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Abstract 

The design of structural systems in the aerospace industry has been characterized by a 

continuing search for strong, yet lightweight, materials to achieve maximum payload 

capability for minimum weight . In recent years. this search has led to a wide use 

of fiber reinforced composites, such as carbon, g las  and kevelar based composites. 

Cornparison of these new materials with the traditional ones (metak) according to the 

basic properties. such as density. elastic modulus and also long-tirne and short-time 

strengtli. shows t heir superiority over traditional materials, when weight is a major 

design factor, like in the aerospace industry. 

Most composite materials of interest to aerospace applications have been ade- 

quately characterized under st at ic loading condit ions. Related work to study t heir 

fracture behaviour has been Iimited. Since most failure mechânisms involve crack 

growth and/or delamination, design of such components requires knowledge and un- 

derstanding of their fracture properties. This t hesis includes an experimental and 

analytical investigation of fracture characteristics of composite materi&. The post- 

peak response of notched specimens subjected to uniaxial cyclic loading is established 

to evaluate the fracture energy associated with progressive matrix damage and sub- 

sequent crack growth. A total of 75 uniaxial tension specimens were tested. The 

experimental work consisted of first testing several un-notched specimens with dif- 

ferent t hickness (number of layes) t O determine the initial and secondary elastic 

modulus as well as the tensile strength. The investigation studied the effect of the 

various Eract we parameters, including t hickness, fiber orientation, and crack width 

ratio ( a f w )  on the behaviour of crack propagation, peak load, and post-peak response. 

The specimens used in this research were prepared using the vacuum bagging 

technique, with a chosen number of fiber glass cloth layers and fiber orientation. 

The experimental results provided information regarding the peak load, post-peak 



response? fracture energy and stress intensity factor of the notched composite ma- 

terials specimen under repeated loadïng/unloading cyclicity. The load versus crack 

opening displacement as well as crack length, fracture toughness and fracture energy 

versus number of loading cycles are produced for different specimens. Based on the 

experimental results, concepts of fracture mechanics are applied to evaluate stiffness 

degradation, fkacture toughness and fracture energy evolution associated with crack 

growt h. 

In addit ion? a linear elastic fracture rnechanics approach combined mit h continuum 

damage representation is used to predict the response of specimens (peak load and 

crack opening displacement). This effort has also generat,ed a new crack band mode1 

for computational purposes. 

A new formula is derived to compute delamination and interla~ninar buckling Ioads 

using the finite element metliod. By matching the analytical near crack tip displace- 

ment field with the finite element approximation, the crack-axial stress magnitude is 

established, and therefore an accurate assessrnent of the buckling load responsible for 

delamination of composites is accurately evaluated. 

A comprehensive derivation of the fracture inelastic zone size and shape in anisotropic 

solids is presented. An adaptation of Hill's failure criterion is used to derive the shape 

of the inelastic zone. The findings explain the "banded" shape of the damage zone 

observed during crack growt h. 
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Chapter 1 

INTRODUCTION 

1.1 Overview 

Tlie rapidly e-xpanding applications of composite niaterials in the recent past has 

provided iiiucli opt imislii for t lie future of engineering design and teclinology. For 

the iast few decades. coniposite materials have becoriie more and more prevalent in 

engineering applications. Tlie desire for lightweiglit and stronger materials spurred 

the developnient of liigli strengtli and Ion- ductility niaterials sucli as fiber-reinforced 

mat ri^ composites. Components made of fiber reinforced composites have been used 

in the fields of niechanical. aeronautical and aerospace engineering (the high tech- 

nology of composites have evolved in the aerospace indiistry only in the last twenty 

years). The properties of a coniposite are usually differeiit froiii tliat of the origi- 

nal materials. Often this translates into higli strength-to-weight ratios which is an 

attractive propertyl especially in the field of aemiiaut ics. Filament-wound pressure 

vessels using g l a s  fibeis lvere the first critical application for modern coruposites. 

Fibes-reinforced composite materials consist of fiben of higli strengtli and modulus 

embedded in. or bonded to  a matrix niaterial with distinct interfaces (boundai-ies) 



between tlieni. Both the fibers and the matrix retain their physical and chernical 

identities. yet produce a conibination of properties that cannot be achieved with any 

of the constituents acting alone. 

There are several types of fibers used such as carbon. araniid. and g l a s  G l a s  

fibers are the mcjst conimonly used because tliey can be produced at  a relatively Iow 

cost. The matrix is the binding niaterial of a composite. Its main function is to 

support the fibers and also to play an important role in trançniitting the applied load 

to the fibers. 

In general, fibers are the principal load c a q i n g  menibers. mhile the surrounding 

rnatriv keeps them in the desired location and orientation. acting as a load trans- 

fer medium between fibers. and protecting them from environmental damage. Many 

fiber reinforced composite materials offer a conibination of strength and modulus 

that are either comparable to or better than many of the traditional metallic materi- 

als. Tradit ional structural materials: such as steel and aluminuni alloys are considered 

isotropie since they d i b i t  nearly equal properties irrespective of the direction of uiea- 

surement. In general? the properties of fiber-reinforced cornposit es depend strongly 

on the direction of measurements. For example, the tensile strength and modulus of 

a unidirectionally oriented fiber reinforced laminate reaches a rnaximum when these 

properties axe nieasured in the longitudinal direction of the fibers. At any other angle 

of measurement, these properties are low-er. The minimum value is observed at 90' 

to the longitudinal direction. 

Like metals, composites are notch sensitive and lose much of tlleir structural in- 

tegrity when damaged. The daniage may be in the form of delamination, mliich 

reduces the strength and stiffness and t hus linlits the life of a structure. The delami- 

nation between each layer is a cornmon faiiure mode in laminated composites. Other 

modes of damage occur through 1iiatri.x cracking. Because the mechanical respoiise 



of composites is brittle in nature. it is important to study the applicability of fracture 

mechanics concepts to assess failure of these rnatenals. 

1.2 Thesis Objectives 

The overall objective of this thesis is to study the failure rnechanisms in composit,e 

materials. To this end. concepts of Eracture mechanics and continuum damage me- 

chanics are adapted and when necessary extended to interpret crack behaviour and 

matrix failure. 

The specific objectives of the thesis are: 

1) to experimentally determine the behavior of crack growt h: 

2) to investigate the effect of several geometnc parameters. sucli as thickness ( n u -  

ber of layers) and fiber orientation on relevant fracture parameters; 

3) to develop analyticd models to represent progressive damage and crack propa- 

gation in composite materiah. 

.3 Scope of Work 

compreliensive experimental and analytical investigation is conducted to study 

and determine the: behavior of crack growtli in coniposite materials. The focus of 

this thesis is rnainly on mode 1 failure processes. The post-peak regiine of uniaxially 

loaded notched speriniens is cliaracterized and t lie relevant h r  t ure paraniet ers such 

as fracture toughness KIc and fracture eriergy GI are measured. Ultiiiiately: it is 

intended to study the applicability of Linear Elastic Fracture hfeclianics (LEFhI) and 



other models proposed for different engineering materiah to assess structural integrity 

of parts made of composite rnaterials. 

This work also intends to study the effect of various geometricd parameters such 

as thickness and fiber orientation on crack behavior. An analytical model is devel- 

oped to represent the progess of damage in tlie matrix and crack propagation in 

composite materials. A hybrid fracture mechanics/continuum darnage model based 

on test results. is proposed for simulating the progress of failure in composites. 

1.4 Thesis Organization 

Cliapter 2 gives information on engineering applications of composite materials. 

This informat ion contaiiis details on tlie basic constituent. nianufacturing! and 

application of coniposite niatenals. 

Chapter 3 presents an extensive literature s w e y  which covers related topics to 

this research. Delamination of composite material and rnatrix cracking are the 

two main topics covered in this literature. Methods of reducing delamination 

are also presented. Damage, kacture, and failure of composite materials are 

discussed in detail in this chapter. 

In Chapter 4. m o d e h g  tecliniques based on strength, Iinear elastic fracture 

mechanics and continuum darnage mechanics are covered. 

Chapter 5 presents a derivation of a formula which gives the axial load at the tip 

of a crack forn~ed by a delamination mode of failure. This load can be compared 

to a buckling limit load for delamination safety assessrnent studies. 

In Chapter 6. the characteristics of crack tip inelastic zone in anisotropic media, 

are presented. This work extends classical developments proposed for metals to  



composites. assuming anisotropic behaviour. 

0 In chapter 7: the experimental investigation is explained in details. Specimen 

preparation and test results along u-itli calculations of fiact ure toughness and 

fracture energ'- are presented. 

0 In chapter 8. constitutive rnodeling of compositeo modeling of damage and £rac- 

ture in composite specimens along with the determination of critical load and 

crack opening displacement are presented. 

In chapter 9. Finite Elenient description of crack growth in composites is sum- 

mal-ized. 

Finally in chapter 10: conclusions and recoinmendations for future work cou- 

cerning crack growtl1 description are presented. 

Appendix A. contains experimental results? presented in figures that show the 

post peak response of the different tested specimens. 

Appendix B: contains tables that give some typical properties of metdlic and 

composite materials 

Appendix CI contains various photos of specimen preparation using vacuum 

bagging technique, experimental apparatus used in testing. and some typical 

specimens afier testing. 



Chapter 2 

FIBER REINFORCED 

COMPOSITES 

2.1 General 

The terni .-composite" refers to an assembly of different materials wliich d e n  used 

toget her. enables them to reflect properties not obtainable by either constituent ma- 

terial [72]. The term "advanced composites'. refers to the group of materials usually 

used in the aerospace industry. Composite niaterials were developed because no 

single. liomogeneous structural niaterial could be found that had al1 of the desired 

attribut es for a given application in the aerospace industry. 

Fiber-reinforced coniposites can be classified into broad categories accordiiig to 

the niatrix used: polynier. metal, ceraniir, and carbon matrix composites (see Ta- 

ble 2.1). Polymer niatrix composite include thermoset or t hermoplastic resins rein- 

forced with glass, carbon (graphite). aramid (kevlar), or boron fibers. They are used 

primarily in relatively low temperature application. hletal matrix composite consist 

of metal or alloys reiiiforced witli boron, carbon (graphite), or ceramic fibers. Their 



maxiniuni use temperature is liixiited by tlie softening or nieltiiig temperature of the 

metal niatrix Ceraniic niatris composites consist of ceraniic matrices reinforced with 

ceraliiic fibers. Tliey are best suited for wry high teniperature applications. For ex- 

ample carboii/carboii coiiiposite coiisist of carbon or graphite ~ ü a t r k  reiiiforced witli 

graphite yarn or fabric. They have unique properties of relatively higli strength at 

high temperatures coupled n-ith lon- thermal expansion and low density 

Basically? the key to  producing composite stmctwes is the resin matrix. Its pri- 

niary purpose is to traiisfer the load from one fiber to the next. and fi-oni tlie bundle or 

groups of reinforcements into adjacent structures wliich niay be embedded in the com- 

posite or adhesively bonded to it at a later stage. Tlie resin material tlius distnbutes 

the load aithin the structure so tliat each reinforcing fiber carries a proportional share 

of the total load. Because it is nieclianically important. this fiber/resin interface lias 

been the subject of a great deal of work in the composite industry ol-er the last twenty 

pars. particularly for tlie rase of E-glas fibers. 

2.2 Material Constituents 

The major constituents in a fiber-reinforced coniposite material are the reinforcing 

fibers and the matsix. As mentioned earlier, the fiber reinforcenierit can be glas ,  

Kevlar, carbon. boron fibers. or any of a nuniber of other fibers. al1 of whicli are very 

small in diameter and very strong. imparting a higli degree of streiigtli to  tlie r e in  

matrix. This added strength is so large tliat the performance of a coniposite as a 

structure is really atiot her order of iiiagnitude n-lie11 compared to the strengtli of the 

resins by themselves. Other coiistituents that inay also be found are the couplirig 

agents. coatings and fillers. Coupliiig agents are applied to the fibers to irnprove tlieir 

wetting witli the inatrk as well as to proniote across the fiber-niatrku interface. Both 

in turn proniote a better load transfer betmeen the fibers and the matrix. Fillers 
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are used n-itli some polyiiieric matrices primarily to reduce cost and improve their 

dimensional st ability 

High stiffness and strengtli usually requke a higli proportion of fibers in the com- 

posite. This can be achieved by aligning a large nuniber of fibers into a thin sheet 

(alumina or ply). The thickness of the lamina is usually in the range of 0.1 to 1.0 mni. 

If continuous fibers are used in making a lamina. they may be arranged in unidirec- 

tional or in a bidirectional orientation as shown in Figures (2.1 a and b). A lamina 

can be coiistmted using disconti~mous (short) fibers in a matrix. The fibers can be 

arranged in a unidirectional orientation or in a raiidon1 orientation see Figures (2.1 c 

and d) . Discontinuous fiber reinforced coiiiposites have 10%-er strengt h and modulus 

t han cont inuous fiber coniposite. Hon-ever. m-it 11 random orientation of fibers. it is 

possible to obtain nearly equal iiicclianical and pliysical properties in al1 direction in 

the plane of lamina. 

The tliickiiess requircd to support a given load or niaintain a given deflection in 

a fiber-reiiiforced composite structure is obtained by staking and welding togetlier a 

number of slieets (laininates). each having the fibers oriented eitlier in one direction 

or in different direction. to forin a laminate (see Figure 2.2). 

2.2.1 Fibers 

Fibers are the principal constitueiits in fiber reinforced composites. The strength 

and stiffness of a composite is provided by the fibers whicli are selected to carry the 

majority of the load applied to the composite elerneiit and they occupy a large portion 

of the volume fraction in a laminate. A number of commercially avaiIable fibers and 

their properties are listed in Tables (B 1 and B 2) in Appendix B. 

One of the niost coiiinioiily used fibers anioiig the new composite materials is the 

carbon fiber. This fiber is manufactured £Yom rayon or pan fibers, it cari also be niade 



Table 2.1: Types of Composite Materials [23] 

- 

matriv Type 

Poly mer 

Ceramic 

E-glass 

S-glas 

Carbon (Graphite) 

Araniid (Kevlar) 

Boron 
-- 

Boron 

Borsic 

Carbon (Graphite) 

Silicon carbide 

Aluniina 

Silicon carbide 

Alu~iihia 

Silicon nit ride 

E P ~ ~ Y  

Polyimide 

Polyester 

Thermoplastics 

(PEEK. Polysulfone. etc.) 
. -- 

Aluriiinum 

Rlagnesium 

Titanium 

Copper 

Silicon carbide 

Alumiua 

Glass-ceraniic 

Silicon nitride 
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from pitch fibers which are produced directly fiom oil or coal. Carbon and graphite 

materials are quite new. The first commercial fibers were produced in the early 1970's. 

Among the advantages of carbon fibers are their exceptionally high tensile strength to 

weight ratio as weil as tensile niodulus to weigllt ratios, hgh  fatigue strength and very 

low coefficient of linear thermal expansion. where they can maintain their strength 

up to 2000°C, t hus providing the diniensional stability required in space applications. 

Due to the high cost of these fibers: they are mostly used in the aerospace industry, 

where weight saving is more critical than cost. 

Glass fibers commonly used are the E-glas and Sglass. In addition to these 

g l a s  types: there are others that are not usually included in advanced composites 

because tliey are used in different fields. For example. the C-glas: is used for chernical 

resistance in the nianufacture of tanks. ducts, blower hoods. fan housings, and other 

structures. where resistance to corrosion is required. In addition to the different 

formulations used to make up the glass. the fibers thenselves can be quite different. 

For instance. a simple g l a s  fiber, as the primary ingredient. can be one of any twenty- 

four different yarns. Al1 of tliese are made £rom about seven different sized filaments 

ranging in diameter from 0.0013 inches (Glass fibers) to 0.00051 inches (K-fibers) as 

shown in Tables (B 1 and B 2) in Appendk B. 

Another new fiber gaining wide acceptance is Kevlar. This man-made material 

manufactured by Dupont has many of the attributes of the Carbon fiber because of 

its high strength and high modulus. It also has a unique property to a degree which 

neither Carbon nor g l a s  fibers have. tliat is adequate fkacture toughness. There are 

two types of Kevlar: Kevlar 29 and Kevlar 49. The Kevlar that usually finds it,s 

way into structures is Kevlar 49. It is of qua1  strength but has a higher niodulus 

than Kevlar 29. Unlike Carbon fibers: Kevlar does not conduct electricity. It also 

has a low compressive strength and modulus conipaxed to the high temile properties. 

Kevlar acts more like a g l a s  fiber to transmit electric radiation such as radomed and 



antenna windows. The diameter of Kevliu. fibers and the way they are handled are 

sirnüar to both carbon and glass fibers. but the form in which the material is available 

differs. 

A large variety of fibers are available as reinforcement for composites. The fiber 

provides virtually ali of the load carr~iiig cliaracteristics of the composite. The de- 

sirable charact erist ics of niost reinforcing fibers are higli st rengt 11: liigli st iffness. and 

relatively low densi@ Earh type has its own advantages and disadvantages. as listed 

in Table (2.2). 

Fiber properties are studied by different researchers such as Jones [55]. Feldman 

[31] and Holloway [45]. A number of commerrially available fibers and their tensile 

properties are listed in Table (B 2). Generally. the average tençile strength and 

nlodulus of fiber strands are lower than those meiisured on a single filament. Teilsile 

stress-strain diagranis for al1 reinforciiig fibeis in use are linear. up to tlie point of 

M u r e  as sliown in Figure (2.3). Tliey also esliibit very lon- straiii to failure and 

brit t le failure mode. 

Mat rix 

The rnatrix is essentially the binder material of the composite. The purpose of tlie 

composite rnatrki is to hold the fibers together in the structure unit by virtue of its 

cohesive and adhesive characteristics, to t ransfer and distribute the applied load to 

and between fibers. to protect them boni enviïonments and external daniage. and in 

many cases contributes some needed property such as ductility. toughness. or electrical 

inçulation 1381. 

The niatiis resi~i also provides niany other essential functions such as: keeping 

tlie reinforcing fibeis in the proper orientation and position so tliat they c m  carry 

t lie intended loads. distribute the loads niore or less evenly anioiig the fibers. provide 



Table 2 -2: Adçantages and Disadvantages of Reinforced Fibers [23] 

Boron 

- -  - -- 

Carbon(AS4: T300. CGOO) 

Graphite (GY-70, pitcli) 

Ceraniic (silicon carbide. 

alurnina) 

Advantages 

High strength 

Low cost 

- 

Higli t ende  strength 

Lon; density 

High stiffness 

Higli coinpressive st rength 

High strengt h 

H igli st iff1iess 

High stiffness 

High temperat ure 

Disadvant ages 

Low strengtli 

Short fatigue Iife 

High temperat ure sensitivity 

LOW compressive strength 

High moisture absorption 

High cost 

Moderately high cost 

Low streiigth 

High cost 

Low st rengt h 

High cost 
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(b) Bidirectional Continuous 

(c) Uniderictional Discontinuous 

(dl Random Discontinuous 

Figure 2.1: Uiiidkectional Lamina [TOI. 

Figure 2.2: Typical Laminates [70]. 
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Figure 2.3: Tende Stress-Straiii Diagram for Various Reinforcing Fibers [70]. 



resistance to crack propagation and damage. and provide ail of the inter-laminar 

shear strength of the composite. A strong interface strength between the fiber and the 

niatrix is obviously desirable. so that the matrix is capable of developing a mechanical 

or cliemicd bond with the fiber. However selection of a m a t h  has a major influence 

on the inter-laminar shear as in-plane shear properties of the composite material. 

The former is an important design consideration for structures under bending loads. 

whereas the latter is important for design under torsional loads. 

There are mainly four types of matrices in composites: polymeric. metallic. ce- 

raniic. and carbon. (see Table 2.1). The most commonly used matrices are polymeric, 

whicli can be t lierniosets (epoxies. polyimide, polyester). in a-liich tliese niolecular 

chah become cross linked after heating. or thernioplastics polyniers. in wliich the 

molecular cliaiii are not connected [23]. The most important advantages of thermoset 

polymers are their thermal stability and clieniical resistance. They also exhibit less 

creep and stress relaxation t han t hernioplast ics polyniers. The disadvantages are 

their liniited storage life (before tlie final sliapes are moulded) at room temperature. 

long fabrication time in the niould and low strains to failure. as slion-n iii Figure (2.1) y 

which also contribute to tlieir low impact strength. 

Generally t lie mat rix lias poor mechanical cliaract erist ics. Experinient al st udies 

on polymers reveal tliat matrix behaviour is dependent on tinie of rate and frequency 

of the load application and the anibient temperature [42]. In fact the stress-strain 

curves for typical polymers and other resin materials d l  be influenced by al1 these 

conditions. At high loading rates or short duration of loading. the polymer matrix 

behaves in a rigid? bnttle iiianner. At low loading rates or long durations of loading. 

the same material behaves in a ductile manner and sliows liigli tougliness values. 

Temperature lias a degrading effect on the meclianical properties of the matrix as 

shown in Figure (2 -5 ) .  
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S t r a i n  (percent) 

Figure 2.4: Tende Stress-Straiii of a Tlierniosetting Polytnër (Epoxy) and a Tlier- 

moplast ics Polytner (poly sulfone) [70]. 

Figure 2.5: 
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Eff-;t of Temperature and Loading rate on the Stress-Strain Behaviour 

of Polyiiieric Solids [70]. 
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2.3 Processing and Manufact uring of Composites 

Various processes have been developed for nianufacturing composite materials and 

composite structures. Composite materials are fabricated using wet lay up, filament 

winding. compression rnolding? injection molding. pultrusion. prepreg? resin transfer 

rnolding. sheet niolding coinpounds. bag rnolding process. and auto clave molding. 

