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ABSTRACT 

In tests on neat polymers, it was shown that for most of the polymers. the tensile 

strength was approximately the sarne as the shear strength measured by the punch test. 

Classical shear sliding off failure appeared to be rare, and instead most of the polymers 

seemed to be failing in tension. The polymers giving anomalous results were brittle ones 

with failures governed by flaw statistics 

With carbon-epoxy pultrusions, the composite was aiways stronger than the 

matrix for both the 0" and 90" shear fracture modes, and the 0' strength was always 

higher than the 90" strength. On plots of composite vs matrix shear strengths, y-intercepts 

ranged from 5 to 60 MPa. 

The standard deviation of the fibre volume fraction (Vf) distribution was highest 

in pultrusions having Vf = 0.4. Fibre touching and clustering were more prevalent at high 

Vf. The standard deviation of the misalignment angle distribution was lowest at Vf = 0.2. 

The surface roughness increased with Vf while the normalised lengths of the profile 

perimeters ranged from 1.3 to 1.6. Fibre tensioning improved fibre alignment and 

packing uniformity and reduced fibre touching. It also reduced the 90" composite shear 

strength. 

90" shear fracture surfaces consisted of rows of shear hackles, scallops, clean 

fibres, broken fibres and fibre imprints. Fibre pull-ou& and mode I fracture were evident 

on the fracture surfaces tested at high temperatures. The broken fibre density on the 

fracture surfaces increased linearly with fibre volume fraction. The estimated 

contribution to the composite shear strength due to the broken fibres was higher at 120°C 

than at 25°C. This is probably because there was more fibre pull out at elevated 



temperatures. The presence of residual stress partially explained the reduced shear 

strength of composites made with tensioned fibres. 

A mode1 was developed to explain why the parallel composite shear strength can 

be higher than the matrix strength. The contribution from the matrix shear strength, the 

interfacial shear strength and the mesostructurai effects of fibres crossing the shear crack 

plane were included. The predicted strengths were in good agreement with the 

experimental results. 
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1. INTRODUCTION 

1.1 Composite Materials 

1.1.1 General Description 

Composites are multicomponent materials formed from combinations of materials 

which differ in composition or form, and usuaily consist of a continuous phase or matrïx 

and a dispersed phase. Although the components remain bonded together, they retain 

their own identities and properties. Composites maintain an interface between the 

components, which act together to provide mechanical properties not obtainable by any 

one of the original components acting alone. 

The pnnciple of composite materials cm be observed in many naturally occumng 

substances. Wood is an organic composite composed primary of bundles of celIuIose 

chahs embedded in an amorphous lignin matrix at a ratio of about two to one [ I l .  The 

strong bond between the fibres and the lignin makes the wood strong and stiff. Bone is 

another natural composite material. At microscopie level, bones are made up of tubular 

stnicture called osteones [2 ] .  Each osteone is composed of several lamellae of collagen 

fibres which are surrounded and bound tightly by inorganic bone mineral. The 

combination results in the excellent load-carrying capability of bones. 

The history of man-made composites can be dated back to ancient Chinese and 

Egyptians who embedded straw in bricks to improve their structural capabilities. Ancient 

Egyptians were known to enhance the strength of wood and minimise the possibility of 

swelling and shnnkage by gluing thin veneers together. With the advances in fibres and 

polymers in this cenniry, composite materials have played an ever increasing role in 

structural applications. Since the introduction of particulate and fibrous reinforcement 

materials into thermoset phenolics in the early 1900's, composites have become one of 

the fastest growing industries in the world [3]. The sales of polymer and polymer-matrix 

composites for aerospace applications alone have doubled from 1985 to 1989 [4]. The 

composite industry has projected $20 billion in sales by the year 2000 (51. 



112 Fibres, Matrices and Manufac turing 

The research and developrnent of advanced fibres have been increased markedly 

in the second half of this century. Fibres with high specific strength and stiffness are 

available comrnercially. Glass fibres provide relatively high strength at low cost. Carbon 

fibres provide enhanced strength and stiffness at a higher cost. Boron fibre has high 

stiffness to weight ratio and is particularly good under compression loading. Aramid 

fibre has high specific strength, good ductility and excellent impact resistance. However, 

it has poor compressive strength and its use is limited to moderate temperature. A 

cornparison of specific stiffness and strength of advanced fibres is given in figure 1.1. 

Polymers are widely used as rnatrix materials in composites. Although metal 

matrices such as titanium and cerarnic matrices such as carbon and silicon carbide 

dominate applications at very high temperature, polymers are indispensable matrix 

materials in most composite applications because of their light weight and low cost. 

Polymers are very versatile materials. Thermosetting polymers such as epoxy, polyesters 

and phenolics have long been used for structural composite components and their 

processing technology is relatively mature. High strength and stiffness are derived from 

the rigid, three dimensional network structure of interlinked polymer molecules. 

Thermoplastics such as polyethylene, nylon and poly (ether ether ketone) are king 

increasingly used in structural applications. Although the fibre impregnation with 

thermoplastics is more difficult due to the high viscosity, processing time is shorter and 

automation is easier for thermoplastics than thennoset production since no cure cycle is 

required. 

One of the unique properties that composites have is that the engineers can tailor 

the materials for a specific stressing system in a particular application. Very long and 

continuous fibre tows are often pre-impregnated with partially cured polymer. This is 

cailed a prepreg. By stacking the layers in different sequences and different orientations, 

the engineer cm design the structural element to achieve desired strength and stiffness for 

a specific stressing situation. This efficient design translates into very large weight 

savings. In addition, different types of fibres can be combined to form a hybrid 
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composite, which not only has cenain enhanced mechanical properties but also has the 

potential to reduce component cost. A cornparison of specific tensile strength and 

stiffness of unidirectional advanced composite laminates with metals is given in figure 

1.2. 

The processing technologies of composite materials are well developed. 

Components in the form of panels can be formed with heat and pressure using autoclave 

or hot press moulding. Structural components with constant cross-section such as rods, 

~ b e s  or bearns can be formed by pultnision, where continuous reinforcements 

impregnated with resin are pulled through a heated die. Filament winding, where 

continuous reinforcernent impregnated with resin are wound ont0 a mandrel at specific 

angles, is useful in producing vessels or other hollow structures. For thin structures with 

complex shapes, hand lay-up of prepregs is still used despite the high labour cost. In case 

of thicker and more complex structures, resin transfer moulding (RTM) is used to force 

resin into pre-shaped fibre preforms. For short fibre composites, hot press moulding is 

used for relatively simple shapes while injection moulding is used to produce more 

complex structures. In general, the selection of composite processing is a function of the 

nature of the polymer, the reinforcement aspect ratio and its orientation in the final 

structure, part complexity as well as production volume. Figure 1.3a, b & c are 

composite processing maps which address the above considerations. 

1 .l.3 Applications 

The high specific strength and high specific stiffness of composites significantly 

reduce weight and improve performance efficiency of rnany aerospace systems. The 

tailorable coefficient of thermal expansion ( C E )  and the near zero CTE attainable with 

carbon fibre composites make the materials particular attractive to aerospace design 

engineers. The satellites that make up the Block I Global Positioning System have 

structures for which over 80% by weight are composites [9]. Today, most satellite 

antennas are made of composite materials. Polymer rnatrix composites used in gas 

turbine engines not only provide high strength and offer weight saving, their characteristic 
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damping effects reduce unwanted engine vibration and their low surface friction reduce 

Wear of engine parts. Heavy uses of polymer matrix composites are anticipated in many 

advanced aircrafts such as Advanced Tactical Fighter and High Speed Civil Transport. 

Composites are used extensively on class 1 structures for helicopters as well [ l  O]. 

Polymer matrix composites are finding increasing applications in the 

transportation and automotive industry. The energy absorbing mechanisms of fibre 

reinforced plastics (FRP) during collision provide high crash-worthiness performance for 

automobiles [ I l ] .  Carbon fibre reinforced polymers ( C m )  are used to manufacture car 

body shells for high speed trains, primarily due to their high specific strength and 

stiffness in comparison with metals. In addition. cars made of CFRP offer good ride 

comfort in regard to high frequency vibration because of its large damping factor, and 

provides a high level safety against collision since CFRP is a gwd impact energy 

absorber [ 1 21. 

Polymer matrix composites have made possible revolutionary changes in the 

construction industry. The light weight. earth-quake resistance, corrosion resistance 

together with portability and rapid assembly have gained much credibility for composites 

in infrastmcture renewal. Grade A "C-bar" is a concrete reinforcing bar made with 

pultruded rod core and compression moulded SMC extenor to compete with epoxy- 

coated steel rebar used in construction [I3], Different fibres with urethane-modified 

vinyl ester resin are commercially available for specific applications. 

Since composites are chemically inert, light weight and easy to fabricate, they are 

used increasingly as surgical implants in medical applications [14]. Composites are also 

receiving increased interest in the defence arena [15]. Future uses of energetic 

composites are being expiored in such non-traditional applications as decoy flares, 

propellant igniters and infantry assault weapons. 



1.2 Shear Behaviour of Composites 

1.2.1 Importance of Shear Behaviour 

Research and development in mechanical properties, processing methods and 

fabrication technology of composite materials during the past few decades have led to the 

extensive use of these materials in structural applications. In order to utilise the full 

potential of composites, it is essential to establish the fundamental knawledge of the 

physical, chernical and mechanical behaviour of the materials. In particular, the 

properties of unidirectional fibre reinforced composites are necessary as a basis for 

predicting the mechanical behaviour of composite structures and laminates made up of 

stacks of unidirectional laminae at arbitrary angles. 

To properly characterise a unidirectional composite, dl the elastic constants (the 

moduli in the longitudinal and transverse directions, shear modulus and the major 

Poisson's ratio) and the strengths (tensile and compressive strengths in the longitudinal 

and transverse directions and the in-plane shear strength) must be determined. When 

these data are estabiished, larninate theory can be used to calculate the properties of the 

more complex structures that are of commercial interest. However, the shear properties 

are less well-documented in the literature than tensile or compressive properties mainly 

due to the difficulty in their measurements. 

Owing to the intrinsic anisotropic nature of composites, shear failure may occur 

even if the component is not loaded in shear. When there is some non-uniformity in 

stress application or in cross-section, shear failure cm occur unexpectedly due to the low 

shear strength values. Interlarninar shear failure was observed around holes drilled in 

panels made with continuous long fibres loaded in tension. Impact resistance is 

somewhat dependent on shear strength since delamination usually occurs during impact 

WI. 

Like other transverse properties, the shear properties of composite materials are 

strongly dependent on both the fibrehatrix interfacial adhesion and the matrix itself 

[16,17]. As a result, shear strength of composite materials are very low. A comparison 

of the tensile, compressive and shear strength of four typical unidirectional composites is 



shown in figure 1.4 [Ml. The shear strengths of these unidirectional composites are less 

than 10% of their tensile and compressive counterparts. This implies that shear strength 

is on of the limiting properties of composite materials. It is an area which needs 

improvement but is also least understood. 

1.2.2 Theory of Composite Shear Strength 

It is generally agreed that composite shear strength T, is limited by the matrix 

shear strength ~,..[19, 201. In an ideal unidirectional composite. there exists perfect 

fibre-matrix adhesion. perfectly flat layers of fibres and that each fibre in each layer is 

perfectiy aligned dong the plane defining the layer. In this case, the "classical" equation 

govems the shear strength: 

where Tl?" = in-plane ultimate shear strength of unidirectional composite in 1-2 direction 

T,,, = ultimate shear strength of the matrix 

Although equation (1.1) is generally accepted, it has not been well tested due to 

the scarcity of shear data. An examination of data has indicated that composites cm have 

shear strengths much higber than the matrix shear strength [21-241. Skudra and Bulavs 

observed a situation when the shear stress has reached the shear strength of the matrix and 

yet the fracture of the entire matenal was not initiated [25]. They attributed this to the 

conditional flow of the polymer matrix, which started at the maximum stress 

concentration sites, led to a redistribution of the stress concentration sites. thus resulting 

in the redistribution of the stress field. The researchers also noted that for specific types 

of composites for which the failure was initiated at the fibre-mauix interface. the 

longitudinal shear strength depends strongly upon the stress concentration and is 

detemined from the following equation: 
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where 9. = shear strength at the fibre/matrix interface 
- 
Ga = stress concentration pararneter (dimensionless) 

The dependence of &on the fibre volume fraction and on the ratio between die 

elasticity moduli of the fibre and the matrix is shown in figure 1.5. As the ratio of elastic 

moduli or the fibre volume fraction increases, the stress concentration pararneter 

increases, which results in a decrease of composite shear strength. 

Tsai and Hahn suggested that the mechanisins of shear failure are similar to those 

of transverse tensile failure 1261: 

where Vf = fibre volume fraction 

qr = stress partitioning parameter in shear 

Km = matrix stress concentration factor in shear 

The composite shear strength depends strongly on the shear strength of the 

fibrehatrix interface. If the interface strength (.ri,) is Iower that the matrix shear strength 

(z,,,"). qu should replace rmu in equation (1.3). 

The stress partitioning pararneter (q,) measures the relative magnitudes of the 

average matrix stresses (Tm ) as compared to the average fibre stresses (t 1: 

Based on the concentrk cylinder model, it is shown that q, is independent of VI 

and it can be expressed in ternis of the shear moduli of the matrix (G,) and the fibre (Gr): 



The matrix stress concentration factor in shear (Km) was introduced to account 

for the non-unifonn distribution of stress in matrix (TM ) due to the presence of fibres: 

where (.rM)- is the maximum stress while Tm is the average stress in the matrix. 

The authors indicated that an exact determination of q, and Km is dificult 

because the behaviour of matrix is nonlinear near failure. However, prediction on the 

composite shear strength can be made using equation (1 -3). If the mauix is linear elastic 

up to failure, then the factor Vr(l/qs-l)K, is known to be less than unity and decreases 

with increasing Vf. As a result, the in-plane shear strength will be lower than the matrix 

shear strength. and the discrepancy increases with increasing VI. On the other hand, if the 

matrix is ductile, Km becomes close to unity since stress concentrations can be relaxed. 

Consequently, the in-plane shear strength can be greater than the matnx shear strength. 

Piggott [27] suggested that the shear strength of a composite is affected by 

mesostructures as well as the rnatrix shear strength. First, consider packing 

mesostmctures. Even if the fibres are perfectly aligned, intermeshing of fibres at very 

high fibre volume fraction will raise the composite shear strength parailel to the fibres by 

causing deviation of the shear fracture plane (figure 1.6). A factor of 2/& is estimated 

when hexagonal packing is assumed: 

However, composites usually have mesostructures such as regions of fibre 

bundles and resin rich regions, even at low fibre volume fraction. If V, is the fraction of 

intermeshing regions in the composite, then the shear strength can be detemined with the 

following equation: 
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For shearing perpendicular to the fibres, the resistance is greater when the fibres 

intermesh [28]. Figure 1.7 illustrates the effects of intermeshing fibres arranged in a 

hexagonal array. At low fibre volume fraction (i.e. Vf < d31d8), the fibres do not 

intermesh, thus no uplift is needed when shear is applied in the direction indicated (figure 

1.7a). However. at high volume fraction (Le. Vf > 4 3 ~ 8 )  where fibres tend to intermesh, 

the layer of intermeshing fibres above the shear plane has to move up by an amount 6 

before moving over the lower layer of fibres (figure 1.7b). As a result. some tensile 

failure in the matrix must occur. Also, shearing perpendicular to the fibres will be 

eliminated altogether at very high fibre volume fraction. 

The orientation mesostructure effects were demonstrated through a mode1 of fibre 

fractures at a shear failure plane (figure 1.8). By accounting for the larger force required 

in the tensile failure of the fibre on the left and neglecting the relatively small force 

required to break the fibre in flexure on the right, it can be shown that the shear strength 

of a composite failed with this mechanism is: 

where A& = fraction of shear fracture area involving broken fibres 

ofu = tensile strength of the fibre 

Piggott 1271 showed an hypothetical increase of close to 60% in shear strength for 

a typical carbon-epoxy composite with 2% fibre fracture. This unsynchronised fibre 

waviness seemed to be very effective in increasing the shear strength of composite above 

the rnatrix shear strength. 

Finally, the synchronised orientation mesostmcture effects were also discussed. 

The presence of synchronised fibre waviness defiects the failure plane, thus increasing the 

composite shear strength (figure 1.9): 

T13u = Zmu / COS 20 (1. 10) 

where 8 is the average deviation angle. 
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Assuming a volume fraction of V,,, of regions with synchronised fibre waviness, 

the shear strength can be expressed as: 

r13. > [l - Vw(l - 1 / cos 2 8 ) ] ~ ~ ~  (1.1 1) 

1.2.3 Shear Test Methods 

Of the basic composite mechanical properties, the determination of the shear 

properties may be the most difficult and controversial. In fact, the determination of shear 

properties of unidirectional fibre-reinforced composite materiais has been the subject of 

considerable investigation [17, 29-32]. As Whitney et al [33] point out. 'The problern 

stems from an inability to define a specimen geometry and loading condition which will 

induce a state of uniform shear". As a result, many different shear test methods have 

been developed in the composite community, and each has its own advantages and 

disadvantages. Some of the more commonly used test methods are described and 

discussed in this section. 

Torsion of a thin-walled tube is considered as the most desirable specimen for 

determining shear stresslstrain response from an applied mechanics standpoint [34]. The 

specimen is a thin-walled circumferentially wound cylindrical tube (figure 1.10). It is 

subjected to a pure torque about its longitudinal axis, which creates a pure shear stress 

that is uniforrn around the circurnference and dong the length of the specimen. The 

major drawback of this test is the difficulty in fabncating and testing tubular specimens 

since specialised equipment is required. In addition, the shear strength obtained from the 

filament wound tube is not the same as that of a Iaminate, which is a more common form 

of composite structure. 

The Two-rail shear test method (ASTM Standard D-4255 1341) has been used 

quite extensively in the aerospace industry [29]. In this method a panel specimen is 

clamped or bolted on the long sides and the load is introduced ai the ends of the rails to 

displace one rail parallel to the other (figure 1.1 1). It has the potential to produce a 

uniforrn shear stress. However, the introduction of load via bolted rails may induce 
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premature failure due to stress concentrations [30]. In addition, a relatively large panel is 

required for testing. A variation of this test is the three-rail shear test rnethod. 

The 145" off-mis tensile test for determining in-plane shear response (ASTM D- 

3518) requires a [*45"], larninate to be loaded in axial tension (figure 1.12). Close 

agreement was obtained between the results from this test and the three-rail shear test 

[36]. This test is as simple to conduct as a conventional tensile test , with good 

reproducibility of results [37] However, Petit [38] pointed out the two approximations 

inherent with this test method which need attention. First, ex is not exactly equal to the 

negative of E, when the Poisson's ratio is not exactly 1 .O and second. a small tensile strain 

exists in addition to the relatively large shear strains in the principal directions of the 

laminae. 

The IO0 off-ais tensile test is very similar to the *4S0 off-axis tensile test except 

that the larninate is unidirectional with fibres oriented at IO0 to the axial tensile Ioad 

(figure 1.13) Chamis [39] recommended this test for measuring the in-plane shear 

strength of unidirectional fibre composites based on theoretical and experimental 

investigations. It requires a relatively small amount of material and the test is simple to 

perform. However, the in-plane shear stress in this specimen is very sensitive to small 

misorientation errors and the axial strain variation is very sensitive to out-of-plane 

bending . 

The Iosipescu shear test was first proposed by N. Iosipescu of Romania in 1967 to 

measure the shear response of isotropic materiais [40]. In the past decade. the composite 

community has shown much interest in applying this method to composite [41-451 and 

the modified University of Wyoming fixture was recently adopted by ASTM (ASTM D- 

5379 [46]) for measurement shear properties of composite materials. The specimen is a 

bearn machined with two opposing 90" notches in the mid-section (figure 1.14a). The 

test fixnire, which consists of fixed and movable halves, applies two counteracting 

moments to the notched specimen. The notches in the mid-section of the specimen shift 

the shear stress distribution from parabolic to uniform, and make it equal to the force in 

the reduced cross-section. At the sarne time, the moments exactly cancel at the centre of 
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Figure 1.14b Force, shear and moment diagrams for the Iosipescu shear test 



the specimen (figure 1.14b). Therefore, a pure shear stress state is created in the test 

section of the specimen. This test cm measure both the shear suength and modulus. 

requires small specimen size and is easy to perform. The main concerns about the test are 

the presence of normal stresses in the gage section, the uniformity of shear stress in the 

gauge section and the notch tip cracking that occurs in the 0" specimen. 

Many other shear test methods have been developed over the years. Their uses are 

generaily limited to specific test specimens. The cross-beam shear specimen is loaded in 

positive and negative bending to produce a biaxial state of tension and compression over 

the test area at the centre of the specimen [47]. The picture frame panel shear test 

involves a specimen which consists of one or two thin, flat, square panels bonded to a 

honeycomb core materiai for stability [48]. Biaxial loading is introduced ont0 the ngid 

four-bar linkage frame which is bonded to the panel. Other less commonly used methods 

are torsion of rings[49] and tension or compression of slotted barsr50-5 11. 

Each of the above methods has some advantages and deficiencies. It is generally 

agreed that the torsional test produces the desired pure shear state of stress and strain in 

the specimen. The Iosipescu shear test has the ability to measure both the shear strength 

and modulus in different directions of the material axes. The off-axis specimens are easy 

to manufacture and simple to test. Lee and Munro [29] have examined and assessed ten 

cornmonly used in-plane shear test methods on the basis of the cost of specimen 

fabrication. the cost of testing, data reproducibility and accuracy of expenmental results. 

Using a decision analysis technique, the most promising test methods were identified to 

be the Iosipescu, the *4S0 off-axis tensile and the 10" off-axis tensile. 



1 3  Mesostmchire in Composite Materials 

1.3.1 Introduction 

In an ideal unidirectional composite, the fibres are perfectly aligned dong a layer 

and the different layen are perfectly parallel to each other. The fibres are uniformiy 

packed in regular arrangement such as square or hexagonal array. In addition, there exists 

perfect fibre-matrix adhesion at the interface. 

However, models based on the ideai conditions break down when real fibre 

composites are concemed. Fila et al showed that non-uniformity of fibre packing could 

have a beneficial effect on resistance to fracture across the fibres [52]. Fibre waviness is 

generally thought to be a major factor for compressive failure in composites [53-561. 

Other properties which could be affected by fibre waviness and packing uniformity are 

fatigue resistance[57], delarnination resistance[58] and shear strength[59]. 

Irregularities in fibre alignment and non-unifomity of fibre packing are structures 

which fa11 between the micro and the macro scales. As a result, mesomechanics was 

introduced to describe the mechanics of interaction of these mesostructures [60]. Piggott 

suggested that mesostructures have sizes between about 30pm and 30mm 1611. The 

lower range (30 - 300 Pm) is appropriate for out-of-plane effects while the upper range 

(300 pm - 30mm) is suitable for in-plane variations. 

For a given macrostmcture, with properties planned in the original design, there 

will be a range of actual properties achieved. The mesostructures will control the 

properties within that range. These structures are usuaily unintentionally introduced into 

the composite component in the manufacturing process. They can be beneficial as well as 

harmful, but little is known about them. 

Piggott [61] has classified mesostructures into four classes using two sets of 

criteria: 

2. Orientation and Packing 



Orientation Disorder: In a real continuous fibre composite, fibres are not always 

aligned in the preferred direction. Fibre misalignment cm be uniform or localised. Fibre 

waviness may be characterised by amplitude and wavelength using a sinusoidal model. 

Packing Disorder: It is seldom that the fibres are packed unifomly in a regular 

arrangement. Real composites contain fibre rich regions, resin rich areas and sometimes, 

voids. 

Orientation Order: The complex flow patterns in an injection moulding process of 

shon fibre composites may induce localised fibre orientation in a preferential direction, 

which creates variation in the mechanical properties of different parts of the component 

W I .  

Packing Order: Fibre bundling and end synchronisation in sheet moulding 

compound (SMC) are examples of this category. The fibres were observed to remain in 

their original bundles due to the low shearing force during the moulding process [63]. 

Control of mesostnictures through modification of manufactunng process can 

potentially improve mechanical properties of composites. Fundamental understanding of 

mesostmctures is necessary in achieving this goal. Unfortunately, information on 

mesostmctures in composites is scarce and far from compfete. Moreover, our knowledge 

in the processing-mesostructures-property link is somewhat limited. 

1.3.2 Fibre Misalignment 

1.3.2.1 Effects 

In aligned. continuous fibre composites, the fibres actually wander with small 

angular misalignments about the mean direction. The misalignment can be unifonn 

where al1 the fibres deviate from the prescribed orientation, however, the misalignment is 

usually localised where it is restricted to a local region. This angular misaiignment has 

been recognised for many years and has been suspected of having a significant influence 

on the mechanical properties of composites [64-661. 



The longitudinal tensile modulus was shown to be affected by the presence of 

wavy fibres [67-711. Fibre misalignment has also been reported to have an influence on the 

transverse mechanical and transport properties [70]. However, imperfect alignment is 

only likely to have a small effect on transverse tensile strength unless there are long 

lengths of fibres with large deviations [28]. 

