not be

arrested before reaching the clamped end, where Gn is still high enough to drive the

crack. It seems that, to arrest the crack within the beam, the specimen should be so

designed that the G-curve decreases sharply to very low values in the range of stable
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fracture.

A survey is made of the available Mode II fracture tests using cracked beam

specimens. The width-tapered ELS specimen (98) has been shown to offer a stable

fracture. As shown in Figs. 8.8a and 8.8b, the fracture in the center-notched-flexure

(CNF) specimen (66, 95) and the cantilever-beam-enclosed-notch (CBEN) specimen

(72) is essentially unstable. These specimens cannot be used for measuring Gjja. The

end-notched-flexural (ENF) specimen (101), Fig. 8.8c, exhibits a unstable/stable

fracture behavior for the initial crack length of a/L < 0. 75. The G-curve over a > L is

established from the compliance expression derived in (71). The G-curve can decrease

to very low G// values in the stable fracture range. This specimen could be a candidate

for measuring Giialn rate-sensitive composites. However, care must be taken for the

position of crack arrest. Since the load is applied at a = L and G// drops sharply at a >

L, the crack may be arrested at or near the point of load application. So the friction

between the crack surfaces (58) contributes to the crack arrest. This effect should be

evaluated before the specimen could be applied for Gffa measurement.
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Chapter 9

Summary and Conclusion

In summary, this dissertation studies the low velocity impact damage in

PEEK/Carbon (APC-2) thermoplastic composite. Emphases of the study were focused

on the material properties that may control the damage extension of impact-induced

delamination and transverse crack. Specifically, the following studies have been

carried out:

1) Three crossply laminates, namely [05/905/05], [03/903/03/903/03] and

[0/90/... /0/90]i5t> were subjected to instrumented drop weight impact test. The damage

behavior was characterized by visual inspecdon, X-radiography and a thermal deplying

technique. Fractography of the delamination surface was studied by scanning electron

microscope and compared with that of pure Mode I and Mode II impact fracture

surfaces. The post-impact flexural compliance was also measured by a static

indentation test.

2) A method combining the "first-ply-failure" test and incremental laminate

analysis was proposed to determine the thermal residual stress and the in situ lamina

strength in the thermoplastic laminates.

3) The Strength of Materials approach to characterizing the damage

extension was evaluated by a dynamic finite element stress analysis using the
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measured impact force history. Correlations between the impact stress field and

damage extension were studied qualitadvely. Effects of the residual stress and crack

constraming mechanism on transverse crack extension were accessed.

4) A fracture mechanics approach based on the concept of crack arrest

toughness was proposed to characterize the impact-induced delamination. The

delamination arrest criterion was verified by studying the delamination behavior in

[05/905/05], [03/903/03/903/03] laminates. The strain energy release rate was calculated

by the compliance method of linear elastic fracture mechanics. The variation of

compliance with delamination size was calibrated by a finite element method which

simulates the delaminations and transverse cracks. The predicted compliance was

combined with test data to perform the fracture analysis.

5) Large deflection analysis of the end-loaded-split (ELS) fracture test was

conducted and verified by test measurement. Data reduction procedure of the test was

improved to take into account the large deflection effect on Mode II toughness

measurement. Using the specimen for measuring Mode II crack arrest toughness was

also discussed.

Based on the above studies, the following remarks could be made:

1) For the crossply laminates studied, APC-2 composite exhibits the same

damage modes as thermoset epoxy composites. Delamination and transverse crack

predominate the damage in [05/905/05] and [03/903/03/903/03] laminates, while fiber

breakage controls the penetration failure in [0/90/... /0/90] 151 laminate. The material is

superior to Kevlar/Epoxy and Graphite/Epoxy in impact delamination resistance.

2) Thermal residual stresses in the laminates can be as high as half of the

transverse strength of the material. For a small lamina thickness, the crack constraining

mechanism significantly increases the in situ lamina strength over the unidirectional
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strength.

3) The extension of transverse cracks in the impacted laminates cannot be

predicted by the Strength of Materials approach. The delamination growth is

qualitatively related to the interlaminar shear stress field. But the stress field cannot be

used to predict the delamination size because it had been released at the delaminated

interface.

4) Impact-induced delamination in the crossply laminates is a process of

Mode II dominated unstable fracture and subsequent crack arrest. The delamination

extension may be characterized by strain energy release rate and the delamination

arrest criterion. The fracture occurs under deflection-controlled conditions and is

arrested at a constant interiaminar fracture energy. For the two laminates considered,

the delamination arrest toughness seems to be independent of the delamination size.