The early manufacturing method for fiber-reinforced composites used n hand lay-up 

technique. Although hand lay-up is a reliable process. it is by nature very slow and 

labor intensive. In recent years. particularly due to the interest generated in al1 types 

of indust ry, t here is more emp hasis on the development of manufact uring met hods 

that c m  support liigli production rates. This section describes the different processes 

used to fabricate composites. 

2 -3.1 Filament Winding 

Filaiiieiit windirig is one of the classic techniques for fabricating fiber reinforced poly- 

mers [38]. This method is w-idely used to produce structures sucli as lielicopter blades, 

spherical pressure vessel. oxygen tanks. power transmission shafts. jet engine fan 

blades and tubing. The filament winding process (see Figure 2.6) consists first of 

pulling a large number of fiber roving from a series of creels into a liquid resin bath 

containing liquid resin and other ingredients. such as pigment and UV absorbers. 

Fiber tension and orientation are often controlled by electrically-programmed equip 

ment, but simple form winding are performed nianually. The rovings are gathered 

before entering the resin bath. t hen they pass through a textile t liread board or stain- 

less steeI comb. After renioving the excess resin from the roving using wiping device, 

the fibers are wound on the rnandrel. Fiber orientation is controlled by the trans- 

verse speed of the fiber winding head and the rotational speed of the rnandrel. After 

winding the nuniber of layers to generate the desired tliickness, the filament-wound 



R e i n  Wiping Device 
O 

O 

Aber Creels 

Figure 2 -6: Schemat ic of Filanient Winding Process [TOI. 

part is generally cured on the mandrel. The uncured coniposite undergoes a higli- 

temperature for few hours to iiarden the xnatrix. After coniplete curing. the rnandrel 

is removed. Finally. finish macliining or surface finishing may be needed for these 

parts in order to achieve the desired dimensions. 

The advantages of this process are: fiber orïentat ion can be controlled. easy align- 

ment of fibers to cai-ry torsional or circuniferential loads effebively. higlily automated 

processing. repeatable processing and fibers can be packed together very tiglitly to 

produce high fiber volume fraction. Some disadvantage of the filanient process may 

be encouutered: delaminations. fiber wrinkles. and voids wliich may appear because 

of poor fiber wet-out and psesence of air bubbles in the resin bath. 



CHAPTER 2. FIBER RELYFORCED COMPOSITES 

Movablê Plate 

/. Movable ~ o l d  Half 

Figure 2 -7: Srlienmtic of a Compression hlolding Process [70]. 

2.3.2 Compression Molding 

Conipression niolding is often referred to as matrlied nietal die niolding (see Figure 

2 -7). To start the compression nioldiiig operat ion. fkst the niaterial containing the 

fiber and resiii are placed in a metal cavit. Tlien. the coinposite is conipressed under 

pressure and lieated by a top metal punch (or cavity) to compact, flow, and cure the 

material to a rigid sliape tiacing the forni of the inetal cavity Finally. the mold is 

opened and the part is reinoved, often with t lie aid of ejector pins. 

The principal ad\-antage of this niolding process is its ability to produce large 

parts with many different cross sections and coniplex geornetries in a short period of 

tirne. Non-uniform thickness, ribs: flanges and holes can be iiicorporated during the 

compression molding process. Additionally. metal inserts can be placed in the mold as 

part of the operation to yield an integrally molded part. Finally, Iiigh strength parts 

can be obtaiiied by using continuous fiber reinforcement a t  higli volume fractions. 

The niain defect in this proçess is that, as in any niolding operation involving 

long flow paths, it is extremely dificult to control the preferential orientation of the 



fibers. With compressioii niolding: the presence of high shear zones can create fiber 

orientations t hat deviate froni the ideal random orientation. As a result the molded 

part will have its strength arid niodulus of elasticity higher in the direction of the 

fiber orieiitatioa rat lier t han in the transverse direct ion. 

2.3.3 Prepregs 

A major breakthrough in composite niaiiufacturing technology occurred with the 

developnient of '*prepreg sheets*. which are sheets consisting of fibers precoated with 

polymer resin. In this process. fibers may be in the form of continuous rovings. mat: 

or woven fabric. Epoxy is the priniary rnatiix material in prepreg sheets. The width 

of the prepreg slieet may vary froni less than 25 mm to  over 457 mm. The tliickness 

of the ply cured from prepreg sheets is nornially in the range of 0.13 to 0.25 mm. 

hfost prepreg sheets are made by tlie hot-melt process (see Figure 2.8). 

The fabrication of a lamiiiated structure witli prepreg sheets evolves siniply by 

"laying-up" the sheets at the required orientation on a mold. stacking layers of tape 

in the required stacking sequence, and tlien curing the assembly under elevated tem- 

perature and pressure. Tom-ards the end. the prepreg sheets are backed up a-ith a 

release film or waxed paper. The backup niaterial is separated £rom the prepreg sheet 

just before it iç placed in tlie mold. The normal storage life before molding is 6 to 8 

days at 23OC [70]. 

2.3.4 Sheet Molding Compounds 

Sheet molding conipounds (ShIC) are thin sheets of fibers precompouided witli a 

thermoset resin and used primarily in compression molding processes. It is an ini- 

portant innovation in composite nianufacturing which is used extensively in the au- 
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Figure 2 -8: Sclieniatic of Prepreg hlanufact uring. 



tomotive indust ry The ShlC consists of a relatively t hick? chopped fiber-reinforced 

rein sheet. ShlC is made of thermosetting resin! reinforcing fibers, thickeners, and 

other fillers deposited on a carrier film to form a sheet of material. The cured sheet 

is conipression-uiolded under heat and pressure into the final part. 

There are various types of ShIC sheets which are comnionly used such as: 

i) SAIC-R which contains randomly oriented discontinuous fibes. Nominal fiber 

content (by weight percent) is usually indicated by two-digit numbers after the 

letter R. for example. the fiber content in SMR-R3O is 30% by weight. 

ii) ShlC-CR which contains a layer of unidirectional continuous fibers on top of a 

layer of randomly orieiited fibers. Noniinal fiber contents are usually indicated 

by two-digit numbers after tlie letters C and R. For example. noniinal fiber 

contents in ShlC-C10 R30 are 40% by weiglit of unidirectional cont inuous fiber 

and 30% by weiglit of raiidoin discontimous fibers. 

iii) XhlC which contains continuous fibers arraiiged in an X-pattern. wliere tlie an- 

gle between interlaced fibers is between 5 to 7 degrees. Additionally, it may also 

cont ain randomly oriented discontinuous fi bers interspersed wit 2i the cont inuous 

fibers. 

S M G R  and ShIC-CR sheets are rnanufactured on a sheet moulding compound 

machine as shown scheniatically in Figure (2.9). The resin paste is prepared by 

mechanically blending various coinponents as; inhibitor to prevent premature curing 

of the resin. release agent acts as an interna1 lubricant. fillers to reduce shruikage, 

thickener to increase vkcosity of the compound. The resin paste is placed on two 

nioving polyetliylene carrier filins. Continuous roving are fed into the chopper arbor 

which is comnionly set to provide 25 nun long discontinuous fibers. Cliopped fibers 

are deposited randondy on the bottom resin paste. For SMC-CR sheets. parallel 
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Figure 2.9: Sclie~natic of Sheet hloulding Compound Operation. 

lines of continues strand roving are fed on the top of the chopped fiber Iayer. After 

covering the fibers with top resin paste. the carrier filnis are pulled through a number 

of compacting r o k  to  form a sheet that is wound around a take up roll. XhlC 

sheets are manufactured by filament winding. Chopped fibers are deposited on the 

continuous fiber layer during the time of winding. After the derived thickness is 

obtained the built up material is cut. At the end of rnanufacturing ShlC sheets are 

allowed to tliicken at 30°C for 1-7 days. Then the sheets can be either compression 

molded or stored at O°C for future use. 

2.3.5 Bag Molding Process 

The bag niolding is one of the oldest and most versatile processes used for rnanufac- 

turing composites parts. It is commonly used in the aerospace industry where high 

production rate is not an important consideration. This process is designed to hold 

wet-out laminate in a specific sliape until the resin system has cured. Tliey may vary 



widely in shape, size and method of construction. 

The starting material for the bag rnolding is a prepreg tliat contains fibers in a 

particularly cured epoxy resin. The schematic of a bag molding process is shown 

in Figure (2.10). The mold surface is covered with a Teflon-coated glas fabric, to 

prevent sticking in the mold. on whicli the prepreg plies are laid up in the desired fiber 

orientation angle as well as the desired sequence. The layer by layer operation can be 

performed eit her manually or by controlied automatic-tape machines. After laying 

up the prepreg. a slight pressure is applied to  adhere the prepreg to the proceeding 

ply in the Iay-up. A porous release cloth and bleeder papers are placed on the top of 

the prepreg stack to absorb excess resin. The complete lay-up is covered with another 

sheet of Teflon-coated glass fabric. The entire assembly is placed inside a preheated 

autoclave d e r e  a combination of e-xternal pressure and vacuum is applied to density 

separate plies into a solid laniinate. 

The vacuum bagging teclinique is used to prepare specimens for the experiniental 

program of this research. This teclinique is explained in details in chapter 7 of this 

t hesis. 

2.3.6 Pultrusion 

Pultrusion is the process of pulling a continuous fiberIresin mixture through a heated 

die to form a structural elenient (Figure 2.11). Among the common pultruded prod- 

ucts are various types of beams and channel sections, hollow tubes, flat sheets and 

wide flanged beams. Continuous strand rovings and mats are pulled from one end of 

the line to the resin bath wliich contains the liquid resin: cunng agents, stabilizers 

and fire retardant. The fiber resin stream is first pulled through a series of performers 

that distribute the fiber bundles evenly. squeeze out the excess resin and bring the 

material into the final configuration. The cured member leaves the die as a finished 
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part requiring only cutting to desired length at the end of the line. 

The adlantages of this process are such as a relatively low-cost production method, 

continuous processing. fibers in various layers can be oriented as desired. pultruded 

parts have hi& strength and stiffness in the direction of fiber alignment, and finished 

cured products need only to be cut to  required lengths. Some disadvantages have 

been nentioned in many references such as constant cross-section parts are required, 

secondary operation are required for bolt holes, fitting and attachments and material 

combination such as mat fabric and industrial fibers are difficult to  pultrude [70]. 

2.3.7 Resin Transfer Molding 

In resin transfer molding (RThl). several layers of dry continuous strand mat? woven. 

roving or both are placed in a closed metal mold and the liquid resin is injected under 

pressure (see Figure 2.12). The resin and hardener are preniked before injection into 

the mold. As the resin spreads throughout the mold. it displaces the entrapped air 

t hrougli t lie air vents and impregnates the fibers. After the parts have cured, t hey are 

pulled out of the mold. The starting material in the RTM process can perform that 

already has the shape of the desired product. This perform is fabricated by spraying 

chopped fiber rovings on to a preshaped screen. 

The advantages of the RThl process are: very Iow tooling cost and simple cleaning 

requirements. fast rnolding cycles. excellent system for limited production and it is 

faster than compression niolding. Because of these advantages, the RThl process has 

been successfully used for molding cabinet w-alls, water tanks and boat hulls. 
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Figure 2 -12: Schematic of the RTM Process. 
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2.4 Applications 

Commercial and industrial applications of fiber reinforced composits are so varied 

that it is almost impossible to list them d l .  A potential for weight saving with 

composites exists in many engineering fields and putting them to actual use would 

require careful design practices and appropriate process developments based on the 

underst anding of their unique mechanical and p hysical charact erist ics. 

Practical weight savings niay range from 15 to 30 percent depending on the appïi- 

cation. Technical advantages of selective reinforcement are such as reduced metallic 

stress levels due to the addit ion of high stiffness materials, increased fatigue Me, and 

reduction of dynamic vibrations or flutter problems by increasing local stiffness. 

In the following sections? an o v e ~ e w  of various applications of composite niate- 

rials will be discussed briefly. 

2.4.1 Space Applications 

Composites have become the basic material for major aerospace vehicles. Weight 

reduction is the primary reason for using fiber reinforced composites in many space 

vehicles due to the expensive rates iniposed on launch. By using carbon fiber rein- 

forced composites. it lias b e n  found that there is a weight savings of about 40 percent 

over an all-titaniuin space kames. 

The other major factor in the selection of composite materials for many space 

applications is their stability over a wide teniperature range. Composites reinforced 

with Carbon and Kevlar fibers have higli speciiic strength and niodulus and low coef- 

ficient of thermal expansion. niaking theni particularly attractive for space vehicles. 

hfany carbon fiber reinforced epoxy laminates can be "designed" to produce a coef- 

ficient of thermal expansion (CTE) close to zero. In addition, they have niuch lower 



specific gavity as well as liigher streiigth and Liiglier stiffness to weight ratios. 

Such a uiiique conibination of meclianical propeities and CTE lias led to a number 

of applications for rarboii fiber reiriforced epoxies in artificial satellites. One such 

application is found in the support structure for mirrors and lenses in the Hubble 

space telescope (Figure 2.13). Siilre the teniperature in space rnay vary between 

-lOo°C and 100°C. it is critical tliat the support structure be dimensinaally stable: 

or else- large changes in the relative position niay cause tremendous distortion in the 

acquired data. 

In general. there are many space components which have been fabrïrated using 

composites sucli as t lie support struts. t m s  structures, caniera mounts, plate forms. 

pressure vesseis. tanks and sliells. Perliaps. the most efficient use of composites Tom 

both cost and performance view point is in the design and fabrication of sliells for 

various space applications. Satellites orbiting space today contain over 4000 conipos- 

ite parts. Tlie space sliuttle itself (Figures 3.14 aiid 2.15) uses advanced composites 

in several areas. resultiiig in 1633 Kg weiglit reductioii over the initial all-niaterial 

design [93]. 

hloreover. coniposites have become an esseiitial niaterial for fabricating two major 

antenna coniponents for commercial advanced teleroniniu~iirationstio operating in space. 

These two major compoiients are the antenna disli support ribs aiid the electronic 

package and radonie support stmts. Another notable composite application on space 

shuttles is the pay-load bay doors. nliicli is the largest composite structure ever built. 

The riglit aiid left liand doors are eacli 18.3m loiig (Figure 2.14). Aiiotlier application 

is the Caiiadian reuiote manipulator systeni. wliicli is a meclianical ami used to deploy 

and retrieve payloads froni the sliuttle cargo bay Tlie a m  is a composite tubular 

boom tliat is 411 Kg in weiglit. 15ni in lengtli, and 381 nim in diairieter (931. 



Figure 2.13: Overall View of the Hubble Space Telescope. 
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Figure 2.14: Space Sliuttle on Landing. 



Figure 2.15: Space Shuttle Carried by Boeing 747. 



2 A.2 Aircraft and Milit ary Applications 

The major structural application for fiber-reinforced composites are in the field of 

military and commercial aircrafts for which weight reduction is critical for higher 

speeds and increased payloads. Because composites are strong, durable. and damage 

tolerant, they have become a n  increasingly attractive alternative to metal for many 

aircraft coniponents. The aircraft industry has found that proper use of these ad- 

çanced fiber reinforced composite materiais offers the potential for reducing the weight 

of aircraft structures by as much as 50 percent [16]. Based on that, carbon fibers. 

or carbon fibers combined with Kevlar 49 fibers. have become the primary materid 

in many m-ing. fuselage. and empennage components. As an exaniple. the current 

coniniercial production aircrafts such as the Boeing 757. 767. and tlie airbus A310 

are using reinforced coniposites in differeiit coniponents such as fonvard wings. main 

landing gear doors. ailerons. flaps. rudders. elevators. and many other components. 

In additiou. composites are also widely used in the interiors of coiii~iiercial aircraft. 

The interior parts such as overhead luggage compartnients. side-walls. ceihgs. floors. 

cargo liners. and bulk heads are made in general of fiber reinforced epoxy or pheoolic 

resin honeycomb sandwich constructions. The phenolic resin systeni is used because 

of its excellent fire resistant properties [lû]. 

In military aircraf? industriesl fiber reinforced composites have been utilized for 

more than 45 years. The bulk of t his use has been g l a s  fiber reinforced plastics, which 

have provided both improved structural efficiency and lower cost. Recently. carbon 

fiber reinforced composites are being used widely in military aircraft indus tq  as 

an exaniple see Figure (2.16). Tliese composites riiake up approximately 10 percent 

of the structural weight and more tlian 50 percent of tlie surface area. They are 

used in the wing skins. the horizontal and vertical tail boxes, the wing and tail 

control surfaces. the speed break. the leading edge e-utension, and various doors. The 
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unlimited advantages of fiber composites have made these material very attractive in 

this field. 

In addition to weight saving advantage. on the basis of fatigue life to weight ratio, 

f i lamentq composites show substantial improvements over titanium which is the best 

metallic material to resist fatigue. This irnprovement can be as much a s  100 percent 

over titanium [lG]. Good notcli insensitivity wit h attendant low crack propagation 

also geatly improves the fatigue properties of filament composite materials. Absolute 

corrosion resistaiice is a characteristic uncornmon to al1 metal structures. The high 

resistance to impact of filameiitary composite materials helps localize damage and 

maintain it around the area of daniage. Projectile impacts are localized to an area 

only sliglitly greater than that of the projectile itself, whereas in metal structures 

when cracks are initiated they may tear the skin of materials over a large area. The 

stress concentration around the crack in metal are extremely high and tend to assist 

propagation. whereas in filanientary composite materials the stress concent rations 

remain low and only slow crack propagation may occur in the area of damage. 

For helicoptersS applications include the use of composites in skin surface, where 

sixty percent of the outer skin surface is comtructed of Kevlar reinforced composites, 

doors. fairings. and access panels. Fiber-reinforced epoxies are also used in rotor 

blades for many military and commercial helicopters. Besides the weight, wliich is 

in the range of 25 percent. the fist advantage of using composite materials in blade 

applications is the manufacturing flexibility of t hese materials. The composite blades 

can be molded into romplex airfoil shapes with little or no additional rnanufacturing 

costs. 

In the case of missiles. composites have dernonstrated the wide range of character- 

istics necessary to  satisfy the operatioiial requirement of missiles. High stiffness and 

strengtli and mininmm meiglit are the major reasons for the use of graphite compos- 



itcs for critical striictiirtil iiiriiil~crs of iiiissilos systciiis [l(i]. Tlic properties iiiciitioiied 

aiici wciglit rcdiictioii piirposcs. wliicli iii tiirii iiicmws the iiiissile raiige as well as 

its payload capacity. liavc iiiatfe the coiiipositcs widely used in tliis iinportaiit field. 

Figure 2.16: FI17 Aircraft in Flight. 

2.4.3 Marine Applications 

Glass fiber-reinforced polyester laminates have found use in niarine applications ever 

since their int roduct ion as a coinniercial material in the 1940's. In recent years, 
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Kevlar 49 fibers are replacing g l a s  fibers in çome of t hese applications. -4mong the 

application areas are boat hiills. decks. bulkheads. frames. and some other parts. The 

principal advantage here is also w-eight reduction. wliich translates int,o higher cruis- 

ing speed! acceleration and fuel efficiency. Otlier advantages are increased stiffness, 

increased damage resistance. durability and ease of handling. The combination of 

light weiglit. increased stiffness and excellent impact resistance have resulted in the 

rapid entry of Kevlar 49 composites into the canoe and kayak industry. Canoe and 

kayak hulls reinforced with Kevlar 49 are as niuch as 35 percent lighter by weigl~t 

thsn fiber g l a s  composites or aluminum hulls [112]. Recently. Kevlar 49 composites 

are used to fabricate about 80 percent of canoes and kayaks that engage in many sea 

sports. 

Other applications of Kevlar 49 are manufacturing of the hulls of both large and 

small racing sailboats wliere the liglit weiglit increases speed. provides optimum weiglit 

distribution. and facilitates portability It is also used in the manufacturing of hulls 

and decks of snîall fishing boats. In large yachts. using composites in building drive 

shafts have increased l1ull life because of the reduced vibration. A civil built prototype 

submarine for offshore work has been constructed wit,h an unpressurized aramid-epoxy 

outer hul1 in place of g l a s  fiber to alloa- greater payload and increased operational 

range and endurance. The new niaterial offers a better combination of low weight? 

improved stiffness. and inipact toughness [112]. 

2.4.4 Automot ive Applications 

The manufacturing and design of fiber-reinforced composite materials for the a u t e  

motive industry are significantly different koni those of akcraft applications. One 

obvious difference is in the volunie of production! which may be hundreds of pieces 

per hour of automotive cornponents compared with a few- hundred pieces per year for 



the aircraft industry. Composites of Kevlar 49 are now being used for a number of 

automotive parts where stiffness, strength. damage resistance, fatigue resistance and 

vibration damping properties are important, as well as weight savings. Many rac- 

ing cars use graphite and Kevlar coniposites to Save weight . eliminate environmental 

problems and give strength and ductility. Using composites in chassis of a racing cars 

achieves a 35 percent weight reduction over aluminum and is 50 percent stiffer [16]. 

In trucks. g l a s  fiber composites are used in the cabins and containers manu- 

facturing. Truck cabs and containers made of glass-fiber composites have reduced 

the weiglit by 33 percent and eliminated corrosion at the rear doors of the trucks. 