The effects of fibre misalignment on the compressive properties of unidirectional 

composites have been extensively studied [72-761. The dominant failure mechanism in 

longitudinal compression of continuous composites is generally agreed to be shear 

instability of fibres in the surrounding matrix, or 1 microbuckling. where initial fibre 

rnisdignment and waviness in the composite play an important role. Mrse & Piggott [77] 

observed that fibre waviness decreased the compressive modulus of carbon/PEEK 

composites approximately as the square of the mean fibre angular deviation. They 

observed that the compressive strength aiso decreased. Using finite element analysis, 

Fieck et al [78] showed that the compressive strength is sensitive to the amplitude but not 

very sensitive to the wavelength of the initial fibre waviness. Adams et ai [74] showed that 

the percentage reduction in compression strength was approximately equal to the percentage 

of wavy O" layers when no more than 33% of the 0" layers contained waviness in a 

larninated composites. 

The presence of fibre misalignment or waviness may be one of the reasons that the 

composite shear strength is often higher than that of the matrix for an unidirectional 

composites[59]. Using a simple mode1 in which fibres fracture when they cross the shear 

crack plane, Piggott estimated a composite shear strength (parallel to the fibres) of 95 

MPa can be expected from a typical carbon/epoxy unidirectional composite with a matrix 

shear strength of 60 MPa having 2% fibre fracture [€il]. Moreover, if the shear failure 

plane is deflected by synchronised fibre waviness (figure 1.9), higher shear strength is 

expected. These effects have been explained earlier in section 1.2.2. 

There is much interest in examining the influence of ply waviness on the 

mechanicai properties of composites [79-811, especially in fabric laminates 182-841. 

Using finite element aiialysis, Brown et al 1851 showed that layer waviness in the 



circumferential direction of a thick-cross ply composite cylinders can be responsible for a 

50% reduction in pressure capacity relative to the wave-free perfect cylinder. Adams et al 

[86] varied layer wave geometries up to 1.5 layer thickness in amplitude and as short as 9 

layer thickness in length. They showed that the more severe wave geometries produce 

reductions in static strength as high as 36%, although the wavy O degree layer accounts for 

only 20% of the load-carrying capacity of the larninate. Brooming failure, characterised by 

through-the-thickness splaying of the layers and numerous delaminations near the waviness. 

was the comrnon failure mode. The effects of fibre waviness in textile composites are more 

complicated due to the complexity of tow architectures and weave patterns. Bishop [87] 

examined the "fibre distortion" effects on the mechanical properties of carbon/epoxy 

laminates made with woven and non-woven composites experimentally. She showed that 

the woven larninates have substantially lower tensile and compressive strengths and 

stiffnesses, greater sensitivity to notches, and less damage after equivaient impact. Jortner 

[88] postulated that the wide scatter observed in the tensile strengths of plain-weave carbon- 

carbon larninates could be related to the uncontrolled variations of crimp angles of the 

loaded set of yams. Pollock 1891 suggested that the variance of the cnmp-angle distribution 

rnay be responsible for the scatter as weil. He also speculated that the path of fracture 

across the larninate is influenced by the nesting of adjacent cloth layers. Ganesh and Naik 

[83] showed that the weave geometries such suand width, strand thickness and inter-strand 

gap can significantly affect the shear strength and modulus of plain weave fabric larninates. 

They observed reductions in the shear moduli of the material systems with an increase in the 

ratio of gap between adjacent strands to strand width. Using finite element analysis, 

Chapman and Whitcornb [82] demonstrated that stress prediction in plain weave 

composites are more sensitive to tow architecture at high fibre waviness. 

1.3.2.2 Likely Causes 

In larninated composites, an obvious source of initiai fibre rnisalignment is the 

prepreg. This could be inherent to a particular prepreg format or it may be intmduced by 

careless handling during larninate fabrication. Thermoset prepregs corne in layers of 



aligned fibres pre-impregnated in a partially cured resin. Since the fibres were mobile in the 

liquid resin during prepreg manufacturing, a small arnount of misalignment could have been 

introduced when the prepregs were wound ont0 the mandrel. A moderate amount of fibre 

misaiignrnent can also be produced during cutting of the prepregs and laying up since small 

degree of movement is possible due to the liquid nature of the partially cured resin. When 

the laminates are curing in the mould, the viscosity of the thermoset resin decreases and 

then increases as the temperature nses. Flow of matrix materiai. occumng during the 

curing cycle when the viscosity of the resin is low, can cause significant fibre misaiignment 

in the composites. In addition, a large mismatch in thermal expansion coefficients between 

the mould tool and the composites in high temperature curing can generate localised fibre 

waviness [62]. Thennoplastic matrix prepregs are available in a variety of formats such as 

impregnated pregregs, commingles, plain weaves, no crimp style or powder prepreg. Due 

to their different rnethods of binding the reinforcement and the thennoplastic together. they 

are handled differently and the final products possess various degrees of fibre misalignment 

[go]. The large difference between the thermal expansion coefficients of the fibres and the 

thennoplastics are particularly important when the composites are processed at high 

temperature. as for carbon/PEEK. Differential shrinkage during cool-down cm lead to 

large residual thermal stresses (matnx in tension and fibres in compression). which may be 

relieved through fibre buckling during cool down. 

An efficient manufacturing process of composites of constant cross-section is 

pultmsion. The basic process involved dry reinforcements k ing  drawn from creels or rolls, 

impregnated with resin and then drawn through forming dies where the part is heated to the 

curing temperature. The cured product is pulled out of the die continuously and cut to the 

desired length by a cut-off saw. Initial fibre misalignment cm be introduced when the fibre 

tows from many creels are k ing  drawn into the m i n  bath. When the fibres are king wet- 

out during impregnation. the rnovement of the fibres in the resin may induce further 

rnisalignment. The impregnated fibres are then squeezed through a die where excess resin 

is forced out before passing to the final heated die for curing. Any twisting of the fibres or 

misalignment introduced in these steps is consolidated in the heated die where the 

composites are cured. 



1.3.23 Measurernent 

A variety of techniques have been developed to measure fibre orientations in short 

fibre composites [91-971. These techniques are lirnited to measunng quite large fibre 

misorientations which occur during the flow and forming operation. However, they do not 

have sufficient resolution for the accurate measurement of small angular misalignments 

(several degrees) found in typical, unidirectional, continuous fibre composites. 

Davis [98] has developed an exact method of tracing the path of individual fibres to 

characterise the misalignment in a boron/epoxy composite by polishing successive sections 

perpendicular to the fibre at regular intervals dong the fibre direction. The main difficulty 

of this method lies in the fact that one fibre is difficult to distinguish from its neighbours. 

especially at high fibre volume fraction. This was overcome by selecting fibres which are 

readily identifiable because of some form of "landmark such as void or resin rich region. 

Since only limited fibres cm be selected for measurement, their representations of the 

whole population is rather doubtful. 

Paluch 1991 has modified the method developed by Davis and developed a method 

to trace the 3-D fibre misalignment in a smdl volume containing about 200 fibres. Sections 

perpendicular to the fibre direction were polished at very smdl. regular intervals (-2p-n) 

successively to obtain about 40-50 sections. The sections were captured as images under a 

light microscope and were fed to a computer. The position of the fibre centres on each 

image were identified using image processing techniques and stored. The displacement of 

the fibres between two successive sections was a combination of the acnial displacement of 

the fibres between the two sections and the systematic offset due the inaccuracy of specimen 

placement on the stage of the microscope. A routine was developed to minimise the 

displacements of the fibres between different sections so that the position of any fibre (in 

terms of co-ordinates) in every section could be traced. Noting that fibres near the edge of 

the image may enter or leave the volume in a random fashion, these truncated fibres were 

identified and discarded. By combining the information on the position of the fibres in 

every section, a 3-D network of fibres in the volume can be recons~nicted. The method can 

be applied to different shapes of fibre cross-sections and 3-D rnisalignment map provides 



very valuable information of the orientation mesostmchires in the composite. Simulation of 

the 3-D waviness allows the incorporation of orientation mesostmcnires into finite element 

models which predict composite mechanical properties. However, polishing of 40-50 

sections is extrerne time consurning. Moreover, the processing of these images demands 

extensive computationai power. 

Yurgartis [lm] has developed a simple yet powerful method to characterise small 

angular fibre misalignment in digned, continuous composites. The technique is based on 

the simple observation that a plane section of a circular cylinder is an ellipse. The specimen 

is sectioned at a smdl angle (b) to the reference plane and polished. Figure 1.15 defines 

the symbols used and illustrates their relationships. The major (1) and minor (df) axes of the 

ellipse is related to the angle between the sectioning plane and the reference direction, CO, 

b y: 

and the angle between the fibre and the reference plane on the specimen. Le. the fibre 

misalignrnent angle (&) is given by: 

0, =O,, -a (1.13) 

The elliptical fibre cross-sections on the polished section reveal a distribution of 1, 

which generates the distribution of y,  which in tum can be transformed into the 

rnisalignment angle (b) of each i" fibre segment with respect to the main fibre direction. 

These h ' s  can then be classified by specifying the class interval (Yurgartis used 0.5") to 

produce a fibre rnisalignment angle distribution. 

A proper choice of the sectioning angle (Lr) is a key factor in this technique. It has 

to be optirnised between high angular resolution and increasing experirnentai difficulties. 

Yurgartis performed the measurement at bt = 5". Moreover, transformation from the li 

distribution to the CQ distribution must be corrected for counting biases which resulted from 



Figure 1.15 Scheme for measuring angular misalignment of fibres by the method of 
Yurgartis 



distribution to the distribution must be corrected for counting biases which resulted from 

the p a t e r  probability of counting small li than large li. The counting bias correction factor 

is given by: 

tan ai 
fv  (ai 1 = 

Ni 1 C" '- 
tan ai 

= angle representing mid-point of ce11 i 

= volume fraction of total fibre volume that is at angle falling within ce11 i 

= nurnber of fibres with angles falling within ce11 i 

= total number of cells 

Yurgartis [101] noted that the in-plane fibre misalignment c m  be measured 

independently of out-of-plane misalignment and that these distributions c m  be combined to 

give a 3-D picture of fibre misalignment. Although his method cannot provide a 3-D 

misalignment map as the method proposed by Paluch, it ailows the measurement of 

rnisalignment of different regions on a cross-section, therefore providing a more global 

representation of the composite. Finally, it is less time consuming in specimen polishing 

and is less computational intensive compared to Palunch's method. 



1.33 Fibre Packing Uniformity 

1.3.3.1 Effects 

In the theoretical analysis of aiigned, continuous fibre composites, the fibres are 

modeled to be unifomly packed in regular arrangements with each fibre having a circular 

cross-section and the sarne diarneter. The most common of them are the square and the 

hexagonal arrays as illustrated in figure 1.16. The fibre volume fraction (Vf) of these 

ideal arrangements cm be computed: 

(hexagonal) 

where 2r is the diameter of the fibres and 2R is the centre to centre spacing of nearest 

neighbour fibres. 

Rearranging equations ( 1.14) and ( 1.1 5) gives the expressions for the separation 

of the fibres (s) for the two ideal arrangements: 

(hexagonal) 

These equations are illustrated graphicaily in figure 1.17. Even at low fibre 

volume fraction (e.g. Vf = 0.3), the closest distance between fibres is less than one fibre 

diarneter while at higher fibre volume fraction (e.g. Vf = 0.7), the spacing becomes very 

small. This small spacing between fibres may have important consequences. Research 

on the interface has shown that the matrix surrounding each fibre has different properties 

from the bulk material [102]. Hull [ 1031 estimated using a simple hexagonal array that a 

layer of modified matrix of 0Spm around each fibres makes up 3 1.5% of the total matrix 

volume in a composite of VI = 0.6. In addition, the small spacing between fibres will 

tend to limit flaw growth in the matrix to one direction. 



Figure 1-16 Hexagonal and square packing of unidirectional fibres 
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Figure 1.17 Effect of fibre volume fraction on spacing between fibres 



These ideal packing arrays are generally used to develop micromechanical models 

due to their simplicity. However, they are not observed in real composites except in a 

few localised regions. The mix of arrays in a cross-section varies with the fibre volume 

fraction and the spacing between adjacent fibres and can be related to the fibre volume 

fraction ernpirically [ 1041: 

One of the main consequences of non-uniformity of packing is the difficulty of 

achieving volume fractions greater than 0.7, which is regarded as the practical limit for 

commercial materials. Packing uniformity is also an important factor in processing 

operations such as resin transfer moulding (RTM). The small spacing between fibres at 

high Vf makes fibre wetting difficult, thus high pressure and longer infiltration time is 

required. Lundstrom and Gebart [los] examined the effect of packing arrangement on 

the permeability inside fibre tows by perturbation of fibre architecture using finite 

element analysis. They showed chat pemeability to cross flow increases continuously 

from the value for square packing and reaches its maximum just before the packing 

becomes hexagonal. Experimental studies of the distribution of fibres in unidirectional 

composites showed that packing is often very irregular at low VI: fibre bundling and resin 

rich regions are observed, and misalignment of the fibres is also more pronounced. 

Non-uniform packing of fibres may have a significant influence on the transverse 

strength and modulus [ 104- 1061. Kie [ 1061 examined the non-uniforrn distribution of 

strain in the matrix between the fibres using a simple square array subjected to a simple 

transverse tensile strain. The different strains in different parts of the resin resulted in 

additional stress and generated a non-uniform stress distribution. Spencer [104] 

suggested that the separation between adjacent fibres is a cntical determinant of strain 

concentration in transverse loading. Assuming a square array, he denved an equation to 

predict the transverse Young's modulus using parameters such as fibre spacing, fibre and 

matrix moduli. Microscopic studies confirm that transverse cracks are nucleated in 

regions of dense packing and also propagate preferentially tbrough such regions [105]. 

Marloff & Daniel [107] exarnined the strain concentration in a macro mode1 of a 



composite material by the photoelastic rnethod. The complex fringe pattern observed 

indicated that the magnitude and direction of the stresses varied throughoui the matrix 

and depended on the fibre arrangement as well as on the degree of regularity. With real 

composites, where the fibres are packed non-uniformly, the strain magnification at 

different parts of the laminate is expected to vary widely, which may have a profound 

effect on the fracture process. If the matrix is ductile, the fibre rich regions which tend to 

break more easily will be counterbalanced by the resin rich regions which inhibit crack 

development. However, uniform packing should be beneficial for composites with bnttle 

matrices [28]. 

Packing mesostructures have significant effects on the shear strength of 

unidirectional composites. Miçroscopic examination of intralaminar shear cracking in a 

glass-polyester laminate revealed that failure occurred by shear of the resin and fracture 

close to or at the fibre matrix interface [103]. The effects of packing mesostructures have 

been discussed in section 1.2-2. 

1.3.3.2 Likeiy Causes 

Packing irregularities such as resin rich and fibre rich regions are mostly 

introduced into the composites during manufacturing processes in a similar manner as 

fibre misalignment. The inhornogeneity depends on the quality of the prepreg and the 

way it is processed to obtain the laminate. 

1.3.3.3 Measurement 

Quantitative measurement of packing uniformity is a relatively new development. 

Examination of polished sections of fibre cross-sections under light has been the most 

popular method. The parameters to be used to describe fibre spatial distribution are not 

well known and differ between different researchers. More importantly, the utility of 

these parameten as a measure of packing uniformity is not well established. Much more 



work is required in the quantification of packing rnesostnicutres and the interpretation of 

the data. 

Yurgartis showed that Hough uansform can be used to locate fibre centre 

positions from a cross-section of a composite [108]. The method takes a binary image, 

say white circular fibre ends on a black background, and considers al1 the possible circles 

that could be associated with each white pixel. This data is stored in an array and a 

search through it for local maxima serves to locate fibres. The method can effectively 

distinguish between fibres that are touching and it directly reports fibre x-y positions and 

fibre radius. After the fibre positions and radii are determined, parameters which can 

separate the effects of fibre arrangement from those of the fibre volume fraction cm be 

measured. Yurgartis proposed the use of included angle. the angle between three adjacent 

fibres. as a measure of fibre spatial distribution (figure 1.18) He also recornmended the 

use of contact angle as a measure of the "chaining" effects or the preferentiai contact 

direction between fibres. It is defined as the angle between a vector originating at a fibre 

centre and directed to the point of contact with a neighbouring fibre, and a reference 

direction. Yurgartis also suggested that measurement of fibre clustering, or stmcturing, 

would be an useful description of the mesostructures. 

Paluch [99] suggested that the most rational way of analysing packing uniformity 

is to determine the distributions of the number of near neighboun (Nb), the interfibre 

distance (Dr ) and the angle between two fibres (p). These quantities are defined in figure 

1.19. In this method, the polished section is divided into Dirichlet cells. one per fibre 

cross-section, which contains al1 space closer to that fibre than to any other (figure 1.20a). 

The nurnber of near neighbours for the j" fibre (PIbj) is the number of fibre cross-sections 

bounding the j" Dirichlet cell. A distribution of Nb per ce11 can then be obtained. The 

mean value of this distribution gives a rough idea of the packing arrangement in the 

composite (e.g. Nb = 6 indicates that the fibres tend to arrange themselves in a hexagonal 

network) while the spread of the distribution denotes the uniforrnity of the arrangement. 

Each fibre cm be joined to its closest neighbours to forrn a network of interfi~bre 

distances. Figure 1.20b showed the associated tnangulated network prepared from the 
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Figure 1.18 Definition of included angle, illustrated for two cornmon packing 
configuration [99] 

Figure 1.19 Definition of the distance and angle between two fibres [99] 



Figure 1.20(a) The Dirichlet tessellation for a T800/5245 cutting plane [99] 

Figure 1.20(b) The interfibre fibre distances network associated with (a) [99] 



sarne micrograph as figure 1.20a. The interfibre distances (Dr ) c m  be determined. Since 

two fibres cannot interpenetrate one another, the minimum value of Dr is one fibre 

diameter. This restriction makes the Weibull distribution appropnate for describing Df: 

The parameter a, sets the lower limit on the variable, thus giving the conditional 

nature of the distribution. Parameter b is a scaiing factor which represents a mean value. 

Parameter c is a shape factor which govems the dispersion of the variable. The 

distribution of Dr can be characterised by these three parameters using Weibull statistics. 

In addition, the mean and standard deviations of angles between fibres (p) is another 

parameter which can be used to descnbe the packing unifonnity in the composites. The 

analysis of this distribution is basically the same as that performed on the included angles 

by Yurgartis. 

1.3.4 Voids 

The effects of voids on the interlaminar shear strength of composites was 

investigated many years ago. Fried showed that a linear inverse relationship exists 

between interlarninar shear strength and void content for orthogonal composite rnatenals 

[log]. Beaumont and Harris [Il01 showed that 10% of voids reduced the interlaminar 

shear strength of some CFRP by about 20%. Hancox [IO31 showed that at 5% void. shear 

properties was reduced to only 30% of those of the void-free CFRP. Judd & Wright 

[ I l l ]  concluded that regardless of resin type, fibre type and fibre surface treatment, the 

interlarninar shear strength of a composite materiai decreases by about 7% for each 1 % of 

voids up to a total void content of about 4%. It is generally agreed that the interlarninar 

shear strength decreased as the void content increased [ I  12- 1 141. 

Greszczuk [Il51 considered a cubic array of spherical voids and a rectangular 

array of cylindncai ones. Neglecting stress concentrations and assurning the maximum 

shear stress occurred at a section where the voids are closest, he derived theoreticaily an 



expression for the interlaminar shear strength reduction of a composite resulting from 

voids for each array. The predictions were compared to the expenmentd results for a bi- 

directional laminate and an unidirectional composite, both of glasslepoxy. Reasonable 

correlation was obtained in the case of bi-directional larninate while good correlation was 

achieved for the unidirectional composite, even at a high void content of 23%. 

Bowles and Frimpong [113] noted that the void geometry and distribution were 

important as well as the void content. More scatter in composite strength data was 

obtained as the void content increased. Moreover, as the void content increased, the 

distribution of voids in the composites became more homogeneous. They suggested that 

the void distribution was a significant factor in the reduction of shear strength 

Wisnom et al [Il41 simulated discrete and distnbuted voids by embedding PTFE 

monofilaments, tubes and strips at the mid-plane of unidirectional glass/epoxy and 

carbonlepoxy plates. He noticed that different mechanisms are responsible for the failure 

of laminates containing different shapes and distributions of defects. Discrete defects 

acted as stress concentrators, increasing the interlaminar shear stresses locally, which led 

to lower strength values. Distributed voids reduced the shear strength ttirough a reduction 

of cross-sectional area. It was suggested that the commonly observed reduction in 

interlaminar shear strength is due to a combination of the above . 

1.3.4.2 Likely causes 

The amount of void in a composite is dependent on the material system and the 

fabrication process. Basically, there are two types of voids in composite materials. The 

first type is voids dong individual fibres. They may be spherical or ellipsoidal with their 

long axes parallel to the fibres. The second type is voids between larninae and in resin 

rich pockets. Voids in the fom of cracks are not very common. 

Voids are generally introduced into the composites as entrapments of air due to 

incomplete wetting out of the fibres by the resin. Material systems where the dry fibres 

are closely spaced and the viscosity of the resin is high, are more prone to have voids 

after curing. In the pultrusion process, air can be entrapped when the fibres are king 



wetted out in the resin bath. Specialty chemicals such as surfactants and air release 

agents can be used to overcome this problem. Reducing the viscosity of the resin mixture 

can minimise air entrapment during fibre impregnation. Elimination of air entrapment by 

mechanical means such as passing the impregnated fibres between rollen or through 

forming dies helps to squeeze out entrapped air. In compression moulding, careful 

control of temperature and pressure during curing can also remove be effective. 

Voids are also introduced into the composite by the presence of volatiles produced 

during the curing cycle in thermosetting resins and during melt processing in 

thennoplastic polymers. The volatiles include residual solvents, dissolved water and 

products of chernical reactions. Careful control of the curing conditions is important in 

minimising voids. 

1.3.4.3 Measurement 

The volume fraction of void (V,) is given by the following equation: 

Wf w m  v,, =1-(-+-) 
Pr P m  

where Wf = weight fraction of fibres 

W, = weight fraction of matrix 

pc = density of fibres 

Pm = density of matrix 

A simple and common approach for determining V, is based on density 

measurement as described in the ASTM D2734 test method [Il61 and the use of equation 

1.2 1. Non-destructive testing (NDT) technique such as ultrasonic scanning (C-scan) cm 

be used to examine the void distribution in composites [117-118). This method can be 

used as a quality control tool for composite materials. 



Quantitative analysis of the volume fraction of voids in a composite can be 

performed on polished sections where voids are easily observed under a light microscope. 

Using image processing techniques, the size, the shape, and the spatial distribution of the 

voids can be determined as weII. 

1.4 Shear Properties at Elevated Temperatures 

Fibre reinforced polymers are being increasingly used in structural elements 

which maybe exposed to extreme temperatures [ 10, 1 191. Therefore, the degradation of 

both strengths and stiffnesses of composite materiais at elevated temperatures must be 

included in structural design. In order to redise the hl1 potential of composites. 

knowledge of temperature dependence of their mechanical behaviour must be generated. 

Since the shear properties of composites are matrix dominated. the temperature 

dependence of the mechanical properties of the polymer is an important factor to 

consider. Since there exists no theory which would predict degradation of strengths and 

stiffnesses at high temperatures. it must be assessed experimentally, Semi-empirical 

relationship can then be established to mode1 the temperature effects. 

Springer and Ha [120] proposed the use of a non-dimensionai temperature and a 

power law calculation scheme to predict the mechanical properties (strength, modulus 

and Poisson's ratio) of an epoxy (Fiberite) at any temperature. They observed 

expenmentally that the changes with temperature of each mechanical property could be 

approximately by the expression: 

where P = property to be determined (strength. initial modulus, or initial Poisson's ratio) 

Po = property at temperature T, 

T, = room temperature (K) 

T, = reference temperature (K) 

r\ = constant (0 I q  5 1) 



The values of T, and n must be obtained by fitting equation (1.22) to the 

experimental data using regression such as the least square technique. 

Springer and Ha also examined the effects of elevated temperatures on the 

mechanical properties such as strengths, modulus and Poisson's ratios of a graphite/epoxy 

(Fiberite T300/976) unidirectional laminates experimentally [12 11. They noticed that the 

equation used to descnbe the high temperature behaviour of the pure resin, ie. equation 

(1.22)' successfully described the composite system as well. The only difference is that 

the values of the constants T, and n are different for the composite. Equation (1.22) 

predicts well the longitudinal shear strength and modulus of the graphite/epoxy 

unidirectional laminate. In addition, the researchers also showed that the expression 

proposed by Tsai-Hahn describe closely the longitudinal shear strength (equation (1.3) in 

section 1.2.2) and modulus. However, they cautioned that the success of the Tsai-Hahn 

expressions might be partly due to the presence of two adjustable constants (q and K). 

Composite shear strength is ais0 a function of fibre/matrix interfacial strength. 

Therefore. it is necessary to examine the effects of elevated temperature on the interface. 

However, data for the temperature dependence of interfacial strength Ge scarce. Piggott 

and Wang [122] showed that the carbon-epoxy interfacial shear strength, as measured 

using the single fibre pull out technique, was relatively insensitive to temperature. at least 

in the range of 20°C to 1 10°C. 



1.5 Objectives of this Study 

The shear strength is a Iimiting property of a composite because of its relatively 

Iow value (- 0.05 GPa) compared with the tensile or compressive suengths (- 1 GPa). 

As a result, shear failure can occur in unexpected situations where there exists some non- 

uniformity in stress application. As we have shown, the composite shear strength is 

dependent on both the fibrelmatrix interfacial adhesion and the matrix itself. The 

presence of mesostnictures in the composite may also play an important role. 

Unfominately, Our present knowledge of composite shear strength is quite limited. 