5) Large deflection effect may be significant in the end-loaded-split (ELS)

fracture test. The toughness values calculated linear beam theory can be corrected by

the correction factors provided in the present study.
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Recommendation

The following recommendations are made for future investigations:

1) The proposed delamination arrest criterion needs to be verified by testing

different laminate types and various material systems. The effects of laminate

geometry and impact conditions should also be evaluated.

2) On-line records of the impact force, laminate response and the history of

delamination propagation are required for studying the delamination growth.

Instrumented impact test equipped with a combination of the moir6 technique and high

speed photography (51) may be an appropriate choice for the opaque carbon fiber

composites.

3) Simple and effective methods should be developed to calculated the

strain energy release rate in damaged laminates. The finite element model used in the

present study may be improved to calculate the strain energy release rate at the

delamination front, then the effect of large deflection on delamination growth may be

estimated.

4) The finite element model may also be used to simulate the delamination

propagation by releasing the MFC equations at the delamination front. Multiple

delaminations at different interfaces may be simulated to assess the interactions
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between them.

5) Test methods should be developed to characterize the dynamic fracture

properties of composite materials. The Mode II crack arrest toughness could possibly

be measured by modifying the ELS specimen or the ENF specimen. The effect of

kinetic energy on the toughness measurement needs to be estimated.
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Appendix A

Large Deflection Analysis of
End-Loaded-Split Fracture Test

A.l Objective

When the end-loaded-split (ELS) fracture test. Fig. A. la, is used to measure the

Mode II delamination toughness of tough or less rigid composites, a large deflection

may be required to initiate the fracture. The data reducdon procedure based on linear

beam theory analysis, i.e. Eqs. 8.4 or 8.5, needs to be corrected to eliminate the large

deHection effect.

Large deflecdon analysis of ELS specimen has been studied by Williams (98,

100). The ELS specimen in (98, 100) is modified from its original fonn (Fig. A. la) to

include an end block as shown in Fig. A. 1c. And the correction to strain energy release

rate is only given for two limiting cases: dL-^ 0 and a/L^ I, where a and L are the

crack length and the span of the specimen respectively

In this appendix, the original ELS specimen is analyzed by nonlinear beam

theory. Large deflection corrections to strain energy release rate are obtained for all

range of crack length. The effect of large deflection on fracture stability is also

discussed.
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Figure A. 1 Geometry of end-loaded-split (ELS) specimen: (a) before

deformadon; (b) after deformadon; (c) modified ELS speci-

men [98, 100].
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A.2 Large Deflection Analysis

A.2.1 Problem Formulation

The ELS specimen in Fig. A. la can be separated into three parts: the cracked

parts (Beams 1 and 2) and the uncracked part (Beam 3). The sample geometry before

deformation is defined by the span L, crack length a, width b and total thickness h. The

delamination is located at the midplane. The deformed configuration is shown in Fig.

A. Ib. In the coordinate system assumed, any secdon of the beam can be determined by

the Cartesian coordinate x, the distance from load point S, or the angle of slope <p. The

beam deflection is denoted by v. Boundary conditions of the deflected specimen can be

specified as follows. At the load point (Point A)

x=0, S=0, y=a and v= 5 (A. 1)

At the crack tip (Point B)

x=l, S=a\, <p = o?i and v = 5i (A. 2)

and, at the clamped end (Point C)

x=L, S=L+(ai-a), <p=0 and v=0. (A. 3)

If the fricdon between the load nose and beam surface is neglected, load P acts

normally to the contact point. The bending moment at any section of the specimen can

be expressed as

M=- P[x cosa + (5 - v) sina} (A. 4)
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The bending moment in the uncracked part: Ms = M, and in the cracked parts: Afj +

M2=M.

For slender beam specimens, the deformation is mainly due to bending. It is

also assumed that the beam is under small strain level and the material obeys linear

elastic stress-strain relation. Consequently, the elementary beam equation holds, i.e.

i-=J4_
R Efl

(A. 5)

where R is the radius of curvature of the deflected beam axis, Ef is the effective

flexural modulus (72) and 7 is the area moment of inertia of the beam section. For the

uncracked part: I = bh3/12, while for the cracked parts: Ii=h= 1/8.