Compression molded ShIC niethod is used for fabricating tliese doors wliicli replace 

the steel ones. These doors are produced in lower tooling costs and reduced weight. 

wliile providing corrosion resistance and nieeting the desired perforniance require- 

ments. Composites are also used in nianufacturing engine parts such as push rods. 

rocker arnis. pistons and cylinder heads. üsing such advanced composites in eiigines 

not only reduces engine weight but also allows engine to turn at Itiglier speed and 

produces more power. 

In spite of al1 tliese advantages. the issue of the higii cost of composite materials 

particularly carbon fibers and Kevlar 49 fiber-reinforced materials, have remained 

critical cornpared to the traditional niaterial of coizstruction for automobiles which has 

been low cost mild steel. The development of efficient, low cost production methods 

for the mass production of composite automotive coniponents n-il1 accelerate and 

elcpand the use of coniposites for these applications. 

2.4.5 Ot her Commercial and Civil Engineering Applications 

Otlier areas wliere conlposites are niaking progress iiiclude electronics. tanks and 

pressure vessels, buildings and bridges, sports equipments, music equipments and 
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medical equipments. In electronics the composites are widely used in manufacturing 

many components such as microphones, ribs to protect printed-circuit boards, and 

dSerent types of antemas and satellites and space electricd systems. 

In chernical applications the composites are used in pressure vessels and tank in- 

dustries. Such applications include supply tanks for home water systems, swimming- 

pool filters. and water- softener tanks. 

In sports. composites of Kevlar 49 offer weight savings in construction of sports 

equipment of various types with no sacrifice in stiffness and strength. Kevlar 49 

has excellent vibration damping and damage resistance. The favorable composite 

properties have led to the adoption of Kevlar 49 composites for reinforcing tennis 

rackets. fishing rods. snow skis. and golf club shafts. 

In civil engineering construction. composite materials have been used wïdely in 

buildings . bridges. and otlier structures. Recentl~ the C-bar new forcing rods for 

concrete has been designed to reinforce concrete operating in corrosive environments 

(e.g. roadway structures exposed to de-icing. salt and structures built in or close to 

sea water) as well as applications where low electric conductivity or electrornagnetic 

neutrality is required. This type of Gbar is manufactured using a continuous pultru- 

sion compression molding process. Ot her applications in civil engineering structures 

is in the use of carbon fiber (sheets and rods) composites to repair, protect, and 

strengt hen concrete structures. 

The use of these composites niaterials for bridge construction is one important ap- 

plications that is being explored in order to lessen the p e m i v e  corrosion problems of 

steel and reinforced concrete members. Prestressing tendons made of fiber reinforced 

composite materiak are one of the most promising applications of this new material 

for bridges. Also, the repair and rehabilitation of existùig structures represents a 

potential large scale use. 



Chapter 3 

LITERATURE SURVEY 

3.1 Background 

Coniposites are materials blending the desirable properties or behavior of two or 

more constituent materials to achieve iniproved stifhess. strength. and toughness at 

reduced weight. Composites subjected to repeated applications of stress can fatigue in 

a variety of mechanism. In composites with uniformly strong reinforcing fibers: fail- 

ure may occur by fatigue in the matrix: produchg excessive delamination and loss of 

bending stifFness (121. Repeated stress cycling can then produce delamination by ma- 

trix fatigue along t lie elenient-mat rix interface between some of the isolated element 

fractures. Once enough of these isolated fractures have been joined by delamination 

to produce an effective critical transverse crack, the composite d l  fracture in a brit- 

tle manner. This chapter introduces the causes of delamination, growth and effect of 

delaminat ion. predict ion of delaminat ion. and met hods of reducing delamination in 

composite materials. 



3.2 Linear Elast ic Fracture Mechanics 

Modern Linear Elastic Fracture hfechanics (LEFM) is based on the  premise that the 

strength of the singular elastic stress field induced by a sliarp crack may be completely 

characterized by tlie stress intensity factor (S.I.F.) [41]. Calculation of the stress 

intensity factor is the central element of fracture mechanics. Accurate determination 

of the SIF is particularly important in fracture testing: where its value a t  the onset 

of unstable crack growth is regarded as a material property: the fracture toughness 

KIC- 

Most of the early work on fracture of conlposite materials involved investigations 

of the applicability of linear elastic fracture mechanics. which had been oiiginally de- 

veloped for tlie analysis of througli-thickness cracks in hornogeneous: isotropie metals. 

The origin of fracture mechanics can be traced back to the seminal work of Griffith 

[40]. %-ho explained the discrepancy between the measured and predicted strengtli of 

g l a s  by considering the stability of a small crack. The stability criterion was devel- 

oped by an energy balance. The application of the Griffith-type analysis to  composites 

presents some diaculties, but, fortunately, many of these problems have been solved 

over the yearç since Griffith's early work when researchers around the world focused 

their attention on fracture of metak in the fifties. and subsequently on fracture of 

concrete and rocks in the seventies and eighties. Irwin 1501 and Orowan [79] modified 

the Griffith's analysis to include energy absorption due to  plastic deformation a t  the 

crack tip. 

The applicability of linear elastic fkacture mechanics to  unidirectional composites. 

in whicli the crack direction is '-predetermined to be parallel to  the  fibers Rias estab- 

lislied in early studies by Wu (122: 1201. Wu developed an interaction relationsliip for 

combined Mode I and Mode II fracture using primarily center-notched tension speci- 

mens. Fracture of cross-ply composites has been studied using center or edge-notched 



tension specimens and notched bend specimens [82.7]. Slepetz and Carlson (10 11 have 

camied out experiniental work on compact tension specimens of unidirectional and 

cross-ply S-glass / epoxy and gra pliit e/epoxy The- concluded t hat . in unidirect ional 

specimens. fracture toughess is depeudent on the crack lengtli in early stages of 

crack growtli due to fiber bridging. At certain crack lengtlis the tougliness remains 

constant witli additional crack growth. On the other hand. they found that cross-ply 

graphite specimens do not euhibit a dependence of tougliness on crack length. 

In general. linear elastic fracture niechanics is invalid for circular holes and blunt 

notclies in coriiposites should be self evident, since LEFM theory assumes sliarp cracks 

[3]. If. however. a sliarp slit is introduced in a composite panel. as shown in Fig- 

ures (3.1 and 3.2). were central sliarp crack is introduced under uniaxial aiid biaxial 

stresses . t lie vdidity of fracture rneclianics is Iess obvïous. 

In resent seais. the solution to several problenis encountered m-itli composites have 

been provided by the use of several analj-tical tecliriiques. Tlie tn-O leading techniques, 

are referred to as the %tress intensity factor" approacli and the %train energy release 

rate*' approach. These two niethods will be preseiited in the following sections. 

3.2.1 Stress Intensity Factors 

By considering the stress distribution around the crack tip and referring to plane 

stress condition in the vicinity of a uniaxially loaded crack. as show- in Figure (3.3): 

Westgaard [113] used the complex stress function approach to show that the stress 

state for the isotropie case at a point P. defined by the polar coordinates (r. 9) :  can 

be expressed as: 
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t t t t t t t t t t t  

Figure 3.1: Mode I Crack urider Uniaxial Stress State. 

t t t t t t t t t t t  

Figure 3.2: Mode I Crack under Biaxial Stress State. 



Figure 3.3: Stress at the Tip of a Crack under Plane Stress. 

Where KI is the stress intensity factor for the crack opening mode. and it is defined 

as: 

K, = ad% 

and E(8) are trigonometric function of the angle 8. 11%-in [51] also recognized tliat 

t lie terni a dG controls t lie niagnit ude of the stress a t  a point (7.. O )  near the crack 

tip. The critical value of the stress intensity factor. KIco corresponding to the critical 

stress a,. at whicli the crack propagates. is tlie fracture tougliness: 

The fracture tougliness KIc is a material property wliich can be determined exper- 

imentally. Thus, if the fracture tougliness of a matenal is known. tlien the fracture 

meclianics analysis c m  be used to find the critical crack size. a,' or to find the critical 

stress. a,. 

Several experiniental investigations. e.g. Wu [120]. Koiiisli [Gl] and Parliizgar[SO]. 

have sliomi that tlie concepts of a critical stress intensity factor can describe tlie frac- 

ture behaviour of t lirougli-tliickness cracked unidirectional composites and laminates. 



In another report, the simple crack growth assumed in the Griffth-type analysis does 

not occur in composites with random fiber orientation. As an alternative to crack 

growth. the concept of a daniage zone ahead of the crack tip in short fiber compos- 

ites has been proposed by Gaggar and Broutnian [35]. No systematic rneasurement 

or quantification of the dainage process addressed in the work of Gaggar and 

Broutman. Chapter 9 of this tliesis proposes an indirect method to properly evaluate 

the loss of stiffness during crack gronrth. As it Nill be shown. the rate of change 

(degradation) in the elastic modulus may be approximated to be constant. 

3.2.2 Strain Energy Release Rate Approach 

The strain energy release rate lias an easily understood physical interpretation which 

is equally valid for either isotropie or anisotropic materials. and is also related to the 

stress intensity factor. The strain energy release rate approacli has proved to be a 

powerful tool in botli experiiiierital and computational st udies of crack growth. 

Following the explanat ion given by Gibson [38], consider a t hrough-t hickness 

crackeci linear elastic plate under a uniaxial load, as shown in Figure (3.4a). An 

increase in the load: Pt froni the unloaded condition causes a linearly proportional 

change in the displacement, u, at the point of application of the load as shown in the 

load displacernent plot in Figure (3.4b). If the load increases and reaches Pr and the 

corresponding displacement reaclies u~ : the crack extends a small increment Aa. The 

crack extension causes the load to drop by an amount A P  and the displacement to 

increase by an amount Au. The strain energy GI is defined by Corten [21] as: 

A W - A U  
Gr = lim 

LW-O AA 



(a) Plate under uniaxial Load 

Load, P 

Figure 3.4: Loaded Plate and Corresponding Load-displacement Curve Used for 

Strain Energy Release Rate Analysis [38]. 



If the system cornpliances, S, is given by: 

the potential energy U of the plate is 

so that 

The incremental work done W during the crack extension is approximately 

and 

Finally the strain energy release rate can be written as 

for a plate of constant thickness, to  and BA = taa, the strain release energy is written 

and the critical strain eiiergy release rate is given by 

The strain energy release rate is related to the stress intensity factor: 



It is also sliown by Cruse [22] that for a through-tliickness mode 1 crack in an or- 

thotropic laminate having .I' angle-ply cornponents. the critical strain energy release 

rate is given by 

w here 

Grc is the critical strain energy release rate for tlie laminate 

Gin is the strain energy release rate for the i th angle-ply component 

t; is the total laminate thickness 

ti is the thickness of tlie ith angle-ply component 

The strain energy release rate is useful in tlie cliaracterizat ion of the crack gron-th 

rate under cyclic loading. This relationsliip betweeii fatigue crack gi-owth rate and 

strain exiergy release rate is dernonstrated niatliematically by Erdogan and Paris [81]. 

3.3 Darnage Mechanics 

The fundamental reason for studying damage meclianiçs is to understand why and 

how materials break. Together with phpics, niaterial science and chemis t r~  tliis 

knowledge allows us to improve the niecllanical properties of materials and design 

new multi materials sucli as composite mateiials. The practical reason for studying 

damage riieclianics is to predict when ~naterials. as they are currently made. break 

when subjected to mechanical and thermal loading. (This involves the analysis of 

real components of material structures under real loading situations). 
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3.3.1 Definition of Damage 

The damage of materials is the progressive physical proces by which they break. The 

mechanics of damage is the study, through mechanical variables. of the mechanisius 

involved in this deterioration when the materials are subjected to loading [64]. At 

the microscale level. t h s  is the accumulation of micro-stress in the neighborhood 

of defects or interfaces and the breaking of bond, which both damage the material. 

At the mesoscale level of the representative volume element. this is the growth and 

the coalescence of microcracks or  microvoids wliich together initiate crack. At the 

macroscale level it is the growth of the crack in question. The first two stages may be 

studied by means of daniage d ri ables of the mechanics of continuous media defined 

a t  the niesoscale level. The third stage is usually studied using fracture mechanics 

wit h variables defined a t the niacroscale level. 

Based on one-diniensional surface damage. damage rnay be defined also as the 

"effective" surface density of intersection of microcracks and cavities in most daniaged 

section. To illustrate tl1is concept , let us consider a t hree-dimensional mesovolume 

elemeat containing a single circular crack loaded in mode 1 by force F perpendicular to 

the plane of the crack (see Figure 3.5). The overall damage deiîned by the continuum 

damage theory is the damage in the plane of the crack i-e: 

Where k is the correction factor due to t he  stress concentration in the viciiiity of the 

crack tip Iine to define the effective damage area. From which k can be calculated as 

a function of ai l  as: 



ire 3.5: Single Cracked Meso Voli lme Element [64]. 

This indicates that for a given a/I,  the value of the daniage is always srnaller than 

the crack density. 

3.3.2 Manifestations of Damage 

Damage nianifest itself in difTerent forrns? depending on the material structure, Load- 

ing, and environmental effects, as thermal Ioads. Classification of different forms of 

damage may be as follows: 

1) Brittle darnage: The damage is called brittle when a crack is initiated at the 

mesoscale without a large amount of plastic strain. 

2) Ductile damage: The damage is called ductile wlien it occurs siinultaneously 

witli plastic deformations larger than a certain threshold. 

3) Creep damage: W%en a niaterial is loaded at elevated teu~perature~ for instance 

a temperature above 113 of the nielti~ig temperature. the plastic strain involves 

viscosity; i.e. the material niay be defosmed a t  constant stress. 



4) Low Cycle Fatigue Damage: When a material is subjected to a cyclic loading 

at  high values for stress or strain: damage develops together with cyclic plastic 

strain d e r  a period of incubation proceeding the phases of nucleation and 

propagation of microcracks. The degree of damage localization is higlier than 

for ductile or creep daniage. 

5) High Cycle Fatigue Daniage: When the material is loaded with lower values of 

stress: the plastic strain at the mesolevel remaim s m d  and is often negligible. 

3.3.3 Measurement of Damage 

3.3.3.1 Variation of the Elasticity Modulus 

This is a non direct measureineiit based on the influence of damage elasticity though 

the state coupling i.e: - 
If w-e set E = E (1 - D )  as the effective elasticity rnodulus of the damaged material, 

the volume of the damage may be derived from measurements of É ; provided that 

Young's modulus E is known tlien damage is given by. 

This method requires accurate strain measurements. Strain gauges are commonly 

used and Ë is most accurately rneasured during unloading. Chapter 9 proposes a 

systematic procedure to evaluate the damage D. 

3.3.3.2 Ultrasonic Waves Propagation 

Anot lier technique for evaluating damage based on the variation of the elasticity 

modulus consists of measuring the speed of ultrasonic waves. For kequencies liigher 



than 200 kHzt the Longitudinal wave speed (rL) and transverse wave speed (eT) in a 

linear isotropic elastic cylindrical medium are defined [61] as: 

and 

Where E is Young's modulus, p the density and u poisson's ratio. A measure of the 

longitudinal wave speed of a daniaged material gives: 

W'bere Ë and p are the damaged elastic modulus and density. Poisson's ratio does 

not vary with damage if elasticity is isotropic. and damage is scalar. The damage can 

be calculated as: - 

If the darnage consists niaialy of microcracks or if srnall caviation is considered? 

then (3 = 1 and: 

3.3.3.3 Other Methods 

Several otlier methods, which are based upon the influence of damage on some physical 

or meclianical measurable properties, can be used. These methods are based on 

variation of the micr~liardness~ density. electrical resistance (potential drop rnetliod), 

and variation of the cyclic plasticity response. 

Most of these metliods were used successfully t o  measure damage. As far as the 

survey is concerned, agreement between the results obtahed by different methods was 



shown to be s f ic ient  for some practical accuracy involved. However. a conclusion, 

depending on the kind of damage involved, choose of the proper method of damage 

measurement remains very important to corne up with acceptable results. 

3.4 Damage Mechanics in Composite Materials 

Damage mechanics in composite materials is quite different from that of homogeneous 

and isotropie materials and. thus' the basic concepts and assumptions that have been 

applied to simpler niaterials are not valid. 

A unique property of composite materials is their evolutionary failure character- 

istic. The inliomogeneity of the microstructure provides nurnerous patlis in which 

loads can be redistributed around the damage region. Thus. the ability to predict the 

st rengt h of hig h perforniatice composite mat erials under complex loading condit ions 

is required for design n i th  such rnaterïals. Because composite materials are frequently 

used in structures subjected to dynamic loads. it is also important to fully understand 

their response to cyclic loads. 

Because of the inhomogeneity of the microstructure of composites, the integrity 

and response of the composite are affected more by the effective accuniulated sub- 

critical damage than by any single daniage event. For Iaminated composites. this 

subcritical damage takes the form of matrix cracks: delaminations? debonding, and 

fiber fractures. Because the transfer of load away from the damaged area influences 

the damage evaluation in adjacent areas' the stresses a t  the ply level play an im- 

portant role in the evaluation of daniage and the ultirnate failure of the structure. 

Thus, tliis unique failure process that iiiakes composites an attractive material has 

also linlited t heir efficient use in structures. 

In recent jrears. many researchers have devoted considerable effort to the investi- 
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gation of damage in coniposite materiah. Althougli they were able to detect. identifSr 

and monitor damage details during the process of failure. the individual details that 

combine to  forni the daniage state 11-hic11 controls the fracture of composite niaterials. 

is not uliderstood- 

In 1991. Lo. Allen and Harris [GQ] presented the evolution of niatrix cracking in 

crossply laminates sub jected to fatigue loading condition. They found that the stress 

distribution behaviour is dependent on tlie load amplitude. They also reported the 

existence of other types of damage. such as delaniination. n-dl alter the redistribution 

of stress aniong the plies and tlius the evolution of the damage state. Adams et 

al. [Il studied damage in reiiiforred plastics and reported that damage in speciiliens 

fabricated from reinforced plastics could be detected by a reduction in stifhess and an 

increase in damping. Also. Can-ley and Adams [la] sucressfully tested t lie frequency 

measwement principle on composite structures niade in the presence of damage. 

hlanimsagani et a1.[71] studied the cliararterization of daniage progression in com- 

posites usiiig t lie fundanient al fiequency degradat ioii of layered coniposite materials 

with damage progression. They report in tlieir work tliat the fi-eequency nieasurement 

were performed during progressive cracking and progressive debonding and delami- 

nation. They concluded tliat. using vibration measurement techniques. t lie presence 

of damage and its size are detected simply froin changes in tlie natural hequencies 

wit hout 

3.5 

the need of any fuither analysis. 

Delarnination in Composite Materials 

A conimoidy observed failure mode in laminated composite materials is the delami- 

nation between the coniposite layers. Delarnination may develop during manufacture 

due to incornplete curuig or may result from the interlmiriar stresses created by 



impact.. Failure of fiber composites consists of initiation, subcritical damage develop 

ment and ultimate failure. Edge delamination is one of the important component of 

subcritical daniage [54]. 

In laminated composite niaterials. matrix cracking and local delamination boom 

matru< cracks are also important damage meclianisms that contribute to stiffness loss 

and eventual failure [go]. Furtliermore, delamination may grow under cyclic loading. 

This growth redistributes the stresses in the plies of the laminate, and may influence 

residual st iffness, st rength and fatigue life [78]. 

3.5.1 Causes of Delarninat ion 

D elaminat ion ma y result from iiit erlaminar stresses created by impact. eccent ricit ies 

in structural load paths or fioni disrontiiiuities in the structure. Besides mechan- 

ical loads. t lie moist ure and teriiperat ure may also cause interlaminar stresses in a 

laminat e. 

3.5.1.1 Free Edge Stresses 

The occurrence of interlaminar stresses near free edges of laminated composites is an 

important phenomenon. and is attributed to the mismatch in Poissonk ratio (v )  and 

coefficient of neutral influence (vqvZ) between layers [37]. If tliere is no mismatch of v 

or qws between layers. interlarninar stresses do not exist even if tliere is a mismatch 

in elastic and shear moduli [43]. 

3.5.1.2 Delaminat ion Caused by Impact 

When a laminate is hit by a projectile or is subjected to a n  impact, the hit generates 

highly localized deformation gradients w l ~ c h  cause large transverse shear and normal 



stresses that can cause the daniage to propagate and eventually failure of the laminate. 

This amount and type of damage in the laminate depends upon the size. type and 

geometry of the laminate. impact energy and the loading at the tinie of impact. 

3.5.1.3 Delamination Caused by Matrix Cracking 

Anot lier cause of delamination development in a laminate is the matriv cracking in 

oE-axis plies. These off-- ply cracks create interlaminar stresses. These interlami- 

nar stresses fiequently cause local delamination which grow along ply interface near 

matrix cracks. 

3.5.2 Effect of Delamination 

The teiisile stat ic and cyclic loading be haviour of quasi-isotropie graphit e/epoxy lami- 

nates reported by Reinfsirider. Stinclicoiiib and Con-orker [81]. iiidicate that the dani- 

age developed in the forin of iiiatrix cracks and delainiriatioii does iiot appear to 

influence tlie residual strength. Subsequently. Garg [37] and other researcliers sliowed 

that delaminat ion plays a critical role in decting tlie compressive behavior of a Iam- 

inate. Grag states that it may cause localized buckling and high interlaminar shear 

and normal stresses at the edges of the buckled region. This effect is depicted in 

Figure (3.6). Such a plienomenon is designated as instability-related delamination 

growtli. Wliitconib [114] studied such delamination growth in compressively loaded 

menibers and concluded tliat. for a laminate with one surface delaniinated partially 

(Figure 3.6). the critical load P, decreases wit h the increase in delaniination length a. 