This project is designed to achieve a better understanding of composite shear 

strength. We will restrict ourselves to the shear strength of unidirectional composites for 

simplicity. Since rnost composites are made by stacking laminae, our results may be 

useful for predicting the shear strength of other lay-ups. 

In this study, the matrix and the composite shear strengths were examined using a 

carbon/epoxy system. Pultrusions were made at three different fibre volume fractions 

with and without fibre tensioning. In order to vary the matrix properties without 

changing the fibre architectures, the matrix and the composite shear strengths were 

determined at elevated temperatures. Mesostmctures such as fibre misalignment. packing 

uniformity. fibre touching and profile of fracture surface were identified and quantified 

(table 1.1). Attempts were made to establish a processing-mesostmctures-properties link. 

Table 1.1 Process varied and mesostnictures examined for effects on composite shear 
strength 

Fibre Volume Fraction 1 x x I XX I Il 
I 

Mould Size x x 

Fibre Tensioning xx x x 

x some effect expected 
xx large effect expected 



2. EXPERIMENTAL METHOD 

AS4 carbon fibre with tow size of 12K was manufacnired by Hercules. It is a 

polyacrylonitrile (PAN) based, surface treated, continuous fibre with a diameter of 8 p. It 

has a tensile strength of 3.8 GPa and tensile modulus of 235 GPa [123]. 

Four epoxy resin sysiems were used in this study. Epon 8 15, manufactured by 

Shell, is a modified bisphenol A - epichlorohydnn based epoxy resin diluted with 13.5% of 

n-butyl glycidyl ether. Anchor 1 1 15 and Anchor 1 171 were amine complexes of boron 

trifluoride supplied by Pacific Anchor Chemicais. Triethylene tetramine (TETA) was 

provided by Fisher Scientific. The curing schedules are listed in table 2.1 

Eight engineering thennoplastics supplied by Warehoused Plastic Sales Inc. were 

used in this study (table 2.2). They were al1 in sheet form with a nominal thickness of 3 mm 

(110%). 

2.2 Batch Pultrusion Process 

2.2.1 Pultrusion without Fibre Tensionhg 

Unidirectional pultrusions were made using a batch process. The number of tows of 

fibres nquired for a certain fibre volume Fraction was calculated from the following 

equation: 

where nt = number of tows of fibres (dimensionless) 

Pr = density of the fibre (g-rnn~'~) 

V, = fibre volume fraction (dimensionless) 

6 = linear density of a fibre tow (g-mm") 

A = Cross-sectional area of the mould 



Table 2.1 Curing schedule of epoxy systems 

Epoxy S ystems 

EPON 8 15 + ANCHOR 1 1 15 (4.76 wt%) 

EPON 8 15 + ANCHOR 1 17 1 (4.76 wt%) 

EPON 8 15 + TETA 

EPON 8 15 + ANCHOR 1 17 1 (4.76 i t%) 

Cure 

Table 2.2 The eight themioplastics used in this study. 

Il I Thennoplastic 

Il 3. 1 Ultra high molecular weight polyethylene 

1. 

2. 

5. Polyvinyl chlonde U I 

Low density polyethylene 

High density polyethylene 

11 7. 1 Polycarbonate 

8. Polymethyl methacrylate I I 

Abbreviation 

LDPE 

HDPE 

PVC 

PMMA 



A simple fixture, which consisted of two aluminium rods fixed ont0 a wooden barn 

at a distance of 450 mm, was used for fibre winding. The wound fibre tows were divided 

into several bundles: four for the small mould (3 x 51 x 420 mm) and eleven for the large 

mould (3 x 153 x 420 mm). The fibre bundles were cut at one end. and were tied together 

with several Kevlar fibre tows at the other end. They were then tied to a steel spacer which 

promoted packing unifomiity of the pultmsion. The spacer was connected to a motor and 

gear system with Kevlar fibres. 

The batch pultmsion process is schematically illustrated in figure 2. la. The inside 

of the mould was pre-sprayed with TFE release agent (MS-122/C02 by Miller-Stephenson 

Chemical Co.). The carbon fibres were placed in a resin bath which contained epoxy rnixed 

with curing agent. The fibre tows were separated carefully with round glas rods in order to 

release the trapped air and promote wetting. When wetting was complete, the fibres were 

pulled into the mould at a constant speed of 25 mm-min" by controlling the speed of the 

pulling motor. Finally, the mould was put into an oven for curing. 

Pultnisions with fibre volume fractions of 50% were prepared for epoxies A, B. and 

C using the small mould. Pultrusions with fibre volume fractions of 20:40 and 60% were 

prepared for epoxy D using both the small and the large mould. 

2.2.2 Pultrusion with Fibre Tensionhg 

The fibre tows were wound as described in section 2.2.1. However, after the fibre 

tows were divided into bundles, they were tied with Kevlar fibres at both ends. The Kevlar 

fibres were tied to a spacer at each end before pulling. Figure 2. l b  shows the schematic of 

the experimental set-up. 

Preliminary studies showed that it was important to keep the tension paralle1 to the 

fibre direction in order to minimise voids in the pultrusion. Therefore, a simple fixture was 

built for tensioning the fibres (figure 2.2). It consisted of a piece of wood with a step cut in 

each end, while a short piece of copper tubing was secured in each step using a copper wire. 

Kevlar fibres which were tied to the carbon fibre ends of the pultmsion were allowed to 

pass over the smooth surface -of the copper tubing and weights were hung on them. Equal 
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Figure 2.1 Schematic illustration of batch pultmsion process: 
(a) without fibres tensioning, (b) with fibres tensioned. 
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Figure 2.2 Schematic illustration of fibre tensioning fixture 



weight was applied on each side of the pultxusion and the whole fibre tensioning assernbly 

was put into the oven during cure. Two pairs of weights were used: 3.8 kg and 1 1.6 kg. 

Pultrusions with fibre volume fiactions of 20,40 and 60% were prepared for epoxy 

D using the small mould. 

2.3 Iosipesni Shear Test 

The double v-notched specimen used for this test is shown in figure 2.3. It was 51 

mm long, 12.7 mm wide and had a nominal thickness of approxirnately 3 mm. A 90' notch 

was cut sharply into each edge at the rnid-length of the specimen to a depth of 2.5 mm. The 

Iosipescu test was performed on the epoxy resin and on the composite in 0" and 90" fracture 

modes (figure 2.4). 

The Iosipescu specimen and fixture used in this study were based on the original 

configuration designed by the University of Wyoming Composite Materials Research 

Group [124] (figure 2.5). The recently approved shear test standard for composite materials 

ASTM D5379 [46] is a modification of this and calls for specimen dimensions which are 

1.5 times of the original. The constant cross-head test speed is also doubled to 2 mm-min". 

In addition, the new fixture is equipped with adjustable wedges to accommodate minor 

specimen width variations. However, the two tests are based on the same principle to 

induce shear stress in the specimen test section by asymmetric flexure of a doubly v-notched 

barn. 

2.3.1 Spechnen Fabrication 

A simple rnould was used to cast flat plates of pure epoxy resin (figure 2.6). This 

consisted of two 5 mm thick glass plates held apart by a 3 mm thick, U-shaped piece of 

silicone rubber. The inside of the mould was sprayed with TFE release agent before 

assembling with clamps. 



Figure 2.3 Dimensions of Iosipescu specimen 

Figure 2.4 Fracture modes of Iosipescu specimens with fibre direction indicated 
(a) 0' (b) 90' 

Figure 2.5 Schematic drawing of Iosipescu method used for testing of matrix 
and composite shear strength 
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Figure 2.6 Schernatic drawing of the rnould used to cast flat plates of epoxy resin 



Epoxy m i n  mixed with curing agent was placed under vacuum for approximately 5 

minutes to remove any trapped air. The liquid mixture was poured into the pre-heated 

mould slowly. The whole assembly was put into an oven for curing. 

The dimensions of the flat resin plate were approximately 150 x 150 x 3 mm while 

those of the pultmsion were approximately 420 x 5 1 x 3 mm for the small mould and 420 x 

153 x 3 mm for the large mould. They were cut into 51 x 12.7 mm slightly oversized 

rectangles using a diarnond dressed cutting wheel with water cooling. The cut edge of the 

pultrusion was ground perpendicular to the long s.ide after each cut to ensure the fibre 

direction was aligned with the loading direction. Since high quality loading surfaces are 

critical for simultaneous contact of the four loading areas. the cut edges were milled to final 

dimensions using a Cflute solid silicon carbide end mil1 with a diameter of 9.52 mm. The 

end mil1 was operated at 2000 rpm. 

After the rectangular bars were rnilled to the required dimensions, a stack of four 

bars and a piece of acrylic as backing were secured in a vice on a milling machine. The 

solid silicon carbide end mil1 was tilted at 45' angle to the workpiece. The feed rate was 

approximately O. IO m-min-'. cutting 0.5 mm at each pass to obtain the notches as shown in 

figure 2.3. 

The original University of Wyoming fixture was used. The Iosipescu specimen was 

put in the fixture (figure 2.5) and an aiignment tool was positioned at the top of the notch to 

centre the specimen on the loading a i s .  Stroke control was used to provide a constant 

speed of 1 rnmmin". A compressive load was applied normal to the longitudinal axis of the 

specimen. The two steel balls provided uniform loading at the four contact areas. The 

specimens were closely observed during the experirnent to ensure that no twisting or 

bending occumd. The specimens were tested using an Instron universai testing machine 

mode1 133 1 (100 kN capacity). The total compressive load and the crosshead displacement 

were recorded with a chart recorder. 



2.4 Punch Shear Test 

The punch shear test was performed on epoxy D to obtain shear strength data. 

These tests were carried out according to ASTM D732-85 [125]. 

The test specimen consisted of a 50 X 50 mm square with a hole of 1 1  mm in 

diarneter drilled through its centre (figure 2.7). The upper and lower surfaces were parallel 

and the thickness was approximatel y 3 mm. 

2 m 4 m  1 Specimen Fabrication 

The Bat resin plates, which were cast using the method described in section 2.3.1. 

were cut into 50 X 50 mm slightiy oversized squares using a diarnond dressed cutting wheel 

with water cooling. The cut edges were wct abraded to final dimensions. An 11  mm 

diameter hole was then drilled in the centre of the square using a drill press. A special 

clarnping device was designed to position the square such that the hole was always drilled 

in the centre. A sharp drill-bit and slow entering speed were essential in the dnlling process 

due to the brittle nature of the epoxy resin. 

Shear tests were performed on an Instron universal testing machine mode1 133 1 load 

frame using a punch-type shear tool (figure 2.8). The specimen was placed over the guide 

pin of the punch and was fastened tightly with a nut. The fixture was then assembled. By 

tightening the bolts, the specimen was rigidly clamped into position so that it could not be 

deflected during the test. A compressive load was applied to the punch until the shoulder 

cleared the specimen proper. Stroke control was used to maintain a constant crosshead 

speed of 1.25 mrn/min. The total compressive load and the crosshead displacement were 

recorded with a chart recorder. 



Figure 2.7 Dimensions of punch shear test specimen 

PUNCH 

SPECIM 

Figure 2.8 Schematic drawing (cross-sectional view) of punch type shear tool 
with specimen mounted 



2.5 Tensile Test 

Tensile tests were perfoimed on eight engineering thermoplastics and epoxy D 

according to ASTM D 638 [126] using the type 1 specimen (figure 2.9a). Hat plates of 

polymer were cut into rectangular bars of approximately 170 x 19 mm. They were then cut 

into the final dumbbell dimensions using a Tensilkut machine (manufactured by Sieburg 

Industries Inc.) equipped with a 2-flute high speed steel bit with a diarneter of 3.35 mm. 

The cut edges were wet abraded with successively finer silicon carbide papers to provide 

smooth surfaces. 

Tensile tests were performed on a table mode1 1 130 Instron tensile testing machine 

using a load ce11 of 5 kN capacity. Since ASTM D638 requires that the lowest standard test 

speed (Le. 5, 50 and 5 0 0  mm-min-') be selected such that the specimen fails within 0.5 to 5 

minutes, initial trials were made on each polyrner to determine the appropriate speed of 

testing. The lowest test speed of 5 mm.min*' was used for PMMA and epoxy while the 

highest test speed of 500 mm-min" was used for LDPE. The other polyrners were tested at a 

speed of 50 mm-min-'. The tensile load and the crosshead displacement were recorded with 

a data acquisition system at 15 to 30 Hz depending on the specimens. At least five 

specimens were tested for each material. 

2.5.2 "Notched" Specimens 

Tensile tests were performed on the notched specimens made with same materials in 

section 2.5.1. Fabrication and dimensions of these specimens were exactly the same as the 

Iosipescu specimen as described in section 2.3.1. 

Tensile tests were performed on a table mode1 1 130 Instron tensile testing machine 

using a load ce11 of 5 kN capacity. A constant cross-head speed of 5 mm-min*' was used for 

al1 specimens. The tensile load and the crosshead displacement were recorded with a data 

acquisition system at 15 to 30 Hz depending on the specimens. At lest  five specimens 

were tested for each material. 



Figure 2.9 Dimensions of (a) tensile (ASTM D638) specimen and (b) Izod specimen 



2.6 1 .  Impact Test 

Izod impact tests were performed on the materiais described in section 2.5.1, 

according to ASTM D256 [127]. Rat plates of polymer were cut into rectangular bars of 

approximately 70 x 15 mm. They were then rnilled into the final dimensions of 64 x 12.7 

mm using an milling machine. A notch of 45" at a depth of 2.5 mm was introduced at the 

mid-section of the b a r n  (figure 2.9b). 

Izod impact tests were performed on a Tinius Olsen Charpy-Izod Impact Tester 

(mode1 66). Specimen was placed in the rniddle of the vice with the notched side fiicing to 

the pendulum. The pendulum was cdibrated to account for the fiction in the moving m. 

The energy required to break the specimen was recorded. 

2.7 Elevated Temperature Testing 

Constant test temperature was achieved by conducting the experiment in an Instron 

environmental chamber. Specimens were kept at the test temperature in an oven for 

approximately 30 minutes pnor to testing. The shear test fixnire was also warmed up to the 

test temperature in the environmental chamber. M e r  mounting the specimen ont0 the test 

fixture, the whole assembly was allowed to equilibrate to within l0C of the required test 

temperature. 

The temperatures used in this study ranged from 2S°C to 120°C. At least five 

specirnens were tested for each material witb each of the shear tests at a particular 

temperature. 

2.8 Analysis of Mesostructures 

Mesostructures such as fibre rnisalignment, packing uniformity, fibre touching 

and profile of fracture surface (table 1.1) which are expected to affect composite shear 

strength were identified and quantified. Experimental methods used and the parameters 

exarnined in the analysis of these mesostrucnires are sumrnarized in table 2.3. Details of 

the methods of measurement will be presented in the following sections. 



Table 2.3 Experimental methods used and parameters examined in the analysis of 

mesostructures for effects on composite shear strength 

Fibre Misalignment 

Fibre Packing Uniformity 

- - - - - - - 

examination of fibre ends on fibre rnisalignment angle 
polished sections ( IO0) distri bution 
under light microscope 

quantitative examination of broken fibre density and 
fracture surfaces under SEM fibre pull-out density 

examination of fibre ends on fibre volume fraction 
polished sections (90") distribution, fraction of 
under light microscope 

examination of fracture 
surfaces at 90" to the fibres 
under light microscope 

2.8.1 Sample Selection and Preparation 

Six pieces were randomly selected from a pultnision. Three pieces of 

touching fibres and fibre 
cluster size distribution 

surface roughness and 
profile perimeter 

examination of polished 
sections (90") under light 
microscope 

approximately 5 x 10 x 3 mm were cut at right angles to the fibre direction (figure 2.1Oa). 

The other three pieces of approximately 10 x 5 x 3 mm were sectioned at 10' to the fibre 

direction (figure 2. lob). They were put, cross-sections face down, into a cylindncal mould 

made of silicone rubber. The same epoxy/curing agent mixture described in section 2.1 was 

poured into the mould and cured. 

volume fraction of voids 

The epoxy block containing the specimens was wet abraded with successively finer 

silicon carbide paper, down to 1200 f i t ,  and finally polished with 3 pm alumina powder in 

water until a mirror-like surface was achieved. The block was then put under running tap 

water to wash away any residual alumina particles. It was then wiped dry with acetone to 

prevent the formation of water marks. 



Figure 2.10 Samples used for mesostnicture analysis (a) packing (b) misalignment 



2J3.2 Image Capturing System 

The image capturing system is schematically shown in figure 2.1 1. It consisted of a 

light microscope (Vanox manufactured by Olympus), a CCD video carnera (XC-77 

manufachired by Sony), a frarne grabber board (LG-3 manufactured by Scion) and a 

Macintosh Quatra 650 computer equipped with a power PC card. The Macintosh shareware 

program obtained from the National Institute of Health, IMAGE 4.57, was used for image 

analysis. 

The specimen cross-section was magnified 330 times under the microscope using 

reflected light. The image was digitised and stored as a file in the computer. The 

dimensions of the image captured were approximately 320 x 240 p. 

2.8.3 Packing Measuremen t 

Six to seven areas were randomly selected from each of the three pieces which were 

sectioned perpendicular to the fibre direction. A total of 20 images were obtained for a 

particular pultrusion. 

The gray scale image obtained directly from the microscope was thresholded and 

made binaiy: the fibres k ing  black and the matnx king white. The binary image was 

divided into square cells with sides of four fibre diameters (figure 2.12). This choice of ce11 

size was based on statistics and initiai trial measurements (Appendix 9.1). A macro written 

in IMAGE, packing, was programmed to determine the percent of black and white picture 

elements in each cell. A total of 1400 cells were used to characterise a particular pultmsion. 
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Figure 2.11 The image analysis system used in the quantification of mesostructures 



Figure 2.12 A typical image was divided into square cells for packing distribution 
measurement 

FIBRES 

Figure 2.13 Touching fibres were treated as clusters in fibre clustering analysis 



2-84 Fibre Clustering Measurernent 

m e  sarne images used in section 2.8.3 were also used for fibre clustering 

measurements. IMAGE identifies the touching fibres. or fibre clusten, as an entity (figure 

2.13). The area of the fibre clusters were determineci using the analyse particles routine in 

IUAGE. Fibre clusters which touched the edge of the image were ignored since their exact 

sizes canot  be determined. The average cross-sectional area of the fibres was detemined 

by averaging the area of every single fibre found on al1 Images. By dividing the cluster area 

by the average cross-sectional area of the fibres, the cluster size (expressed in terms of 

number of fibres in a cluster) was detemined. 

2.8.5 Profiles of Fracture Surfaces 

The left half of the failed specimen (see figure 2.4b) was used in this study. The 

lower portion of the coupon was removed, up to the tip of the notch, by wet grinding 

perpendicular to the fibre direction. The specimens were put. ground surfaces facing down, 

into a cylindncal mould made of silicone tubber. They were embedded i n  epoxy and were 

prepared with the sarne metallographical polishing procedure as described in section 2.8.1. 

The cross-section of the fracture surface was magnified 82.5 times under the 

microscope using reflected light. Four images were required to capture a cornpiete fracture 

surface. The epoxy block was then ground and polished again to reved the fracture profile 

at approximately 7 mm further away from the starting notch. The profile was again 

captured by the computer. Repeating this sectioning procedure, ten fracture profiles (at 

approximately 7 mm intervals) were obtained for each specimen. Figure 2.14 shows a 

portion of a typical profile. 

The fracture profile was outlined in black in these images. The profile was traced 

and the corresponding xy CO-ordinates were picked up by the computer. A macro written in 

IMAGE, xy coordinutes, was prograrnrned to automate this procedure. 

The standard deviation and the length of the fracture line of each section was 

computed. The surface roughness was the average of the standard deviations of the ten 



Figure 2.14 The fracture profile of a typicai section (a) was traced to produce a binary 
image (b), where each point on the fracture profile was represented by a 
pair of coordinates (xi,,yi,) on level j 



sections while the profile penmeter was the average of the length of fracture of the ten 

sections. 

This analysis was perfonned on specimens made with the three fibre volume 

fractions (20, 40 and 60%) tested at the two extreme temperatures (25OC and 120°C). In 

addition, specimens made with tensioned fibres tested at 25°C were also exarnined. One 

typical specimen was selected for each condition. 

2.8.6 Fibre Misaügnment Measurement 

Five to six areas were randomly selected from each of the t h e  pieces which were 

sectioned 10' to the fibre direction. At least 15 images were obtained for a pariicular 

pultrusion. 

The gray scde image obtained directly from the microscope was thresholded and 

made binary: the fibres k ing black and the matrix being white. The ellipticd fibre cross- 

sections which touched were separated by the pen tool in IMAGE. The major and minor 

axes of the ellipses were determined using the analyse particles routiné in IMAGE. This 

routine fint equates the second order central moments of the elliptical fibre cross-sections to 

those of an ellipse, thus defining both the shape and size of the ellipse. The size of this 

fitted ellipse was then adjusted slightly to fit the fibre cross-section [128]. 

The major and minor axes obtained were analysed with a macro written in MS 

EXCEL v4.0 following the method of Yurgartis [lûû]. A counting bias correction was 

applied to the data since fibres with low misalignment angle are statistically less likely to be 

intersected by the sectioning plane (Appendix 9.2). At least 1200 fibres were used to 

characterise a pultrusion. 



2.9 Examination of Fracture Surfaces 

2.9.1 Composite Fracture Surface 

The nght hdf of the failed specirnen was examined using the scanning electron 

microscope (SEM). The fracture surface was gold coated for 75 seconds. A dot w s  

painted on the upper end using a graphite solution to identify the loading direction in the 

shear test. The SEM (Hitachi 570s) used was equipped with a PCI image capturing system 

on an IBM-based computer. 

A magnification of 150 was used. The fracture surface was divided into an array of 

5 x 9 areas. Each image was captured into the computer at a resolution of 640 x 480 picnire 

elements. The number of upward and downward pointing broken fibres on the whole 

fracture surfaces were determined. 

2.9.2 Polymer Fracture Surfaces 

The fracture surfaces of the tensile specimens, the Iosipescu shear specimens and 

the punch shear specimens were examined using the scanning electron microscope (Hitachi 

550s). For the Iosipescu specimens, only those polymers which fractured were examined 

(others merely yielded). The fracture surface was gold coated for 75 seconds. Similarities 

and differences between the fracture surfaces were noted. 



3.1 Matrix Shear Strength 

3.1. 1 Iosipescu Shear Test 

The mechanical responses of epoxy D tested at different temperatures using the 

Iosipescu method are shown in figure 3.1 a. The force increased linearly with displacement 

initially, then it deviated from linearity at Fy and reached a maximum at FI. The shapes of 

the force-displacement curves at different test temperatures were similar. However, the 

maximum force and the initial dope decreased w ith increasing temperature. 

The specimens failed catastrophically into three pieces at room temperature. A thin 

line appeared between the notches and grew into a wider region as the test continued. As 

the test temperature increased, the failure process was slowed down. Cracks were observed 

to develop at the notch roots. to open up and to propagate towards the opposite loading 

points untii failure occuned. Typical specimens that failed at different temperatures are 

shown in figure 3.2. 

3.1.2 Punch Shear Test 

The force-displacement diagrams of epoxy D tested at difierent temperatures using 

the punch shear rnethod are shown in figure 3. lb. The force first passed through a toe 

region, then increased linearly with displacement. At room temperature, the force dropped 

and increased again in small increments until a maximum was reached at FI. At higher 

temperatures, the force first deviated from linearity at Fy, then went through several small 

load drops, finally reached a maximum at Fi. The slope of the force-displacement curves 

decreased with increasing temperature. The maximum forces at 60°C and 80°C were higher 

than that at 25OC. However, the maximum force decreased with increasing temperature 

after 80°C. 

The failed specimens showed extensive damage at the circumference of the punch, 

at lower test temperatures (figure 3.3). Cracks were initiated at the circumference of the 

punch and propagated outwards, manifesting as the small load drops on the force- 



(a) Iosipescu (b) punch 
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Figure 3.1 Typical force-displacement diagram for (a) the Iosipescu and (b) the punch shear tests 



Figure 3.2 Typical failed epoxy Iosipescu specimens tested at different temperatures 





displacement curves. At higher test temperatures, the darnage was less severe. However, 

smail cracks were still observed at the punch circurnference. 

3.13 Effects of Temperature 

The average yield shear strength and the ultimate shear strength were calculated 

from the following equations: 

For the Iosipescu shear test: 

where w is the distance between the notch roots and t is the thickness of the specimen. Fy 

and FI are defined in figure 3.1 a. 

For the punch shear test: 

where d is the diameter of the punch and t is the thickness of the specimen. Fy and FI are 

defined in figure 3.1 b. 

The measured shear strength of the matrices as a function of temperature are given 

in figure 3.4a and b for the Iosipescu and the punch shear tests, respectively. Each data 

point is the average of at least five tests, and the error bar indicates plus/minus one standard 

deviation. The lines were obtained using least squares regression. 

Based on the Iosipescu shear test, both the yield and ultimate shear strengths 

decreased linearly with increasing temperature (figure 3.4a). The ultimate shear strength 

decreased from 54 MPa at 2S°C to 14 MPa at 120°C, corresponding to a reduction of 75%. 
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The yield strength was approximately 65 to 80% of the ultimate strength for al1 

temperatures except 1 20°C, at which the ratio was about 40%. 

Based on the punch shear test, the shear yield strength decreased linearly with 

increasing temperature (figure 3.4b). The ultimate shear strength increased slightly from 

25°C to 80°C, then started to decrease with temperature. The yield strength was 

approximately 55 to 70% of the ultimate strength for al1 temperatures except at 120°C, at 

which the ratio was about 90%. 