Eq. A.5 is generally nonlinear in the large deflection situation. Freeman (102)

proposed a method for solving Eq. A. 5 by using the angle of slope (p as the basic

variable. The method has been applied to analyzing the cracked beam specimens in

(100). Consider a small beam element dS as shown in Fig. A.2, the increment of beam

parameters may be expressed in terms of (p, i.e.

dS=Rd(p

dx= R cosy d(p

dv= - R sin(p d(p

(A. 6)

(A. 7)

(A. 8)

and from the latter two equations

AL
dx =-tg(p (A. 9)

It is worth noting that the sign of each tenn in the above equations must be correctly
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Figure A.2 Geometry of a beam element.
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specified with respect to the coordinate system assumed. With R < 0 in the present

case, d<p>0 corresponds todS <0, dx<0smddv> 0, being consistent with Eqs. A.6

to A.9.

A.2.2 Solution to the Cracked Parts

Consider the cracked parts of the specimen. Under bending, deflecdons of the

two arms are compatible with each other, so the same curvature exists in both arms.

According to Eq. A.5, the same bending moment must act in both arms, i.e. Mj =Mz=

M/2. Therefore it is only necessary to study Beam 1.

Eq. A.5 can be written for Beam 1 in the form

j- = - ^f- \x cos a +(8-v) sina} (A. 10)

By differentiating Eq. A. 10 with x and then substituting Eq. A.9, we can express 7?i

using <p as the basic variable, i.e.

J_^L=.
R? dx lEfh

[cosa + sina tgcp ] (A. 11)

Eq. A. 11 is then integrated to give

. l^=Tl~~+~£PT~sm(a~(P)
2?i2 7?i2(A) £//i

At the load point, l/Ri(A) = 0, because Ati (A) = 0. Consequently,

(A. 12)
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Ri=- -LJ- . 1
P sin a - (p)

(A. 13)

where ai<(p<a. The minus sign is taken in Eq. A. 13 in order to be consistent with

Eq. A. 10. At the crack tip, a useful relation is obtained by substituting Eq. A. 13 into

Eq. A. 10

/ cosa + (5 - 8\) sina = 2 ±a^- sin(a - ai) (A. 14)

Now, with Ri given by Eq. A. 13, all beam parameters in Beam 1 (and Beam 2)

may be obtained by integradng Eqs. A. 6 to A. 8 with respect to (p. For a beam element

dS^

dSi=- E^h_ d(p
P sin(a - (p)

(A. 15)

its coordinates and deflection are given as

a

x =
Efh cos^dE'
p sin(a-^)

(A. 16)

a

s= E^- ^
p sin(a-^)

(A. 17)

v=8- Efh
p

a

v

sin^ d£,

sin(a- ̂ )
(A. 18)



where CTI <<p< a. At the crack tip in particular, Eq. A. 2 results in

«. ' 
EdL i . dv

P 1, sin(a -
lai

?a
^1
P L

'ai

cos({> d(p1= c^\
P J isin(a-(p)
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(A. 19)

(A. 20)

5-5i= Efh | ^"<P^<P
P j^ sin(a-(p

(A. 21)

A.2.3 Solution to the Uncracked Part

Similar analysis can be made for the uncracked part. Eq. A. 5 is integrated for

Beam 3 to give

^~-^B)-^i[s"'{"-"t)-sm(a-<l')} (A. 22)

where l/R^fB) can be determined from the bending moment at the crack tip. With Eqs.

A.4 and A. 14, it is found that

^-=?£v;ym(a-ai)
R^B) 2EfI

(A. 23)

Hence

R3=- 1EfI 1
P 14sin(a - (p) - 3sin(a - ai)

(A. 24)
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A set of relations similar to Eqs. A. 15 to A. 18 are also obtained for the uncracked part

of the specimen. These include

^3=- E^ d^
P 14sin(a - (p) - 3sin(a - o?i)

ai

x=l+ rzETT

<p

cos^ d^

4sin(a - £,) - 3sin(a - o?i)

(A. 25)

(A. 26)

5=ai+
Efl

ai

v

^

4sin(a - ^) - 3sin(a - o?i)
(A. 27)

v = 5i -

Otl

<p

sin^ d&,

4sin(a - ^) - 3sin(a - ai)
(A. 28)

where 0 <<p < ai

From the above solutions, the boundary conditions at the clamped end, Eq. A. 3,

may be expressed as

L-a= 2£,
. ai

Ll
lo

d(p

2£,
. ai

Ll
/o

P ] 14sin(a - (p) - 3sin(a - ai)

cosep dy p^T j cosy d<p

(A. 29)