Yin. Semites and Coworkers [91' 126, 1271 also studied the delaniination growth due 

to compressive loads in various laininates under different edge conditions. Sirnilar 

effect on the buckling behavior of composites with delaniination have been sliown by 

hla junidar and Suryanarayan [73]. Rlioldes. Williams and Coworkers [Il61 st udied 



Figure 3 -6: Delaiiiinated Laminate under Compression. 

t lie compression beliavior of impact damaged composite panels. These studies have 

indicated t hat the residual st rengtli significantly deteriorates nit11 increase in impact 

velocity (or impact daniage). Ako, fatigue loading of delamination panel may ac- 

celera te damage growt h . part icularly under compressive c yclic loading. This tends 

to reduce the residual stre~igtli and stflness. Such beliavior was studied by several 

researchers [36: 114. 951 where the delamination was either caused by impact or by 

implanted flaws. 

3.5.3 Growth of Delamination 

Delamination growth depends upon the stress state at the crack tip which is governed 

by the mixed mode stress iiitensity factors involving KI?KII 61 KIII or the strain 

energy release rates GI:  GII and GIII .  It is not necessary that all three modes exist 

and one or two modes niay doniiiiate fracture propagation. For example. the analysis 

by Wang [log] for edge delami~ation at the interface of angle (&O) laminates show 

that KII is considerably loiver tlian KI and KIII and edge delamination is dominated 
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by KIrr i.e. the tearing mode. The growth of edge delamination is a stable fracture 

process in laniinates subjected to t ende  loading [78], Le. applied load has to be 

increased to force the delamination to grow. Such growth has been characterized by 

O'Brien [78] using the concept of crack grow-th resistance (R-curve). He considered 

that Gc is a material property and is independent of ply orientation. This is coritrary 

to the observations of Johannesson and Bliksted [54] for delamination of angle ply 

laniinates. Their studies have shown t hat Gc is strongly dependent on the ratio % 
for angle ply laminate. 

The inixed mode delamination growth is not observed to follow a single propaga- 

tion law. Various laws have been used by different investigators to fit tlieir test data. 

The siniplest niixed mode delaniiiiation propagation lm- is defmed as Wie delamina- 

tion grow-th wliich occurs nhen the total strain energy release rate GT = Gr + GII 

reaches a critical value G/. i-e. 

Equation (3.25) may describe the mixed mode delamination growth only for the mate- 

rials when Crc = GrIc. Rybicki et al. [89] and O'Brien [78] have used Equation (3.25) 

to describe their mixed mode delamination growth. 

For most of the graphite/epoxy composites. Equation (3.25) may not adequately 

describe the delamination growth. A more appropriate interaction relation to describe 

the delamination growth is given in 1681 as: 

Iiliere the exponents rn and n have difTerent values for the different cases. 

Hahn [21] lias proposed anotlier mked mode crack propagation law as: 
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where g = 

For composites with epoxy matrices g = 0.1 - 0.2. For negligible go Equation 

(3.27) is similar to Equation (3.26), with m = 112 and n = 1. 

Russell and Street [88] also studied various crack propagation laws and demon- 

strated that mixed mode delamination growth may be better represented by W u Y s  

tensor polynomial criterion [121]. Russel and Street modified Wu's original criterion 

from the plane stress to  plane strain condition a-hich are more appropriate for delam- 

ination problems. The plane strain mode1 was found to fit the experimental data for 

mixed mode delaminat ion fairly well. 

Vaxious test niethods have been considered for nieasuring the growth of delarn- 

ination. Wilkins et al. [Il51 tested double cantilever beam (DCB) specimens and 

cracked lap sliear (CLS) speciniens under displacement controlled conditions where 

P vs 6 cuves are obtained for various crack lengths. a. The DCB specimen. . consist 

of two cantilever b e a m  joined at the end of the crack tip as shown in Figure (3.7A). 

The conipliance of system is expressed as: 

where E is longitudinal niodulus and h is the thickness of each beamo and the energy 

release rate is 

To characterize mode II delamination. several specimens such as cracked lap shear 

(CLS) specimen [115] (see Figure 3.7%) were considered- in m-liich the P vs 6 curves 

rnay be obtained for various crack lengtli and the value of Gc may be obtained using 

where subscripts (1) and (2) refer to the sections indicated in Figure (3.7B). 



Russel and Street [88] used tlie end notçlied flexure (ENF) specimen, which is 

the same as tlie DCB but it is located in a three point flewre and results in almost 

pure in-plane sliear delaniination gron-tli by mode II. An expression for mode II 

delaminatioii of GIIc wing the beau1 tlieory is given as: 

w-here Pc is the critical load for delamination' M;. L and a are defi~ied in Figure (3-7C) 

and C is the conipliance defined by 

wliere E is the flesural nlodulus and 2h is the thickness of the specimen. 

3.5.4 Prediction of Delamination Behavior 

3.5.4.1 Prediction of hterlaminar Stresses 

Prediction of delaniination beliavior in composites has been an important subject for 

many years. Most of previous work has focused on detennination of the stresses in 

the boundary layer near the free edges whether curved or straight. The analytical 

approach to such problenis have been to determine stress intensity factors at the tip of 

the crack and at the interface of two or niore isotropic layers or traiisversely isotropic 

Iialf planes wliicli --as derived by Erdogan and Gupta [31] and England [28]. 

Because of its complexities. the analytical solution to edge delaniination has been 

rather limited. Tlierefore more ernphasis has been placed on the use of either finite 

difference as Altus. Rotern and Slimeli [2]: or finite eleuient niethods as Kim and 

Hong 1581 and Spilker and Chou [102]. 
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Figure 3.7: A) Double Cantilever Beam (DCB) Specimen. B) Cracked Lap Shear 

(CLS) Specimen. C) End Notclied Flexure (ENF) Specimen. 
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3.5.4.2 Onset of Delamination 

There are tm-O approaclies tu predict delamination: one based on fiacture mechanics 

and the otlier based on strength. Rybicki. Schniueser and Fox [89]? modeled the 

edge delamination utilizing finite element method. They found that the strain energy 

release rate remained nearly constant during the propagation of delamination. This 

indicates that the critical strain energy release rate (Gc) may be a useful criterion for 

ddaminat ion growth. This obsemt ion t hat G remaining constant wit h delamination 

propagation has been noted by other researchers as Altus. Rotern and Shmueli [2] and 

Whitcomb [1l4]. However. Garg [36] stated t hat , the fracture mechanics approach 

in predicting the delaniination omet appears to be more accurate than the strength 

approach. Tlius. delainination has been predicted using the strain energy release rate 

approach and otlier failure criteria. O'Brien ['BI suggested the strain energy release 

rate approach for prediction initiation and groft-tli of delamination. 

Kim and Sonic [GO] studied the onset of delamination by using the average stress 

criterion. The average stress criterion assunies t hat t lie initiation of delaminat ion 

occurs d i e n  the average value of interlaminar stress over the critical Iengt h reaclies 

prescnbed interlaminar strengt h. Brewer and Lagace [l O] introduced the quadratic 

delamination criterion to predict initiation of delamination based on free edge stress 

distributions. They reported good agreement between the results calculated by the 

quadratic delamination criterion and experimental ones. 

Sung Yi [125] extended the quadratic delainination criterion to take into accouiit 

tirnedependent creep rupture strengths by some rnodified expression for time depen- 

dent average stresses. For more details one can refer to ref. [125]. 
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3.5.5 Matrix Cracking 

Wang and Chang [log]. found in their studies that fiber-reinforced laminated corn- 

posites are vulnerable to transverse concentrated loading as low-velocity impact c m  

cause signiiîcant interna1 daniage in the form of matrk cracks and delaniination. Ex- 

perimental observations done by 144.1 and Springer [123]. Gosse and hlori [39] have 

shown that these matriu cracking and delamination resdting from impact or quasi- 

impact appear concurrently This strongly indicates the existence of strong interaction 

between matrix cracking and delamination during impact. 

Recent studies of two-dimensional impact by Choi and Chang [17. 181 showed that 

matrix cracking is the initial iilipact daniage mode. Two types of matrix cracks such 

as shear crack embedded inside the niaterial and bending crack which appears in the 

outermost layers of the laminate were found to initiate delamination. Additionally: 

delamination induced by impact or quasi-impact always propagate more extensively 

in the direction of the fibers than in the transverse direction of the fibers of the bottom 

layers next to the delmination interface. 

Liu. Kutlu and Chang [G8] studied the damage mechanism and mechanics of l m -  

inated composites sub jected to transverse concentrated loading. In t heir investiga- 

tion: an ana.lytica1 model \vas proposed for analyzing the response of the composite 

beam beyond initial damage resulting from transverse concentrated loading. The Liu, 

Kultlu and Chang [68] model considers matrix cracking in addition to  delamination 

and interaction between mat nx cracking and delamination. Basically. the mode1 con- 

sists of t h e e  parts: a stress analysis. a contact analysis and a failure analysis. Because 

matrix cracking and delaniination growtli in laniinated composite bearns subjected to 

transverse concentrated loading were the major concern of this study. fiber breading 

was not considered. An appropriate failure criterion was adopted for preclicting the 

initiation of matrùc cracking and delamination. A fracture analysk based on linear 
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elastic fracture mechanics theory utilized for modeling the growth of the initial 

damage. They described the matrix failure criterion as 

Wlere Si is the inter-lamina shear strength 

ation, and Y,  is the insitu ply transverse tensile 

witliin the laminate under consider- 

strength. The occurrence of matrix 

cracking is predicted when the value of en1 is equal to or greater than unity. They 

expressed the delaminat ion failurz criterion in t heir st udy as 

Where and 0x-z are the interlaminar shear stresses. and ozz and o y y  are the 

out-of-plane normal stress and in-plane transverse normal stress respectively within 

the elenient under consideration. The occurrence of delamination a t  the interface is 

predicted when the value ed is equal t o  or greater than unity. 

IVhenever the conibined state of stresses satisfies either one of the criteria. initial 

failure was predicted. The corresponding failure criterion indicates the initial mode 

of failure. Once the initial f d u r e  was predicted. fracture analysis was then applied 

to  simulate the growth of local damage when the applied load continued to increase. 

They also suggested in their study t hat in order to simulate crack propagation, a s m d  

initial crack was introduced immediately after the occurrence of the initial failure, 

depending upon the type of the failure mode. For matrix cracking, they suggested 

a vertical crack to be immediately generated in the failed ply a t  the location mhere 

matrix cracking was predicted. FinaIly, a t  the end of their study they concluded that 

the delamination growth induced by interplay bending cracks is stable and progressive, 

but the one induced by interplay sliear-cracks is very unstable and catastropliic. For 

more details on t his sub ject, the reader is refered to ref. [G8]. 
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3.5.6 Met hods of Reducing Delaminat ion 

3.5.6.1 Improved Resins 

The delamination growth in a composite depends on its interlaminar fiacture tough- 

ness which in turn depends on the toughness of the matrix material. Williams and 

Rhodes [116]! Choi and Coworkers [18] demonstrated that tough resins can sig- 

nificantly reduce darnage caused by impact and substantially improve the residual 

strength follon-ing impact. 

3.5.6.2 Through Thickness Reinforcement 

Using polyester and Kevlar yarns at various stitch spacing and pitch for stitching 

t hrougli t lie thickness graphite/epoxy laminates. Dexter and Funk [24] demonstrated 

a considerable improvernent in damage tolerance. However. the st itcliing reduces the 

compressive and tensile strengtli of laminate compared to unstitched laniinate for 

undaniaged specimens by about 20 - 25%. 

3.5.6.3 Interleafing 

Interleafing of the laminate. i-e. sandwiching thin films of high toughess and shear 

strain thermoplastic between graphite/epoxy layers has been demonstrated by Evans 

et al [33] to be an effective may to improve the damage tolerance of composites. 

3.5.6.4 Design Considerat ion 

It has already been stated that the cause of delamination iç the interlaminar stresses 

w-hich are dependent on the lay-up sequence. Kim [59] suggested that the reinforce- 

ment of free edges is an effective n7ay to prevent and/or delay initiation of delamina- 

tion. His study has indicated that the reinforcement of edges of various delamination 



CEMPTER 3. LITERATURE SURVEY 

prone laminates by fiber g las  clot li sigiiificant ly delays or prevents the initiation of 

edge delaminat ion. 

3.6 Fracture of Composite Materials 

The fracture and fatigue beliaviour of conlposite niaterials is obviously one of the 

more challenging and ceitainly one of the niost important technological areas to be 

investigated and understood. Application of the principles of linear elastic fracture 

mechanics to tliese materials is Iiniited not only by tlie anisotropic and inhomogeneous 

nature of composites but also by the fact that the individual cornponents may be 

capable of plastic defommtion. 

Fracture. dietlier brittle or ductile. whether in nearly lioniogeneous materials or 

in composites. is governed more or less sensit iveiy by rnacroscopic discont inuities and 

iniperfectioiis such as cracks. holes and iiiclusions. It cal1 not be understood with- 

out a full description of sucli niicro structural features. Tlie fracture beliaviour of 

composite materials has recently becorne a major concern' as engineering composites 

have begun to appear in critical structural applications. Fracture of fiber-reinforced 

composite. liowever. is often controlled by numerous microcracks distributed through- 

out the material. ratlier tlian a single macroscopic crack. Tliere are situations where 

fracture mechanics is appropriate for composites, but it is iniportant to recognize the 

limitations of t lieories tliat were intended for homogeneous materials. 
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3.7 Stress Field Around an Interface Crack Be- 

tween Dissimilar Materials 

The accurate evaluation of the strength of an interface crack between dissirnilar ma- 

terials such as conlposites becomes very important because fracture often occurs at 

the interface. Therefore. the singdar stress and displacernent fields for an interface 

crack is of concern to many scientists and researchers. One of the early investigations 

in this field w-as by William [Il71 in 1959. who used an eigen funrtion approach to 

determine the singular character of the extensional stress near the tip of the crack at 

the interface between two iuaterials. He found tliat the stresses have an oscillatory 

character. 

From 1963 to 1965 Erdogan [29' 301 used complex variable formulation in exaniin- 

ing the case of two half-planes bonded to each otlier dong a finite number of straight 

line segments and evaluated tlie stress distributions near the end of the crack. In his 

study. lie found tliat stresses due to  violent oscillations occur near the ends of the 

cracks. This probleni also studied by England [27] in 1965 and he concluded that 

the solution to the probleui of a single line crack opened by equal and opposite nor- 

mal pressures betuieen two bonded dissuiiilar half-planes, is physically inadmissible 

since it predicts that tlie upper and lower surfaces of the crack should later wrinkle 

and overlap near the ends of the crack. Rice and Sih [9û, 851 in 1965, applied the 

complex variable technique of hIusklielishvili 1751 combined with eigenfunction ex- 

pansion to explicitly obtain the expression of stress components in the vicinity of a 

crack tip. They also conclude that the significant stresses are inversely proportional 

to the square root of the radial distance fiom the crack front and have an oscillatory 

character. 

Theocaris and Gdouto [105? 1061 denved the stress functions to solve the problems 



under various boundary conditions. However: in case of the interface crack between 

dissimilar materials, Ishikam-a and Kohno [52] found that the stress functions which 

was derived by Theocaris and Gdoutos [105. 1061 are restricted to the case where the 

shear-modulus and Poisson ratios of the dissimilar materials satisfy certain condit ions. 

The stress functions nrhich were derived by Tlieocaris and Gdoutos [105. 1061 were 

improved in 1993 by Ishikawa and Kohno [52] so that they can be used for the 

materials with arbitrary moduli and ratios. By using these improved stress functions, 

the energ). release rate for the extension of the crack, as  well as the singular stress 

and displacement fields arolind the tip of the crack is obtained. They also show that 

the solutions obtained were identical to those obtained by Rice and Sih as well as 

t hose by Sun and Jih [104]. 

Alternately. total strain energy release rate. Gi was used as a fracture parameter 

for interfacial crack propagation. It nas found by hlulville and hlast [74] that the 

total st rain eiiergy release rate remained relatively coonst aiit as tlie crack propagated 

along the bond. hloreover. tlie total energy release rate approach eliininated probletlis 

associated wit li oscillating singulanties. Sun and Jili [101] in 1987 used crack-closure 

method to calculate the strain energy release rates associated with mode 1 and mode 

II. It was shown analytically that mode I and mode I I  strain energy release rates for 

the interfacial crack in bi-niaterial plates are not well defined due to  the presence of 

oscillatory t e m .  However. it was found numerically that GI and Grr depend on the 

choice of the assumed crack extension. 

Kelly Hills and Nowell [57] in 1994 used tlie method of distributed dislocations 

to  forniulate the plane problem of crack between a circular elastic inclusion and an 

elastically dissimilar niatrk. Results are given for the crack-tip stress intensity factors 

for several sizes of cracks, and it is sliown that as tlie crack angle becomes large. the 

open mode intensity falls, and eventually the crack tips close. Dhaliwal and Saxena 

[25] in 1992 considered the problem of determiiiing the stress intensity factor when 



two bonded dissimilar non-lioniogeneous layers contain an interface Griaith crack, 

and when the faces of the crack are subjected to antiplanar shear stress. Numerical 

resdts are presented for the stress intensity factor using Fourier transformation and 

Erdogan's approach. The nunierical results showed t hat the stress intensity factor 

K decreases rapidly as the thicknesç of the two layers decrease. For the case of 

the two layers of equal thickness. and the interface crack subjected to an antiplane 

constant shear stress. they concluded that the stress intensity factor decreases rapidly 

as thickness increases. Following this. in 1993? Xu and Reifsnider [124] studied fiber 

cracks or microcracking formed in the process of manufacturing due to mismatch 

of fiber and matrix thermal expansion coefficients propagation in composites due to 

transverse tende fracture nieclianics (LEFhl) . They investigated the effect of fiber 

volume fiaction' fiber anisotropy. and fiber-matrix mechanical property mismatch on 

the fiber crack propagation and concluded tliat the fiber mechanical anisotropy semis 

to have little effect on the fiber cracking for transverse loads. 

3.8 Numerical Modeling 

Numerical methods of stress analysis are powerful tools which can produce solutions 

for complex problem such as the ones of composite materials [8]. The finite element 

modeling for the prediction of crack propagation in composite materials have found 

widespread use in the fracture mechanics field. There are two basic approaches to 

model a crack using the finite element method: the smeared crack model and the 

discrete crack model. Historically. the first crack models were discrete [76], however. 

the smeared crack model is introduced by Rashid [83] which has been adopted by most 

of finite element codes and the discrete mode1 was discarded primarily for convenience. 
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3.8.1 Smeared Crack Modeling 

In this approacli. the cracked material is assumed to remaui as a continuum; the cracks 

are '*smeared out" in a continuous fashion. Rather than representing a single discrete 

crack. This approach has the effect of representing an infinite nuniber of parallel 

fissures across the cracked matenal element. These parallel fissures are assunied 

to form in the planes (or surface for axisymmetric problems) perpendicular to the 

maximum principal stress (or strain) direction. After the first cracking has occurredl 

it is assumed that the cracked material becomes orthotropic or tranmersely isotropic, 

with one of the material principal axes being oriented along the direction of cracking. 

The rnodel sniears the crack over one or more finite elenients by defining an or- 

t hotropic stress-strain relation for t hose elenients. This would assign a zero Young's 

modulus to the element in the direction normal to the crack. and a fraction of the 

original sliear modulus is retained [5]. Tlius as the crack propagates. the [Dl niatrix 

of the cracked elements varies  hile the topology (or element connectivity) is not 

affected. 

3.8.2 Discrete Crack Modeling 

In the discrete crack model, a crack L represented by an inter-element gap and during 

crack growth the mesh topology continuously changes and its elastic properties are 

kept constant. hirther-more in the discrete approacli. the mesh is niodified, automat- 

ically. to represent the cracking process [47]. In the case of arbitrary cracking. local 

remeshing is introduced to existing elements and performed for each crack at  each 

increment of cracking. Singular elements are introduced at a true crack tip to model 

the singular stress field in accordance wit h linear elast ic fracture niechanics (L EFhl) . 

In the early 80's there lias been a renewed interest in the discrete model. Since 



theno discussions about the nieiits of discrete versus smeared crack models kept on 

being addressed. As a result of that: much has been written about the phenornene 

logical and cornputational aspects of each mode1 [6]. [62]. As far as the h-O modek 

are coiicerned. some of the recent smeared crack models are beginning to look like 

discrete ones. In fact. tliere is a need for both models? but discrete crack models 

should be used when a precise crack profile is sought. 



Chapter 4 

FAILURE MODELING OF 

COMPOSITE MATERIALS 

4.1 Introduction 

This cliapter addresses the mat hematical modeling of composites failure. Three 

classes of models are proposed in the literature: strength-based models~ fracture 

based models and continuum based models. Two major contributions are proposed 

herein. The fmt contribution establishes a systeniatic nuinerical procedure to deter- 

mine interlaniinar buckling in finite elernent analpis using a correlation technique. 

The second contribut ion addresses liybrid fracture nieclianics-cont inuum damage nie- 

chanics mode1 to simulate crack growth in composites usiiig the finite elernent metliod. 
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4.2 Failure of Fiber Composites - Strength A p  

proach 

Because of the cornplexity of tlie failure process. it may be desirable to regard the 

strengtli of a unidirectional fiber composite subjected to a single principal stress 

component as a quantity to be nieasured experimentally. rather than deduced from 

constitutive properties. At the level of unidirectional composites. it is important to 

examine the effect upon failure of the individual constituents to develop an under- 

standing of the nature of the possible failure mechanisms. 