Cornparhg the two tests, both the yield and the ultimate shear strength rneasured by 

the punch test was always higher than the Iosipescu test, except at 25OC. When the test 

temperature was above 60°C, the yield strength measured by the punch test was close to the 

ultimate strength measured by the Iosipescu test. 

3.2 Matrix Tensile Strength 

The mechanical responses of the eight therrnoplastics and epoxy D tested using the 

ASTM D638 tensile method are shown in figure 3.5. The force-displacement curves were 

plotted in two graphs because of the large difference in displacement. The PE's, PP and PC 

necked and stretched extensively before failure (figure 3.6), especially for LDPE and 

HDPE. PVC and PA also necked, however, they did not stretch much. They failed shody 

after some drawing of material had occurred at the neck. Brittle fractures were observed in 

PMMA and epoxy D as indicated by the low displacement at failure and abrupt drop in load 

on the force-displacement curves. 

The mechanical responses of the eight therrnoplastics and epoxy D for the notched 

tensile test are shown in figure 3.7. The PE's yielded and necked significantly before 

failure. A small triangular "neck" on the fracture surface indicates material flow dunng the 

loading process (figure 3.8). PP and PA yielded and necked to a much lesser extent as 

indicated in figure 3.7 and the much smailer uiangular "neck" present on the fracture 

surface. During loading of PVC and PC, two cracks were initiated at the notch tips and they 

propagated towards the middle. However, the two openings did not coincide in the rniddle. 





Figure 3.6 Typical failed tensile specimens (ASTM D638) 
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Figure 3.7 Typical force-displacement diagram for the thermoplastics and epoxy D using the notched (ensile meihod 
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Figure 3.8 Typical failed notched tensile specimens 

EPOXY 



Brittle fractures were observed for PMMA and epoxy D. Their low force and displacement 

at failure indicate that they are relatively notch sensitive. 

The average tensile strength was cdculated from the following equation: 

where Fm, is the maximum tensile force, w, is the width and t is the thickness of the 

minimum cross-section of the gauge section. 

Tensile tests were performed on the eight thermoplastics and the epoxy resin using 

the standard "àumbbell" specimens (ASTM D 638) and the 'hotched tensile" specimens 

(same dimensions as the losipescu specimens). The strength and failure displacement are 

tabulated in table 3.1 and 3.2. Each entry is an average of at least five tests plus/rninus one 

standard deviation. 

The notched tensile strength is aiways equal to or lower than the D638 tensile 

strength. The notched tensile and the D638 tensile strength were almost the same for 

LDPE, HDPE, PP, PA and PC. Moderately good agreement between the strength values of 

the two tests were found for UHPE and PVC. The notched tensile strengths of PMMA and 

epoxy were very much lower than those obtained from the ASTM D638 tensile tests. 

Based on the tensile displacements at failure in the D638 tensile tests, the polymers 

studied cm be divided into two groups: "stretchable" involves those polymers which have 

failure displacement close to or greater than 100 mm and "ductile" for those with failure 

displacement less than 30 mm. Comparing the failure displacement results of the two tests, 

PP, PMMA and epoxy D are found to be notch sensitive. This is especially tme for PP, 

which changes its failure mechanism from necking and drawing in the D638 test to the 

abrupt. brittle failure in the notched tensile test. 



Table 3.1 Tensile strength of polymen studied 

Pol yrner 1 Tensile Strength (MPa) 1 TensiIe Strength (MPa) 

Table 3.2 Tensile displacement at failure of polymen studied 

Polyrner 

LDPE 
HDPE 
UHPE 
PP 

PVC i 

Failure Displacement (mm) 
(ASTM D 638) 

440 st 73 
260 I 74 
250 I 60 
2101 10 

101 1 

Failure Displacement (mm) 
(Notched Tensile Test) 

1 1.6 +: 0.5 
7.8 0.7 
8.2 s 0.9 
2.1 0.3 
3.7 k 0.6 



3 3  Matrix Izod Impact Strength 

The results of the Izod impact test of the eight thennoplastics and epoxy are shown 

in table. 3.3. They were obtained by dividing the energy required to break the specimen by 

the cross-sectional area of fracture. The polyethylenes were significantly tougher than the 

other polymers. LDPE is classified as "non-break" according to ASTM D256 since only 

approximately 30% of its length was broken. Both HDPE and UHPE are classified as 

"partial break since the specimens were broken for about 80-90% lengthwise. For the 

other polymers, the specimens were broken across completely and therefore were classified 

as "complete break". 

Table 3.3 Izod impact strength of polyrnen studied 

Pol ymer 1 Izod Impact Strength (kl/m2) 1 Break Classification 11 
II LDpE 1 5915 1 Non Break 11 
II 1 192 1 1 Partial Break 11 
11 UHPE 1 39 k 2 1 Partial Break 11 
Il PP 1 1 -78 I 0.0 1 Complete Break II 
1 PVC 1 1.7 I 0.2 Complete Break II 
Il PA 1 2.5 1 0.1 1 Complete Break # 

I - 
epoxy D 1 1.6 * 0.2 1 Complete Break - I 

PC 
PMMA 

4.4 i 0.3 
1.4 10.1 

Complete Break 
Cornpiete Break 



3.4 Composite Shear Strength 

3.4.1 90" Fracture Mode 

The mechanical responses of the composite specimens with fibres parallel to the 

loading direction (90" specimens) tested at different temperatures are shown in figure 3.9a. 

The force first passed through a toe region, increased linearly with displacement. then it 

deviated from linearity at Fy and reached a maximum at Fi. The shapes of the force- 

displacement curves at different test temperatures were similar. However, the maximum 

force and the initial slope decreased with increasing temperanire. 

The specimens failed catastrophically across the notches at al1 test temperatures 

(figure 3.10a). Most of the specimens failed right across or very close to the notches. 

However, sometimes cracks initiated under the inner loading zones. causing the specimens 

to fail at a much lower force. The results obtained from these prematurely failed specimens 

were not used in the strength calculation. 

3.4.2 0" Fracture Mode 

The force-displacement diagrams of the composite specirnens with fibres normal to 

the loading direction (O0 specirnens) tested at different temperatures are shown in figure 

3.9b. The force fint passed through a toe region, increased linearly with displacement, then 

deviated from linearity at Fy and reached a maximum at FI. The shapes of the force- 

displacement curves at different test temperatures were similar. However, the maximum 

force and the initial slope decreased with increasing temperature. The specimens tested at 

120°C showed much higher deformation before failure occurred. 

The O" specimens failed in similar rnanner under al1 test temperatures studied (figure 

3. lob). Two cracks were initiated just below the notch roots, opening on the opposite sides 

of the loading zone. Sometimes, this crack initiation was manifested as a small load drop 

on the Iinear part of the force-displacement curve and was accompanied by an audible 

"pop". The srnall load drops near the maximum force on the force-displacement curve 



(a) 90" fracture mode (b) 0" fracture mode 
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Figure 3.9 Typical force-displacement diagram for composite specimens (V, = 0.4) in the (a) 90" and (b) O" fracture modes 



10 mm 
Figure 3.10 Typical failed composite Iosipescu specimens tested in the (a) 90" and (b) O" fracture modes 



corresponded to the small cracks observed between the notches. These cracks were usually 

parallel to the fibres and were slightly bent away from the loading zones. 

During testing, local crushing of the specimens with 20% fibre volume fraction (Vf) 

under the inner loading zones was observed. In order to avoid undesired deformation, 

machined aluminium tabs of dimensions 23 x 12.7 x 3 mm were glued on both sides of the 

specimen using cyanoacrylate glue. However, the specimen tended to yield and flow under 

the load, creating a large deformation. The shear deformation was tinally prevented by the 

specimen k ing  trapped between the upper and lower specimen holders. No maximum 

force was observed on the force-displacement curve. 

3.43 Effecîs of Temperature 

The average yield and ultimate shear strengths were calculated using equations (3.1 ) 

and (3.2) in section 3.1.3. The measured shear strength of the composite in the 90' and 0" 

fracture modes as a fùnction of temperature are given in figure 3.1 1-1 3 and figure 3.14- 16. 

respectively. Each point in these figures is the average of at least five tests, and the error bar 

indicates plus/minus one standard deviation. The best-fit line was determined by least- 

squares regression. 

Figure 3.1 1 shows the effects of temperature on the shear strength of the composite 

made with different epoxies (A. B and C) using the small mould, tested in the 90" fracture 

mode. Both the yield and ultimate shear strengths decreased as the temperature increased. 

The rate of decrease was rnost rapid for epoxy B, where a reduction of over 80% was 

observed over the temperature range studied. Epoxy A was least affected by elevated 

ternperatures, with an approximate reduction of 30% in strength from 25OC to 120°C. The 

difference of the yield and the ultimate strength, (q - T,,) decreased with increased 

temperature for epoxies B and C but the opposite was observed for epoxy A. 

Figure 3.12 shows the effects of temperature on the shear strength of the composite 

(made with epoxy D using the small mould) at different fibre volume fractions, tested in the 

90" h t u r e  mode. At room temperature, the average ultimate shear strengths of the 

composite at three fibre volume fractions were the same, at about 60 I 10 MPa While 
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Figure 3.11 Effects of temperature on shear strength of composites made with epoxies A, 
B and C (V, = 0.5, made with smaU mould) tested in the 90" fracture mode 
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both the yield and the ultimate strengths decreased with increasing temperature, the rate was 

most rapid for the Vf = 0.2. The ultimate shear strength decreased from 58 MPa at 25°C to 

13 MPa at 120°C, at a reduction of about 80%. The rate of decrease for the Vf = 0.4 was 

the lowest. A reduction in strength was about 30% over a temperature range of 

approximately 100°C. The difference of the yield and the ultimate strength, (T, - T~), was 

about the same for each fibre volume fraction in the temperature range studied. 

Sirnilar temperature effects were observed for the composite (made with epoxy D) 

made using the large mould (figure 3.13). At room temperature, the ultimate shear 

strengths of the specimens made with the two extreme fibre volume fractions (20 and 60 8) 

were at about 56 I 6 MPa. However, the ultimate strength was lower for the Vf = 0.4 

specimens, at 45 I 4 MPa Both the yield and the ultimate strength decreased with 

increasing temperature. While the Vf = 0.2 showed the most rapid decrease in strength with 

temperature, the Vf = 0.4 was least affected. The rates of decrease were similar to the 

specimens made with the smail mould. The difference of the yield and the ultimate 

strength, (T* - T,), was similar for each fibre volume fraction in the temperature range 

studied. 

Figure 3.14 shows the effects of temperature on the shear strength of the composite 

made with three different resins (epoxies A, B and C) using the small mould. tested in the 

O" fracture mode. The shear strength in this fracture mode was higher than that observed for 

the 90" fracture mode. Again, both the yield and ultimate shear strengths decreased with 

increasing temperature. Like the 90" fracture mode, the rate of decrease was fastest for 

epoxy B and least for epoxy A. The difference of the yield and the ultimate strength, (.ci - 

T,), decreased with increasing temperatures for al1 the three composites. 

Figure 3.15 shows the effects of temperature on the shear strength of the composite 

(made with the small mould) at different fibre volume fractions, tested in the 0' fracture 

mode. Both the yield and the ultimate strength decreased with increasing temperanire at 

similar rate, about 50% reduction from 25°C to 120°C. The yield strength was about half of 

the ultimate strength at both fibre volume fractions. Comparing the two fibre volume 

fractions, both yield and ultimate strengths were higher for the Vf = 0.6 than the Vf = 0.4. 
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Figure 3.14 Effects of temperature on shear strength of composites made with epoxies A, 
B and C (V, = 0.5, , made with large mould) tested in the O0 fracture mode 
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Figure 3.1 5 Effects of temperature on shear strength of 
composites made with epoxy D using the 
small mould tested in the 0" fracture mode 
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Figure 3.16 Effects of temperature on shear strength of 
composites made with epoxy D using the 
large mould tested in the O" fracture mode 



The scatter of data was less for the 0" fracture mode than the 90". Sarne temperature effects 

were observed for the composite made with the large mould (figure 3.16). 

3.4.4 Effects of Fibre Tensionhg 

Pultmsions made with fibres tensioned at 38 N were tested in the 90" fracture mode 

using the Iosipescu shear test. The results are summarised in table 3.4 and in figure 3.17. 

Each data point is the average of at least five tests plus or minus one standard deviation. 

The shear strengths are lower than those obtained without fibre tensioning. Also, the 

difference is larger at lower fibre volume fraction. 

3.5 Analysis of Mesostructures 

3.5.1 Fibre Packing 

Each binary image of fibre cross-sections was divided into 70 square cells. The 

black fraction (fibres were black in the image) in each ce11 was determined as the fibre 

volume fraction for a total of 20 images or 1400 cells. To obtain the packing frequency 

distribution, these data were grouped into classes of size 0.05 and the class frequencies were 

determined. In order to facilitate mathematical modelling in the future, a probability density 

function (PDF) was used instead of a histograrn. Therefore. the class frequencies were 

divided by the class size (i.e. 0.05) to obtain the probability densities, which were then 

plotted against the class marks (the mid-points of the class intervals). A Gaussian PDF 

which best fits the data was determined using least-squares regression. 

Figure 3.18 shows the fibre packing distribution of the composite made at different 

fibre volume fractions using two different moulds. These pultrusions were cured without 

fibre tensioning. The data points are experimental results while the lines represent the best 

fit Gaussian PDFs. The average and the standard deviation (in brackets) of the packing 

PDF are indicated. These figures show that the two mould sizes produced similar packing 

distributions at al1 fibre volume fractions studied: the standard deviations were the same 

while the largest difference between the averages was only 4% for the Vf = 0.6. The 



Table 3.4 The shear strengths of Iosipescu specimens at different fibre volume 
fractions with and without fibre tensioning 

TENSION = O N 

TENSION - 38 N 

0.2 0.4 

FIBRE VOLUME FRACTION 

Figure 3.17 The effects of fibre tensioning on composite shear svength tested in the 90" 
fracture mode 
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Figure 3.18 Fibre packing distribution of the pultrusions made with epoxy D at different 
fibre volume fractions without fibre tensioning 
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Figure 3.19 Fibre packing distribution of the pultmsions made with epoxy D at 
different fibre volurne fractions with fibres tensioned at diffetent levels 



packing distribution standard deviation of the Vf = 0.4 was 16%, which was higher than the 

other two fibre volume fractions by 1%. 

Figure 3.19 shows the fibre packing distribution of the composite made with 

different fibre volume fractions with fibre tensioning. These pultrusions were made with 

the small mould and were cured at two levels of fibre tensioning: 38 N and 1 16 N. The two 

tensioning levels produced similar packing distributions at al1 the fibre volume fractions 

studied. The packing distribution standard deviation of the Vf = 0.6 was 13% which was 

lower than the other two fibre volume fractions by 1%. Compared to the untensioned 

pultrusions, the tensioned pultrusions always had slightly nanower packing distributions. 

35.2 Fibre Clustering 

From the images of the fibre cross-sections, we cm divide the fibres as individual 

fibres and touching fibres. An individual fibre appears as a single circular entity in the 

images. Touching fibres are collections of fibres which exist as clusten of different size 

and shape in the images. Due to the resolution of the light microscope, touching is defined 

as a separation distance between the circumferences of two fibres of less than of 1.5 pm 

(Appendix 9.3). 

Figure 3.20 compares of the extent of fibre touching of pultmsions made at different 

fibre volume fractions with fibres under different levels of tension. At Vf = 0.2, about 60% 

of the fibres in the pultrusion were touching. The specimens made witb the large mould had 

about 3% more touching fibres than those of the srnall mould under zero fibre tensioning. 

When the fibres were tensioned. fibre touching was slightly decreased: 4% at 38N and 6% 

at 116N. The fraction of touching fibres was about 75% for al1 the specimens of Vf = 0.4 

regardless of the mould sizes and fibre tensioning levels. Fibre touching was more severe ai 

Vr = 0.6. reaching a value of about 95%. The effects of mould size and fibre tensioning 

levels are insignifiant at Vf d . 4  and 0.6. 

The touching fibres can be M e r  categorised by cluster size. Figure 3.21 shows 

the cluster size distribution of specimens (fibres not tensioned) made with different moulds. 

The first bar represents the fraaion of clusters of a specific cluster size while the second 
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bar represents the fraction of total touching fibres involved. At VI = 0.2. most fibre clusters 

were srnall. About 90% of al1 clusters consisted less than 5 fibres and 75% of dl touching 

fibres were involved in these small clusters. Only about 2% of al1 clusters consisted more 

than 10 fibres and approximately 15% of al1 touching fibres were involved in these larger 

clusters. Mould sizes did not produce any significant effects on the cluster size distribution. 

The fibre clusten are generally larger at VI = 0.4 than those at Vf = 0.2. Most fibre 

clusters are still smdl: about 80% of al1 fibre clusters were Iess than a cluster size of 5 fibres 

and 40% of al1 fibres were involved in them. There were about 15% of the total clusters 

which were between 10 to 20 fibres in size, consisting 20% of al1 fibres. Although less than 

5% of dl clusters were made up of more than 20 fibres, however. a significant portion of 

fibres (about 25%) were involved in them. Again, no major difference in cluster size 

distribution were obsewed between the different mould sizes. 

Most of the touching fibres existed as  very large fibre clusters at Vf = 0.6. More 

than 90% of the touching fibres formed very large clusters of size greater than 100 fibres. 

Note that these fibre clusters were so large that they extended outside the image. As a 

result, their exact sizes could not be determined, rather their minimum sizes were used. 

Since most fibres were clustered into large entities, less than 10% of the fibres were in 

clusters of less than 100 fibres. Although 70% of the clusters were of size of less than 5 

fibres, the touching fibres involved were merely 2 8 .  Similar trends were observed for the 

two mould sizes. 

Figure 3.22 shows the cluster size distribution of specimens made with fibres 

tensioned at different levels. Like the untensioned specimens, most clusters were small at 

Vf = 0.2. About 95% of al1 clusters consisted less than 5 fibres and 85% of the touching 

fibres were involved. Less than 2% of al1 clusters were made up of more than 10 fibres. 

involving about 8% of ail touching fibres. Tensioning levels did not produce any significant 

difference in the distribution. 

The fibre clusters are generally larger at Vf = 0.4 than those at Vr = 0.2 when the 

fibres were tensioned at 38 N. There are about 85% of the clusters which were small (less 

than 5 fibres), involving 45% of al1 fibres. About 10% of clusters or 2046 of fibres made up 
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Figure 3.21 Distribution of fibre cluster size for specimens made at different V,'s using different mould sizes. 
Composites were made wiihoui fibre tensioning 
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Figure 3.22 Distribution of fibre cluster size for specimens made at different V,'s wiih fibres tensioned at different levels 



of the larger fibre clusters of 10 to 20 fibres. AIthough only iess than 5% of the clusters 

were of size larger than 20 fibres, approximately 258  of al1 touching fibres were taken up. 

Again. the cluster size distribution was not affected by tensioning level. 

Most of the touching fibres exist as very large fibre clusters (more than 100 fibres) 

at Vf = 0.6 when fibres were tensioned. The distribution was very rnuch the same as the 

untensioned case. 

3.53 Profiles of Fracture Surfaces 

Using the digitised coordinates of the fracture profile, the standard deviation 

(represented by the surface roughness. Rs) and the length of fracture (represented by the 

profile penmeter, b) of each level were computed (figure 2.14). The root-rnean-square 

(Rsj) and the profile pex-imeter (h) of the j" level were detedned using the following 

equations: 

where yij = y CO-ordinate of the ih datum on the jh section 
- yj = average value of the y-co-ordinates on the jh section 

N, = number of black pixels on the jh section 

i = 1 to Nj 

j = l t o l O  

Ci = conversion factor (mm / pixel) 



By averaging over the ten sections, the average and standard deviation of the Rs and 

of the whole fracture profile were determined. Both the surface roughness (R,) and 

profile perimeter (b) of the fracture surface are then normalized to the width of the 

fracture surface (i.e. the thickness of the specimen). 

The open squares and circles in figure 3.23 show how the R, of the fracture profile 

varied with the fibre volume fraction at two extreme test temperatures, when the fibres were 

not tensioned. The square or circle represents the average while the error bar represents 

plus/minus one standard deviation of the Rs over the ten sections. The Rs tended to increase 

with Vf. In addition, the R, was always slightly higher at the higher temperature for any 

fibre volume fraction and the difference was most significant at Vf = 0.2. When the fibres 

are tensioned (closed squares), the Rs was independent of VI. 

The relationship between the profile perimeter and fibre volume fraction is shown in 

figure 3.24. The circle or square represents the average while the error bar represents one 

standard deviation of the of the ten sections. The dotted lines indicate the profile 

perirneter of a perfectly flat fracture surface. When the fibres are not tensioned, the rugged 

profiles produced a perirneter of about 50% higher than the perfectly flat fracture surface. 

However, the profile perimeter does not Vary markedly with Vf or test temperature. 

Tensioning the fibres reduces the profile perimeter slightly, to about 4 0 8  higher than the 

perfectly flat fracture surface. 

35.4 Fibre Misalignment 

The average and the standard deviation of the misaiignment angles were calculated 

from the ungrouped data and are sumrnarised in table 3.5. In order to obtain a distribution, 

the rnisalignment angles were grouped into classes of size 0.5" and the relative frequencies 

were computed. When divided by the class size, the relative frequencies were transformed 

into probability densities. The fibre misalignment angle distribution of a composite could 

then be represented by a probability density function (PDF) generated by 1000-2000 fibre 

cross-sections. 
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Figure 3.23 The effect of fibre volume fraction on surface roughness 
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Figure 3.24 The effect of fibre volume fraction on profile perimeter 



Table 3.5 Average and standard deviation of the misalignment angle distributions 

Figure 3.25 shows the probability density functions for specimens made at different 

fibre volume fractions with different moulds. These specimens were made without fibre 

tensioning. The average and the standard deviation (in brackets) of the distributions are 

shown. The lines were Gaussian distribution bat-fitted using the least-squares technique. 

Fibre Volume 
Fraction 

For the specimens made at Vf = 0.2 without fibre tensioning (figure 3.25a), the 

rnisalignment angle distribution was slightly centred to either side of zero for different 

mould sizes. The standard angular deviations were the same at about 2" for specimens 

made with either mould. At Vf = 0.4, the standard angular deviations increased to 4% and 

3% for the small and large mould, respectively (table 3.5). The spread of the misalignment 

angles was quite large for specimens made at Vf = 0.6 (figure 3.25~).  The standard 

deviation was slightly reduced to 3% from 4% of the Vf = 0.4 for specimens made with the 

small mould. However, the standard angular deviation increased to about 4% for the large 

mould. 

Figure 3.26 shows the probability density functions for specimens made at different 

fibre volume fractions with different moulds. These specimens were made with two levels 

of fibre tensioning (38 N and 116 N). The rnisalignment angle distributions of the 

specimens made at 20% using different mould sizes were almost identical (figure 3.26a). 

The distributions were nmow and symmetrically centred at zero. The standard deviations 

were only slightly more than 1". The distributions were wider at Vf = 0.4 (figure 3.26b), 

with the standard deviations doubled those at Vf = 0.2. Mould size afkcted the average of 

the distribution slightly, but had no effect on the standard deviation at this VI. The 

distributions of the Vf = 0.6 specimens were similar to those at Vf = 0.4 (figure 3.26~) .  
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Figure 3.25 Misalignment angle distribution of the pultrusions made with epoxy D at 
different fibre volume fractions without fibre tensioning 
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Figure 3.26 Misalignment angle distribution of the pultxusions made with epoxy D at 
differen: fibre volume fiactions with fibres tensioned 



3.6 Examination of Fracture Surfaces 

3.6.1 Composite Shear Fracture Surfaces (Qualitative Examination) 

3.6.1.1 General 

Examination using SEM of the fracture surfaces of the specimens which failed 

under the 90° mode reveals features which are generated predominantly under shear. The 

resin fracture between fibres was microscopically rough, exhibiting as a series of curved 

vertical resin platelets commonly known as "lacerations" or "hackles". These are also 

accompanied by concave regions, or "scallops". The fibres were relatively clean. Broken 

fibres and hollowed-out fibre impnnts were observed. 

3.6.1.2 Composites made with epoxy D 

Figure 3.27 showed scanning electron micrographs of typical fracture surfaces of 

Iosipescu specimens (made with epoxy D) tested in the 90' fracture mode at 25°C at 

different fibre volume fractions. The fibres in these composites were not tensioned. The 

fracture surfaces contain a mixture of fibre failures, fibre imprints and failure of the rnatrix. 

At Vf = 0.2, many fibres were clearly pulled out of the matrix, leaving fibre imprints in the 

matrix. Shear hackles, rows of sharp-edged and parallel resin platelets which tend to slant 

in the same direction, are visible in regions between the fibres. The sizes of the hackles 

seem io depend on the distance between two fibres bounding the region, Le. the hackles are 

large when the interfibre distance is wide. At Vf = 0.4, the fracture surface contains more 

broken fibres and long rows of smdl shear hackles are visible between the narrower 

interfibre distance. Although the hackles were smaller, more platelets were observed per 

unit length of fracture surface. At Vf = 0.6, the shear hackles became even smaller due to 

further decrease in interfibre distance at higher Vf. In fact, the hackles were very small and 

spaced out so much that they looked like debris on the fracture surfaces. 