^^ £Z2-'_ I -^"y^-r ^
P !" 4^w(a - 9 - ^m a - ai V 8P |^ ^m a - ^5)

IE,'{
10

8= 2Ef1 ("A ^m^^y +/\/^| "n<P^ (A. 31)
P \^ 4sin(a - (p) - sin a- a^ V 8P ^ sin(a - (p)

."
T| sir
P ] sin

lai
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The first two equations imply that, for a given a, P and c<i are determined by the

geometry conditions that require a constant distance between the load line and the

clamped end, and a constant length of the uncracked part of the specimen. All other

parameters of the deflected beam may be calculated from a, «i and P using Eqs. A. 15

to A. 18 and A.25 to A.28. Therefore Eqs. A.29 and A.30 are the controlling equations

of the problem.

In the case of small deflecdons, the following approximations exist: sin(p^ (p,

cos (p^ 1. The integrals in Eqs. A. 29 to A.31 may be evaluated explicitly. It is found

that

«1=
P(L2 - a2)

lEfl

a=
P(L2 + 3a2)

lEfl

(A. 32)

(A. 33)

Substitudon of these relations to Eq. A.31 results in the compliance expression by

linear beam theory, Eq. 8.3.

In the case of large deflections, ai can be considered as the basic unknown.

Eqs. A. 29 and A. 30 are combined to eliminate P, and ai is determined using the

Newton-Raphson method (103). The integrals are evaluated numerically. Since an

integratable singularity exists at <p= a in the integrands with I/ sin a- (p) , the

following quadrature was used (104)

r1 JL

f(x)dx=^ sinftl^-!r)f[cos(21^-^
l-l k= I

(A. 34)

In addition, the following dimensionless parameters are introduced in the solution
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a-t'p-^-~s-i (A. 35)

A.3 Large DeHection Response

Fig. A. 3 shows the load-deHection response of an ELS specimen with a/L =

0. 5. The test measurement on APC-2 composite. Fig. 8.2b, is also plotted for

comparison. The load is normalized by L2/EfI and the deflection by L. The close

agreement between test data and predicted curve verifies the analysis. Also shown in

the figure are Px and Py, the horizontal and verdcal components of P. Py follows P at

first and it gradually deviates from P and declines as the sample deflects. Px gradually

builds up from zero and approaches P with increasing deHection. At a= ̂ /2, Py = 0

and Px = P, i.e. the beam axis becomes vertical at the load point and the load is applied

laterally in the A'-direction. It is significant to note this point because, during testing,

the load cell is more sensitive to Py and much less so to Px, thus the load may not be

reliably measured if the specimen deflects well into the nonlinear range. For the APC-

2 specimen, the load follows P up to fracture. So the critical load Per has been used in

Chapter 8 for toughness calculation. It could be expected that, in testing composites

with tougher matrix and less rigid reinforcement, the deflection at fracture 8crm&y be

so large that Per could not be correcdy measured. In that case, using 8cr for toughness

calculation may be a suitable approach.

Previous studies (105) have shown that the bending moment at crack tip, M(l),

detennines the strain energy release rate. In small deflection situations, the moment is
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Figure A. 3 Load-deflecdon response of ELS specimen (<a/L = 0. 5).
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detennined from the vertical load and the original crack length, i.e.

M, (a) = Pa (A. 36)

In large deflection situations, the moment includes the contnbutions from both Px and

Py. Using Eqs. A.4 and A. 14, M(l) can be expressed as

M(/)= PEfI sin(a - ai) (A. 37)

Fig. A.4 compares M(l) and M^a), both are normalized by (EfI/L). Under a given load,

M(l) is underestimated by the linear analysis.

Fig. A.5 shows the actual crack length a; versus deflection for a/L = 0.2, 0.5

and 0. 8. The crack length, and thus the beam length under load, increases with

increasing deflection. The variation also depends on the initial crack length. Therefore,

when the crack extends in the deflected configuration, the system becomes non-

constant in the sense that the beam length under load varies.