The strength of the fiber composite clearly depends on the orientation of the 

applied load witli respect to the direction in which the fibers are oriented as weU as 

whetlier the applied load is tensile or compressive. 

4.2.1 kvd Tensile Strength 

The simplest mode1 for the tensile failure of a unidirectional fiber composite subjected 

to a tensile load in the fiber direction is baçed on elasticity solution of uniform axial 

strain throughout tlie composite. Generally! the fibers have a lower strain to failure 

than the matrix. and composite fracture occurs at  the strain of the fibers alone. 

When the bond strength betnieen the fibers is high enough to prevent interface 

failure, local stress concentrations may cause fiber failure to propagate tlirough t lie 

rnatrix? to and througli adjacent fibers. Alternatively. the stress concentration in 

adjacent fibers may cause one or more of such fibers to break before failure of the 

intermediate matrtx. If sucli a crack or such fiber break continue to propagate, the 

strength of the composite rnay be no greater tlian that of the weakest fiber. As the 

applied load continue to increase, new fiber failure at other locations in the material 

will appear and interna1 damage will results. 



4.2.2 Axial Compressive Strength 

Both strength and stability failures must be considered for compressive loads pardlel 

to the fibers of unidirectional composite. Microbuckling is the load failure mechanism 

for axial compression. The energy method has been used for evaluat ion of the buckling 

stress for t hese modes. This procedure considers the composite as stressed to buckling 

load. The strain energy in this compressed but straiglit pattern (extension mode) is 

then compared to an assumed buclcling deformation pattern (shear mode) under the 

same loôd. The condition of instability is given by equating the strain energy change 

to the work done by the external loads during buckling. 

4.2.3 Matrix Mode Strength 

Iilien failure in composite materials occurs w-ithout fracture of fibers. This is h o m i  

as ruatrix mode of failure. This kind of failuse mode caii happen nhen the niaterial 

subjected to transverse tension or compressiori aiid axial sliear loading conditions. 

Micro-mechanical analyses of these failure modes are coniplex because the cntical 

stress states in the rnatrix. are higlily non-uniform: and are very dependent upon 

local geonietry. As a result , it appears that the inost fruitful approaches will be those 

that consider average states of stress. 

4.2 .4 Strengt h-based Finite Element Modeling 

As mentioned in the literature review? the snieared crack is best fit to mode1 failure 

on the bases of the "strength approach . 

At the constitutive level, a finite elelnent may be considered to be liiiea- elastic 

isotropie or anisotropic to siniulate an initial undamaged state. A niultilayered ele- 

nient may be used to siniulate individual plies. While terisile failure is siliiulated by 
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introducing a discontinuity in the displacernent field across the direction of m d u m  

principal stress' within the element, when the ma.uimum principal stress reaches a 

lirniting value, compressive failure is introduced by removing the local capacity of the 

element to transmit compressive forces, w-Me the former task is an easy one to im- 

plement, the latter presents serious difficulties due to incompatibility problems across 

inter-element boundaries. 

4.3 Failure of Fiber Composit es-Fract ure Mechan- 

ics Approach 

In this section a brief suniniary is provided of the basic concepts and definitions 

employed in the t heory of linear elast ic fracture mechanics. 

4.3.1 Introduction 

The application of fracture mechanics concepts to crack growth has made substan- 

tial progress over the Iast three decades. The process which causes cracking of a 

components subjected to loading can generally be broken into trvo distinct phases- 

initiation and propagation. The prediction and measurement of crack propagation 

is of significant importance for the design of loaded components and the measure- 

ment assessnient of service life. Linear elastic fracture mechanics is based on the 

concepts of stress intensity factors. Using complex functions, Wkstergaard was the 

first to determine the stress and displacement field near the tip of a sharp crack [113]- 
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Subsequent ly Imin [5 11 int roduced t lle concepts of stress intensity factor defined as 

where a, are the near crack tip stresses. and KI.  KI I .  KIII  are associated with t lme 

independent kinematic niovements of the upper and lom-er crack surfaces with respect 

to each other. as shown in Figure (4.1) the displacement modes are: 

0 Openzng Mode I: in wliicli the two crack surfaces are pulled apart in the y 

direction. but where the deformations are symmetric about the x-y and x-z 

planes. 

Shearing Mode II: in which the two crack surfaces slide over each other in the 

x-direction. but wliere the deformations are synimetric about the x-y plane and 

skew symnetnc about the x-z plane. 

Tearing Mode III: in m-hich the crack surfaces slide over each other in the z- 

direction, but n-here the deformations are skew symmetric about the x-y and 

x-z planes. 

4.3.2 Near Crack Tip Stress and Displacements in Isotropic 

Cracked Solids 

Using Iiwin's concept of the stress intensity factors which characterizes the strength 

of the singularity at a crack tip, the near crack tip (i.e. Y << a) stresses and dis- 

placements can be expressed as [5]: 
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Figure 4.1 : Independent hf odes of Crack Displacement. 
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Mode III loading: 

rzz = 
Kr11 0 sin - 

(27ir)P 2 

ryz = 
Kr11 0 

1 COS - 
( 2 1 i r ) T  2 

KIII  2r 0 
w = - [--] sin - 

G 2 

For some applications. it is niore convenient to rewrite the above near crack tip 

stresses in polar coordinatest in wliich case tlieir expression is given by: 

Mode 1 loading: 
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0 Mode II loading: 
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4.3.3 Mixed Mode Crack Propagation Models 

Once the stress intensity factors ( K I .  K I I .  KIII)  have been numencally (or ana1yti- 

cally) computed and t lie rnaterial fracture toughness KIc experirnentally determined. 

a fracture initiation criterion encompassing tliese variables is soiiglit. This criterion 

d l :  

1) Determine the angle of incipient propagation, Bo. with respect to the crack axis. 

2) Determine if the stress intensity factors are in such a critical combination as 

to render the crack locally unstable and force it to propagate. For mode 1 

problems, fracture initiation occurs if: 

The determination of a fracture propagation criterion for an  existing crack in mode 

1 and II would require a relationsliip between Kr.  KII and KIc. This relationship 

would have the form: 

F (KI '  KII' KIC) = O (4.30) 
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and would be analogous to the one between the two principal stresses and a yield 

Such an equation may be the faniiliar Von-Mises criterion. In the absence of a widely 

accepted criterion for mked mode crack growth? three of the most widely used crite- 

rion are discussed belon;. 

4.3.3.1 Maximum Circuderential T'ensile Stress 

Erdogan and Sih [3Z] presented t lie first mixed-mode fracture initiation theory, the 

Maximum Circumferential Stress Theory. It is based on the know-ledge of the stress 

state near the tip of a crack. and expressed in polar coordinates. The h laxhum 

Circumferential Stress Tlieory states that the crack extension starts: 

1) At its tip in a radial direction; 

2) In the plane perpendicular to the direction of largest tension: 

3) When Q ,, reaches a critical material constant. 

It can be easily sliown that 00 reaches its maximum value when T,e = O. Adding the 

two contributions to 00 given by Equations (4.25 and 4.28) we obtain: 

t his equation has the following two solutions: 80 = *7i trivial and 

KI sin& + Kr[ (3cosOo - 1)  = O 

The angle of crack propagation can be explicitly solved for: 
r 
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Finally equat ing the niaximum circumferential tende stress to a niaterial dependent 

critical value. we obtain: 

This last equation can be nornialized and rem-ritten as : 

KI - 6 3K11 60 C0s3 $! - - - cos - sin O0 = 1 
KIC - 2 Krc 2 

Equations (4.36 and 3.34) give the onset and direction of crack gro~vtli in mixed mode 

probleuis. 

4.3.3.2 Maximum Energy Release Rate 

Anotlier theory. based on tlie application of the G~iffitli-11~-in potential energy release 

rate criterion. states that the crack m-il1 grow in the direction aloxig nhich the potential 

energy release per unit crack extenuation will be inaximum and the crack will grow 

when this eriergy (release rate) reaches a critical value. 

A solution to this complex mathematical problein was proposed by H w a i n  et 

al.[46]. They propose the follon-ing expression for tlie plane strain energy release rate 

associated witli an infinitesimal extension of the crack tip at an angle : 

x [(1+ 3 coi2 0) K33 sin 0 cos BKI Krr + (9 - 5 mi2 8) K&] (1.37) 

The fracture locus prediçted by the Go,, theory is : 
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4.3.3.3 Minimum Strain Energy Density Criteria 

The hlinimuni Strain Energy Density T l i e o r ~ ~  formulated by Sih. has been receiving 

a lot of attention [97]. It  states that fracture initiates from the crack tip in direction, 

0: along which the strain energy density at a critical distance is minimum. and when 

t his minimum reaches a crit ical value. cracking occurs. 

where 

sin 0 
a12 = - 

16G 
12 cos@ - (k - l)] 

1 
a22 = - [(k+ 1) (1 -cos6) + (1 +cosB) (3cos0 - 1)] (4 -42) 

16G 

k = 3 - 4v for plane stress and k = for plane strain, and G is the shear modulus. 

The fracture locus predicted by this theory is given by: 



4.3.4 Implement ation 

Algorithmically. the angle of crack propagation Bo is first obtained? and the criteria 

assessed for the local fracture stability. If the pair of the stress intensity factor (SIF) 

is inside the fracture loci given above? then that crack cannot propagate without 

sufficient increase in stress intensity factors. If outside the loci' the crack is locally 

unstable and mil1 continue to propagate: 

1) With an increase in the SIF (and the energy release rate G). thus resulting in 

a global instability and failure of the structure (crack reaching a free surface). 

2) Or witli a decrease in the SIF (and the energy release rate G)' due to stress 

redistribution and tlie SIF pair goes back within the locus. 

Also. it should be indicated that a crack tends to propagate in a direction n-liich 

mininiizes tlie 2 ratio. i.e. a crack under niked-mode loading d l  tend to re-oneiit 

itself so that is rninirnized. Tlius during its trajectow a crack xi11 niost ofken be in 

that portion of the nornialized - space wliere the tliree theories are in close 

agreements. 

4.4 Nonlinear Fracture Mechanics 

Both linear and nonlinear fracture meçhanics theories are used to describe crack 

initiation? crack propagation of different compoilents and structures under various 

loading condit ions. The relat ionship betrveen load and de format ion of a structural 

component subjected to a increasing load can often be nonlinear during the process 

of slow stable crack growth regardless of weather the material behaves in a linear 

or nonlinear fashion 1981. This nonlinearity can. in general, be attributed to a crack 



growt h at the microscopic scale and material deforming beyond the yield point which 

corresponds to damage done at the rnicroscopic scale Ievel. The nonlineari~ ahead 

of a crack is modeled usually by extending the tme crack to account for the nonlinear 

zone ahead of it and apply a closing pressure which is derived from the postpeak 

response of uniaxially loaded member. This approach is commonly referred to as the 

fictitious crack model. The commonly used fiacture mechanics parameters are: stress 

intensity factor K [56], strain energy release rate G [98]! the J integral [8G. 8'71: crack 

tip opening displacement CTO D [77]. 

4.5 Continuum Darnage Mechanics 

The fundaniental notion of continuum damage mechanics is to represent the damage 

state of material in ternis of appropiiate interval state variablesl such as the damage 

paranieters and the interna1 stress. hfeclianical equations can then be established 

to describe the evolutiori of the interna1 variables and the mechanical beliaviour of 

the damage materials The coupling effect betrveen damage processes and the stress- 

strain behaviour of mat ends can t hus be described. Continuum damage mechanics 

(CDM) is also classified as a local approach of fracture since only local field variables 

are considered necessary in osder to determine the onset of cracking. failure:..etc. It 

does not have the limitation due to different niodes of failure (e.g. 1, II. XI 1) [19. 201: 

or due to the scaIe of yielding and finite deformation such as the one required by the 

fracture mechanics parameters approach [103]. 
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4.6 Relat ionship Between Fracture Mechanics and 

Cnntifiuum Damage Mechanics 

DifFerent t heories and models have been put forward to explain mechanics of fracture, 

damage. fatigue and creep deformation. From the point of view of macro-mechanics, 

there are generally two schools of taught in fracture and creep fracture problems. the 

fracture mechanics approach [92] and the continuum damage approach [G3]. 

Botli fracture niechanics and continuum damage mechanics are tools to deal with 

problems of material failure. The two approaches are coniplementary to each other 

[64]. In fracture mechanics problems. material failure is usually caused by the ini- 

tiation and propagation of one major crack in the specimen. It is usually assumed 

that only the niaterial at the crack tip experience damage or degradation, while the 

material in otlier parts of the speciinen is not inffuenced. 

In Continuum Daniage hleclianicst the final failure is caused by progressive degra- 

dation of the material. The damage is distributed unevenly throughout the material 

and therefore influences its properties a t  evey  point depending upon the degree of 

damage. The final failure of the material is caused by the evolution and accumulation 

of the damage. i.e continuum damage mechanics is used to describe material dete- 

rioration before and after a macro-cracks is formed [65]. As an example, when the 

accumulated damage at a particular point reaches a critical value, the material at the 

point is regarded as having lost its load-carrying capacity and damage is "complete". 

Figure (4.2) shows the relationship between fracture rnechanics and continuum dam- 

age mechanics as complementary science [15]. 
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Chapter 5 

FINITE ELEMENT 

COMPUTATION OF 

INTERLAMINAR BUCKLING 

LOAD 

5.1 Introduction 

Int erlaminar fractures caused by compressive stresses did not get enough attention 

in computational mechanics. since cracking is caused iiiainly by tensile and shearing 

loads. Furt lier developments are required t O extract t lie paraniet ers giving the effec- 

tive axial stress aliead of the crack tip with an arbitrary orientation and subjected to 

a general loading configuration. 

As an extension to the correlation technique, used for determination of stress 

intensity factors: the near crack tip displacement field expression is correlated with 



the corresponding finite elernent one to define the parameter representing the effective 

axial stress ahead of the crack tip. For an initial flaw between two laminates. finite 

elernent computation of the axial stress along the crack direction is impossible due 

to the limitation of the approximation. This chapter presents a derivatiou of the 

proper forniula for deternlining the effective axial stress ahead of a crack tip in two- 

dimensional finite element analysis using singular elements. 

5.2 Background 

Computational fracture mechanics addresses two important engineering problems: 

failure investigation and safety assesment of solids and structures. In problerns of 

the first kind. Rie attempt to trace the response of the structure either in real time or 

in a pseudo-tinie and recover the collapse rnechanism by nucleating and propagatiug 

cracks in a discretized continuu~n. In problerns of the second kind, we start fiom the 

assunlption tliat cracks and defects exist due to material imperfection or human error 

in construction and/or conception. Safety is then assessed by deciding whether cracks 

are stable or need to be propagated further. A critical crack length can be established 

wit h a parallel safety factor. In bot h exercises, fracture nucleation and propagation 

have to be correctly modeled within a contiiiuum. and reIevant fracture parameters 

have to be accurately defined. To tliis end, singular elements for crack tip modeling in 

comput at ional kact ure mechanics lias become widely used because t hey do not require 

any alteration of a standard finite elernent code and only pre and post-processing 

additional work has to be performed. To be more specific, the pre-processing consists 

of documenting the topology of the cracks (nodes along the crack(s) faces): and the 

post-processing consists of evaluating expressions for the stress intensity factors. The 

correct determination of stress inteiisity factors is done by matching. The square 

root singular terms in the analytical near crack tip displacement field and the finite 



element approximation of the displacement field was k t  introduced by Tracey [IO?] 

and Shih et al. [13] in the two dimensional case and later generalized by Ingrdea 

and Manu [48] for the t hree dimensional case. 

Fortunately. the formula for stress intensity factor (SIF) does not depend on the 

type of shape functions used in the finite element iniplementation of the singular 

element. As a matter of fact, the collapsed eight-node serendipity element and any 

degenerate six-node element would have the same expressions for SIF extraction. Sim- 

ilar conclusion is reached for t hree dimensional quadratic singular elements (derivation 

can be fouiid in [4]). Fkom an  engineering point of view, we need not to w o q  about 

the type of approximation being used in the h i t e  element package, and only the 

correct formula for SIF e-xtraction are needed. 

Erroneous results can be found n-heii conventional linear elastic fracture niechanics 

is used to predict tlie direction of crack extension and the onset of crack propagation 

in doniiuantly conipressive fields. Tlie 1/fi singular teriris of tlie solution used to 

extract the stress intensity factors does not account for compression/tensioii dong t lie 

axis of the crack. Rfeanwhile, the higher order terni r0 in the analytical solutioii of the 

stress field (which corresponds to the l / r  terni in the displacement field expressions). 

could contain the necessary information on the intensity of the axial stress field that 

is known to drive cracks in conipressive fields [ZG]. In this chapter. a generalization 

of the correlation technique for stress intensity factor extraction, to account for the 

axial compressive or tensile field. is presented. The effect of non-uniformity of the 

reniote axial stress on the behavior of tlie crack is exaniiiied and more iniportantly. 

new fracture criteria for compressive fracture is addressed. For crack problems. the 

method of eigenfunction expansion: among others. give a systematic way for deriving 

the complete (Le. including higher order teriiis) e-qressions interms of the close form 

solution of the stress and displacement fields about a crack tip. Following Williams 

[118]. and the notation of Sili and Liebowitz [99], the stresses and displacenients c m  



and the displacement field is given by: 

where r? B are the polar coordinates, al! a* are the stress intensity factors! A F  = 4afl 

is the axial stress factor which is equal to the remote applied axial stress in the case of 

uniformly, axially losded. cracked plate. rl is a constant which depends on poisson's 

ratio and the nature of the problem (Le. plane stress or plane strain) and p CL the 

coefficient of kiction. 

In the numerical counterpart (FEM) if we consider the 2D singular element gener- 

ated £rom a collapsed eight-noded isoparametric element, as well as the one generated 

froni a degenerate six-noded element, it can be shown that the approximation of the 

displacenient field along the face (A,BoC) in Figure (5.1) is given by: 
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where d can be either u or v,and L is the singular element length. 

By equating the r term in Equation (5.3): taken at û = ?r to the r term in the 

approximated finite element displacement in Equation (5.5): we get : 

taking into account both faces of the crack? we obtain 

(S. 7) 

5.3 Numerical Extraction of the Axial Stress Fac- 

tor 

In order to check the accuracy and ~al idate the expression of the axial stress factor, 

three test cases with known analytical solutions are analyzed. The first case consists 

of a cracked plate loaded uniformly in the crack-axis directioii. The second test 

problem consists of a large plate which simulate the classical half plane subjected to 

a point load a t  its free surface. The plate has a crack in different positions. The 

third problem studies the effect of load concentration on the axial stress a t  the t ip of 

a crack. 

5.3.1 Case 1: Uniformly Loaded Cracked Plate 

In order to check the formula giving the axial stress factor. a plate loaded axially 

by a uniform unit pressure. as shown in Figure (5.2). is analyzed. As expected, the 

analytical solution is recovered and the axial stress factor is found t o  be equal to 

unity. Hence the formula is capable of recovering a uniform pressure with a 100% 

accuracy. 



5.3.2 Case II: Half Plane Problem 

A large plate which simulates a half plane is subjected to a line load along its thickness. 

The plate has a crack witli position varies aç shown in figure (5.3). The analytical 

solution for this problem (see e-g. [53]) is given by: 

The numerical solution. evaluated using expression (5.7) is cornpared wit h the closed 

form solution as illuçtrated in Figure (5.5). It can be stated that the expression of 

the axial stress factor provides an accurate way of determining the stress level along 

the crack. 

5.3.3 Case III: Effect of Load Concentration Ahead of a Crack 

Tip 

The total load from the previous analysis (Case 1) is applied over 80 %. 60 %, 40 % , 
and O % (concentrated load case) of the total area of the same plate as shown in Figure 

(5.4). In each case, we extract both mode 1 stress intensity factor Kr and the axial 

stress factor AF.  Rom the results, summarized in Figure (5.6)' it is found, that while 

a crack aligned with a uniform stress field would not alter the stress distribution- when 

the applied axial stress field is no longer unifonnt the crack starts feeling a higher 

axial stress intensity and ultimately under a concentrated load a crack suffers twice 

as as much as if the loading were uniformly applied. Also the crack buckles up to give 

a non-zero mode 1 SIF when the remote load tends to become closer to concentrated 

force. The axial stress factor as well as KI are increasing functions of the crack 

length. This is an important finding from a fractiire mechanics point of view, as the 



Figure 5.1: 2D Crack Tip hlodel. 

stability of tlie crack can be related to one single material parameter. sirnilar to the 

one adopted in mode 1 fracture (Le. KI < Klc)- 

5.4 Conclusion 

A finite iiieasure of tlie axial stress intensity ahead of the tip of the crack (Axial Stress 

Factor) is made possible. This factor may play a role in the compressive cracking 

meclianism found in dams and mining environments. The finite elenient extraction of 

the axial stress factor is successfully desived aiid iinplemented using regular singular 

elements. 
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Figure 5.2: Case 1: Uniformaly Distributed Load. 
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Figure 5.3: Case II: Axial Concentrated Load at the Mid of the Plate. 



Figure 5.4: Effect of the Uniformity of the Remote Stress on AF. 



0 I 1 1 i . t .  1 i I 1 I I 
O 2 4 6 8 1 O 12 14 16 

Position of the Tip of the Crack 

Figure 5.5: Effect of the Position of the Crack Tip on AF. 



Figure 5.6: Effect of the Uniforni Distributed Load on AF. 