Similar features are observed on the shear fracture surfaces of specimens (made with 

epoxy D) tested at 120°C (figure 3.28). Mixture of fibre failure, interface failure and matnx 

failure were observed at al1 fibre volume fractions, however, their proportions Vary with 



(a) V, = 0.2 (a) V, = 0.4 (a) V, = 0.6 

Figure 3.27 Scanning electron micrographs of typical fracture surfaces of losipescu specimens tested in the 90" fracture mode 
at 25T, fibres not tensioned 





(a) Vr = 0.2 (a) V, = 0.4 (a) V, = 0.6 

Figure 3.29 Scanning electron micrographs of typical fracture surfaces of losipescu specimens tested in the 90' fracture mode 
at 25"C, fibres tensioned at 38 N 



different V(s. Note that the shear hackles were "flatter", less "pointy" and less welldefined 

at 120°C. 

Figure 3.29 showed scanning electron rnicrographs of typical fracture surfaces of 

Iosipescu specimens (made with epoxy D) tested in the 90' fracture mode at 2S°C at 

different fibre volume fractions. In this case, the fibres were tensioned at 38 N during 

fabrication. Similar features were observed as in the untensioned case (figure 3.27). The 

shear hackles were well-defined and regular at low fibre volume fractions of 0.2 and 0.4. 

However, at Vf = 0.6, the shear hackles were small and poorly defined. In addition, debris 

such as small pieces of broken fibres and fractured resin were clearly visible on the fracture 

surfaces. 

3.6.1.3 Composites made with epoxy A 

The fracture surface of a typical specimen made with epoxy A at a fibre volume 

fraction of 0.5 tested at 25°C under the 90" mode is shown in figure 3.30a. The fibres 

were clean. Broken fibres and hollowed-out fibre imprints were observed. The whole 

fracture surface was covered with rows of hackles which were orthogonal to the fibres. 

They were regularly arranged, slanted at an angle and pointed in the fibre direction. River 

marks on the hackle were observed to originate at the fibres and coalesce to the centre of 

the hackle. High magnification reveals the smooth appearance of the fibre (figure 3.30b). 

Steps of crack initiation and arrest can be observed on the shear hackles. Small resin 

fragments can be observed on the fibre and the hackles. Similar features were observed 

on the specimens tested at 60°C with more resin fragments adhered on the fibre surfaces 

(figure 3.31). 

The sarne basic features, i.e. broken fibres and hackles, were observed on the 

specimens tested at lûû°C (figure 3.32). However, there were fewer hackles on the 

fracture surface. They were more irregular, curved, triangular and pointy in shape. Steps 

of crack initiation and arrest were observed on them. In addition, there were more resin 

fragments adhering to the fibres. Similar features were observed on the specimens tested 

at 120°C (figure 3.33). 



Figure 3.30 Fractographs of 90" fracture surface of composite made with epoxy A tested 
at 25°C: (a) regular shear hackies (b) steps of crack initiation and arrest on 
shear hackles 

Figure 3.3 1 Fractographs of 90" fracture surface of composite made with epoxy A tested 
at 60°C: (a) fibre imprints @) evidence of mode 1 fracture initiated at fibre 



Figure 3.32 Fractographs of 90" fracture surface of composite made with epoxy A tested 
e at 100°C: (a) debris on fractur 

(a) 

surface @) yielding of rnatrix 

(b) 

Figure 3.33 Fractographs of 90" fracture surface of composite made with epoxy A tested 
ai 120°C: (a) irregular shear hackies (b) steps of crack initiation and arrest 
on shear hackle. 



3.6.1.4 Composites made with epoxy B 

The fracture surface of a typical specimen made with epoxy B at a fibre volume 

fraction of 0.5 tested at 25°C under the 90" mode is shown in figure 3.34a. Again. the 

fracture surface contains clean fibres, broken fibres and hollowed-out regions. The 

hackles and scallops were arranged regularly in rows in the resin between the fibres, 

slanting and pointing in the fibre direction. Compared to the composite made with epoxy 

A, there were fewer hackles on the fracture surface. Also, the hackles were Iess 

pronounced and less closely packed, which can be observed more clearly under high 

magnification in figure 3.34b. As the test temperature increased to 60 or 80°C, the 

hackles became more triangular and pointy in shape. Steps of crack initiation and arrest 

can clearly be seen on the hackles (figure 3.35). When the test temperature reached 

1W0C, the hackles tended to tilt at different angles, instead of slanting at the sarne angle 

as at lower temperatures. Some of the resin platelets pointed upward while some even 

bent backward (figure 3.36a). The platelets were elongated, curved and pointed dong the 

fibre direction (figure 3.36b). At 120°C, the shear hackles were not well defined, 

although occasional platelets were seen to be pointing in the fibre direction. Relatively 

large resin fragments, which were broken away, can be seen on the fracture surface 

(figure 3.37a). The scallops were more rounded and less weli defined (figure 3.37b). 

Furthemore, much smalier fraction of the fracture surface was covered with hackles. A 

large part of the fracture surface contained broken fibres which were "coated" with resin. 

They seemed to be tom away from the surface during the fracture process (figure 3.37~). 

3.6.2 Composite Shear Fracture Surfaces (Quantitative Examination) 

Shear fracture surfaces of composites were examined using the scanning electron 

microscope. Each surface was divided into an array of 5 x 9 areas, each of which was 

captured as an image into the.cornputer. The broken fibres were counted rnanually on the 

cornputer screen for each image. A total of 45 images were counted to cover each complete 

fracture surface. The images were positioned such that the upward pointing fibres were 

failed under tension while the downward pointing ones were failed in flexure. The total 



Figure 3.34 Fractographs of 90" fracture surface of composite made with epoxy B tested 
at 25°C: (a) hackles and scallops (b) scallops in detail on nght 

Figure 3.35 Fractographs of 90" fracture surface of composite made with epoxy B tested 
at 80°C: (a) irregular shear hackles @) steps of crack initiation and arrest on 
shear hackle 



Figure 3.36 Fractographs of 90" fracture surface of composite made with epoxy B tested 
at 100°C: (a) yielding of matrix (b) hackles yielded 

Figure 3.37 Fractographs of 90" fracture surface of composite made with epoxy B tested 
at 120°C: (a) broken matrix pieces (b) yielding of matrix (c)  broken and 
pulled-out fibres 



number of tensile and flexure broken fibres on each of the fracture surfaces were 

determined by slimming over the 45 images. The number of broken fibres on different 

fracture surfaces were normdised by dividing the cross-sectional area of the specimen to 

obtain the broken fibre density. 

Sections of the scanning electron micrographs of the typical fracture surfaces of 

different fibre volume fractions are show in figure 3.27-29 in section 3.6.1. Most of the 

fibres were broken individually while some of them were broken as fibre bundles. Loose 

fibre fragments were not counted. 

The relationship between broken fibre density and fibre volume fraction is shown in 

figure 3.38. For speciinens tested at 25OC. the broken fibre density increased with 

increasing fibre volume fraction (figure 3.38a & c). In addition. the tensile broken fibre 

density was consistently higher than the flexure broken fibre density at each fibre volume 

fraction studied. However, the proportion of tensile and flexure broken fibres were different 

at different fibre volume fractions. For the untensioned case, the tensile broken fibres 

density doubled the flexure broken ones at Vf = 0.2. and tripled that at Vf = 0.4. and about 

1.5 times that at Vf = 0.6. For the tensioned case, the tensile broken fibres density 

quadrupled the flexure broken fibres at Vf = 0.2, and about 1.5 times that at Vf = 0.4, and 

doubled that at Vf = 0.6. 

Different trends were observed for specimens tested at 120°C (figure 3.38b). The 

broken fibre density was highest for specimens with Vr = 0.4, followed by Vf = 0.6 and then 

Vf = 0.2. Contrary to the specimens tested at 25°C. the fracture surfaces of the specimens 

tested at 120°C contained more flexure broken than tensile broken fibres per unit area at 

each Vf. While the tensile and flexure broken fibre densities were almost the same for the 

Vf = 0.4 specirnens, the flexure broken fibre density was approximately twice the tensile 

broken one at Vf = 0.2 and 0.6. 
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Figure 3.38 The relationship between broken fibre density on fracture surface and fibre 
volume fraction at different test conditions 



3.63 Polymer Fracture Surfaces (Tende and Shear) 

Figure 3.39 shows the failed regions of the tensile test specimens in details. LDPE 

appears to show viscoelastic behaviour, with the necked region getting ever thinner and 

failing rather as a thread of molasses fails when extended. HDPE is also severely drawn, 

but UHPE exhibits a true tensile failure. Al1 the other polyrners also appear to be true 

tensile fractures, with the fracture line approximately normal to the tensile stress. 

The tensile fracture surfaces of the thennoplastics and epoxy D tested at 25°C were 

examined using scanning electron rnicroscopy (SEM). Except for LDPE, HDPE and PA. 

initiation points were located on the fracture surfaces. 

In the scanning electron microscope, it can be seen that the highly drawn end region 

of LDPE tested in tension has marked striations, figure 3.40a, showing highly non-uniform 

flow. The end where the final break occurred was a tensile failure as shown in figure 3.40b. 

The punch shear failure surface was initially smooth as shown at the left side of figure 

3.40c, then the striations seen at the right side of the figure developed, suggesting a change 

to a partially tensile fracture mode. The tensile fractured end of the HDPE was partly 

smooth, with some leafy structures (figure 3.41a). These, shown at higher mapification in 

figure 3.41b. have striations on their sides reminiscent of LDPE (figure 3.40a), again 

indicating much shear flow. The punch failure surface had a smooth region ending in a 

striated region, as for LDPE, but the striations were not so rough, figure 3.4 1c. giving a less 

clear indication of partial tensile failure. 

Tensile fracture was initiated at a corner of the specimen of UHPE (figure 3.42a). 

The final failure appeared to be brittle. The punch shear test also showed strong evidence of 

brittle tensile fracture, since a deep crack opened up close to the beginning of the fracture 

(figure 3.42b & c). The tensile fracture surface of PP was very similar to UHPE in that 

fracture started from a corner (figure 3.43a & b). However, the surface was much rougher. 

indicating more brittleness, Nevertheless, the punch shear fracture surface had a smooth 

region followed by a striated region, This region showed evidence of tendfils of polymer 

crossing the fracture plane and being thinned dom,  as in the shear flow type failure 

observed with LDPE in the tensile test Furthemore, no tensile crack could be seen (figure 
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Figure 3.39 Details of final failure of tende specimens (ASTM D638) 



Figure 3.40 Fractographs of LDPE (a) tensile end region (b) final tensile failure region 
and (c) smooth-rough transition in punch test. Bars represent 100 Pm. 

Figure 3.41 Fractographs of HDPE (a) general view of tensile failure @) detail of tensile 
failure and (c) punch failure. Bars represent 100 p. 



Figure 3.42 Fractographs of UHPE (a) tensile failure showing initiation at corner 
(b) punch failure and (c) more detail of punch failure showing crack. 
Bars represent 1 0  p. 

Figure 3.43 Fractographs of PP (a) generai view of tensile failure @) detail of tensile 
failure showing initiation at corner (top Ieft) and (c) punch failure showing 
smooth-rough transition. Bars represent 100 p. 



3.43~). The last of the polymea with very high strain to tensile failure, PC. behaved like 

UHPE, with initiation at a corner in tension and surrounding mist and mirror regions clearly 

visible, figure 3.44a. and tensile cracking in the punch shear test (figure 3.44~). However, 

leafy structures indicating shear flow were also seen in the tensile test (figure 3.44b). 

Among the lower strain to tensile failure polymen, PA showed intense flow on the 

fracture surface, with patterns reminiscent of those seen with HDPE; compare figures 3.45b 

and 3.42a Some rotation of the fracture front seerns to have taken place as well to produce 

the spiral type structure seen in figure 3.4%. The punch shear surface showed strong 

evidence of flow also, with an extended srnooth region, figure 3.4% However. a tensile 

crack also developed; as can be seen in this figure, and a detailed view clearly shows the 

correspondence of structure across the crack faces. figure 3.45d. confirming the tensile 

origin of the cracks observed with al1 polyrners except the lower chain length PE's and PP. 

The more brittle PVC had tensile fracture surfaces reminiscent of the cup and cone 

fractures seen in rnetals, figure 3.46% with evidence of flaw initiation (bottom right. figure 

3.46b). The punch shear, on the other hand, had a smooth region together with a tensile 

crack, with much evidence of tendrils of materials crossing the crack and king drawn out, 

figure 3.46~.  The PMMA had the very rough surface normally observed with brittle 

materials, figure 3.47a, with initiation from a flaw. The punch shear surface was also rough 

away from the tensile crack, figure 3.47b. although a more detailed look at the rough region 

showed the surface to be different from the pure tensile fracture, with some evidence of 

tendrils indicating the possibility of some shear, figure 3.47~. as contrasted with the platey 

appearance in figure 3.47a. 

The epoxy again had initiation from a flaw in tension, figure 3.48a. However, away 

from the crack, a leaf-like appearance reminiscent of shear hackle was evident. This is 

shown in more detail figure 3.48b (compare this with figure 3.27). The punch shear surface 

had a step rather than a crack, with ndges surmounting it where the step decreased in height 

at the bottom xight in figure 3.48~. 



Figure 3.44 Fractographs of PC (a) tensile initiation at region (b) le@ striations on 
tensile fracture and (c) crack in punch failure. Bars represent 100 pm. 

Figure 3.45 Fractographs of PA (a) and (b) tensile failure showing spiral structure and 
leafy structures (c) and (d) punch fracture showing crack. Bars represent 
100 pm. 



Figure 3.46 Fractographs of PVC (a) and (b) tensile failure showing hollow failure 
surface and initiation point (c) punch failure showing crack. Bars represent 
100 jlm. 

Figure 3.47 Fractographs of  PMMA (a) tensile failure showing roughness (b) punch 
failure and (c) punch failure details of region to nght of  crack. Bars 
represen t 1 00 p. 



Figure 3.48 Fractographs of epoxy D (a) and (b) tende failure initiation point and leafy 
structures distant from initiation (c) shear fracture showing step. Bars 
represent 100 Pm. 



4. DISCUSSION 

4.1 Matrix Shear / Tensüe / Notched Temile Strengths 

There is good correlation between the punch ultimate shear strength of the 

polymer and the nominal tensile strength (figure 4.1). Note that the shear strength of the 

eight thermoplastics were measured previously and published elsewhere [ 1291. The 

polymers were close (i.e. with deviation less than 15% ) to the line Tm = GmU except for 

PVC and epoxy. These are among the most brittle rnaterials. Their strengths are 

expected to be dependent on size of flaws as shown by Griffith and Irwin [130]. Since 

the broken cross-section is much larger in the punch test than the tensile test (239 mm' 

cornpared with 39 mm2), Weibull flaw statistics [131] confirm that the punch test should 

give the lower result. Furthemore, the presence of flaws in commercial epoxy resin has 

been demonstrated [ 1321 These solid bodies included various foreign contaminants. 

irnpunties and fragments of cured resins of size about 200 p. Filtering of the epoxy 

resins before use increases the strength by removing the particles which generated the 

largest flaws. 

The correlation between the Iosipescu shear strength and the nominal tensile 

strength is not as good (figure 4.2). Note that only "usable" results are included in this 

plot. The force-displacement curves (figure 4.3) show that the brittle polymers (PMMA 

and epoxy) failed catastrophically while PP, PVC and PC went through a peak followed 

by a very definite downward trend. In the case of LDPE and HDPE, there appeared to be 

an asymptote. However. there were no definite peaks for UHPE and PA. The force 

continued to increase with increasing displacement until the deformation was so large that 

the specirnen got jammed in the fixture. Therefore, the results are considered unusable 

and are not included in figure 4.2. The results fit moderately well with the Iine Tmu = 

0.66amU, with epoxy a little above it. 

When the polymers are tested using the Iosipescu method, two Mure modes are 

observed as discussed previously [129]. The more brittle polymen failed in tension at 

45" to the shear axes. The polymer separated into three characteristic pieces as illustrated 

in figure 4.4a Those that did not fail were clearly undergoing tensile stretching as shown 
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Figure 4.3 Force-displacement of different polymers tested using the punch and Iosipescu shear test 
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in figure 4.4b. Thus the Iosipescu test appears to be acting as a notched tensile test. 

However, a plot of the Iosipescu shear strength vs the notched tensile strength showed 

that the results are close to the line 7,. = 0 . 7 0 ~ ~ .  (figure 4.5). The very brittle polymers 

(i.e. PMMA and epoxy) are very much above the line. This indicated that the notch has 

much more effect in tension than in shear in these cases. 

The von Mises criterion does not seem to be appropriate for describing the yield 

behaviour of polymers. According to this theory, the ratio of shear yield strength and 

tensile yield strength should be lia= 0.58. This ratio is calculated for the polymers 

using the polymer definition of yield and is shown in table 4.1. It works moderately well 

for the Iosipescu results and the tensile results for LDPE and HDPE where the actual 

value of the ratio is 0.60 in both cases. However, the agreement is not as good for PP, 

PVC and PC, for which the values ranged from 0.64 to 0.75. PMMA is so brittle that 

failure preceded yield in the tensile test (as shown in the force-displacement curve, figure 

4.3) so the critenon could not be applied. The agreement is poor for epoxy with a value 

of 0.84. Epoxy, being a thermoset and brittle, cm be expected to behave differently. 

Since von Mises criterion is originally proposed for yielding of metals, and polymers 

behave very differently from metals [133], it is not surprising that significant deviations 

from the criterion are observed with the polymers. 

Table 4.1 Ratio of shear yield strength and tensile yield strength for different polymers 

Pol p e r s  
LDPE 

7 m Y / G n y  

0.60 
EDPE 
UHPE 

1 PMMA 1 0.70 

0.60 
0.44 

PVC 
PA 

I von Mises criterion 1 - = 0.58 1 d 

0.64 
0.72 



Looking at the failed specirnens from the regular tensile test, one sees four 

different failure processes as shown in figure 3.39. 

LDPE and HDPE have necked and stretched a great deal and the final failure appean 

to be a shear process. This is especially true with LDPE which looks like the type of 

failure observed with treacle or molasses, and strongly suggests viscoelastic 

behaviour. 

PC and to a lesser extent UHPE, extended a great deal. but failed by cleavage normal 

to the specimen axis. 

PVC and PA suffered intense deformation in a small region and then failed by normal 

cleavage. 

PMMA and epoxy failed by approximately normal cleavage with very little plastic 

deformation. 

In al1 the cases except for the PMMA (which does not have a true tensile yield 

stress) and epoxy for which the nominal tensile strength is equal to the yield strength, as 

usually defined for polymers. the tensile strength at the actual break can be a great deal 

greater. The true tensile strengths of the polymers are calculated using equation (3.5) by 

replacing the variables w and r with the final dimensions obtained from the failed 

specimens. The results are compared with the engineering tensile strength in figure 4.6. 

For the brittle polymers, they are about equal, since there was no significant reduction in 

cross-section. With PVC and PA, necking approximately doubled the apparent strength, 

and so did thinning down in the case of the PC and UHPE. However, with LDPE, HDPE 

and PP, a seven fold increase is observed. 

We cannot use these ultimate values since the drawing process increases the 

orientation of the polymer chahs and so the material in the region that finally fails is not 

the same as the original material. Hence it is appropriate to equate the strength of the 

material with the yield strength, as in normal practice. 

In measuring shear strength of the polymers, the results obtained from the 

Iosipescu test were rejected because the failure or displacement is tensile, figure 4.4. 
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Since in most cases (except for two of the brittle polyrners, PMMA and epoxy) the results 

obtained from the punch test are close to the tensile yield values (i.e. nominal un-notched 

tensile strengths), it may be reasonable to suppose that the processes have some basic 

' similarities and in most cases involved tensile fracture. However, the strains in the punch 

test are extremely high. Using the normal definition of shear strain, y: 

where u and v are displacement in the x and y directions, it is possible to roughly estimate 

the strains using the finite displacement and distances Au, Ax etc. (figure 4.7). 

Let Au be zero, Av the displacement of the punch, and Ax the gap between plunger 

and the hole in the punch. Figure 4.3 indicates that the ultimate values occur with 

displacements of about 0.4 mm (PVC) to 2.0 mm (UHPE). Since the gap is about 13 Pm, 

these displacements correspond to strains AvfAx of 32 to 800. Thus the materials appear 

to be much more tolerant of very large shear strains than of tensile strains, where the 

range is 0.07 to 6.5. In practice, failure must initiate at a very early stage, when the shear 

strains are only a few hundred percent, although the force keeps increasing up to at least 

0.4 mm displacement, corresponding to a strain of 3200%. 

However, this appearance is deceptive: failure in pure shear never occurred. This 

would require a completely flat failure surface. Instead, the surface was far from flat: As 

shown in figure 3.45, the piece cut out in the case of PA has a gap at least 1 mm deep, 

indicating that large tensile stresses were developed. The punch shear test also produces 

tensile cracks in the shear failure surface in al1 the polymers tested except LDPE, HDPE 

and PP (figure 3.40-42). Extensive cracking in the part left after the centre had been cut 

out in the epoxy specimens was observed (figure 3.3). These are further evidence of large 

tensile stresses. 



Thus, although the punch test is, mechanically, a much better shear test than the 

Iosipescu test from the point of view of applied tensile strain being a srnall fraction of 

applied shear strain, it still cannot ensure pure shear failure with polymers. This is 

probably because most polymers do not have a shear failure mode. 

If we mode1 polymers chains with strings, as shown in figure 4.8, the shear 

process appears to be identical to the tensile process. The chains are disentangled and 

straightened. The only difference is the direction of the effect. At very high shear strains, 

if this mode1 is correct, the tension tends to become aligned dong the direction of the 

shear forces for simple shear, and the two processes converge. Final failure is then 

simply a tensile fracture of the chain or pull out of the chains from opposing sides of the 

fracture surface, as in tensile failure. 

This should be contrasted with the process envisaged for ductile metals shown in 

figure 4.9. This shows a small element of a face centred cubic (FCC) metal crystal k ing  

extended by a stress acting horizontally. The first picture shows the slip plane which is 

about to be activated. One unit of slip (labelled 1) elongates the specimen with some 

sideways distortion (seen as slip steps in deformed single crystals of silicon iron [134]). 

Further slip on two planes leads to further elongation, #2, still with distortion. After a 

third and founh slip step the element has simply elongated as can be seen at the step 

labelled "finish". With metals the tensile yielding and flow process is really shear. 

Conversely with polymers, the shear process envisaged here is really tensile. This is 

because they are constructed from long chain molecules, rather than spherical atoms in 

approximately spherical potential wells as envisaged for simple FCC metals. 

It is possible to make a very rough estimate of the chah length which must be 

exceeded before simple polymers show non-liquid-like behaviour. (It is assumed that 

true polymer liquids can shear to an infinite extent without chain scission). Consider a 

section of polyethylene chain crossing a shear failure zone obliquely at a very small angle. 

as shown schematically in figure 4.10. Due to the intense shear, this section of the 

polymer chah is assumed to be straight. 
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Figure 4.8 Large (a) tensile and (b) shear deformation of polyrners modelled with string. 
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Figure 4.9 Large (ensile deformation of metals modelled with spheres 
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Figure 4.10 Schematic drawing of a single polyethylene molecule crossing a region 
of intense shear 



Each CH2 group on the chah is attracted to neighbouring CH2 groups of other 

chains by van der Waals forces which are assumed to act at an angle @. Let L be the 

projected length of the molecule ont0 the upper side (above the shear failure) assumed 

greater than the projected length on the lower side. Then the force, F, exerted on the 

molecule in the shear failure zone canot exceed F,, given by: 

where d is the effective molecular diameter and av is the stress equivalent to the van der 

Waals forces. For F > Fm, the polymer molecule would pull out. 

However, if Fm exceeds the strength of the polymer chain Fu, the chain wili 

break instead of pulling out. Now 

where o* is the theoretical strength of the polymer. Based on the atomic mode1 of solids 

where E is the Young's modulus and m and n are respectively the repulsive and attractive 

power law exponents for the carbon-carbon chain. Combining the equations gives: 

The maximum polymer length for no chain fracture is 2L. and when we allow for 

the C-C bond angle of (109.5') or 2arctand2, the maximum number of carbon atoms per 

chain, Na, is 243 Ub, where a, is the length of the C-C single bond. Thus 

The values of m and n are readily avaiiable for many metallic elements 11361 but 

are seldom available for non metals such as carbon. So we will use m=12 and n=8; the 



values for silicon. We can obtain d from the size of the CHt group, which is about 0.40 

nm, with a,. the C-C distance about 0.154 nm. The tensile strength of polyethylene, i.e. 

13.6 MPa is used for CF, and E is 1020 GPa [137]. Finally, assume 6 is 45". This gives: 

So the maximum molecular weight for a "liquid-like" polyethylene would be 

about 124,000. This appears to be a little high. and could be reduced by a higher value 

for O,. For exarnple, if the tensile strength of HDPE. Le. 33.2 MPa, is used for ov, this 

reduces N,, to about 3600 and the corresponding molecular weight to about 50.000. now 

a little bit low. So it seems highly probable that o, is somewhat in between. with some 

very small arnount of chain scission when HDPE breaks, and almost none when LDPE 

breaks. 

The punch fracture surfaces are in agreement with this, since there is very little 

evidence of tensile failure with LDPE, and stiII less with HDPE. Furtherrnore, the tensile 

fractures also show very little evidence of chain scission. UHPE has strong evidence of 

tensile fracture since a crack could be seen in the shear fracture surface (figure 3.42b) and 

there is evidence of a fracture initiation site in the tensile fracture surface (figure 3.42a). 