A.4 Strain Energy Release Rate

The above analyses reveal that the ELS specimen is nonlinear and non-constant

when the crack grows at a large deHection. According to Griffith's energy theory of

fracture, the strain energy release rate G of a cracked solid is defined as the energy

released by the system when the crack extends to create a unit area of fracture surface

(59). Therefore, G may be determined by differentiating the strain energy U with

respect to crack length at a fixed deflection, i.e.
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(A. 38)

where the beam width fc is uniform throughout the specimen.

For a beam element dS, the strain energy due to bending deformation is given

by

dv-^-, (A. 39)

So the total energy U is obtained by integrating Eq. A.39 over each part of the ELS

specimen. U can be expressed as

u

.ai _ fL

~-[2^"sl +f
lo .' Ja\

L + ai -a

^-^ (A.40)

where dSi and dSj are given in Eqs. A. 15 and A. 25. Therefore the Mode II strain

energy release rate G// may be determined by evaluating the increment in U associated

with a crack extension Aa, i.e.

U(a+Aa)-U(a)

b Aa
(A. 41)

Numerical analyses show that Aa = 0. 001a gives convergent results.

Williams (98, 100, 105) suggested a "local moment method" for calculating the

strain energy release rate. The method is based on the energy change due to crack

growth in a small beam element ahead of the crack tip. In a cracked beam specimen

under bending, Gn is found to depend on the crack-tip bending moment M. (l). When

the crack is placed at midplane, G// is generally given in the form:
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G n=
3M2(0
IbEfl

(A. 42)

For the ELS specimen under small deflections,

G^=^7 (A. 43)

When P = Pcr, Gsi^P) is identical to Eq. 8.4. Under large deflections,

3Psin(a- «i)
Gn= 4h

(A.44)

The local moment method considers only the energy change at the crack tip. It needs to

be verified for the ELS specimen because the beam length varies during crack growth,

which also changes the stored energy.

Table A. 1 Comparison of strain energy release rate calculation methods

a (deg)

10

20

30

40

50

60

70

80

90

a/L=0.5

GiibL2/EfI
(Eq. A.41)

0.0148

0.0576

0. 1233

0. 2030

0.2841

0. 3506

0. 3862

0. 3789

0.3269

GnbL2/EfI
(Eq. A. 44)

0. 0148

0.0576

0. 1232

0.2029

0. 2838

0.3497

0. 3851

0. 3777

0.3261
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Table A. l compares the strain energy release rate calculated from the total

bending energy by Eq. A. 41 and that from the local moment method by Eq. A. 44. For

the typical case (a/L = 0. 5), G// is slightly underestimated by the local moment

method. But the error is negligibly small. The same observation is true for other crack

lengths. So the local moment method can be used for the ELS specimen under large

deflections.

Another point requiring verificadon is that only the bending strain energy is

considered in the G// calculation. Fig. A.6 compares the measured strain energy and

the bending energy predicted by Eq. A. 40. The test data follow closely the prediction

but seem to be slightly underestimated. This may be attributed to neglecting the shear

and stretching energies in Eq. A. 40. It has been demonstrated (72) that the shear

energy does not contribute to the energy release rate during crack growth because it is

not related to the crack length. In the present study, this is verified by measuring the

energy variation over a range of crack length at a constant deHection. As shown in Fig.

A. 7, the energy data agree very well with the curve that is shifted by a constant from

the predicted bending energy. Therefore, within the assumption of beam theory, it is

appropriate to calculate G//from the bending strain energy.

It should be noted that, although the shear strain energy estimated by beam

theory is not associated with crack growth (72), the significant shear deformation at the

crack tip is (58). Such local effects can be accounted for by using advanced stress

analysis techniques (58). This is beyond the scope of the present study.

Fig. A. 8 compares the strain energy release rate by nonlinear beam theory to

that by linear theory. For a/L > 0. 3, Gji is underestimated by Eqs. A.43 or 8.4 using

load for the calculation, while it is overestimated by Eq. 8.5 using deHection. For a

shorter crack length, however, linear theory underestimates Gji using either load or
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deflection in the calculation. In all cases, it is significant to correct the strain energy

release rate by linear beam theory if the specimen is subject to a large deHection.

A.5 Large Deflection Correction Factor

Large deflection effects on strain energy release rate can be eliminated by

providing corrections to the linear theory results. When load is used for calculating Gn,

the correction factor is defined as

Fp= Gn
GW

(A. 45)

tf deflection is used for the calculation, the correction factor is

F^= Gr

GW
(A.46)

where Gy(S) is given by Eq. 8.5. The correction factors Fp and FS have been plotted

in Figs. 8. 3 and 8.4 respectively for different crack lengths. The values are also

tabulated in Appendix B for reference.