Chapter 6 

CRACK TIP INELASTIC ZONE 

IN ANISOTROPIC MEDIA 

6.1 Introduction 

Composites of oriented fiber glas. composite of whisker reinforced metal. m-ood. rock 

and roller compacted concrete are most often ortliotropic and anisotropic from point 

to point [6G]. Witli the wide recognition of the need for the accounting for the 

anisotropic nature of many natural and man-made matenals. crack propagation in 

anisotropic material niust be governed bÿ appropriate mked mode models. Although 

considerable attention hlis been given in recent years to thk  problem in ideally brittle 

isotropie materials [32]. [97], and despite the fact that the stress field solution for 

anisotropic bodies was developed more than twenty years ago [100]. little research 

was focused on the mixed-mode crack propagation and crack tip inelastic zone of the 

latter. Development on tliis probleni was made by Saounia. et al. [91]. Ayari [5]. and 

Ingraffea [49]. They extended the maximum circumferential tende stress theory to 

anisotropic solids. However. they did not account on how important the size of the 
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inelastic zone and what shape it has under anisotropic conditions? 

In this chapter. a comprehensive derivation of the fracture inelastic zone size and 

shape in anisotropic solids. is presented. Some energy models of anisotropic materials 

are discussed using uniaxial and biaxial stress açsurnptions. Under uniaxial stress 

assumptions. Hill's yield criterion [a] is adapted to seek the shape of the inelastic 

zone. It is found that material parameters play an important role in the inelastic 

zone shape and size. under mode 1. mode II and rnixed mode 1-11 loadings. Under the 

biaxial stress state. the inelastic zone size is found to be larger than the theoretical 

one calculat ed under uniaxial assumpt ion. Finally. a corn parison is made between 

these niodels and conclusioils are &am-IL 

6.2 Stress and Displacement Field in Anisotropic 

Bodies 

In exarnining the stability of cracks. and referring to Figure (6.1): it is customary 

to determine the stress in the neighborhood of the crack tip so that the relation- 

ship between the elastic stresses and the input energy rate in crack extension may 

be establislied. Sih: Paris and Invin (1965) have shown that the basic concept of 

isotropie fracture mechanics can be extended to the anisotropic case. In 1968, Sih 

and Liebowitz [66] obtained tlie following stress distribution and displacements in the 

neighborhood of a crack tip: For tlie plane symmetric case' 
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Figure 6.1: A Crack in a Homogeneous Anisotropic Elastic Solid. 

where 

FI= (sl.s2.0) = Re 
(COS 8+sZ sin 8 )  4 (COS B+s 1 sin 9 )  

Fl,(sl.s2d) = Re 

1 Frq, (s132.0)  = Re 

and 

For the plane skew-symmetric case: 

where 
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and the displacement are given by 

ut = K I I  Js7i"T~e (A [JI, (cos 0 + s2 sin 8)  1 - pl (cos 0 + s 1 sin O )  $1) 

u, = K~~J!%R~(& [q,(cos6+s2sin8)~ - Q  (cos0+slsin8)~])  
(6.6) 

The first observation to be made is that stress singularity at the crack tip is of 

the order of l/fi. hloreover. the stress distribution near a crack tip depends on the 

configuration and loadùlg of the anisotropic body as well as the material properties. 

Equat ions (ô. 1-6.6) represent the most general state of stress and displacernent around 

the crack tip bodies with anisotropy. In these equations, SI! and s2 are the roots of 

the characteristic equation: 

For the case of rectilinear transverse anisotrops the nuniber of elastic constants a,  

is reduced to six [67]. The constants pi and qj ( j 4 . 2 )  are given by: 

Ako? the stress field near a crack tip under mixed mode loads can be summarized as: 

For the purpose of reducing the lengthy algebra, the above equations are formulated 

in matriu form. Hooke's Law is written as: 

w here 
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and 
T 

1 = { 2% } (6.12) 

The compliance matrix [A] for anisotropic solids witli principal directions of syrnmetry 

Equations (6.9) can be sunmarized as: 

can be expressed as: - 

m-here 

and. 

1 
a11 a 1 2  p l 6  

ldl = [ a12 a22 2 4 2 6  1 

1 
a16 a 2 6  5 a 6 6  

4 

6.3 Fracture Toughness Characterization of 

(6.13) 

Anisotropic Solids 

The stress field near a crack tip under rnixed mode loading. given by system of 

The fracture toughness is no longer uniquely defined as in the case of isotropic ma- 

terials. However: for lioniogeneous transversely isotropic solids witli elastic constants 

rnodulus El E2. G12 and vl2. two values are needed to characterize the brittle behav- 

ior of the crack Ki, and K;;' where directions "1" and '2" are oriented along the 

principal planes of elast ic syme t ry ,  (see Figure 6 -2). 
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It should be noted that if the applied load and material propagation are aligned 

symmetricalIy m-ith reference to the crack. pure mode 1 displacement occurs in isotropic 

materials, while a 'parasitic crack sliding displacement occws in anisotropic mate- 

riak. 

A symnietric loading for anisotropic materials can induce mode II deformation. 

This can be deduced from Equation (6.1) when a non-zero T, resulting in a pure 

mode I loading at @=O. In particular, if the material is orthotropic and the crack is 

aligned mith one of the principal pianes of elastic symmetry. then it can be shown 

that tlie roots si = ai + iOi of Equation (6.7) fall in to one of three categories: 

Finally. the toughness ~f!=could  be assumed t o  follow the polar variation of the stress 

state as introduced by Saounia et al. pl]. where KI, is a function of K:, and KfC.  

hence 

= K:, cos2 9 + K;= sin2 ,B (6.18) 

It can be further assumed (for the purpose of parametrie numerical studies) tliat the 

ratio of the fracture toughness in both directions is equal to the ratio of the elastic 

6.4 Uniaxial Crack Tip Inelastic Zone Size 

Following metal plasticity we distinguish two metliods, a first order approximation of 

the inelastic zone size in whicli the normal stress is set equal to tlie strength a,, and 
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a second order approximation in which the size of the inelastic zone is determined 

based on energy balance arguments. 

6.4.1 First Order Approximation 

In this niodel. the state of stress is considered as uniaxial and only the a, component 

ahead of the crack is taken into account. Following Im-in's classical approximation 

of the inelastic zone. ri. a-hich can be determined by simply equating the singular 

expression of the normal stress a, to the uniaxial tensile strength a, of the anisotropic 

solicis. From Equation (6.1). and under pure mode 1 (O= O) we obtain: 

r .. 

Eliminating KI by using the far-field stress (O = s). we have the nondimensional 

inelast ic zone lengt h: 
7': 1 a2 

6.4.2 Second Order Approximation 

In the second order approximationl we account for the post-peak stress distribution. 

In the original InoinS model [5. 111 a perfectly plastic model was assumed for the post 

peak stress distribution. Tliis assuniption is reasonable for nietals. For tliis study 

we will be considering a contiiiuuni dainage-based model in which tlie degradation 

process is represented by nieans of two separate models: 

First? a linear model in which tlie stress a, ahead of the crack tip is assumed to 

have a linear distribution and second, a nonlinear model in which ay is assumed to 

be a function of the crack opening displacement. 
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In this model. the determination of the inelastic zone length ( E L )  is accomplished 

by assuming the existence of a fictitious crack which extends to  a length a + 6, as 

shown in Figure (6.3). The fictitious crack is assumed to obey LEFM and therefore 

would have a fictitious singular field. To relate the fictitious crack to the actual 

crack. a tramfer of energy taking place between a ligament under the singular stress 

distribution ahead of the effective crack, A. to the inelastic zone ahead of the physical 

crack. we set the area A to be equal to the area B. Area A is given by: 

and area B is given by: 

The requireruent B = A yields: 

1 (d2 -rpcr,+ .a,- 
2 6 f r ;  

Rom t his equation: two non-dimensional paramet ers arise, the loading parameter 

o = E  . and a non-dimensional geometric parameter X = d. The inelastic zone 

leiigtli from the second order approximation is aven by: 

6.4.2.2 Elastic-Plastic Stress Distribution 

Foro cornparison. one can assume au elastic-plastic stress profile for the damaged zone 

ahead of the tip. In sucli a case, following a similar procedure as in section (6.4.2.1): 
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we obtain: 

which leads to 
r z L  P2 (3 - P2)  -= 
a 2 (1 - 02) 

6.4.2.3 Perfectly-Plastic Stress Degradation 

Under the assumption of perfect plasticity. the following result is found: 

The expression of I Z L  = 6 + 7; is given by 

Figure (6.4) shows the variation of versus ,û in the range 0.0 5 y < 0.3++P2. 

From Figure (6.4): it is evident t hat the real inelastic zone length is located between 

cuve ou and c w e  oc. 

6.5 Shape of the Inelastic Zone under Biaxial Stress 

Assurnpt ion 

In this section we consider the biaxial state of stress around the crack tip. We 

substitute the near crack tip stress field into the expression of an adequate yield 

function and determine the radius of the inelastic zone. This approach is very similar 

to the uniaxial Imin's first order approximation with the only difference, that a 

surface is being sought as inelastic zone ahead of the crack tip. Assuming that the 

materid contains three mutually orthotropic planes of symmetry at  every point, and 
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Figure 6.3: Second Approximation Fractul-e Mode1 (ou = / (1- ) ) [5]  

Fiogre 6.4: Xonnalized Inelasdc Process Zone Size. 



referring to the coordinate axes x: y to be the symmetry axeso it follows that the sign 

of a given shear stress should not contain first powers and therefore, 

wliere F. G. L. A I  and AT are material constants. Equation (6.31) was utilized by Hill 

[a] and was applied to a number of techological problems. The yield function can 

be expressed in terms of the principal stresses. First, we note that, in general, when 

the reference axes are principal ones. the shear stress components vanish and may be 

wrïtten in the forni: 

If Xt Y and Z are the terisile strengths in the principal directions, Equation (6.31) 

reduces t O 

F ( O - O ) ~ + G ( O - ~ ~ ) ~ + H ( ~ ~  -q2 = 1 (6.33) 

and 

1 F + G = %  (6.36) 

On the otlier hando recall that for plane problems. the principal stresses are given by: 

Substituting the equations for near crack tip stress field in-to the above expressions, 
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Having obtained the iiear crack tip principal stresses. a-e consider nom- the plane stress 

and plane strain cases separately 

6.5.1 Plane Stress State 

In this case. the normal and sliear stresses in the z direction vanish (Le. oz = TZz = 

ru= = O). The yield function is mitten tlien as follows 

2 
a-liese. R = 2 (&) - 1. Substitut ing the principal stresses given by Equation (6.37) 

into Equation (6.38). me obtain the follon-ing expression, which gives the boundary 

of the plastic zone as a function of 8: 

K? 2R r = r (0) = - [(bi + + (A, - - - 
8 7i- Y 1 + R  

and m is the loading ratio. 
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6.5.2 Plane Strain State 

In this case: the strain in the z direction is zero (Le. c, = O). The principal stresses 

where. 

r i  = A2 - (1 - 2 ~ )  Al 

r2 = 4Ag 1 (6.45) 

rs = A2 + (1 - 2 ~ )  Ai 

In the above K = HY2. Figure (6.5) and Figure (6.6) show the shapes of the inelastic 

zone for different values of the loading ratio m under the plane stress and plane strain 

condit ions. 

6.6 The Crack Tip Opening Displacement: 

When the inelastic zone is large in coniparison with the crack size, we have to consider 

non-linear fracture mechanics concepts as opposed to linear elastic fracture mechanics. 

By applying a correction factor: the displacement of crack surface is given by 

COD = % / ( a  + r i )  - ~2 (6 -46) 

where, a + $ is the effective crack length. The crack t ip  opening displacement at 

the tip of the physical crack is found for x = a. Since rp « a, the COD is determined 

as: 
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Figure 6.5: Inelastic Zone Sliapes for Plane Stress State 
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Figure 6.6: Inelastic Zone Shapes for Plane Strain State 



CHAPTER 6. CRACK TIP Ih'ELASTIC ZONE IN ANISOTROPIC MEDM 115 

4 COD = ;;& 

6.7 Discussion and Conclusion: 

Under uniaxial stress assumption, three models have been presented. The inelastic 

zone sizes for anisotropic media mould be within the range of curve L, abc and P - P. 

For the biaxial stress state. Hill S yield criterion was adapted to seek the shape 

of the inelastic zone. We assumed a variation of the loading parameters m between 

O and 10. where m = O corresponds to pure mode 1. rn = 10 corresponds to near 

pure mode1 I loading (numerically t his assurnption was very close to pure mode1 1). 

and rn = 1 to mixed mode. The parametric study yield tlie results for the shapes of 

inelastic zone sliown in Figures (6.5 and 6.6): for plane stress and plane strain states. 

From these resdts the following conclusions are made: 

(1) Wlen El > E2, the inelastic zone for mode I is much larger than the one for 

tlie isotropie case. The inelastic zone size for mode II is smaller than the one 

of mode I .  

(2) When El < EÎ. both inelastic zone shapes and size are very similar to the 

kotropic case. The only Merence is that mode I has a got very narrow zone 

in comparison wit h the isot ropic one. 

(3) The actual shape of the inelastic zone found here is quit large: This may be 

because the yielding zone goes past the limitation of « 1. 



Chapter 7 

EXPERIMENTAL PROGRAM 

7.1 Introduction 

A total of 75 tests were performed at the thermornechanics laboratory of the Univer- 

sity of Manitoba to study the behavior of crack propagation and the effect of inelastic 

zone size. The composite under testing consists of fiberglass cloth with a West Sys- 

tem epoxy matrix. The investigation examined the effect of thickness (i.e. number 

of layers) of the cloth and the fiber orientation. The composite material used in this 

investigation is manufact ured as flat panels using the vacuum bagging technique. 

A Instron loading frame 8562 was used for all the tests carried out in this research 

(see Figure (7.1)). The Instron dynamic testing system is an all-digital system de- 

signed specificdy for testing the strength and measuring the physical properties of 

materials. The system coilsists of several major components: a load frarne for the 

test forces to push or pull against, a force producing device (the electric actuator). 

a load measuring device (the load cell), a source of servo electric power (the electric 

power pack), and a meaus to  control the systeru (the electronic control). The load 

frame is a very ruggedly constmcted structure which provides a solid against which 
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Figure 7.1: The Instron Test Machine and the COD device. 



the test forces can react? and alço serves as a support for the actuator and the load 

cell. It consists of a support base. a fked table. and a momble cross-head riding on 

cylindrical vertical columns. The actuator is the driving mechanism of the system. 

It is essentially an electric niotor driven rod with helical screw threads cut into its 

exterior surface. A load cell is a load measurement and control device that converts a 

mechanical force into an electrical signal that can be measured by the control system. 

Thus the load cell is a key element in the servo action of the system. The amplifier 

used in the e-qeriment is a hleasurements Group Strain Gage Conditioning Amplifier 

mode1 2310. This piece of equipment is used to provide an excitation for the strain 

gauges and amplifies the signal from the strain gauges. It can provide a excitation 

from 0.5 to 15Vdc and is equipped with a fully adjustable gain: frequency filter and 

autoniatic bridge balance. a 5V excitation with an amplification of 3500 was used to 

obtain the desired range and accuracy of measurernent. The output signal range is 

from O to 10 V which is fed into tlie coniputer for storage. 

7.2 Crack Opening Displacement (COD) Gauge 

The C.O.D. gauge is used to mesure  the displacement of two knife edges placed in 

the vicinity of the crack opening (see Figure 7.2). Since a similar device was not 

readily available. The gauge used in the tests was constructed in tlie Lab. (see figure 

7.3). It consists of two cold rolled stainless steel cant ilever beams to which four strain 

gauges are bonded. Two of which are in compression and two are in tension. The 

strain gauges are connected to form a full bridge. The strain gauges are excited using 

an amplifier and calibrat ion of the device is checked periodically. The range of motion 

of the device is 6.5 mm to 9.5 mm and the initial deflection for the knife edges for the 

experimentation is maintained at 7.5 mm. The device was verified to produce linear 

reçponse over the operating range within 0.5 percent and is easily able to measure 
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Figure 7.2: Experimental Setup. 

7.3 Specimen Preparation and Vacuum Bagging 

Technique 

As discussed in section 2.3.5 in Chapter II, vacuum bagging (or vacuum bag lami- 

nating) is a clamping method that uses atmospheric pressure to hold the adhesive 



Figure 7.3: Specimen with COD Gage and Movable Knife-Edges. 



coated components of a laminate in place until the adhesive cures. The laminates are 

sealed within an airtight envelope. The envelope may be an air-tight mold on one 

side and an air-tiglit bag on the other. When the bag is sealed to the moldo pressure 

on the inside and outside of the mold is equal to atmospheric pressure, approximately 

736.6 mm (29 inches) of hlercury (Hg). or 14.7 psi (101.35 KPa). A vacuum pump is 

then used to evacuate air fkom the inside of the envelope. The pressure differential 

between the inside and outside of the envelope determines the amount of clamphg 

force on the laminate (see Figure 7.4). 

Vacuum bagging offers rnany advantages over conventional claniping or stapling 

t eclmiques . Vacuum bagging delivers &ni. eveiily distribut ed pressure over the ent ire 

surface regardless of the type or quantity of material being laminated. It also allows 

for greater control over excess of adhesive in the laminate. resulting in higher fiber-to- 

resin ratios. This translates into high strength-to-weight ratios and cost advantages 

to the builder. Another advantage lies in the simplicity and variety of the molds that 

can be used. Since atmospheric pressure provides equal and eveu clamping pressure to 

the back of the mold, the mold only has to be strong enough to liold the laminates in 

t heir desired shape until the epoxy has cured. Therefore, molds can be relatively light 

weight and easy to build. The components of the vacuum bagging system are shown in 

Figure (7.4). which include s p e c i a h d  equipment and commonly available mat erials 

which are vacuum pumps. vacuum bagging matend. release fabric, breather material, 

vacuum bag. mastic sealant. and plumbing system. The heart of a vacuum system 

is the vacuum pump. Vacuum p m p s  are mechanically similar to air cornpressors, 

but work in reverse so that air is drawn fkom the closed system and exhausted to the 

atmosphere. A variety of other materials are needed to complete the vacuum system 

and assist the laminatbg process. The release fabric is a treated material t o  prevent 

bonding to epoxy. and can be perforated to separate the breather and the laminate. 

Excess epoxy can pass through the perforated release fabric which can be pealed from 
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Figure 7.4: Fiberglass Panel Lay-up using The Vacuum Bagging Technique. 



tlie laminate after the adhesive cures. 

A variety of release niaterials are produced specifically for vacuum bagging oper- 

ations. They are know-n as release fabric. peel ply. or release film. Many are designed 

for use at eleiated temperatures or to control the amount of resin passing through 

them. A breatlier (or Bleeder) clotli allows air from all parts of the envelope to be 

drawn to a manifold by providing a slight air space between the bag and the lami- 

nate. The mcuum bag. in most cases. forms half of the airtight envelope around the 

laminate. For liigher pressure and temperature applications. specially manufactured 

vacuum bag material should be used. 

Generally. the better tlie airtight seal and bag material. the smaller the required 

pump. Poor seals or niaterials whicli allow air leakage. require larger pump capac- 

ity in order to niaintain satisfactory vacuum pressure. hiastic is used to provide a 

continuous airtiglit seal between the bag and the mold around the perimeter of the 

mold. The mastic inay ais0 be used to  seal the point nhere tlie manifold euters the 

bag and to repair leaks in the bag or pluiril>iiig. The plunibiiig systeni provides an 

air-tiglit passage from the vacuum envelope to t lie vacuum punip. allom-iug the pump 

to remove air and reduce the air pressure in the envelope. A basic systern consists of 

flexible hose or rigid pipe. a trap and a port that comiects the pipe to the envelope. 

7.4 Epoxy Matrix 

Bisphenol-epoxide A type (West Systern 105) resin is a clean' light-amber. low- 

viscosity. epoxy resin that can be cured in a wide temperature range t o  yield a high 

strength, ngid solid which has excellent cohesive properties and is an outstanding 

bonding adhesive and rnoisture vapor barrier. Two types of hardeners are formulated 

for use with 105 resin depending on the final application. Polyamine (l'est System 



205) hardener is used for general bonding' barrier coating and fabric applications. It 

is formulated ta cure at lower temperature and to produce a rapid cure that develops 

its physical properties quickly at room temperature. The preparation of the resin mut 

is performed as follows: 

Dispense the proper portions of the resin and hardener into a mixing pot. Stir 

the two ingredients together tlioroughly a-ith a wooden mixing stick (1 to 2 minutes 

is recommended). Heat is generated by the chemical reaction that cures the epoxy. 

The t h e  required for the epoiuy-liardener mixture to transit from a liquid to a solid 

state is known as the cure tirne. This time is divided in three phases: open tirne? or 

wet lay-up time (liquid state) . initial cure (gel state) and final cure (solid state) . 

7.5 Specimen Preparat ion 

The test speciiiiens are prepared in the following process. First, panels of fiberglass 

are manufactured using the vacuum bagging technique, witli the cliosen nuinber of 

fiberglass dot h layers fiber orientation, see Figure (7.4). These panels are allowed 

to cure for a minimum of 24 llours at room temperature. Next, the specimen size and 

orientation is recorded on the surface of each panel. The specinien has a length of 250 

mm and a width of 25 mm as shown in Figure (7.5). The total gauge length between 

grips is 140 mm. The specirnens are cut using a bandsaw. Since the cutting procedure 

may cause local delamination. the specimens are cut 0.7 mm larger than required. 

Each specimen is theii hand sanded to the final shape with successively finer grits 

of sandpaper. Dimensions aïe verified with digital Vernier calipers. Each specimen 

must be within 0.03 mm in order to maintain decent accuracy within the experiment. 