This is to be expected because of its longer chain length. 

Polypropylene also has no significant chain scission in shear, since no crack was 

observed in the punch test (figure 3.43~) but there is some evidence of it in tension (figure 

3.43a). In this case, ov would be increased by stenc hindrance effects due to the size of 

the attached CH3 groups. This increases aV, and hence reduces the critical chain length. 

Similar arguments cm be used for the other polymers. Chain branching in polyethylenes 

probably does not have the same effect because branching does not significantly increase 

the surface of the chain lcdL in equation 4.2. 

Epoxy is a special case, because of the cross links. Any chah scission would be 

accompanied by cross-link scission so that a,, would include effects due to primary bonds 

as well as secondary ones. 



4.2 Composite - Matrix Shear Strength Relationship 

The shear strength of the unidirectional composites is always higher than that of 

the matrix for al1 the epoxy systems at any temperature tested in this study except for a 

few room temperature results obtained with epoxy D. Plotting the composite shear 

strengths obtained at different test temperatures against the corresponding matrix shear 

strengths illustrates the relationship between the shear strength of the composite and that 

of the matrix. These plots are shown in figure 4.1 1-4.13 for different epoxy systems. The 

matrix shear strength was measured by the Iosipescu shear test. However, similar trends 

were obtained with the matrix shear strength measured by the punch shear test (Appendix 

9.4). Each data point is the average of at least five specimens and the error bars represent 

plus or minus one standard deviation. The solid lines are obtained from linear regression 

of the experimental data while the dashed lines are extrapolation from the solid lines. 

The dotted lines represent the theory that the shear strength of the composite is equal to 

that of the matrix, expressed as equation (1.1) in section 1.2.2. Results obtained from 

both loading modes (i.e. 0' and 90") are shown. 

Figure 4.11 compares the shear strength of the composite and that of the matrix 

for specimens made with epoxies A, B and C at a fibre volume fraction of 0.5. For al1 the 

three composites, the composite strength increases with increasing matrix strength. In 

addition, the shear strength obtained under the 0" loading mode is aiways higher than that 

obtained under the 90" mode. The slopes of al1 the lines are approximately parallel to T~~ 

= tu (dashed line in figure 4.1 1 ), except that of O" loading of composite C (composite 

made with epoxy C as the matrix) which has a value of 2.7. Composite A (composite 

made with epoxy A as the matrix) gives results which extrapolate to the composite 

strength axis at about 60 MPa for both loading modes (Figure 4.1 la). The y-intercept 

values of both composites B and C are round 20-30 MPa. 

Correlations between the shear strength of the composite and that of the resin 

were not very good for results obtained at higher temperature (i.e. the low end of the scaie 

for 7,"). These results are of doubtful validity. It is especially serious for composite B 

and C since their Tg's (85°C and 105°C. respectively) are lower than the highest test 
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Figure 4.1 1 Relationship between shear strength of composite (V, = 0.5) and matrix 
for different matrixes (matrix strength measured by Iosipescu test) 
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Figure 4.13 Relationship between shear strength of composite and matrix. 
Specimens made with epoxy D by large mould at different V,'s 
(matrix strength measured by Iosipescu test) 



temperature, 120°C. Large deformations are involved in the Iosipescu test when the resin 

becomes very rubbery at high temperature. When the failure process is slowed down at 

high temperature, tensile cracks cm be seen to initiate at the notch roots, open up and 

propagate towards the opposite inner loading zone. It was also observed that the 

maximum force (peak in the force-displacement curve) was reached before the crack 

started to open up. It is possible that the peak in the force-displacement curve represents 

the point when tensile stresses start to dominate. 

Figure 4.12 compares the shear strength of the composite and that of the rnatrix. 

epoxy D, for specimens made at different fibre volume fractions using the small mould. 

Note that the Vf = 0.2 specmiens crushed under the inner loading zones before M u r e  

when tested in the O" loading mode, thus no results could be obtained. The Vf = 0.2 

composite was only very slightly above (about 5 MPa) the line as shown in figure 4.12a. 

For the composites made at VI = 0.4 and 0.6, the slopes are slightly greater than 1 for the 

O" specimens (figure 4.12b&c). For the 90" specimens, the slope of the Vr = 0.6 was only 

slightly less than unity while that of the VI = 0.4 was about 0.3. The data extrapolate to 

the composite strength axis at 20-50 MPa. 

The same trends observed in figures 4.12 are seen in figures 4.13 where the 

specimens were prepared with the large mould. 

The composite shear strength has been reported to be higher than that of the 

matrix [21]. However, the opposite has also been reported 11381. Despite the conflicting 

results, until now aImost no research has been directed towards the better understanding 

of the composite shear strength. The only attempt seems to be a study on the shear testing 

of thennoplastic resins and their unidirectional graphite composites by Weinberg [2 1 1. 

He measured the shear strengths of several neat thermoplastics and their carbon fibre 

unidirectional composites (Vr = 0.53, 0" loading mode) using the Iosipescu test. He 

concluded that the composite shear strengths were "directly related" to the neat resin 

strengths. Figure 4.14a is redrawn from the data provided in his paper. The composite 

shear strengths of ail the thermoplastics in his study are above the line 7,. = T,.. Our 

results on the thermosets seem to agree with his observations on the thermoplastics. 
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Figure 4.14 Relationship between neat resin and composite shear strength 
(a) original curve fit [21] (b) straight line fit 



However, Weinberg has drawn a curve, with no theoretical basis. through his results and 

passed through the origin (solid curve in figure 4.14a). He suggested that there is a 

critical neat resin strength (i.e. about 10 MPa) above which the relationship changes. One 

of our thennosets, epoxy B. shows very sirnilar pattern (figure 4.1 1 b). The results close 

to the origin (Le. the high temperature results) clustered near the origin in much the sarne 

way as the HDPE in Weinberg's results (figure 4.14a). Epoxy B has the lowest Tg (85OC) 

out of the four composites studied and the resin becarne very soft and rubbery when 

tested above 80°C. HDPE is also very soft at room temperature and our results indicated 

that it stretched extensively in the Iosipescu test [129]. Therefore, it is not surprising that 

HDPE behaves differently from the other thermoplastics. If the HDPE result is ignored in 

the same way as the high temperature results of epoxy B. a straight line parallel to the line 

Gu = T~~~ can be drawn through the rest of the data points. The experimental results are 

close to this line and a y-intercept of about 50 MPa is obtained (figure 4.14b). This seems 

to be in the same range as composite A (y-intercept = 60 MPa, Vf = 0.5) in our study. 

4.3 Effects of Vf 

The previous section showed that the composite shear strength is generally higher 

than the matrix shear strength at any particular test temperature. It seems that the 

presence of fibres has somehow increased the shear strength of the epoxy resin. The 

existence of a positive y-intercept on some of the plots of composite vs matrix shear 

strengths is an interesting observation. This might be an indication that a mesostructure 

(e.g. fibre waviness) exists with a strength. in the absence of the polymer, of as high as 60 

MPa. 

In order to find out if the presence of fibres or some architecture of the fibres in 

the composite is responsible for the higher than expected shear strength, it would be 

worthwhile to look at how the fibre volume fraction affects the composite shear strength. 

The relationships between the composite shear strength and fibre volume fraction are 

shown in figures 4.15-16. The neat resin strength (i.e. at Vr = O) is measured by the 

punch test in figure 4.15 and by the Iosipescu test in figure 4.16. Since the difference 
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Figure 4.15 Relationship between ultimate composite shear Figure 4.16 Relationship between ultimate composite shear 
strength in (a) 90" or (b) O" loading mode and strength in (a) 90" or (b) O" loading modes and 
fibre volume fraction with matrix strength fibre volume fraction with matrix strength 
measured using the punch shear test measured using the losipescu shear test 



between the specimens made from the small and the large moulds is very small, both 

results are included in the figures. 

Figure 4.15a shows that VI has no significant effect on the composite shear 

strength tested in the 90" loading mode. It is noticed that the composite strengths are 

significantly higher than the neat resin strength at room temperature. Remember that this 

resin is bnttle at room temperature as indicated by the extensive cracking observed in the 

failed punch specimens and possibly failed prematurely; the presence of fibres seemed to 

stabilise the failure process and raised the shear strength. However. the resin and the 

composite have practically the same strength at 60°C and 80°C. A slight increase of 

composite strength is observed with increasing Vf at 100°C. At 120°C. the Vf = 0.2 

composite has the same strength as the neat resin but the composites with higher Vf have 

almost double the neat resin strength. It suggested that the effects of the fibres become 

more significant at higher temperatures. When the Iosipescu test is used to measure the 

matrix strength, the slopes of the lines increase slightly with increasing temperature 

(figure 4.16a). This confirms that the Vr effects become more significant at higher 

temperatures. 

The effect of Vf on the 0" composite shear strength is not significant either (figure 

4.15b). Although there is a large increase in shear strength from Vf = O to Vf = 0.4, 

however, there is not much difference between Vf = 0.4 to Vf = 0.6. The same results are 

observed when the matrix strength is measured by the Iosipescu test (figure 4.16b). Note 

that no results were obtained at Vf = 0.2 because serious local crushing occurred under 

the inner loading zones during the 0" loading process. 

The shear strength of fibreglass-reinforced nylon composites shows a similar trend 

with Vf. Figure 4.17 is redrawn from the data provided in reference [139]. The 

composite shear strength is siniilar to the matrix strength when Vr is less than 0.2. From 

Vf = 0.2 to 0.3, the shear strength increases rapidly with VI, then it levels off. This trend 

seems to be in good agreement with Our 0" results (figure 4.1 5b and 4.16b). 

At the ultimate strength, failure occurred in the matrix, in the fibre and at the 

fibre-matrix interface as shown in the SEM fractographs (figures 3.27-37). Therefore, the 
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Figure 4.17 Effects of fibre volume fraction on the shear strength of different 
fibreglass-reinforced nylon composites [139] 



trend observed in figures 4.15- 16 is a combination of al1 these effects. It is not clear how 

these effects interacted in the composite. These effects may add together or cancel out. 

However, when the composite starts to yield (at the first deviation from linearity on the 

force-displacement curve), it is Iikely that only the rnatrix is affected and the effects on 

the fibre or the interface will not set in until close to final failure. The relationship 

between the composite shear yield strength and the fibre volume fraction is shown in 

figure 4.18-19. The neat resin shear yield strength was measured by the punch test in 

figure 4.18 and by the Iosipescu test in figure 4.19. 

Figure 4.18a shows that there is a slight increase of the 90" shear yield strength 

with increasing Vf at 60 and 80°C. At 100 and 120°C, the shear yield strength is airnost 

equal for Vf = O and 0.2. and again equal but at a higher level for Vf = 0.4 and 0.6. There 

seems to be a rapid increase between Vf = 0.2 and 0.4. The difference in behaviour at 

different temperatures could be due to the rubbery behaviour of the matrix at 

temperatures close to its Tg. The same trend is observed when the matrix strength is 

measured by the Iosipescu test (figure 4.19a). The slopes are steeper and there is a 

significant increase in the 0" composite yield strength with increasing Vf as shown in 

figure 4.18b. The rate of increase is higher for 25°C and is about the same for the other 

test temperatures. Again, the same trend is observed when the Iosipescu test is used to 

mesure the matrix strength (figure 4.19b). However, the slopes of the lines are slightly 

higher than the corresponding lines in figure 4.18b at higher ternperatures. The shear 

strengths of the matrix rneasured using the Iosipescu test at higher temperatures are lower 

than those measured by the punch test. 

The yield strength of the matrix seems to have been increased by the presence of 

fibres. In addition, the higher the VI, the higher the yield strength. One possible 

explanation is the change in fibre-matrix geometry in the composite at high Vf. If the 

wetting is good in the composite, the arnount of matrix materid between two adjacent 

fibres is reduced. The geometry is analogous to a thin layer of adhesive joining two stiff 

substrates since the yield strength and modulus of the resin are much lower than those of 

the fibres. In the testing of adhesive, it has been observed that the tensile butt strength of 

the joint increases to 2.2 to 2.5 times of the adhesive cohesive strength as the thickness of 
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Figure 4.18 Relationship between composite shear y ield 
strength in (a) 90" or (b) O" loading mode and 
fibre volume fraction with matrix strength 
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Figure 4.19 Relationship between composite shear yield 
strength in (a) 90" or (b) O" loading modes and 
fibre volume fraction with rnatrix strength 
measured using the Iosipescu shear test 



the adhesive layer tends to zero (figure 4.20) [140]. In addition, as the thickness becomes 

large. the tensile strength of the joint reduces to the cohesive strength of the adhesive. 

This has been explained by the ngid adhered effect since the elastic modulus and yield 

strength of the substrate are much larger than those of the adhesive. The same can be 

used to explain the increased shear yield strength of the composite. 

Research on the fibre-matrix interface has shown that the matrix surrounding each 

fibre has different properties from the bulk material [IO21 There is evidence that curing 

agent is preferentially attracted to the fibre surface, increasing the resin strength there. As 

shown in section 1.3.3.1, it is possible that a large proponion of modified matrix exists in 

a high Vf composite when the spacing between the fibres is small [103]. Local matrix 

properties, on a micro scale, play an important role in composite strength [141]. 

Consequently. the matnx yield strength could increase because of the modified matrix. 

4.4 Interface 

The composite shear strength is believed to be dependent on the mechanical 

properties of the fibres and the matrix, the properties of the fibre-matnx interface. and 

possibly mesostructures. The strength and modulus of the carbon fibres are not expected 

to change at the relatively low temperature range studied. Elevated temperatures Vary the 

mechanical properties (such as shear and tensile strengths) of the matrix in the composite 

while keeping the fibre architecture constant. 

The interfacial shear strength between the fibre and the matrix is an important 

factor which is believed to affect the composite shear strength [142- 1431. If the interface 

is poor or not optimised, the composite shear strength is lirnited by the low value of the 

interfacial strength. However, the composite shear strength approaches the matrix shear 

strength when the interface is optimised [138]. With interfacial adhesion enhanced, the 

failure mechanism changes from adhesive interfacial failure to a more cohesive matrix 

failure . 

Examination of the fracture surface of Our failed specimens under SEM shows 

clean fibres and fibre imprints on the matrix, as well as cohesive matrix failure, indicating 
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Figure 4.20 Rigid adhered effect in tensile testing of adhesive [140] 



the existence of strong interface (figures 3.27-37). The carbon fibres (AS4 by Hercules) 

and epoxy (Epon 815) system used in this study have also been shown to have a high 

interfacial strength [122]. Wang and Piggott 11221 have examined the effects of 

temperature on the interfacial and bulk matrix shear strengths of a very similar 

carbon/epoxy system. The matrix shear strength measured by the Iosipescu test decreased 

with increasing temperature. However, the interfacial shear strength determined by the 

single fibre pull out test varied very little with temperature. In another study, sirnilar 

results were obtained using the single fibre composite test [141]. Instead of raising the 

temperature, the researchers reduced the bulk matrix strength systematically by adding 

different amount of flexibilizer into the epoxy. The bulk matnx shear strength decreases 

with increasing flexibilizer content while the interfacial shear strength remains constant. 

These results suggested that the interfacial shear strength varies little, if at dl, 

with increasing temperature. Therefore, it is likely that the decrease in composite 

strength with increasing temperature is rnainly due to the reduction in matrix strength. 

We have shown that the composites generally have higher shear strength than that 

of the neat resin. A positive y-intercept exists on most of the plots of composite vs 

matrix shear strengths. Broken fibres are observed in the fracture surface of failed 

specimens, which have likely been broken during shear failure. Fibre pull-outs and fibre 

imprints are observed as well. These evidences al1 point to the existence of 

mesostructure(s) in the composites. 

4.5.1 Fibre Packing and Clustering 

The use of two different mould sizes, the larger one being three tirnes as wide as 

the smailer one, was an attempt to Vary the uniformity of fibre packing in the composite. 

It was thought that the large mould allows more freedom of fibre movement during the 

pultmsion process due to the larger cross-section. However, it was shown that mould size 



has basically no effect on the fibre volume fraction distribution as shown in figure 3.18. 

The sarne Gaussian shape and same value of standard deviation were observed for the 

two distributions at any particular Vf. Mould size seems to have a slight effect on the 

fraction of fibre touching: the fraction of fibre touching was about 2-3% higher in 

specimens made at Vf = 0.2 and 0.6 but has apparent no effect on the Vf = 0.4 case (figure 

3.20). However, due to the low resolution of the light microscope at the magnification 

used, touching was defined as an interfibre distance of Iess than 1 jm as discussed in 

section 2.8.4. The slight deviation in the fraction of touching fibres is considered 

insignificant. Mould size has no effects on fibre clustering either, practically the same 

fibre cluster size distributions were obtained (figure 3.21). In addition, no significant 

difference was observed between the shear strengths obtained from the composites made 

from different moulds (figures 3.12- 1 3 and figures 3.15- 1 6). The "spacer" in figure 2.1 

was able to distribute the fibre bundles across the mould cross-section evenly. As a 

result, the width of the mould cross-section did not have any effects on fibre packing 

uniformity or composite shear strength. 

The standard deviation of the fibre volume fraction distribution is highest at Vf = 

0.4 with a value of 0.16 (figure 3.18). It is higher than the standard deviation of the other 

two V(s by 0.01. The standard deviation of a distribution indicates the spread or the 

uniformity of the random variable. In this case, the fibre packing uniformity of the VI = 

0.4 composite is the worst arnong the three V<s since it has the highest fibre volume 

fraction standard deviation. 

Wimolkiatisak et. al. [144] assessed the fibre arrangement in a unidirectional 

compression moulded graphite/epoxy composite (Hercules AS4 graphite fibres and Shell 

Epon 828 epoxy resin) by measunng the fibre volume fraction of the composite and the 

average spacing between a fibre and its neighbours using image analysis. Since the 

arrangement of fibres in the matrix is not a perfectly regular amy (e-g. hexagonal or 

square array) in a real composite, there is no uniquely defined number of nearest 

neighbours, Nn. Therefore, a value was assumed for Nn and was entered into the 

cornputer. The fibre arrangement could then be characterised by measuring the average 

and standard deviation of the average spacingfdiarneter ratio, s/df, for different VI and N,, 



assumed. They have also simulated unidirectionai composites with fibres randornly 

arranged on the 2-3 plane using a computer for comparison. The simulation was done by 

randornly generating fibre cross sections and their positions on an x-y coordinate on the 

2-3 plane, within a specific dimension at a given Vf. Overlapped data were removed 

because fibre overlapping is physically impossible. Since this study used very sirnilar 

composite as Our study (same fibres and same epoxy resin except that about 15% of 

diluents was added in Our resin), excellent comparison of the results is expected. They 

have defined a parameter called "the degree of randomness" (h). It is found by 

comparing the standard deviation of Vf andor s/df obtained experimentally, oeX,, with the 

standard deviation obtained from a totally random composite, a': 

If a composite has % = O, then it has totally random fibre arrangement. If & c 0. 

then there is more order in the composite relative to the totally random composite. On 

the other hand, if % > O, then there is more disorder such as fibre- or resin-rich regions in 

the composite. Figure 4.21 is redrawn from the data provided in the paper in comparing 

the degree of randomness. This indicates that their compression moulded composite is 

more disordered than the totally randorn composite simulated by the computer. Ln 

addition, the degree of randomness is highest at around Vf = 0.3 - 0.4 when 6 nearest 

neighbours were assumed. This is consistent with Our results that the scatter in fibre 

volume fraction, or the proportion of non-uniform regions, is highest at Vf = 0.4. 

This can be explained by the freedom of fibre movement in the mould. At VI = 

0.6, the fibres impregnated with resin were "squeezed" into the mould in the pultnision 

process. They were forced to pack very tightly in the mould since high resistance exists 

between the fibres. At the other extreme, the few fibre tows were easily pulled into the 

mould at Vr = 0.2 since the resistance was low. They c m  rearrange in the mould in order 

to pack uniformly. The intemediate case would be at Vf = 0.4, where the fibres were 
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Figure 4.2 1 Relationship between degree of randornness and fibre volume fraction [144] 



given only a iirnited degree of free movement. It seems likely that the resistance between 

the fibre tows was high enough to restrict free movement but not high enough to force the 

fibres to pack evenly. As a result, the fibre volume fraction standard deviation becomes 

the highest of the three. 

Tensioning the fibres at 38N reduced the standard deviation of the fibre volume 

fraction distribution slightly, by about 0.01-0.02 (figure 3.19 and table 4.2). Like the 

untensioned case, the standard deviation was higher at VI = 0.2 and 0.4 than Vf = 0.6. 

Fibre tensioning also reduces the fraction of touching fibres by 0.04 at Vf = 0.2 (figure 

3.20). However. tensioning has no effect on the fraction of touching fibres at higher Vf's. 

Again, this can be explained by the availability of space in the rnould. At VI = 0.2, with 

plenty of space in the mould, the fibres were allowed more movement. Since space is 

available for the fibres to arrange themselves, tensioning therefore reduces the fraction of 

touching fibres significantly. On the other hand, at high Vf's. the high resistance to 

movement exists between fibres makes fibre tensioning less effective in rearranging the 

fibres. 

Table 4.2 Mesostmcture values and shear strengths for pultmsions 

-- -- - 

Fibre volume fraction 1 0.2 
Fibre tension (N) 
Fibre misalignment distribution (O)' 

Packing density distribution* 

Fraction of fibres touching 

Composite shear strength (MPa) 
Density of broken fibres (#/mm2) 

standard deviation of distribution 

O 

2.1 
0.15 
0.58 
5 8 6  
3 1 

38 

1.2 
0.14 

0.54 

29k4 

32 



4.5.2 Fibre Misalignment 

The standard deviation of the fibre misalignment angle distribution, or the angular 

scatter, was always the lowest at Vf = 0.2 and highest at Vf = 0.4 and 0.6, regardless of 

mould size and fibre tensioning (table 3.5 and figure 3.25-26). Note that the distributions 

in these figures were obtained by dividing the misalignment angles into class intervals of 

0.5" and the Gaussian curves were determined by least squares method. However, the 

average and standard deviation stated on these distributions were calculated from the raw 

data, not from the fitted distributions. Determination of the average and standard 

deviation from the raw data has the advantage that these parameters are independent of 

class intervals chosen to plot the distribution. 

This observation conceming the standard deviation of the fibre misalignment 

distribution can be explained by sirnilar argument as in section 4.5.1, i.e. freedom of fibre 

movement in the rnould. Since few fibre tows were used when Vf = 0.2, the fibres were 

easily "straightened" in the pulling process with little resistance. This results in better 

alignrnent as indicated by the lowest angular deviation of misalignment angle (- 2'). At 

the other extreme, large number of fibres had to squeeze into the mould at Vf = 0.6. Any 

rnisalignments in the original impregnated fibre tows were not totally relieved in the 

pulling process. Nevertheless, a fraction of the fibres were aligned when entenng the 

mould due to high resistance between the fibres. Therefore, the spread of the distribution 

is larger at Vf = 0.6 than at Vf = 0.2. For Vf = 0.4, the resistance between fibres was not 

high enough to align the fibres when they were entering the mould but was high enough 

such that the fibres were unable to align themselves in the mould. Therefore, high 

angular scatter (34")  was observed. It is interesting to note that the expenmentd data 

(solid and empty squares) did not conform to one simple Gaussian curve. In fact, the data 

seem to represent an asymmetrical bi-modal distribution, a combination of two Gaussian 

distributions in this case. Since the data were obtained by random sampling of several 

sections in the pultrusion, it is possible that several misalignment distributions exist 

within one pultrusion. 



Tensioning the fibres made them noticeably straighter: fibre misalignments were 

reduced quite markedly at Vf = 0.2 and Vf = 0.4 (comparing figure 3.25 & 3.26). The 

reduction is less noticeable at Vf = 0.6. Since the resistance to fibre movement in the 

mould is low at Vf = 0.2, tensioning is very effective in aligning the fibres dong the 

pulling direction. However, the tensioning levels (38 N or 1 16 N) used in the study seem 

to be low relative to the resistance between the impregnated fibres and the mould, making 

tensioning less effective in fibre alignment at high V{s. Notice that unlike the 

untensioned case, the experimental results at Vf = 0.4 conform to a simple Gaussian 

distribution (figure 3.26) instead of an asymmetrical bi-modal distribution. This confirms 

that tensioning the fibres has made them more aligned within a pultmsion. 

From the above discussion. 0.4 seems to be a cntical Vf for the pultrusion process 

where the standard deviations of fibre packing and fibre misalignment are the highest. As 

discussed in section 4.5.1, Wimolkiatisak et al. have shown that the degree of randomness 

is the highest at around Vf = 0.3 to 0.4 in a compression moulded carbon/epoxy 

unidirectional composite. Since the fibres they used were the same as ours. it is possible 

that for the geometry of the Hercules AS4 carbon fibres. the criticai Vf sets in at around 

0.4 regardless of the manufacturing process. 