It is noted that the correction factor for Eqs. A.43 or 8.4 has been proposed in

(98) for the modified ELS specimen (Fig. A. 1c). The correction factor was given in

explicit form for two limiting cases, assuming zero height of the end block, i.e.

F^cos2a (a/L-^0) (A. 47)

^; -1 -15+ 50(a'L),2 +6wy ̂    ^ D
1 + 6(^L)2 + 9(^L)4 20 VLy

(A.48)

Fig. A. 9 compares F^ with Fp in the typical cases. The difference between Fp and Fp
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in the tendency of variation suggests that F^ cannot be used for the original ELS

specimen. The difference may be explained by considering the deformed geometry and

the bending moment at the crack tip section. In the modified ELS specimen (Fig.

A. 1c), the crack-dp moment decreases with deHecdon because the load was assumed

to be constant in (98, 100) while the horizontal distance between the load line and the

crack tip reduces as the sample deOects. In the original ELS specimen, on the contrary,

the bending moment increases with deflection as shown in Fig. A.4.

A.6 Fracture Stability

Fracture stability may be approximately estimated by examining the variation

of strain energy release rate over crack length (98). The fracture may be unstable

(stable) if G// increases (decreases) with the crack growth. For the ELS specimen in

the displacement controlled test condition (Fig. A. la), analysis by linear beam theory

indicates that the fracture is stable when a/L > 0. 55 and is unstable at a shorter crack

length. In large deflection situations, the Gu variation over crack length is shown in

Fig. A. 10. As compared to that predicted by linear beam theory, the crack stability

depends not only on the crack length but also on deflection of the sample. The large

deHection effect tends to result in stable fracture at a crack length shorter than a/L =

0. 55. This effect has been observed in Chapter 8 in testing the APC-2 composite.
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Appendix B

Large DeOection Correction Factors
for End-Loaded-Split Fracture Test

a ai

(deg.) (deg.)

10

20

30

40

50

60

70

80

90

9. 56

18.76

27. 19

34.37

39.90

43.52

45. 04

44.34

41. 34

0^=0.1

8 P

(8^8/a) (P=PL2/E^)

1. 1350

2.2710

3.4020

4.5180

5.6060

6.6590

7.6720

8.6420

9.5870

0.3345

0.6326

0.8663

1.0230

1. 1070

1. 1290

1. 1050

1.0450

0.9516

Fp

1.466

2.002

3.023

4.904

8.033

12.720

19.230

28. 150

39.610

F8

1.424

1.737

2. 191

2. 812

3.499

4.090

4.460

4.597

4.362
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a 01.1

(deg. ) (deg.)

10

20

30

40

50

60

70

80

90

8.50

16.56

23.78

29.77

34.22

36.91

37.66

36.36

33.01

a/L=0.2

8 P

(8=8/0) (P=PL2/£^)

0. 5316

1.0610

1.5870

2. 1070

2.6200

3. 1270

3. 6320

4. 1480

4.7120

0. 3064

0.5805

0.7984

0.9488

1.0320

1.0550

1.0260

0. 9528

0.8360

Fp

1.0690

1. 3030

1.7020

2.3640

3.3060

4.6580

6. 5340

9.0690

12.5500

Fs

1.0340

1. 1350

1.2550

1.3960

1.4940

1. 5440

1.5200

1.3940

1. 1510

a 0,1

(deg. ) (deg.)

a/L = 0.3

8 P

(8^8/a) (p=PL21Ef)
Fp Fs

10

20

30

40

50

60

70

80

90

7. 10

13.79

19.71

24. 53

27.99

29. 87

30.05

28. 50

25.35

0.3301

0.6598

0. 9893

1.3190

1.6520

1.9910

2.3460

2.7370

3.2100

0.2704

0.5146

0.7120

0.8510

0.9284

0.9467

0.9106

0. 8251

0. 6949

1.0460

1. 1760

1.4040

1.7520

2.2550

2. 9560

3.9240

5. 2660

7.2180

1.0140

1.0320

1.0490

1.0510

1. 0280

0.9643

0.8531

0.6904

0. 4880
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a ai

(deg.) (deg.)