For specimens requiring an initial crack. the location of the crack is marked on the 

specimen. The crack is tlien cut with a thin bandsaw blade at low speed in order to 

ensure minimal damage of the cut surface. The length of the crack is tlien verified to 
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be 6.25 mm (see Figure 7.5). 

7.6 Test Procedure 

The test equipment is connected as shown in Figure (7.6) where the arrows indicate 

the transfer of information beh-een test equipment. The specimen is placed between 

the *ps and locked into place. The COD gauge is h e d  to the specimen between 

the knife edges which are either glued or screwed to the specimen on either side of 

the crack opening. Using the control keys of the Instron Tension hllachine, the slack 

is removed pnor to loading of the specimen. The Instron self-calibration routine is 

initiated using the controller. Using a computer program. written exclusively for 

this experiment and based on displacement control. loading and unloading of the 

specimen proceeded. The loading and unloading rates are chosen to be as slow as  

possible. between 0.06-0.1 mm/min in the case of loading and 0.09-0.1 mm/rnin in 

the case of unloading. This ensures that the operator is able to reverse the load when 

the crack begins to propagate, without breaking the specimen. Because of this slow 

loading and unloading rates each test takes from 7 to 9 hours to complete. The load 

value. the total elongation and the C.O.D. measurement for a number of loading and 

unloading cycles are recorded by the computer. These results can then be plotted. 

Typical results are shown in Figures 7-11? 7-12? 7.13 and 7.14 in the next section. The 

rest of the results are depicted in Appendix (A). 

7.7 Test Results 

The experimental work consisted of testing several uncracked speciniens with dif- 

ferent thicknesses (number of layers) to determine the initial elastic modulus and 



Figure 7.5: Telision Test Specimen Dimension. 
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Figure 7.6: Connection Lay-out. 



the elastic strength. The initial elastic modulus is found to be equal to 14.37 GPa. 

When the load transfer between the matrix and fibers takes place for the h t  tirne, 

the response remains linear. but with a secondary modulus of 9.87GPa (see Figure 

7.7): corresponding to a drop of about 30 %. The tende strength is evaluated to be 

312 Af Pa at the peak. During the test. the vertical load and crack opening displace- 

ments were monitored and recorded using a standard data acquisition system. 

The load versus displacement rueasured at a gauge length of 140 mm and the crack 

opening displacement are presented in Tables (7.1 7.2. 7.3, and 7.4). which gives the 

number and type of specinien used in t his investigation. The results were repeatable 

wîthin an accuracy of 3 (2 in the evaluation of the peak load and conipliances. The 

post response of the COD reading indicates that the specimen loses energy as the 

number of loading cycles increascs. This decrease is caused by a locdized energy 

dissipation in the vicinity of tlie crack. Unloading/reloading cycles. which were used 

to monitor the change in tlie specimen cornpliance or Aexibility. were performed. 

The experiment m-as performed number of cycles in which the crack propagates or 

sometimes until the specinien splits in two halves. The loading process was COD 

controlled and, since the COD is a monotonically increasing function of tirne during 

the fiacture process. it is possible to capture the post-peak response for all the tested 

specimens. This means it was possible to detect the catastrophical softening branch 

of the load-COD curve. In this way, a phenomenon unstable in nature was made 

stable in practice. -le the load decreased beyond the peak load, the crack opens 

and groms in a stable manner. 

From the results presented in this Chapter and in Appendix A: it can be 

seen that the COD first gradually increased, following a linear curve. A non-hear 

prepeak response is observed which is associated with slow crack growth and thus the 

formation of a fracture plastic zone turning the notch into a crack. At around the 

peak Ioad. the COD decreases, thus effectively reducing the load. The Ioad is then 



Table 7.1: Test Group # 1 
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Table 7.2: Typical Results for 12 Layers Specimen of (0/90/0) Fiber Orientation 
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Table 7.3: Test Group # 2 

Table 7.4: Typical Results for 16 Layers Specimen of (0/90/0) Fibe. r Orientation 

Peak Load 

(NI 

Thickness 

(mm) 
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layers 
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Fiber 
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- - 

Cycle 
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Figure 7.7: Typical Uniaxial Tensile Test a) for 16 Layers Specirnen b) for Different 

S pecimens. 
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reapplied and the response would be extended in to the post-peak regime. Following 

the peak load, is the softening or the crack propagation stage where the non-linearity 

occurs. This non-linearity is caused by the formation of micro cracks ahead of the 

notch as the matrix begins to fail. This is characterized by an increase in displacement 

and corresponding decrease in load (see Figures from 7.9 to 7.16) 

According to the results obtained. the peak load increases with the thickness. For 

example the peak load for twelve layers cracked specimen is 3.41cN: while for sixteen 

and twenty layers specimens peaks of 4.lk.N and 6.9kN were obtained respectively 

(table 7.1). The strength of the specimen may also be effected by the fiber orientation. 

The test results sliowed that the peak load that can be canied by (0/45/90) fiber 

orientation is larger than those carried by a specimen with the same number of layers 

but with fiber orientation (0/90/0). The notcli width ratio also affects the load- 

displacement and load-COD response. Different notch-width ratio specimens has been 

tested (a lw = 0.2.0.25.0.35.0.45). Both load-elongation and load-COD responses 

were captured. Sypical resuIts of load-COD are shown in Figure (7.8). It is shown 

that by decreasing the relative notch depth ratios, the cuve  becornes steeper with 

increase in the brittleness, and the load capacity and stifkess increases. 

Attempts were made to conduct load-COD behavior for specimens with inclined 

crack experimentally as shown in Figures (7.17,7.18,7.19 and 7.20). Failure niode in 

the notched specimens under this mixed mode loading were more complex than the 

open loading mode [110. 11 11. 

Generally. in an incliiied notch . the crack grew initially along a direct ion away 

from the original crack plane. then changed its direction. and became normal to the 

tensile loading. Again. in the mixed-mode fracture very little stable crack growtli was 

observed, and fracture occurred in an unstable marner. A typical fiactured specimen 

with inclined crack is shown in Appendix (C). 
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Figure 7.8: Experimental Load-COD Response of Sixteen-layers Specimen of (0/90/0) 

Fiber Orientation (alw = 0.2,0.25,0.35,0.45) . 
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Figure 7.9: Response of 12 Layers Specimen of (0/90/0) Fïber Orientation. 
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Figure 7.10: Response of 12 Layers Specimeii of (0/90/0) Fiber Orientation. 
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Figure 7.11: Response of 16 Layers Specimen of (0/90/0) Fiber Orientation. 
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Figure 7.12: Response of 16 Layers Specimen of (0/90/0) Fiber Orientation. 
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Figure 7.13: Response of 20 Layers Specimen of (0/90/0) Fiber Orientation. 
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Figure 7.14: Response of 20 Layers Specimen of (0/90/0) Fiber Orientation. 
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Figure 7.15: Response of 16 Layers Specimen of (0/45/90) Fiber Orientation. 



/- ./' ? 
f0 , if- 

O 0.2 0.4 0.6 0.8 1 q.2 1.4 1.6 1.8 2 
COD & Total EIongation Readings ( mm ) 

I .-.....-.-..-. COD Reading 

O 80 160 240 320 400 480 560 640 720 800 
COD Reading ( mm ) (x1 CJ3) 

Figure 7.113: Response of 16 Layers Specinien of (0/45/90) Fiber Orientation. 
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Figure 7.17: Response of 12 Layers Specimen wit h Inclined Crack and (0/90/0) Fiber 

Orientation. 
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Figure 7.18: Response of 16 Layers Specimen with Inclined Crack and (0/90/0) Fiber 

Orientation. 
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Figure 7.20: Response of 16 Layers Specimen with Inclined Crack and (0/45/90) 

Fiber Orientation. 
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Chapter 8 

STIFFNESS DEGRADATION 

AND ENERGY DISSIPATION 

8.1 Introduction 

In this chapter. the effect of various geornetiic parameters such as speciinen thickness 

and fiber orientation on the material degradation is addressed. As was shown in c h a g  

ter 7, the load versus crack opening displacernent presents a well defined post-peak 

regime which can be described by a simple bilinear model. Based on the experiniental 

results? concepts of fkacture mechanics are applied to evaluate stifFness degradation 

in composite materials and are discussed in this chapter. 

8.2 Test Results 

From the results shown in Figures (8.la, 8.lb and 8.2a): it appears that the Load- 

COD response is k t  measures linearly, followed by a non-linear pre-peak response. 

This nonlinear regime is associated with the formation of a kacture tip inelastic zone 
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and a small slow crack gram-th. At the peak load. and soon after the crack start 

to  grow, the COD decreases. thus effectively reducing the load. The load is then 

re-applied and the response extends into the post-peak regime. Following the peak 

load is the softening or the crack propagation stage where strong nonlinearity o c c m .  

This nonlinearity is caused by the formation of micro cracks ahead of the notch as 

the matrix begins to fail. This is characterized by a n  increase in displacement and a 

corresponding decrease in load as shown in Figures (8.la and 8.lb). 

The peak load increases with thickness as shown. For example from Figures (&la, 

8.lb and 8.2a). the peak load for a twelve layer cracked specimen is 3.4 kN. %-hile for 

siniilar sixteen and twenty layer specimens peaks of 4.1 '& and 6.9 are obtained 

respectively. It is worth noting that tlie strengtli of the specimen can also be affectecl 

by the fiber orientation. Test results presented in Figure (B.%) show tliat tlie peak 

load carried by a (0/45/90) fiber orientation is larger than the one carried by a 

specimen with tlie same nuniber of layers but n-itli a fiber orientation of (0/90/0). 

Clearly. we have a manifestation of stiffness degradation and loss of cari-ying ca- 

pacity. Froin the plot of load versus crack opeiiing displacement. Figures @la. 8.lb 

and 8.2a). the strengtli is affected tliroughout the test. The stiffness decreases as tlie 

nurnber of cycles beyond the peak load increases Figures (8.2b). The value of the 

stifkess is determined for a given cycle. This degradation in stiffness is due to niatrix 

failure at the tip of the crack in the composite and as a result the load is carried 

predominantly by the fibers. 

8.3 Fracture Toughness and Fracture Energy 

Under the assumption of linear elastic fracture mechanics (LEFhl), fracture toughness 

can be evaluated using the concepts of effective crack length. The cnticd load and 
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Figure 8.1: Cornparison of the Behaviour of (a) Two Specimens of Different Fiber 

Orientation? (b) Three Specimens of D Serent Thickness. 
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Figure 8.2: (a) Cornparison of the Behaviour of Four Specimens of Different Thickness 

and Fiber Orientation, (b) Stiffness Degradation under D ifferent Loading Cycles for 

D Serent S pecimens. 



CHAPTER 8. 

O I L . .  

O 10 20 30 40 50 
Laading Cycle Number 

O 10 20 30 40 50 60 
Loading Cycle Number 

Figure 8.3: (a) Measured Crack Opening Displacement as a Function of the Number 

of Loading Cyclesl (b) Measured Crack Length as a Function of The Number of 

Loading Cycles. 



the calibration function for a particular specimen depends on the geometry. Specimen 

geometries used herein have the followuig calibrat ion funct ion [Il91 : 

wliere a is the crack lengtli and *w is the width of the specinien. Specimen geometries 

used herein have a coustant notch to depth ratios equal to 0.25. 

The crack advance da is measured using a microscope with an accuracy of 0-001mm 

which is mounted on to the Instron machine. The effective crack length a,jj is 

defined as the sum of the initial notch length and effective crack advance or extension: 

a,jj = a0 + da. where a. is the initial crack leiigth and da is the crack growth during 

loading. The effective crack lengt h is updated at eacli cycle and the fracture toughness 

can be calculated using: 

is the correspondhg critical load 

is the specimen t hickness 

is the effective length of the crack 

is the length of the crack or notch 

Tables (8.2.8.4: 8.5 and 8.6) give the values of the hacture toughness KIc obtained 

for different specimens for different loading cycles. Fracture toughness versus crack 

length and number of loading cycles are plotted in Figure (&la and b). It is clear 

the fracture toughness is aifected by crack length increase as well as the number of 

loading cycles and applied load. 

In general, as can seen from the Figure (8.4a), the KK d u e s  as function of a,fj 

fluctuate between minimum and maximum value. This may be caused by the epoxies 
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Figure 8.4: a) Fracture Toughness Versus Crack Length. b) Fracture Toughness Versus 

Number of Loading Cycles. 



hard and weak spots in random manner. It can be seen that the KIc increases in the 

k t  stage of the cuwe, thk is because of increasing size of the microcracked zone at 

the crack tip; which is the stage of formation of the fracture process zone. Then there 

is sudden decrease of KIc in tlie second stage. This sudden drop in KIc values may 

be explained as part of fracture energy is dissipated in crack propagation rather than 

in tlie fkacture process zone. Finally. the values of KIc starts to increase again at the 

last stage. This explains the fact that the crack propagates faster and Iess fracture 

energy is needed to be dissipated during propagation of the crack. 

8.3.1 Determination of Fracture Energy Gf 

The fracture energy GI of a notched specimen is defined as the area under the com- 

plete load-deflection curve for a complete fracture of the specimen divided by the 

ligament area ( for details. see ref. 191): hence! we can wite: 

where AT is the total area under the Ioad-deflection curve. Using the experimental 

results' it is also possible to estimate the incremental energy dissipation for each cycle. 

After the first loading cycle the crack advances to a = a + Au: and a new surface 

area tAa is formed. The work necessary to create this new surface is related to the 

increment al energy dissipation G? via 

where GFa k the fracture energy dissipation for a certain loading cycle. AAa is the 

work necessary to create the new surface (Le. the area under current loading cycle 

see Figure 8.5) and Aa.t is the ligament area of corresponding t o  the current loading 

cycle. 
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Crack Opening Displacement 

Figure 8.5: Typical Load-COD Response. 

The fracture energy is calculated from the measured data and tabulated in Tables 

(8.1 and 8.3). The results are plotted versus thickness (see Figure 8.6). 

The fracture energy calculated from the complete load-deflection curve of each 

specimen is found to be size dependent (i.e. depends on the ligament length). This 

response is similar to otlier engineering materials where the fracture energy G f  de- 

pends on the ligament length. Also there are no fracture mechanics parameters which 

are independent of the size of the specimen. 
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Figure 8.6: Fracture Energy Versus Thickiiess. 

Table 8.1: Calculation of Fracture Energy for Test Group # 1 

5 

Fracture Number of m 
II layers 

Number of 

Orientation 

Fiber 

Energy 

( N I 4  

Cycles 
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Table 8.2: Typical Results for 12 Layers Specimen of (0/90/0) Fiber Orientation 

Fracture 

Toughness 

( A l  P a m  

Total Applied 

Load 

(NI 

COD 

Table 8.3: Cdculation of Fracture Energy for Test Group # 2 

Crack 

Elongation 1 Reading Length 

Number of 

layers 

Fracture 

Energy 

( N I 4  

Fiber 

Orientation 

Nurnber of 

Cycles 

35903 50 

Thickness 

(mm) 

Peak Load 

(NI 
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Table 8.4: Typical Results for 16 Layers Specimen of (0/45/90) Fiber Orientation 

Crack 

Length 

(mm) 

6.25 

7.85 

9-05 

11.15 

12.10 

13.55 

14.75 

16.20 

17.40 

18.95 

Fracture 

Toughness 

(MPaJm)  

15.1 

14.5 

16.1 

20.6 

20.6 

24.1 

25.8 

31.7 

34.3 

43.9 

Total 

Elongation 

(mm) 

1.50 

1.38 

1.36 

1-34 

1.30 

1.30 

1.30 

1.30 

1.32 

1.34 

Applied 

Load 

(NI 

5372 

4051 

3733 

3452 

2958 

2706 

2326 

2141 

1771 

1520 

- 

d 

COD 

Reading 

(mm) 

0.24 

0.28 

0.31 

0.34 

0.37 

0.43 

0.51 

0.54 

0.62 

0.67 

Cycle 

Number 

1 

5 

9 

13 

18 

23 

29 

33 

39 

43 



C W T E R  8. STIFFXESS DEGRADATION AND ENERGY DISSIPATION 158 

Table 8.5: Typical Results for 16 Layers Specimen of (0/90/0) Fiber Orientation 

r 

Load 1 Elongation 1 Reading 1 Length 

Cycle 

Number 

1 

5 

10 

15 

20 

25 

30 

35 

40 

Fracture 

To ughness 

(A3 Pa,/%) 

Crack Applied Total COD 
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Table 8.6: Typical Results for 20 Layew Specimen of (0/90/0) Fiber Orientation 

Total Fracture 7 Applied 

Load 

(N) 

6904 

Cycle 

Number Elongation ~ Reading Length Toughness 

(AIPaJm7 
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8.4 Summary 

The effects of thickness and fiber orientation on the fracture of short fiber composite 

materials are st udied. The stiffness degradation. cornpliances and crack lengt h are 

measured. Based on the experimental results, the following observations are made: 

1) The initial linear response is followed by a secondary response which signals the 

load transfer between the n i a t e  and the fibers. Prior to the peak load, non 

linearity occurs due to the formation of micro-cracks in the vicinity of crack tip. 

2) The post-peak response is marked with a gradual decrease in stress accompa- 

nying an increase in displacement. 

3) The strain energy accumulated in the specimen is released at the peak-load and 

a stable crack propagates witli increase in displacement and reduction in the 

load. 

4) The strength of the speciiiien is clearly affected by the fiber orientation i.e. 

the load carried by (0/45/90) fiber orientation specimen is larger then the one 

carried by a specimen wit h t lie same number of layers but with fiber orientation 

(0/90/0). The reason is tliat as the crack approaches inclined fibers! it changes 

direction so as to ruil parallel to them for a considerable distance. sometimes to 

the end of the fiber, but sometimes eventually turning again to cross the fiber 

and resume forward progress. 

5) The results showed a gradual degradation in the stiffness and a concurrent loss 

of carrying capacity. i.e. beyond the peak load, the value of stsness decreases 

as the number of cycles increases. 

6) The post peak regime may be expressed as a bilinear form in terms of the crack 

opening displacement. 
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7) The fracture toughness of composite materials decreases with increasing notch- 

widt h ratio (%) . 

8) The h c t u r e  toughness is dependent on the specimen thickness. 

9) The Eract ure energy calculated (referred to as Gf ) indicates that Gf is affected 

by the thickness of the specimen and the fiber orientation. 

10) Cracks advance linearly as a function of number of loading cycles. 



Chapter 9 

CONSTITUTIVE MODELING 

OF COMPOSITES-A FRACTURE 

MECHANICS APPROACH 

9.1 Introduction 

Much of the early work on fkacture of composites involved investigations of the appli- 

cability of linear elastic fracture mechanics. The earliest work in the field of fracture 

mechanics was done by G S t h  in 1920 [40]. The Griffith theory considers that the 

stress act perpendicular to the axiç of the crack and with the crack presumably grow- 

ing along the crack axis. This type of failure is generally descnbed as Mode 1 failure, 

and is the basis for most fracture-based models since that time. G f i t h  developed 

the discrepancy between measured and predicted strength of g l a s  by considering the 

stability of a small crack using an energy balance. This means, with an increase in 

the t ende  load, the crack would propagate when the strain energy release rate as- 

sociated with crack growth is greater than the surface tension of the new crack. In 
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1949 and 1950 lrwin [50] and Orowan [79] modified the Griffith analysis to include 

energy absorption due to plastic deformation at  the crack tip. They used several a p  

proaches for solving different composite fracture problem. Their approaches, are now 

referred to as the "stress intensity factor" approach and the "strain energy release 

rate" approach. hfuch of the early work in the field of modern fracture mechanics 

occurred in the nineteen skties and was devoted to the fracture of met&. In the 

seventies, research in cementitious materials pol&ed the bulk of the contributions 

and numerous models were proposed to  explain cracking in concrete. New composite 

materials ernerged in the recent history and better models were required to explain 

t hese failure propert ies. 

In a given composite laminate, the fibers have a statistical distribution of strength. 

As the applied load to a laminate increases, the weaker fibers fail and redistribute 

their load to the surrounding fibers by a shear transfer mechanism through the rnatrix. 

In a notched specimen. when the stress concentration around the crack tip rises, the 

h t  fibers to fail in a laminate are tliose in the immediate vicinity of the notch tip. 

Cousequently. the strain energy released m u t  be absorbed by the surrounding matrix 

and adjacent fibers. Load may continue to be applied after fiber failure as long as 

the strain energy released by that fiber can be absorbed by the surrounding matrix 

and fibers. 

The purpose of this chapter is to provide a mathematical interpretation of the 

underlying failure mechanism behind crack growth in composite materials. By as- 

sociating the mat+ fâilure partial fiber breakage with a degradation of the elastic 

modulus ahead of the crack (in a continuum damage sense) , the experimental cntical 

load at  the onset of crack growth provide us with the progressive degradation of the 

elastic modulus in the vicinity of the crack tip. The interna1 parameters. associated 

with damage is computed. Section 9.3 proposes a new crack niodel for composite 

materials. 
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HINGED SUPPORT 

Load 

CRACK 125 mm * 

Figure 9.1: Finite Element hlesh for Half of the Specimen. 