As described in section 1.2.2, if a wavy fibre crosses a shear crack. it either fails in 

tension or flexure. Tensile fracture of the fibres is expected to increase the composite 

shear strength. This will happens if a fibre is wavy or misaligned from the main fibre 

direction. Therefore. if the fibre misalignment distribution is wide (i.e. high standard 

deviation), the chance of having a misaligned fibre is higher, thus a higher composite 

shear strength is expected. Reduction in shear strength by tensioning the fibres seems to 

confirm this hypothesis. The loss of shear strength was especially marked at Vf = 0.2, 

where it was reduced by nearly 50% (figure 3.17 and table 4.2). Figure 4.22a shows that 

good correlation exists between the composite shear strength and angular scatter. The 

neat resin strengths rneasured by the punch and Iosipescu tests are included on the right 

for ease of cornparison. The composite shear strengths are slightly higher than the matrix 

shear strength at both 25°C and 120°C. The angular deviation does not have any effect 

on the composite strength at 25OC. However, the effects become significant at 120°C. 
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When the matrix is nibbery and weak, the fibre misalignment becomes an important 

contributor to the composite strength. The siope of the dashed-dotted line suggests that 

the shear strength increases at a rate of about 12 MPa per degree of deviation. When the 

fibres are tensioned, the shear strength of the composite becomes more sensitive to fibre 

misalignrnent. In fact, the effect of angular deviation on the tensioned fibres at room 

temperature is even stronger than on the untensioned fibres measured at 120°C. The 

dope of the dotted line suggests that the shear strength increases at a rate of about 20 

MPa per degree of deviation. 

For further comparison, the shear strength ratio (ie. composite shear strength 

divided by the matrix shear strength) is plotted as a function of the angular deviation in 

figure 4.22b. The matnx shear strength obtained from the Iosipescu test was used. 

However, similar results are obtained with the punch shear strength, which are not shown 

here. Without fibre tensioning, the shear strength ratio is always greater than unity since 

the composite shear strength is higher than the matrix strength. At 25"C, the shear 

strength ratio is independent of the angular deviation. At 120°C. however, the shear 

strength ratio approximately doubled when the angular deviation increased by 1". 

indicating the strong correlation between the composite shear strength and the angular 

deviation. When the fibres are tensioned, the shear strength ratio becomes less than unity 

since the composite shear strength is less than the matrix strength. In addition, the shear 

strength ratio increases only slightly with the angular deviation. 

It is expected that if fibre fracture increases the composite shear strength. the 

absolute number of fibres which go across the shear crack plane will be more important 

than the misalignment angle standard deviation. It is possible to have more fibres 

crossing the shear crack plane simply because the composite has a higher Vf. The product 

of standard angular deviation (o) and Vf therefore should give a better estimation of the 

actual number of fibres crossing the fracture plane. The relationship between the 

composite shear strength and the product a*Vf is shown in figure 4.23a. The correlation 

is good for the 25°C measurements. After taking the Vf effect into account, the room 

temperature composite strength without fibre tensioning remains independent of a*Vf 

while that with fibre tensioning rernains at the same rate of about 20 MPa per degree. 
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The correlation for the untensioned fibres tested at 120°C is not so gwd. The rate of 

increase of the composite shear strength rises to approximately 20 MPa per degree. A 

plot of shear strength ratio as a function of the product o*Vf is shown in figure 4.23b. The 

correlation is clear between shear strength ratio and the product 0*Vf for specimens made 

without fibre tensioning tested at 120°C and those made with fibre tensioning and tested 

at 25°C. Again. the shear strength ratio is not dependent on the product o*Vf for 

specimens made without fibre tensioning and tested at 25OC. 

4.5.3 Fracture Profile 

In an ideal composite where the fibres were aligned and uniformly packed. shear 

occurs in the matrix only as discussed in section 1.2.1 (figure 4.24a). The parallel shear 

strength of the composite should be equal to the matrix shear strength. The fracture 

surface should be flat since the shear crack does not intersect any fibres. However, the 

fibres are not unifonnly packed in a real composite. There are fibre-rich and resin-rich 

regions. Since the crack tends to go in the path with the least resistance. it propagates 

around fibre bundles and in the rnatrix. Figure 4.24b shows one possible shear plane 

deviated by the presence of fibre bundles. The surface roughness and profile perimeter of 

this fracture surface are higher than those of the ideal composite. 

Without fibre tensioning, the surface roughness increases as the fibre volume 

fraction increases (figure 3.23). However, the profile perimeter is about 50% higher than 

the perfectly flat fracture surface and it does not Vary markedly with Vf or test 

temperature (figure 3.24). When the fibres are tensioned, the surface roughness and 

profile perimeter become independent of Vf. Tensioning the fibres reduces the profile 

perimeter slightly io about 40% higher than the perfectly flat fracture surface. 



(a) ideal composite 

@) real composite with non-uniform fibre packing 

Figure 4.24 Deviation of shear plane caused by presence of fibre- and resin-rich regions 
in paralle1 shear (ie. shearing into the paper) 



It seems strange that for the untensioned specimens, the surface roughness 

increases with Vf but the profile penmeter remains constant. However, it is easier to 

understand if the fracture profile is visualised as a series of sine curves having equation: 

where x is coordinate along the width of the fracture profile and y represents the elevation 

of the profile (figure 2.14). The parameter a is the amplitude and h is the wavelength of 

the sine curve. The surface roughness (R,) and profile perimeter &) are then given by 

equations (4.10) and (4.1 1 ), respectively: 

Clearly, the surface roughness is directly proportional to a. Although equation 

(4.1 1) cannot be integrated analytically, knowledge of the sine geometry shows that its 

arc length depends on both a and h. If a increases, both Rs and L/ increases. In order to 

keep &constant, h has to increase appropriately as a increases. 

For the untensioned case. it is thought that as Vf increases, the amplitude and the 

wavelength of the profile increase simultaneously (or both a and h increase). 

Consequently, the surface roughness increases but the profile penmeter remains 

unchanged with increasing Vf. Some typical fracture profiles obtained at the mid-sections 

of the fracture surfaces are shown in figure 4.25. For the untensioned sarnples tested at 

25°C (figure 4.25a), the roughness of the fracture profile increases and the profile 
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(a) 25°C. no tensioning 

(b) 120°C, no tensioning 

(c) 2S°C, fibre tensioning = 38 N 

Figure 4.25 Typical fiachue profiles at different conditions: (a) 25OC, no tensioning 
(b) 120°C, no tensioning (c) 2S°C, fibre tensioning = 38 N 



perimeter increases slightly as Vf increases. The "ups and downs" are less frequent at 

higher Vf, indicating the penod of the sine curve increases with Vr. Similar patterns are 

observed in the untensioned specimens tested at 120°C (figure 4.25b). 

Deviation of shear plane indicates non-uniform packing of fibres. The shear crack 

plane tends to travel around rather than through a fibre bundle. Therefore, the more and 

larger the fibre rich regions, the greater the shear plane deviates from a straight line, and 

the higher the surface roughness of the fracture surface (or the amplitude of the sine 

curve). Fibre clustering distributions in section 4.5.1 show that the average cluster size 

increases with Vf. At V = 0.2, about 20% of the fibres are packed into clusters of more 

than 10 fibres in size. At V = 0.4, that number increases to 50%. At V f = 0.6, more than 

85% of the fibres are packed in cluster of size greater than 100 fibres. Since the shear 

crack can propagate more easily around than through a fibre cluster. higher surface 

roughness is expected at higher Vf. Therefore, the fibre cluster size has a significant 

effect on the appearance of the fracture profile. 

The product of the average profile perimeter and the distance between the notches 

gives the area of the real shear fracture. The ultimate shear strength of the composite was 

caiculated by equation 3.2. assuming the fracture surface is perfectly flat. However, the 

nomalised profile perirneter indicates that the actual fracture surface ranges form 1.3 to 

1.6 times higher. If interfacial shear strength is ignored for simplicity (at least for now), 

the composite shear strength can be estimated from the matrix strength by multiplying the 

normalised profile perimeter: 

where TE is the composite shear strength estimated form the rnatrix shear strength taking 

into consideration the actual fracture area, is the normalised profile perimeter, while 

Am, and Ax-sedon are areas of the actual fracture surface and the cross-section of the 

specimen, respective1 y. 



The experimentally measured parallel shear strengths (i-e. 90" loading mode) and 

those calculated from equation (4.12) are shown in table 4.3. Good agreement is obtained 

between the experimentd shear strength and that predicted by equation (4.12) for the 

specimens without fibre tensioning tested at 25°C. However, the agreement is not so 

good for the untensioned specimens tested 120°C. The discrepancy is largest at Vf = 0.4, 

for which the estimated shear strength is about 40% lower than the shear strength 

obtained. It is possible that the extra shear strength is due to fibre misalignment a d o r  

interfacial shear strength. Assuming the fibres are well-aligned, parallel shear strength is 

composed of the matrix and interfacial shear strength according to figure 4.26: 

where q, is the interfaciai shear strength while Am and Ai are the areal fractions of the 

matrix and the interface, respectively. Substitute G, = 41 MPa, T,,,. = 13 MPa and 9, = 63 

MPa for untensioned Vf = 0.4 specimens tested at 120°C into equation (4.13), we obtain 

A, = 0.44 and Ai = 0.56. The fractograph of a typical area of the fracture surface shows 

that the results are not unreasonable (figure 3.28b). 

The agreement was worse for the specirnens tensioned at 38 N and tested at 25°C. 

The agreement is good for Vf = 0.6 but not so good for Vr = 0.4. The measured shear 

strength of Vf = 0.2 seems anomalous. After adjustment, the composite strength alrnost 

doubles the strength measured. Note that the average profile perimeter is slightly lower 

for the tensioned case, so the shear strength after adjustment is the sarne within 

expenrnental error, regardless of fibre tensioning. Therefore, the unusually low shear 

strength measured for Vr = 0.2 seems to be caused by other factor(s), which will be 

discussed in Iater sections. 

It is expected that the higher the surface roughness and profile perimeter, the 

larger the fracture area, thus the higher the composite shear strength. However, this is not 

completely borne out. Without fibre tensioning, the surface roughness increases with Vf 

but the composite shear strength is independent of Vc (section 4.3). The opposite was 



Table 4.3 Adjustment of parallel shear strength due to deviation of shear plane 

Figure 4.26 Paralle1 shear of a composite with fibres packed in a square array 

average shear 
strength (MPa) 
Vf = 0.2 
VF = 0.4 
VF = 0.6 
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25OC, O N 
expt. 
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5919 
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eqn(4.12) 
57G 
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expt. 
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27G 

25"C, 38 N 
eqn(4.12) 

2314 
2414 
24I3 

expt. 
28*4 
44~5 
5Ck8 

15&2 
1311 

eqn(4.12) 
5414 
61+7 
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observed for the tensioned fibres: the composite strength increases with Vf while the 

surface roughness and the profile perimeter are independent of Vf. It prompts the 

question that the fracture profile may not have anything to do with the composite shear 

strength or the effect is negligible. Also, there may be other mechanism(s) which work in 

the opposite direction that balance out the fracture profile effects. 

The surface roughness is a measure of how the fracture surface deviates from a 

perfectly flat one. The presence of fibre bundles, resin-nch regions or voids can affect the 

surface roughness. Figure 4.27 shows a linear correlation between the surface roughness 

and the fraction of touching fibres. As the fraction of touching fibres increases, larger 

fibre bundles exist in the composite, thus the surface roughness increases. The best fit 

line intersects the x-axis at around 0.3. This suggests that if the fraction of touching 

fibres is lower than 3096, the fracture surface will approach a perfectly flat surface. This 

requires the fracture path io propagate in the matrix only, not crossing any fibres. Ideally. 

it is only possible if very few fibres are present in a composite. Note that the fraction of 

touching fibre is about 0.6 at Vf = 0.2. In order to reduce the fraction of touching fibres 

to 0.3. the Vf required will be so low that it approaches to zero. 

4.6 Quantitative Analysis of Fracture Surfaces 

The broken fibre density on the fracture surface tested at 25°C increases with the 

fibre volume fraction. If a wavy fibre crosses the shear crack plane. two fibre fractures 

should be observed on the fracture surfaces. The two fibre breaks should be pointing in 

opposite directions: one fails in flexure while the other fails in tension. However, more 

fibres were found broken in tension than in fiexure on the 25°C fracture surface (figure 

3.38). The proportion is most pronounced for Vf = 0.4 for which about three tirnes as 

much fibres were broken in tension as in flexure. At Vr = 0.2, the number of fibres 

broken in tension almost doubled the number broken in flexure. For Vf = 0.6, the number 

of fibres broken in tension is only slightly higher than the number broken in flexure. 

Similar patterns are observed in the tensioned specimens tested at 25°C. More fibres 

were broken in tension than in flexure on the fracture surface. Unlike the 25°C fracture 
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surface, more fibres were broken in flexure than in tension at 1 20°C (figure 3.38). The 

number of fibres broken in flexure was about double that in tension at Vf = 0.2 and 0.6 

while the two numbers are about the same at Vf = 0.4. 

One possible explanation that the number of fibres broken in tension differs from 

the number in flexure may due to the fact that the fibres tend to wander in a synchronised 

fashion, possibly involving very large fibre bundledtows with large wavelengths at small 

misalignment angles. The fracture surface of a specirnen is only a very small portion of a 

large wavy fibre bundle. and the proportion between fibres broken in tension and flexure 

depends on where the specimen was cut frorn that wavy bundle (figure 4.28). It is 

expected that the effects may cancel out if fracture surfaces from a Large number of 

samples are examined. The misalignment angle distributions seem to support this 

hypothesis as well. Certain experimental results, notably Vf = 0.2 and 0.4 composites 

without fibre tensioning (figure 3.25a & b) , do not confom to a single Gaussian 

probability density function. Instead, they appear to be a combination of several Gaussian 

probability density functions. Since several sections from a pultrusion were randomly 

seiected for measurement, it is possible that the sections were cut from different parts 

from the wavy fibre tows, generating several probability density functions. 

The broken fibre density increases with fibre volume fraction (figure 4.29). The 

line obtained frorn linear regression passes through zero as expected since there is no 

fibre to be broken at Vr = O. There are. on the average, about 18 broken fibre/mrn2 for 

every 0.1 fibre volume fraction. The test temperature did not have any significant effect 

on this relationship. This is again expected since the test temperature should not change 

the fibre architecture in the composite. However, it is surprising that the broken fibre 

densities of the specimens with fibre tensioning almost coincide with those of the 

untensioned specimens. As discussed in section 4.5.2, tensioning the fibres made them 

noticeably straighter, thus it is expected that fewer fibres will cross the shear crack plane 

and be broken. There seems to be two possibilities that the same broken fibre densities 

are obtained from two significantly different fibre misalignment angle distributions. One 

possibility is that the broken fibres were introduced by the pultrusion process but were 

not introduced by the shear loading process. That is, the broken fibres were there to staR 
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with, thus its density is independent of the fibre misalignment angle distributions. 

Another possibility is that there exists a critical misalignment angle in the composite such 

that any fibre misaligned from the main fibre direction at an angle greater than the critical 

angle which crosses the shear plane, has to be broken. If the critical misalignment angle 

for the pultrusion is very small (e.g. fraction of a degree), it is likely that most of the 

misaligned fibres crossing the shear plane will be broken. 

In order to find out if the broken fibres are responsible for the higher than 

expected composite shear strength, the broken fibre densities are plotted with their 

correspondhg composite shear strengths for various test conditions (figure 4.30). For 

specirnens made without fibre tensioning and tested at 2S°C, the composite shear strength 

is not a function of the broken fibre density. However, when the specimens are tested at 

120°C. the composite shear strength seems to comlate with the broken fibre density. The 

composite shear strength increases at about 0.3 MPa for every fibre broken on 1 mm' of 

the fracture surface. When the two lines are extrapolated to zero broken fibre density, 

positive y-intercepts obtained are about 56 MPa and 24 MPa when the test temperatures 

are 25OC and 120°C , respectively. Recall that the resin strengths at 25°C are 4 2 d  MPa 

and 5 4 ~ 1  MPa as obtained by the punch and Iosipescu tests, respectively The y-intercept 

value is reasonably close to the resin strength, especiaily that measured by the Iosipescu 

test. At 120°C. the resin strengths obtained from the punch and the Iosipescu tests are 

very close: 1 4 d  MPa and 1311 MPa, respectively. The y-intercept value at 120°C 

aimost doubles the resin strength, which means that the presence of fibres somehow 

increases the resin strength (as discussed in section 4.5.1). When the fibres were 

tensioned at 38N and tested at room temperature, the composite shear strength became 

more sensitive to the broken fibre density. The composite shear strength increases at 

about 0.38 MPa for every fibre broken on 1 mm2 of the fracture surface. 

Before the failed specimens were put in the SEM for examination, they were 

marked and oriented in such position that the fibres broken in tension always point up. 

Since the tensile strength of the fibre is very high compared to that of the epoxy resin, it is 

expected that tensile failure of the fibres contributes significantly to the composite 

strength. On the other hand, the flexure strength of the fibres is negligible. It is therefore 
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sensible to correlate the composite shear strength with tension broken fibre density (figure 

4.31). For specimens made without fibre tensioning and tested at 25°C the composite 

strength is not affected much by the tension broken fibre density. It seems that the tensile 

failure of the fibres during the Ioading process contributes little to the composite strength. 

Quantitatively. the slope of the regression line indicates that each fibre broken on every 

mm2 of fracture surface contributed 0.13 MPa to the parallel shear strength of the 

composite. It is possible to estirnate the extra strength (L) to be gained by the 

material if 1 fibre is broken in tension on 1 mm2 of the fracture surface using the 

following equation: 

where pbf is the broken fibre density, r is the radius of the fibre and is the fibre tensile 

strength. Substitute the appropriate values for AS4 carbon fibres into the equation: 

Tex, = 1 *x(4x 1 04)'(3.8x log) = 0.19 MPa 

This estimated value of 0.19 MPa is very close to the measured value of 0.13 

MPa, for the strength contributed by 1 fibre broken on 1 mm2 of fracture surface. In 

addition. the y-intercept of the regression line is about 57 MPa. representing the shear 

strength of the composite if no fibres were broken. This is in close agreement with the 

pure resin strength of 5411 MPa as measured by the Iosipescu shear strength but slightly 

higher than 42I2 MPa as measured by the punch shear test. Since this resin was brittle, it 

is probable that the higher result is closer to the true strength. Epoxy resins contain small 

particles which cm act as stress raisers 11321. 

The composite shear strength tested at 120°C increases with tension broken fibre 

density (figure 4.31). On the average. the composite shear strength increases at about 

0.55 MPa for every fibre broken in tension on 1 mm2 of fracture surface. This nearly 

triples the 0.19 MPa as estimated above. The y-intercept of the regression line is 20 MPa. 

which is slightly higher than the pure resin strength of 14k2 MPa and 1311 MPa as 

measured by the punch and Iosipescu tests, respectively. 



It is not clear why the broken fibres at 120°C contributed more to the composite 

shear strength than their share. One possible explanation is that due to the high local 

stress near the shear crack plane and the rubbery nature of the resin at high temperature. 

sorne fibres break "ne&* but not at the shear crack (figure 4.32). During oblique tende 

loading of the fibre, it might break at a flaw on its embedded length in the matrix. Upon 

further loading, the fibre will be pulled out. The pull out force contnbutes significantly to 

the composite strength because of the high interfacial shear strength. 

Using the single fibre pull out test, Wang and Piggott [122] showed that although 

the interfacial shear strength is independent of temperature, the maximum pull-out length 

increased with temperature (figure 4.33). In a single fibre pull out test. the maximum 

pull-out length represents the maximum length of fibre permitted to be embedded in the 

matrix such that the fibre can be pulled out instead of being broken. At low temperature. 

the maximum pull-out length is low, so most of the fibres which broke near the shear 

crack are not likely to be pulled out. However, at high temperature, the fibres which 

broke near the shear crack plane are more likely to be pulled out and contribute to the 

composite strength. As a resuit, the extra strength contributed by the fibres cm be 

estimated by accounting for the pull-out effect: 

where p,,f is the pulled-out fibre density and L,, is the average pull-out length. 

Refer to the 1 10°C test data provided by Wang and Piggott [122], riu = 63 MPa, 

and 0.1 mm is a reasonable value for 4.. Substitute the appropnate data for AS4 carbon 

fibres, it is possible to estimate the extra shear strength contributed by each fibre which is 

broken and pulled-out from the matrix in 1 mm2 of the fracture surface: 

G,,, = O N  +0.16=0.35 MPa 
O 

which goes only part of the way in explaining the high contribution by the broken fibres 

as determined from the dope of the les t  square line. It is possible that the average pull- 

out length (L, = 0.1 mm) was underestimated. 



(a) fibre broke in tension at shear crack 

(b) fibre broke in tension in matrix near shear crack 

Figure 4.32 Two possible positions of fibre break (a) at the crack (b) near the crack 

Figure 4.33 Relationship between maximum pull-out length and temperature 



With fibres tensioned, the composite shear strength becomes very sensitive to the 

broken fibre density (figure 4.31). The slope of the regression line indicates that each 

fibre broken in tension in every mm2 of fracture surface contributed 0.76 MPa to the 

composite strength. The regression line intersects the y-axis near 5 MPa, which is very 

much lower than the pure resin strength of 28k4 MPa. Compared to the untensioned 

case, the y-intercepts are usually higher than the pure resin strength, indicating that the 

presence of fibres increases the strength of the rnatrix. However, the presence of 

tensioned fibres seem to decrease the matrix strength. 

If the broken fibres indeed contribute to the composite shear strength, the effects 

would be obvious in the plot of the difference between the composite and the matrix 

strengths, ( T = ~ - T ~ , ) ,  against the broken fibre density. This difference, (T~.-T,,-,.), would 

represent the composite shear strength contribution by the fibres. Figure 4.34a & b show 

such relationship with the matrix shear strength measured using the punch and the 

Iosipescu test respectively. The strength difference (T~,&,,,) increases very slightly with 

the broken fibre density with the matrix strength measured by either test. 

If the fibres break during the failure process and contribute directly to the 

composite shear strength, then the composite shear strength is given by the following 

equation: 

where Afb is the fraction of the total shear fracture surface that consists of broken fibres 

and cf,, is the fibre strength. 

Knowing that the diameter of the carbon fibre is 8.0 Pm, Am cm be written as: 
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Since Am is very small, equation (4.16) can be written as: 

Putting ah = 3.8 GPa, the contribution from the broken fibres is about 0.095 MPa 

per fibre in each mm'. This slope is drawn through the expenmental results in figure 

4.34, taking into account the plus or minus one standard deviation error bars. The 

agreement with equation (4.18) is moderately good for the untensioned fibres tested at 

25°C. The Vf = 0.2 result is too Iow in the case of the tensioned fibres. Equation (4.18) 

does not fit the data obtained at 120°C. Apparently, there are other effects involved. If 

we assume the fibre is broken in the matrix near the shear crack and is pulled out as 

discussed above. the excess shear strength can be expressed as : 

The contnbution from the broken fibres is about 0.17 MPa per fibre in each mm2. 

This provides a better fit to the 120°C untensioned data in figure 4.34. but the correlation 

is still poor. 

It is Iess good when only the fibres broken in tension are considered. If the 

surface density of these fibres is p,==, then instead of equation (4.18) we have: 

This plot is shown in figure 4.35, with lines superposed from equation (4.20). 

The correlation is not as good as i n  figure 4.34. Again, if we assume the fibres were 

broken near the shear crack and were pulled out of the matrix: 

bu - ~ r n u  = p t e d ~ ~ f u  + 2mLpo~J (4.2 1 ) 

The contnbution frorn the broken fibres is about 0.35 MPa per fibre in each mm' 

(figure 4.351, but the correlation is still poor. 

Measuring the broken fibre density is a time-consuming task. Analysis of one 

whole fracture surface requires capturing a minimum of 45 SEM fractographs and 

countless hours of semi-automatic image analysis on the cornputer. Therefore, it would 

be time effective if mesostrucnire analysis can be used to obtain similar data. As 
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discussed in section 4.5.2, the product of angular standard deviation and fibre volume 

fraction, c*Vr , is a quantity which is likely to be proportional to the number of fibres 

crossing the shear fracture plane. Figure 4.36 shows that linear reiationship exists 

between the broken fibre density and o*Vf. The proportiondity constant is higher when 

the fibres are tensioned. This linear relationship is important since mesostructurai results 

can now be correlated directly to a physical quantity, the broken fibre density. This 

quantity has shown to be related to the composite shear strength, in some cases anyway. 

With further experimentation, it may be possible to estimate composite strength directly 

from rnesostructural data. 

4.7 Qualitative Analysis of Fracture Surfaces 

SEM pictures of the 90" mode fracture surface reveal that the appearance and 

fracture mechanism tend to be dominated by matrix fracture (hackles and scallops) and 

fibre-to-matrix separation (clean fibres and imprints). Some broken fibres were found on 

the fracture surface. 

Separation of the fibre from matrix occurs at the interface. The fibre serves as a 

source of crack initiation sites as evident from the smdI amount of cohesive matrix 

fracture that occurs along the fibre. River markings, which are characteristic feanires of 

mode 1 fracture, are observed to initiate at the fibre and coaiesce into the mid section of 

the hackle (figure 3.30b). Matrix between the fibres fractured in a cohesive, brittie 

manner, producing microscopic features such as hackle and scallop, which are 

characteristic of shear failure of composites. 

The rows of hackles found in the cohesive matrix fracture regions between the 

fibres are formed from coalescence of microvoids [145]. During shear loading, the 

principal tensile stresses are oriented at 45' to the applied shear as indicated by resolution 

of forces (figure 4.37). Sincematrix fracture occurs in a rnicroscopic plane normal to the 

resolved tensile stress, a series of distinct microcracks is formed ahead of the main crack 

front. As the strain or stress increases, these small parallel microcracks grow and 

coalesce to f o m  a series of upright curved platelets (figure 4.38). The river markings and 
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the steps of crack initiation and arrest observed on the hackles and the scallops at high 

magnification (figure 3.30-33b) confirm the rnicroscopic separation mechanism is mode 1 

tension in the direction of the resolved principal tensile stress. 