10

20

30

40

50

60

70

80

90

5.62

10.90

15.54

19.25

21.82

23.09

22.98

21.54

18.96

a/L=OA

8 P

(8=8/0) (P=PL2/E^)

0.2344

0.4700

0.7081

0.9510

1.2020

1.4690

1.7630

2. 1070

2. 5470

0.2323

0.4436

0. 6163

0.7389

0.8060

0.8170

0.7752

0.6865

0.5601

Fp

1.0310

1. 1200

1.2720

1.5040

1. 8340

2.2990

2.9470
3.8760

5. 2660

Fs

0.9990

0.9844

0. 9505

0.8961

0. 8131

0.7018

0.5624
0.4061

0. 2512

a a.1

(deg.) (deg.)

10

20

30

40

50

60

70

80

90

4.24

8.22

11.69

14.43

16.28

17. 13

16.95

15. 82

13.89

a/L=0.5

8 P

(8=8/d) (P=PL2/£^)

0. 1832

0.3684

0.5580

0.7553

0. 9653

1. 1960

1.4600

1.7810

2. 2010

0. 1966

0.3759

0.5230

0.6272

0.6823

0.6870

0.6443

0. 5612

0. 4490

Fp

1. 0230

1.0880

1.2010

1.3750

1.6260

1. 9760

2.4740

3. 1980

4.3130

Fs

0. 9896

0.9516

0. 8868

0.7968

0.6825

0. 5481

0.4049

0.2669

0. 1508
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a ai

(deg.) (deg.)

10

20

30

40

50

60

70

80

90

3.04

5.89

8.37

10.31

11.60

12. 17

12.03

11.23

9. 88

a/L = 0.6

8 P

(S=S/d) (P=PL2/E^)

0. 1541

0.3108

0.4731

0.6450

0. 8319

1.0420

1.2890

1.5950

1. 9990

0. 1654

0.3163

0.4400

0.5269

0. 5713

0.5720

0. 5321

0.4589

0. 3632

Fp

1.0140

1.0680

1. 1600

1.3020

1.5040

1.7920

2.2030

2.8110

3.7570

F8

0.9797

0.9275

0. 8414

0.7284

0. 5949

0.4524

0. 3147

0. 1951

0. 1040

a

(deg.)

10

20

30

40

50

60

70

80

90

ai

(deg.)

2.04

3.95

5.61

6.90

7.77

8. 16

8.07

7.55

6.67

0^=0.7

8 P

(8=8/0) (P=PL2/E^)

0. 1370

0.2770

0.4233

0.5802

0.7533

0.9509

1. 1860

1.4800

1.8690

0. 1392

0. 2662

0.3700

0.4423

0.4782

0.4769

0.4414

0.3786

0.2981

Fp

1.0080

1.0540

1. 1330

1.2530

1.4270

1. 6740

2.0290

2.5590

3. 3920

Fs

0.9720

0. 9086

0.8077

0. 6796

0.5367

0. 3930

0.2624

0. 1564

0.0805
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a di

(deg. ) (deg.)

10

20

30

40

50

60

70

80

90

1.22

2.36

3.35

4. 13

4.65

4.89

4. 86

4.56

4.05

a/L=0.8

S P

(S =8/d) (p=PL2/E^

0. 1268

0.2568

0. 3934

0.5409

0.7050

0.8940

1. 1200

1.4040

1.7810

0. 1178

0.2250

0.3125

0.3730

0.4025

0.4005

0. 3697

0.3162

0. 2483

Fp

1.0030

1.0440

1. 1130

1. 2180

1.3710

1. 5900

1.9070

2. 3820

3. 1300

Fs

0.9660

0. 8948

0.7841

0.6469

0.4991

0.3562

0.2320

0. 1349

0.0680

a ai

(deg. ) (deg.)

10

20

30

40

50

60

70

80

90

0.55

1.06

1. 51

1. 86

2. 10

2.22

2.21

2.09

1.86

a/L = 0.9

8 P

(S =8/a) (P=PL2/E^)

0. 1206

0.2444

0. 3749

0.5163

0. 6742

0.8567

1.0760

1.3510

1.7170

0. 1003

0. 1915

0.2658

0.3170

0.3418

0.3396

0. 3132

0.2675

0.2098

Fp

1.0000

1.0360

1. 0980

1. 1920

1. 3300

1.5280

1. 8160

2.2460

2.9320

Fs

0.9626

0. 8861

0.7686

0.6263

0.4762

0. 3345

0.2144

0. 1227

0. 0611
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