9.2 Continuum Elast ic Degradation 

With reference to test results presented in chapter 7, a model will be proposed which 

duplicates the response of load versus COD by changing the elastic parameters in 

process zone. Denoting by El' E2 and Ed' the primary. secondary and damaged 

elastic modulie of the composite. El and E2 are readily available fiom the uniaxial 

tension test shown in Fiove (7.7). The damaged modulus: Ed: is the one that would 

describe the material behaviour at its damaged state. Obviously Ed must have a 

maximum value equal to E2 and should decrease with progressive increase of damage 

in the rnatrix and fiber breakage. It is intended to determine the evoiution of the 

magnitude of Ed with the progress increase in damage during crack advance. Typical 

test results for the 12 layers speciinen of (0/90/0) fiber orientation are used to calibrate 

the model. The following steps are followed to determine the evolution of Ed: 



(a) First the w-idt h of the daniage zone (or process zone as referred to in the concrete 

community) td .  shom-n in Figure (9.2 A and B) is measured and found to  be 

equal to 10.4 mm. 

(b) From the load-displacement response of Figure (7.7) the primary elastic modulw 

is obtained (in this case El = 11.7GPa) and assigned to the undamaged part 

of the mode1 Le. away from the process zone as shown in Figure (9.2 B). 

(c )  The mesh slion-n in Figure (9.1) is generated? the elements ahead of the crack 

tip are first assigned the value of El and when the stress level becomes above 

o=I9.51 Al Pa the elements are assigned the value of E2. 

(d) The load is increased to the value of the experiniental peak of 3399 N (see 

Figure 7.9). the stress intensity factor is computed and adopted to be KI = 

l3.7A 1 Pa fi the initial toughness of the niaterial. 

(e) At tliis stage the measured crack advance froni the experiment is duplicated in 

the finite elexnent niodel by releasing the corresponding support aliead of the 

notch. thus simulating further crack growth. 

(f) In order to reproduce the post peak response of the specimeii. the elements of the 

process zone are assigned a value of Ed=XE2: where X decreases by about 5% at 

each step. Using a unit loado and the value of the fracture toughness, the critical 

load and the COD are cornputed indirectly. The values of Pm and corresponding 

COD are compared with e x p e ~ l e n t a l  values. This step is repeated (decreasing 

Ed each time) until a good match with the experiniental response is obtained 

(see Figures 9.3 (a and b) , 9.4(a and b)) . 

(g) The crack is advanced and step (f) is repeated. At each crack length, the cntical 

load, and the corresponding values of Ed and damage are recorded. 



Zone /" ) 
I' ' 

i 
/ ; 

Crack' j 
Advance i 

Figure 9.2: Illustration of Process Zone in Front of the Crack tip. 
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The above procedure was used in all test cases. Typical results are shown for the 

12-layers specimens of (0/90/0) fiber orientation. Figures (9.3-9 -7) illustrates the 

matching of the test data with the above analytical procedure. Figures (9.13' 9.12) 

provide a record of the evolution of Ed as  a function of the crack length and COD: 

respectively. 

Table (9.1) and Figure (9.14) show the damage progress as a function of a/ao- A 

bilkear fit was found to be adequate in 

1) Elastic h.lodulus as a function of COD (x = COD): 

........... ......... S = O if 0.0435 5 x 5 0.195 
Where 1 
2) Elastic hlodulus as a function of Crack Length (x = CrackLength): 

E (x) = (3.603 * 6) x - 27.02 * 6 + 36.2 

........... ......... S = O if 6-25 5 x 5 7.5 
Where 

9.3 Discrete Crack Band New Mode1 

In Chapter 3: three finite element crack models were discussed. Tliese are: '-Discrete 

Crack hlo del." "Smeared Crack hlodeL" and .-Crack Band hlodel." The experinien- 

ta1 investigation on composite specinieiis showed that crack gron-th is associated Nith 

a simultaneous propagation of a damage zone of constant tliickness. In addition. 

one could establisli a procedure to determine the evolution of the interna1 damage 
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COD Reading (mm) 

, . t i t i  
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COD Reading (mm) 

Figure 9.3: Cornparison of Experimental and FEM Results: a) 12 Layers Specimen. 

b) 16 Layers Specimen of (0/90/0) Fiber Orientation. 



O O. 1 0.2 0.3 0-4 0 5  0.6 0.7 0.8 0.9 

COD Reading (mm) 

Figure 9.4: Experirnental and FEM Results: a) 20 Layers Specimen of (0/90/0) Fiber 

Orientation. b) 16 Layers Specimen Of (0/45/90) Fiber Orientation. 
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Figure 9.5: Experimental and FEM Results: a) 12 and 20 Layers Specimens. b) 16 

and 20 Layers Specimens of (0/90/0) Fiber Orientation. 
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Figure 9.G: Experimental and FEN Results: 16 Layers Speciniens of Different Fiber 

Orientation. 
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Figure 9.7: Experimental and FEhl Results of Three Specimens of the Sanie Fiber 

Orientation (0/90/0) but DifFerent Thichess. 
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Crack Length ( mm 

Figure 9.8: Typical Experimental and FEhl Results of the Stress Intensity Factor of 

12 Layers Specirnen of (0/90/0) Fiber Orientation. 

Experimentai Values 

Numerical Values 
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Figure 9.9: Typical Experiinental and FEhl Results of the Stress Iiitensity Factor of 

20 Layers Specimen of (0/90/0) Fiber Orientation. 
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Figure 9.10: Experimental and FEhi Values of the Fracture Toughness of Three 

Specimens of the Same Fiber Orientation (0/90/0) but Different Thickness. 

15 2 2 5  3 3.5 4 4 5  
Specimen Thickness (mm) 

Figure 9.11: Experimental and FEM Values of the Peak Load of Three Specimens of 

the Same Fiber Orientation (0/90/0) but Different Thickness. 
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Figure 9.12: FEM Results Sliowing the Degradation in StifTness as a Function of 

Crack Length, and a Diagram Showing the Inelastic Zone in Front of the Crack Tip. 
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Figure 9.13: FEhl Results Sliowing the Degradation in S t f i e s s  as a Function of 

COD, and a Diagram Showing the Inelastic Zone in Front of the Crack Tip. 
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Table 9.1: Typical Results for 12 Layers Specinien of (0/90/0) Fiber Orientation 

Figure 9.14: Variation of Damage Versus Crack Ratio. 

Damage 

Newtons 

3340 

COD Crack Lengih Applied Load 

( GPa ) 

6.80 

Elastic hlodulus 

( m m )  

7.50 

( mm ) 

0.254 

Parameter 

O -42 
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parameter D wit h crack growt h' or equivalently the degradation in elastic modulus E. 

In order to duplicate crack growth in composite materials, it is proposed to mode1 

crack gronrth using the discrete crack model and concurrently model the associated 

surrounding damage evolution mith the accumulation of the interna1 parameter D 

along and ahead of the crack. As reported in Section (9.2) the width of the damage 

band in 12 layers fiber g las  specimen of (0/90/0) fiber orientation composite is 10.4 

mm and the extent of darnage is 5.0 mm long ahead of the tip. 

9.3.1 Finit e Element Implement at ion 

The modeling of crack growth is siniulated by continuously updating the mesh topol- 

ogy by. nucleating and growing a discrete crack: and also by propagating a damaged 

band of thickness 10.3 mm (see Figure 9.2). The elernents within the crack band are 

monitored via the damage parameter D and therefore their elastic modulus will be 

degraded cont inuously- 

9.3.2 Onset and Direction of Crack Growth 

As discussed in Chapter 3. three leading models were proposed in the literature to 

establish the onset and direction of crack growth in isotropie media. Mensions were 

also developed to anisotropic continua. Hom-ever, to the best knowledge of the author, 

no model which accouiits for damage exists today. 

Experimental evidence, presented in Appendix (C), show that for an inclined crack 

the direction of crack growth is always perpendicular to the direction of maximum 

principal stress at some distance away fkom the crack tip. Note that This can be 
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explained by the occurrence of damage ahead of the crack. For the sake of the 

argument, we consider the limiting case, in which the damage zone ahead of the 

crack has a ni1 modulus (Le. the damage zone is simply a hole) ahead of the crack. 

Further crack propagation would emanate from the furthest edge of the damage zone 

away from the tip and in the direction perpendicular to the maximum principal stress. 

Hence for the case of a specimen with inclined crack. with respect the applied load! 

the direction of crack propagation occurs in the direction perpendicular to the applied 

load path. (see Figures C.15' C.17. and C.20) in Appendix (C). 

An extension of the minimum strain energy density criterion (see section (4.3.3.3)) 

may be the best candidate for evaluating the omet of crack growtii? due to the fact 

that its evaluation is performed at a distance Y" from the t ip of the crack. 



Chapter 10 

CONCLUSIONS AND 

RECOMMENDATION FOR 

FUTURE RESEARCH 

10.1 General 

For the past few decades structural composites made of fiber polymers composites 

have been used in the fields of mechanical. aeronautical and aerospace engineering. 

Init ially, t hese advanced mat erials were direc ted to military applications. principally 

for aircrafts and space system structures. Currently, a very broad technological and 

applications base has been establislied for these materials in dSerent fields of engi- 

neering industries. 

Putting this new material in actual use requires careful design practices and a p  

propriate developments based on the understanding of their unique mechanical and 

physical properties. This thesis is intended to contribute to the ongoing effort towards 

understanding the mechanical and fracture behaviour of composite materials. 



10.2 Conclusions 

Based on the t heoret ical: numerical, and experimental investigation. the following 

conclusions are surnlnai-ized. 

10.2.1 Finite Element Computation of Interlaminar Buckling 

Load 

Generalization of the correlation technique for stress intensity factor extraction. to 

account for the axial compressive or tensile field. is presented and the following con- 

clusions are made: 

1) Tlie proper formula for extracting the effective axial stress aliead of a crack tip 

is successfully derived as weLl as the finite elenient extraction and measure of 

the axial stress factor ahead of the crack in two dimensional analysis are made 

possible. 

2) It is also bund that while a crack aügned with a uniform stress field would not 

alter the stress distribution. but when the applied load is no longer uniform. 

the crack starts sensing a higlier axial stress intensity and ultiniately under a 

concentrated load a crack suffers hvice as much as if the loading were uniformly 

applied. 

3) Tlie axial stress factor as  well as KI are increasing functions of the crack length. 

4) The crack buckles up t o  give a non-zero niode 1 stress intensity factor mhen the 

reniote load tends to become closer to concentrated load. 
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10.2.2 Inelastic Zone Size Case Study in Anisotropic Media 

A comprehensive derivat ion of fracture inelast ic zone size and shape in anisotropic 

solids are presented in this thesis. Energy models were discussed under uniaxial and 

biaxial stress assumptions. Based on this study the following conclusions are made: 

1) Under uniaxial stress açsumption? three models were discussed and the inelastic 

zone size for anisotropic media have been found within the range of the c w e  

L. abs and P - P as shown in Figure (6.8) in cliapter 6. 

2) Under the biaxial stress state! Hill's yield criterion was adapted to seek the 

shape of the inelastic zone. This study provided the results for the shapes of 

inelastic zone sliown in Figures (6.5 and 6.6) and the following conclusion are 

made: 

a) When El > E2. the inelastic zone for mode 1 is much larger than the one of 

isotropic crise. 

b) The inelastic zone for mode II is smaller than the one of mode 1. 

c) When El < E2: both inelastic zone shapes and sizes are very siniilar to the 

isotropic case. The only difTerence is that mode 1 has a narrow zone in compar- 

ison with the isotropic one. 

d) For biaxial stress assumption. the real inelastic zone size is larger than the 

theoretical one. 

10.2.3 Experimental Program 

The beliaviour of cracked fiber reinforced composite material (glass fiber) under mode 

1 loading was investigated. A total of 75 specimens were tested to determine the effeçt 
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of various geonietric parameters such as: tliickness' fiber orientation and the ratio of 

(a lw)  on the beliaviour of t his matenal. Based on the experimental investigation the 

following is coiicluded : 

1) The initial and secondas elastic rnodulus as well as the tensile strength of the 

composite specinien were measured. 

2) The post-peak response of composite material specimen under tensile cyclic 

loading is expeririientally established. 

3) The post-peak response is marked with a gradual decrease in stress accompa- 

nying an increase in displacenient. 

1) The straiii energy accumulated in the specimen is released at the peak-load and 

a stable crack propagates s i t l i  increase in displacement and reduction hi the 

load. 

5) The streugtli of the speciiiien is clearly affected by the fiber orientation. 

6) Tliere is a gradual degradation in the stiffness and a concurrent l o s  of the 

carrying çapacit~: i-e beyond the peak load. the value of the stiffness decreases 

as the numbcr of loading cycles increase. 

7) The post peak regime may be expressed as a bilinear form in terrns of the crack 

opening displacement. 

8) The strength of the specimen is affected by the fiber orientation: i.e the load 

canied by (0/45/90) fiber orientation specimen is larger than the one canied by 

a specimen with the same nuniber of layers but with fiber orientation (0/90/0). 

9) The fracture toughness of composite materials decreases with uicreasing notch 

to width ratio. 
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10) The h-acture toughness is dependent on the specimen thickness. 

11) The fracture energy calculated indicates that G j  is affected by the thickness of 

the specimen and fiber orientation. 

12) Cracks advance linearly as a function of number of loading cycles. 

10.2.4 Numerical Program 

A cornputer Finite Element Program (SIMEX) is used to calculate the peak load, frac- 

ture toughness. COD. and to mode1 the degradation in coniposite materials. Based 

on the modeling. the following conclusions are made: 

(1) The numerical results obtained using the finite elenient program (SIMEX) show 

a good agreement with the experirnental results. 

(2) Both experimental and ~mmerical results show a gradua1 degradation in the 

stiffiiess and a constant loss of the canying capacity beyond the post-peak 

load. 

(2) The computed values of Ed produces a secant overd responçe' Le. no permanent 

damage is modeled. The permanent damage (non-recoverable deformation) was 

not modeled, as it defeats the purpose of this investigation whicli attempts to 

produce a simple, yet efficient procedure to  mode1 damage in composite. 

10.3 Recommendations for Future Research 

Experimental and numerical investigations have been carried out to study the fracture 

parameters, such as stress intensity factor. fracture energy and post peak response 
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as well as damage of composite matenals. The results fiom this study has demon- 

strated a very good agreement between the two methods. This agreement provides a 

potential for further research in the area of conibined fracture and damage mechanics 

in composite materials. The following recomniendations with regard to further work 

in this area are in order. 

Expenmental and analytical investigations are recommended to exteiid the 

present study to include the effect of other paramet ers such as: different loading 

conditions and environmental effect . 

More experiinental tests are needed for difIerent types of fiber reinforced corn- 

positess' such as: carbon FRP and kev1a.r FRP. under different loading condi- 

t ions. 

Experiinental investigation and nunierical verification of the results are recom- 

mended for mked mode crack propagation. 

The finite element extraction of the axial stress factor which is presented in 

Chapter 5 is recommended to be extended to three-dimensional finite element 

analysis for extractirtg tlie effective axial stress ahead of a crack tip. The sta- 

bility and prediction of the direction of crack extension are also recommended 

to be investigated. 

The case st udy of crack tip inelastic zone in an isotropie media which presented 

in Cliapter 6 iieeds to  be extended to include tlie effect of material parameters 

in the inelastic zone shape for both niode 1 and niode II as well as niixed mode 

1-11. 

Based on the analytical results of inelastic zone sliape presented in Chapter 6: 

a second order numerical analYsis is recomniended for predict ing the yielding 

inelastic zone in fiont of tlie crack tip. 
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Numerical mode1 representing the stiffness degradation of composite materials 

for mode II and mixed mode crack propagation should be studied. 
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Appendix A 

EXPERIMENTAL RESULTS 

This appendix contains some figures wliicli show the post peak response of the differ- 

ent tested specimens. 
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Figure A.2: Response of 12 Layers Specimen of (0/90/0) Fiber Orientation 
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Figure A.3: Response of 12 Layers Specimen of (0/90/0) Fiber Orientation 
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A.4: Response of 16 Layers Specimen of (0/90/0) Fiber Orientation 
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Figure A.5: Response of 16 Layers Specimen of (0/90/0) Fiber Orientation 
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Figure A.6: Response of 16 Layers Specimen of (0/90/0) Fiber Orientation 
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Figure A.7: Response of 20 Layers Specimen of (0/90/0) Fiber Orientation 
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Figure A.8: Response of 20 Layers Specimen of (0/90/0) Fiber Orientation 



O 0.16 0.32 0.48 0.64 0.8 0.96 1.12 128 1.44 1.6 
COD & Total Elongation Readings ( mm ) 

O 100 200 300 400 500 600 700 800 
COD Reading ( mm ) (xl CJ3) 

- 
- ,,---. 

Figure A.9: Response of 20 Layers Speciinen of (0/90/0) Fiber Orientation 
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Figure A.10: Response of 20 Layers Specimen of (0/90/0) Fiber Orientation 
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Figure A.l l :  Response of 16 Layers Specinien of (0/45/90) Fiber Orientation 
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Figure A.12: Response of 16 Layers Specimen of (0/45/90) Fiber Orientation 
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Figure A.13: Response of 20 Layers Specimen with Inclined Crack and (0/90/0) Fiber 

Orientation 
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Figure A.14: Record of COD and Total Elongation Versus Time of 20 Layers Specimen 

of (0/90/0) Fiber Orientation 
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Figure A.15: Record of COD and Total Elongation Versus Time of 12 Layers Specimen 

of (0/90/0) Fiber Orientation 
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Figure A.16: Record of COD and Applied Load Versus Time of 20 Layers Specimen 

of (0/90/0) Fiber Orientation 



Appendix B 

MATERIAL PROPERTIES 

This appendiu contains tables sliowing ty-pical properties of some metallic and com- 
posit e mâterials 



APPENDLX B. h f A T E W  PROPERTIES 

Table B. 1: Typical Properties of Some Fibers 

Glass 

E glass 

G glass 

PAN-Carbon 

T-300 

AS 

Pitch-Carbon 

P-55 

P-100 

Kevlar 49 

Boron 

- -- 

Typical 

Dianieter 

(P  m) 

10 (round) 

O (round) 

7 (round) 

7 (round) 

G (round) 

11.9 (round) 

140 (round) 

133 (round) 

Specific 

Gravity 

Tensile 

hlodulus 

GPa 

(10 EGpsi) 

Tensile 

S trengt h 

GPa 

(10 E6psi) 

Strain 

to failure 

(W 

Poisson's 

Ratio 



Tâble B.2: Tensile Properties of Metallic and Composite Materials 

Metallic Materials 

SAE 1010 Steel 

(cold-worked) 

AIS1 4340 Steel 

Ti-GAI-4V 

Titaniurn Ney 

17-7 PH 

S t ainless S tee1 

INCO 718 

Nicle Alloy 

Composite Materials 

High-S t rengt h carbon 

Fiber-epoxy (undirec.) 

Hight-hlodulus Carbon 

Fiber-epoxy (undirec.) 

E-glas Fiberepoxy 

(unidirectional) 

Kevlar 49 F iber -epo~ 

(unidirectional) 

Boron Fiber-6061 Al 

Alloy (annealed) 

Carbon Fiber-epoxy 

(quasi-isot ropic) 

Specific 

Gravity 

Modulus 

GPa 

(Msi) 

Tensile 

St rengt h 

MPa(ksi) 

Y ield 

Strength 

MPa(ksi)  

Ratio of 

modulus 

to Weight 

10E9m 

Ratio of 

Tensile 

Strength to  

Weight, 10E6m 



Appendix C 

SPECIMEN PREPARATION 

AND TESTING 

This appendix contains various photos of the specimens preparation using vacuum bagging tech- 

nique, the experimental apparatus and test set upt and some typical specimens after testing. 



Figure C.1: The Fiberglass Fabric is Cut into Equal Square Pieces 



Figure C.2: Release Material is Placed on the Mold Surface and the First Two Layers 

of Fiberglass Fabric is Put on Top of Each Other 



Figure C.3: Mixing Resin and Hardener Together in a Container 



Figure C.4: Spreading the Resin and Hardener Mixture over the F'abric 



Figure C.5: More Fiberglass Fabric are Placed, Wet out, and the Excess Epoxy is 

Squeezed fiom the Surface each Time 



Figure C.6: A Layer of Release Fabric, Breather Fabric and the Mastic Sealant are 

Placed 



Figure C.7: The Vacuum Pump with Gage is Connected to the Bag 



Figure (2.8: Applying Manual Pressure to the Bag to Evacuate the Air and to Squeeze 

out the Excess Epoxy 



Figure C.9: The Bag Before Shutting off the Vacuum and Removing the Cover 



Figure (2.10: The Bag after the Epoxy is Cured and the Vacuum Pump Turned off 



Figure C.11: Typical Panels and Specimens Made using the Vacuum Bagging Tech- 

nique 



Figure C. 12: Typical Panel of (0/90/0) Fiber Orientation 



Figure C. 13: Three DifTerent Specimens with Notches and Knife Edges Placed on the 

Sides of the Crack. 



Figure C.14: The Specimen is Placed Between the Grips and the COD is Mounted 

to the Specimen Between the Knife Edges 



Figure C.15: The Setup Shows the Specimen, the COD, and the Microscope which is 

Mounted to  Measure the Crack Length 



Figure C.16: Specimen of Straight Crack under Testing and the F'racture Zone Start- 

ing in Front of the Crack Tip. 



Figure C. 17: Specimen of Inclined Crack under Testing where the Crack Propagation 

and Fracture Zone in F'ront of Crack Tip are Clear. 



Figure C.18: Typical Specimen after 20 Cycles 



Figure C.19: Typical Specimen after 50 Cycles 



Figure C.20: Two Typical Specimens of Inclined Crack one after 50 Cycles and the 

other after F'racture 



Figure C.21: Specirnen with Inclined Crack aRer Fracture and Specimen with Straight 

Crack after 50 Cycles 



Figure C.22: Typical Speciinen after Complete F'racture 