There are two possible mechanisrns in the in the tensile separation of the matrix 

which result in the formation of hackles and scallops (figure 4.38). Depending on which 

mechanism operates, the hackles may tilt at the sarne or opposite direction of the direction 

of crack propagation. As a result, the absolute direction of crack growth cannot be 

established, however, the hackle orientation can be used to estimate the direction parallel 

to which crack growth occurred. From the fractographs presented in figures 3.30-37. the 

hackle tilt direction is parallel to the fibres. 

The basic fracture surface characteristics do not change significantly as the test 

temperature increases: shear hackles. scallops and broken fibres are present. Detailed 

examination using SEM showed that fewer hackles are observed on the fracture surface 

and there are regions with fibres coated with matnx at higher test temperatures. The 

parallel platelets are more curved, pointed and separated from each other further in the 

series. This trend has also been observed in interlaminar mode Ii fracture of a Hercules 

350 1 &AS4 unidirectional laminate tested using the ENF method [ 1461. The main 

reason is probably due to the increased ductility of the matrix at elevated temperatures. 

The microcracks are believed to be initiated at solid body flaws present randomly in the 

matrix. As the temperature increased, the initiation of the microcracks at the particles 

becomes more difficult since the high local stress is relieved due the increased ductility. 

Consequently. microcrack initiation is lirnited to those particles which can create a high 

level of stress concentration- As a result, fewer hackles are formed and the platelets are 

further apart. The curved and pointed platelets further confirm yielding and plastic flow 

of the matrix with high ductility at elevated temperatures. 

The presence of regions with fibres and broken fibres which are coated with resin 

at high temperature (figure 3.37) indicates that mechanisms other than shear operate at 

the sarne time. Detailed examination of the fracture surface reveais river markings in the 

resin between the fibres and the presence of broken fibres, which are characteristic 



features of mode 1 fracture. Finite element studies have indicated that tensile stresses are 

present in the 90' loading of the Iosipescu specimens [42, 1241. Since the fraction of 

mode II features decreases while that of mode 1 increases, it is Iikely that the tensile 

component begins to dorninate as the ductility of the matrix increases at high 

temperatures. 

It is aiso noticed that the proportion of fracture surface covered with hackles is 

higher for composite specimens made with epoxy A than epoxy B at any particular 

temperature. It is likely that the ductility of the matrix plays an important role in the 

fracture mode of the composite. Dynarnic mechanical testing was performed on the pure 

epoxy A and B using a Dynamic Mechanical Thermal Analyzer (DMTA) [129]. The 

glass transition temperature (Tg) was defined as the temperature at which tan5 is the 

highest. The DMTA results indicated that the Tg of epoxy A (1 10°C) is higher than 

epoxy B (85°C). Therefore. it is expected that epoxy A is more brittle than epoxy B at 

any particular test temperature in this study. Figure 4.39 shows the effects of temperature 

on the storage moduli of pure epoxy A and B. The test temperatures for shear strength 

measurements are marked on the curves for ease of comparison. The resins were very 

rubbery at lûû°C, especially for epoxy B. 

The discrepancies of features on the composite fracture surfaces at different 

temperatures clearly indicated that the failure process is different. At lower temperature, 

the composite failure process involves brittle. cohesive matrix fracture and interfacial 

failure (figure 3.30). On the other hand, yielding and ductile matrix failure (figure 3.36) 

dorninate at high temperature. In addition, fibre pull-outs and mode 1 failure (figure 3.37) 

are involved. 

4.8 Secondary Effects 

Residual stresses in the composite may affect the composite shear strength. First 

of dl, any direct effect due to relaxation of stress after the tensioned fibres are unloaded 

can immediately be dismissed. These loads were far too small to stress the fibres 

significantly. However, if we suppose that straight fibres permit the build up of stress due 
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to differential themal shnnkage during cooling from the cure temperature, while wajy 

fibres allow complete relaxation. we cm provide some bounding values for residlial stress 

effects. Let the decrease in temperature be AT, and the difference in thermal expansion 

coefficient Act = - ar (the subscripts represent matrix and fibres respectively). Then 

rigid rod fibres will resist the matrix shrinkage, so that, if both contract together. stresses 

am and oc will be produced such that: 

where E, and Er are matrix and fibre Young's moduli. Furthemore, force equilibrium 

requires that: 

Combining equations (4.22) and (4.23): 

Note that this is a very simplified analysis, reference [147] gives more complete analyses. 

For carbon-epoxy composite. V&,« Vf&, so equation (4.24) reduces: 

For polymer shear failure, it is necessary to determine the maximum tensile stress, rather 

than the maximum shear stress. As discussed in section 4.1, when polymers are sheared, 

they appear to fail in tension, with the shear strength equal to the tensile strength. In 

plane stress, with stresses G ~ ,  o, and T, the maximum stress ornu is given by [148]: 

L'L 

Assume that the local stresses c m  be 

= tu and a,, = Cm". Putting in these 

ignored and let a. = o, (equation 4.26), cY = O, T,, 

values and rearranging gives: 



While the effect of Gm is quite significant, it only goes part of the way to 

explaining the low value for the stressed fibres at Vf = 0.2. Putting Em = 2.5 GPa, A a  = 

30 MK' and AT = 85 K CT, for this resin is 105°C and AT = Tg - Tm,) into equation 

(4.241, flrn e 13 MPa. For tu = 54 MPa, equation (4.26) gives about 47 MPa for h.. 

Thus, at most, the shrinkage stresses only reduce r, by about 7 MPa. Residual stress 

seerns to explain the low (.r,. - tu) values for the tensioned fibres at Vf = 0.4 and 0.6 but 

not for Vf = 0.2. Ln view of this and other results, the .r, value for Vf = 0.2 appears to be 

anomalous. This could be due to the samples having unduly high void contents. It was 

very difficult to make pultrusions with low fibre volume fraction without trapping air. and 

it is well known that high void contents reduce the composite shear strength [103. 109- 

1141. 

4.9 Mode1 for Parallel Shear Strength 

A real composite is modeled in figure 4.40. The fibres are not packed uniformly. 

They are packed in clusters or bundles. They are not perfectly aligned in the main fibre 

direction either. instead, they wander in small angle in-plane a d o r  out-of-plane. If a 

wavy fibre happens to cross a shear crack plane, it either breaks at the shear crack or near 

the shear crack (figure 4.32), depending on the flaw size distribution and the maximum 

pull-out length for a particular fibre-matrix system. If the fibre breaks near the shear 

crack, the fibre will be pulled out by the iensile stress exerted on the fibre. 

Using this model, the parallel shear strength of a unidirectional composite 

depends on matrix shear strength, the interfacial shear strength, the amount of broken 

fibre on the fracture surface and the amount of fibre pull-out. Thus the shear strength can 

be expressed as: 

where A, and Ai are the area fractions of matrix and interfaciai fracture, respectively, p, 

is the fibre pull-out density or the number of fibre pull-out per mm2 of fracture surface 

and L, is the average fibre pull-out length. 
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Figure 4.40 Schematic illustration of the mode1 used for evaluating parallel composite sliear strength 



Note that if the interfacial shear strength is higher than the matrix shear strength, 

fracture will occur in the matrix only. Thus the Ai%, term in equation (4.28) is neglected. 

However, if the interface is weaker than the matrix, the failure involves both contribution 

of the matrix and the interface, therefore both A,?m, and AiTi" terms have to be included. 

Since the interfacial shear strength of AS4/epoxy is high, we can neglect the Ai.riU term in 

equation (4.28) in Our anaiysis. 

Since the broken fibre and fibre pull-outs consist of a very small fraction of the 

frzcture surface, therefore A, approaches 1, i.e. most of the fracture occurs in the matrix. 

However, we noted that in section 4.5.3 that the fracture profile is not flat at dl. The 

surface roughness of the fracture surface raises the profile perirneter of the fracture 

surface, thus increasing the actual fracture area of failure. Therefore A, should be Lt 
instead of unity in order to represent the real fracture area. 

Taking into account the above considerations, equation (4.28) cm be simplified to 

the following: 

4.9.1 Estimation of Shear Strength 

The shear strength contributions from different sources for the untensioned case 

are summarised in table 4.4. Using the profile perimeter (Ld data in section 3.5.3, the 

actuai fracture area is corrected for in column 4 (table 4.4). The strength contribution 

from the broken fibres is calculated in column 5. This is calculated using the broken fibre 

data in section 3.6.2. Note that the calculation is based on those fibres broken in tension 

only, Le. half of the total number of broken fibres found on the fracture surface. The 

strength contribution from fibre pull-out is tabulated in column 6. They are calculated by 

assuming the fibres broken in tension were also pulled out at an average length of 0.05 

mm (based on the maximum pull-out length of 0.2 mm at 120°C for AS4/epoxy system). 

Note that only a ver-  small arnount of fibre pullsut was observed on the 25°C fracture 



surface, the effect is negligible at room temperature. The composite shear strengths after 

adjustrnent for different rnesostructures are shown in column 7. Column 8 lists the 

experimental composite shear strength for cornparison. The sumrnary in table 4.4 is also 

represented graphically in figures 4.4 14-42. 

Table 4.4 Shear strength contribution by different sources 

(Oc) 1 1 punch test 1 contribution 1 contribution 1 contribution 1 1 
Temp 

* cdculated for fibres broken in tension only i.e. half of total broken fibres 

** assume al1 fibres broken in tensioned are pulled out with a length o f  0.05 mm 

When the specimens are tested at 25OC, the composite shear strength is shown to 

be independent of fibre volume fraction (section 4.3), fibre misalignment (section 4.5.2) 

and the amount of broken fibres (section 4.6). Since the SEM fractographs reveal that the 

arnount of fibre pull-out on the fracture surface is very small, the last term in equation 

(4.28) can be neglected. From figures 4.41, we see thai the surface roughness contributes 

a high fraction to the composite shear strength but the contribution from broken fibres 

consists of only a srnall proportion. The predicted shear strengths are higher than the 

experimentai shear strengths. Consider that the prediction by the mode1 is based on the 

mesostructural measurement of only one fracture surface at each Vf while the 

experimentai shear strengths are based on at least 5 specimens, the calculated and the 

experimental shear strength are reasonably close. 

Vf Trnu Lt 8; 
8 .  

*PO 7, (cal'd.) 2, (expt.) 
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Figure 4.4 1 Comparison of composite shear strengths measured experimentally and 
those calculated by the model. Tests performed at 25°C. 
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Figure 4.42 Comparison of composite shear strengths measured expenmentally and 
those calculated by the model. Tests performed at 120°C. 



When the specimens are tested at 120°C, the composite shear strength is shown to 

be independent of fibre volume fraction (section 4.3). However, the composite shear 

strength is dependent on fibre misalignment (section 4-52), the amount of broken fibres 

and fibre pull-outs (section 4.6). Like the 25°C case, the surface roughness contributes a 

high fraction to the composite shear strength, at about 50-60% (figure 4.42). In addition, 

the broken fibres also contributes highly, especially at high Vf when the broken fibre 

density is high; The fibre pull-out strength also consists of a notable part of the 

composite strength, although not to the extent as the broken fibres. Note that it is very 

difficult and time consuming to identify and even more so to quantify fibre pull-out on 

the shear fracture surface, it is assumed that ail the fibre broken in tension were also 

pulled out. Since the maximum pull-out length for the present system is 0.2 mm at 120°C 

[122], an average pull-out length of 0.05 mm is used as an estirnate. The shear strength 

computed are again higher than the experimental results, except at Vf = 0.4 where very 

good agreement is obtained. The agreement is reasonably good for Vf = 0.6, considering 

the experimental results are obtained as an average of many specimens when the 

computed shear strength is based on the mesostructural measurement on only one 

specimen. It should be point out that the computed shear strength doubles the 

experimental result at Vf = 0.2. The results is probably not reliable since the resin 

becomes very rubbery at 120°C with the small amount of fibres at Vr = 0.2. thus very 

large deformation occurs in the iosipescu specimen. Note that the resin shear strength 

measured by the punch test is 15 I 2 MPa, which is higher than the measured composite 

shear strength of 13 I 2 MPa ! Therefore, it is not surprising that the predicted shear 

strength is higher than the experimental result. 



5. CONCLUSIONS 

For the polymers, tensile strength is approximately equal to shear strength, and shear 

fracture is not a norrnai failure process. 

Shear failure in aligned fibre composites is also a tensile failure process, and tensile 

failure of fibres occurs as well as polymer tensile failure. 

No clear cut correlations have been found between composite "shear" failure and any 

mesostmcture. However, fibre waviness probably does play a role, in that the greater 

the fibre waviness, the greater the probability of fibres crossing the failure surface 

and hence being broken. 

"Shear" strength of aligned fibre composites is determined by a cornplex interplay 

between pol y mer fai lure, interface failure, fibre failure and residual thermal stresses. 

6. RECOMMENDATIONS 

The von Mises criterion, which is generaily used to describe yielding of metals, is 

not recommended for descnbing the yield behaviour of most polymers. 

When a polymer is subjected to shear testing using the punch method. caution should 

be taken that most polymers actually fail in tension. 

In a real unidirectional composite, the composite shear strength is not equal to the 

matnx shear strength. Mesostrucnirai parameters should be taken into account. 

Fibre tensioning is recommended dunng the manufacturing process in order to 

improve fibre alignment and packing uniformity, and to reduce fibre touching in 

unidirectional composites. However, tensioning level should not be too high as it 

might damage the fibres or create voids in the component. 

In this project, the mesostructures are unintentionally introduced into the composites 

from the manufacturing process. In order to gain a better understanding in the 

mesostructures-property-processing link, it is recommended that systematic ways to 

introduce rnesostructures should be designed in future research projects. 
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8. LIST OF NOMENCLATURE 

English Symbols 

amplitude of sine representation of fracture profile (mm) 

length of the C-C single bond (nm) 

lower limit of the Weibull variable (unit depends on the random variable in question) 

cross-sectional area of pultnision mould (mm2) 

Aereal fraction of shear fracture area involving broken fibres (dimensionless) 

area of the measurement field (mm2) 

area of actual fracture surface (mm') 

areal fraction of interface (dimensionless) 

areai fraction of matrix (dirnensionless) 

cross-sectional area of specimen (mm2) 

scaling factor in Weibull distribution (dimensionless) 

shape factor in Weibull distribution (dimensionless) 

conversion factor (mm / pixel) 

effective molecular diameter of polyethylene chah (nm) 

Iength of minor axis of the elliptical fibre cross section i.e. fibre diameter (pm) 

centre-to-centre distance between fibres i and j (pm) 

diameier of the punch (mm) 

interfibre distance (pm) 

distance between tangent planes of the ih class fibre (mm) 

Young's modulus (GPa) 

Young's modulus of fibre (GPa) 

Young's modulus of matrix (GPa) 

number fraction of total number of fibres that is at angle falling within ce11 i 
(dirnensionless) 

volume fraction of total fibre volume that is at angle fdling within ce11 i (dimensionless) 

force exerted on the polyethylene molecule in the shear failure zone (N) 

maximum force before polymer molecule would be pulled out OIS) 

maximum tensile force (kN) 

strength of polymer chah (GPa) 



force at which linearity with displacement ends (kN) 

force at fint peak on the force-displacement curve (kN) 

shear modulus of fibre (GPa) 

shear rnodulus of rnatrix (GPa) 

matrix stress concentration factor in shear (dimensionless) 

length of major axis of the elliptical fibre cross section (p) 

projected length of the molecule into the upper side above the shear failure (p) or 
side dimension of a cubic volume element (mm) 

normalized profile penmeter (dimensionless) 

average fibre pull-out length (mm) 

repulsive power law exponent for theoretical strength equation (dimensionless) 

attractive power law exponent for theoreticai strength equation (dirnensionless) 

total number of cells (dimensionless) 

number of tows of fibres (dimensionless) 

average number of fibres of class i counted per unit area (dimensionless) 

number of near neighbours (dirnensionless) 

average number of near neighbours (dimensionless) 

number of fibres with angles falling within ce11 i (dimensionless) 

number of black pixels on the j" section (dimensionless) 

maximum number of carbon atoms per polymer chah (dimensionless) 

number of nearest neighbours (dimensionless) 

average number of class i fibres per unit volume (mm')) 

numeric aperture (dimensionless) 

property to be determined (eg. strength. initial modulus, or initial Poisson's ratio) 
(unit depends on the property in question) 

property at temperature T. (unit depends on the property in question) 

probability in Weibull distribution (dimensionless) 

fibre radius (p) 

half of the centre-to-centre distance between two fibres (p) 

degree of randomness (dimensionless) 

normalised surface roughness (dirnensionless) 

separation between two fibres (p) 



resolving power of light microscope (p) 

variance of fibre volume fraction distribution (dirnensionless) 

thickness of the Iosipescu, punch and tensile specimens (mm) 

glass transition temperature of polymer (OC) 

room temperature (K) 

reference temperature (K) 

test temperature (OC) 

displacement in x direction (pm) 

displacement in y direction (pm) 

fibre volume fraction (dimensionless) 

volume fraction of intermeshing regions (dirnensionless) 

volume fraction of void (dirnensionless) 

volume fraction of regions with synchronised fibre waviness (dimensionless) 

distance between the notch roots in the Iosipescu specimen (mm) 

width of the gauge section of the ASTM D638 tensile specimen (mm) 

weight fraction of fibres (dirnensionless) 

weight fraction of matrix (dirnensionless) 

CO-ordinate dong width of fracture pro fi le 

average of fibre volume fraction distribution (dimensionless) 

CO-ordinate representing ups and downs of profile 

y CO-ordinate of the i' daturn on the j" section 

average value of the y-CO-ordinates on the j" section 

Greek Symbols 

af thermal expansion coefficient of fibre (MK') 

Oc, thermal expansion coefficient of matrix (MK") 

P angle between two fibres (O) 

6 arnount needed to. be lifted up during shear failure due to interrneshing fibres (prn) 

Aa difference in thermal expansion coefficient = (a, - e) (MK") 
AT difference between curing and room temperatures ( O C )  

Av displacement of the punch (pm) 



gap between plunger and the hole in the punch ( p l  

linear density of a fibre tow (g.mm-') 

shear strain (dimensionless) 

exponent (O I q 5 1) (dirnensionless) 

stress partitioning parameter in shear (dimensionless) 

wavelength of sine representation of fracture profile (mm) or 

wavelength of light (nm) 

random variable in Weibull distribution 

density (gmm") 

broken fibre density (number of broken fibres / mm2 of fracture surface) 

tension broken fibre density (number of broken fibres I mm' of fracture surface) 

standard deviation of misdignment angle distribution ( O )  

standard deviation of Vr and/or s/df obtained expenmentally (dirnensionless) 

stress in fibre (MPa) 

tensile strength of fibre (GPa) 

stress in matrix (MPa) 

maximum tensile stress in plane stress condition (MPa) 

ultimate tensile strength of matrix(MPa) 

tensile yield strength of matrix(MPa) 

stress concentration parameter (dirnensionless) 

theoretical strength of the polymer (GPa) 

stress equivalent to the van der Waals forces (MPa) 

tensile stress in x direction in plane stress condition (MPa) 

tensile stress in y direction in plane stress condition(MPa) 

standard deviation obtained from a totally random composite (dimensionless) 

shear stress (MPa) 

ultimate shear strength of composite in 1-2 or 2- 1 direction (MPa) 

composite shear strength estimated fom the matrix shear strength taking into 
consideration the actual fracture area (MPa) 
yield shear strength of composite(MPa) 

excess composite strength gained by the broken fibres and/or fibre pull-outs (ma) 



average fibre stresses (MPa) 

interfacial shear strength (M'Pa) 

rnatrix stresses (MPa) 

average matrix stresses (MPa) 

ultimate shear strength of matrix (MPa) 

yield shear strength of matrix (MPa) 

shear strength in the direction parailel to the fibres (MPa) 

shear strength in the direction perpendicular to the fibres (MPa) 

shear stress in plane stress condition (MPa) 

in-plane ultimate shear strength of unidirectional composite in 1-2 direction (MPa) 

in-plane ultimate shear strength of unidirectionai composite in 1-3 direction (MPa) 

angle in synchronised fibre waviness (O) 

angle between polyethylene chain and shear slip plane (O) 

fibre misalignrnent angle (O) 

angle of sectioning plane to the reference plane (O)  

angle between fibre direction and sectioning plane (O)  

angle representing mid-point of ce11 i (O) 

Subscripts 

bf broken fibre 

f fibre 

i ,  j, k counting dummies indicating individual entity 

m rnatrix 

max maximum 

PO fibre pull out 

ten tension broken 

u ultimate 

x direction 

Y yield or direction 



9.1 Determination of Optimum Cell Sue 

The image is divided into squares or cells of equal size. The fibre volume fraction 

in each ce11 is determined and then grouped to form a distribution. The ce11 size becomes 

an important parameter. If the ce11 size is too large, the technique would not observe fibre 

volume fraction variation on a fine scale. On the other extreme, too small ce11 size would 

be very sensitive to the position of individual fibre, and the Vf distribution would tend to 

be masked by the high contribution of the fibre spatial distribution to the variance. 

Therefore, it is important to use an optimized ce11 size which is smail enough to give 

enough detail to the Vf distribution but not too large that overlook the Vf variation. 

Similar problem has been encountered in the pulp and paper industry on the 

measurement of mass density distribution in paper [149] The paper is divided into many 

inspection areas for grammage measurement analogous to ceIl size in our case. Herdman 

[149] suggested that a plot of the relative variance vs the inspection area is usefd in 

determination of the ideal size of inspection area. The same principle is used in Our 

situation to determine the optirnized ce11 size. 

The following procedure was used to determine the optimized ce11 size for Vf 

distribution measurernent. Four sections were randomly selected and cut €rom a 

pultrusion of Vf = 0.2. They were embedded in an epoxy block and were polished 

metallographically. Twenty areas were randomly selected from each section and were 

captured by the image analysis system described in section 2.8.2. A total of 80 images 

were captured. 

Each image was divided into square cells of equal size. The Vf of each ce11 in an 

image was measured for al1 the 80 images. The average and variance of Vf were 

determined. This procedure was repeated for different square ce11 sizes of side 3, 4, 5, 6, 

7, 8, 9, 10, 12, 15, 18 and 20 fibre diameters. The relative variance (Le. ratio of variance 

and average, s 2 / x )  of Vf at each ce11 size were summarîzed in figure Al.1. The 

coefficient of variation is very high at ce11 size of 3 fibre diameters. It decreases rapidly 



as the ce11 size increases and levels off after a ce11 size of about 8 fibre diameters. From 

this trend, the optimum ce11 size should lie between 4 to 8 fibre diameters. 

O 5 10 15 20 

CELL SlZE (number of fibre diameter) 

Figure A. 1 Determination of optimum ce11 size for packing uniformity measurement 



9.2 Correction for Countïng Bias 

Consider a single fibre belong to ce11 i, traversing a cubic volume element with 

side dimensions L (figure A 2  1). If a random sectioning plane (paraIlel to the top surface) 

is cut through this cubic element, it is more likely to intersect a fibre with large a than 

with small a. Therefore, counting of the number of fibres with ellipse axis length Ii will 

be biased toward those fibres at large a (small i,). Using the stereological relationship: 

where NAi is the average number of fibres of class i counted per unit area, Nvi is the 

average number of class i fibres per unit volume and Dvi is the distance between tangent 

planes of the i" class fibre. Simple geometry gives the following relations: 

where Ni is the number of fibres counted and Aficld is the area of the measurement field. 

Substitute equations (A2.2) and (A2.3) into (A2.1) gives: 

The number fraction of fibres at angle Q on a volume basis. ~ N ( Q )  is given by: 

which reduces to: 

tan ai 
fN(ai) = 

Y- 
tan ai 



If the small difierence in fibre-segment volume is neglected when the fibre is at 

different angles within the cubic volume element, then fN(@ is very close to f v ( ~ ) ,  

which is the volume fraction of the total volume of fibre that is at an angle Q to the 

sectioning plane. Therefore, the counting bias correction cm be made to the Q data using 

equation (A2.9) 

N; 
tan ai 

fv (0,) = ,, 
Ni Y- 

1 1 -  

Figure A.2 A fibre transverse a cubic volume element 



93 Resolving L h i t  of Light Microscope 

Owing to diffraction phenornena arising from the aperture through which the light 

must pass, the microscope cannot produce a point image from a point object. Instead, 

diffraction patterns are obtained [150- 15 11 When two objects are close together, the 

diffraction patterns may overlap to such an extent that they cannot be distinguished 

separately. The resolving power of a microscope is a mesure of the power of the 

instrument to form separate images of two neighbouring object points. 

The resolving power (s,) or the srnallest separation of two objects that can be 

resolved in light of wave length h in a microscope with an objective lens of numeric 

aperture NA is given by the following equation : 

Fibre clustering measurernent requires examination of a large nurnber of fibres 

and fibre clusters in one image at high resolution. Although more fibres cm be observed 

at a time at low magnification, the resolution is poor. However, if the magnification is 

increased to enhance resolution, too few fibres can be observed at a time. In fact, a lot of 

the fibre clusters will extend out of the field of view, making fibre clustering 

measurement impossible. By optimizing the number of fibres in an image and its 

resolution, a magnification of about 300 is chosen. This requires an objective lens with a 

magnification of 20, which has a NA value of 0.4. Substituting h z 500 nm for white 

light into equation A2.1. the resolving limit for such optical system is 0.75 p. 

Therefore, the smallest distance between two fibres in an image which can be resolved is 

slightly less than 10% of the average fibre diameter (8 pm). 
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